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CHAPTERI

SPACE PROCESSING APPLICATIONS ROCKET (SPAR) PROJECT

SPAR VI - FINAL REPORT

INTRODUCTION

The unique low-g environment of space affords an opportunity for exploring and
developing techniques for processing a variety of materials without the
constrairing gravitational influences as evidenced with the processing of liquid
phase materials or melts on Earth. The Materials Processing in Space (MPS)
program is directed toward the stimulation and development of the associated
science and technology required to pursue these investigations. This NASA
activity is undertaken in cooperation with the scientific community and includes
follow-on studies of specific areas of scientific research emphasizing those
selected nvestigations of materials and processes which best demonstrate
potential benefit from the enhanced sensitivity of the controlled processing in a
low-g environment. Examples of interest in the program are the reduction
and/or elimination of adverse thermal effects such as convection, sedimentation
of heavy particles, buoyancy rise and positioning aspects of bubbles in liquids or
melts, and the stratification effects of particulates of variable densities in
solution. These and similar studies are considered to be the means to expand the
umiting frontier in the development of new materials and processes which are
envisioned ultimately to be of immeasurable benefit to mankind. As
complementary to the research and technological nature of the investigations,
the evolving emphasis is being directed, with the advent of the Shuttle and
increased payload potential, toward commercialization and the development of
self -sustaining programs yielding direct product benefit.

The initial precursory zero-g demonstrations and investigations associated with
this tamily of scientific experiments were proposed and developed for the Apollo
flights beginning in the late 1960's and conti. ied with Skylab and Apollo-Soyuz
flights through the mid-1970's. During the period between the close of that era
and the orbital space flights on the Space Shu:itle in the 1980's, the Space
Processing Applications Rocket (SPAR) project has provided the only viable
tlight opportunity for low-g scientific investigations for experimenters and is
serving in a precursory role for planned and approved Shuttle investigations. It is
also anticipated that sounding rocket flights could satisfy a continuing need and
a complementary role for the establishment and definition of future precursory
Shuttle experiments.

The SPAR project is part of the Materials Processing in Space (MPS) program of
the Cffice of Space and Terrestrial Applications which is responsible for
directing research into the scientific effects of materials processing in the
unique environment of space. This effort involves parcicipation and interaction
from various disciplines of the scientific community, government-supported
laboratories, universities, and industrial organizations, in addition to foreign
participation.
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The Black Brant VC (BBVC) sounding rocket series, which is currently the carrier
vehicle for the scientific payloads, with a Nike-boosted configuration available
for heavier payloads, provides the opportunity to process materials in a low-g
environment for periods up to five minutes in duration during a sub-orbital flight.

The rocket flights, which are conducted at the White Sands Missile Range, afford
experimenters and apparatus developers a flight opportunity for a proof-of-
concept verification and/or refinement of equipment operation and procedures
prior to the longer duration, more sophisticated Shuttle flights.

This SPAR flight, which is sixth in a planned series of rocket flights, occurred on
October 17, 1979, and carried four experiments. The investigations for the
experiments comprising the payload manifest were managed and coordinated by
the MPS Prejects Office of the Marshall Space Flight Center. Three such
experiments were proposed and devised by industrial firms and one by a
government-supported laboratory.

Previous experiments flown on the first five SPAR flights include the
measurement of liquid mixing due to spacecraft motion and the dispersion of
normally immiscible materials in the area of fluid dynamics. Solidification
experimients involving the gravitational effects on dendritic growth, epitaxial
growth, and solidification of cutectic materials with widely differing densities
have flown previously, in addition to solidification studies of interactions
between second-phase particles and an advancing crystal-liquid interface and
gravity-induced convection on cast microstructures. In the area of multiphase
particle interaction, various experiments were conducted on the migration and
coalescence of bubbles and particles, closed-cell metal foam, and dispersion
strengthening of composites.

The SPAR project has been increasingly active in supporting research ii. the
promising area of containerless processing with previous flights, including
experiments on cast beryllium and the processing of amorphous ferro-magnetic
materials in an electromagnetic field, and control of liquid droplets by an
acoustic field in the furtherance of state-of-the-art of acoustic containerless
processing technology.

The SPAR flights have, through an evolutionary program, addressed experiments
of increasing complexity and refinement and have afforded additional flight
opportunities consistent with the maturity of each investigation. The payloads
selected for this flight manifest were based on the advanced state-of-
preparedness of their ground-based research activity.

The following experiments are included in this SPAR VI report: a) "Containerless
Processing of Glass" (Experiment No. 74-42), describing the ground-based
research, including experiments leading to selection of the flight sample
composition; b) "Epitaxial Growth of Single Crystal Films" (Experiment No. 74-
45), dealing with the successful design, fabrication and performance of the
experiment apparatus; <) "Containerless Processing Technology" (Experiment No.
76-20), illustrating stability, osciliation and rotation as the three major aspects
of containerless processing technology in space; and d) "Directional Solidification
of Magnetic Composites" (Experiment No. 76-22), investigating the plane-front
solidification of eutectic Bi/MnBi during both low-g and I-g experiments.
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The post-flight results and analyses of each experiment flown on SPAR VI as
prepared by the respective flight investigators, in addition to an engineering
report on the performance of the SPAR VI Science Payload, are contained in
separate sections of this technical memorandum. With the success‘ul completion
of this flight and subsequent data analysis, much useful data and informat.on
were accumulated for directing and developing experimental techniques and
investigations toward an expanding, commercially beneficial program of
materials processing in the coming Shuttle era. One of the most significant
aspects of SPAKR VI is that it carried the [irst experiment of melted glass in low-
g, Experiment No. 74-42. It was also the first of a series of materials
processing low-g flights using a Nike-booster, which provides increased payload-
carrying capabiiity.
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SPAR VI POST-FLIGHT ENGINEERING REPORT

1.0 SUMMARY

The SPAR VI Nike-Black Brant VC rocket lifted off the launch pad
at WSMR on Wednesday, October 17, 1979, at 1240:00:00 G. m.t. (6:40 a. m.,
MDT). The launch was successful and the payload was recovered intact.

Payload power was applied to all experiments as planned, and all
experiments operated within the predicted near zero gravity. All MSFC
flight support requirements to each experiment were met as indicated by
the reduced flight data, Power to the payload experiments was programmed
to be removed at T+728 seconds, but this could not be verified due to LOS at
T+703 seconds.

2.0 SPAR VI (R-16) PAYLOAD CONFIGURATION

The SPAR VI (R-16) science payload consisted of four materials
experiments, the Experiment Support Module (ESM), and the Abbreviated
Measurement Module (AMM). The SPAR VI experiments are:

74-42 Containerless Processing of Glass

74-45 Epitaxial Growth of Single Crystal Films
76-20 Containerless Processing Technology

T6-22 Directional Solidification of Magnetic Composites

The orientation of the experiments within the SPAR VI rocket
vehicle is shown in Figure 1.

3.0 ROCKET PERFORMANCE

3.1 Flight Sequence

The SPAR VI flight profile is shown in Figure 2. The predic:.=d and
actual sequence of events are shown as a function of flight time.

3.2 Low Gravity

The predicted low-g (10'4 or less) time was based upon an all-up
payload weight of 1139 pounds. The science payload furnished by MSFC
weighed 818 pounds.

The measurement module low-g accelerometer measurements
indicated that the low-g period on all three axes began at T+84, T+83, and
T+89 seconds on the X, Y, and Z axes, respectively, and ended at T+369,
T+352, and T+364 scconds, giving a low-g period of 263 seconds, The
minimum low-g period required by experiments was 240 seconds.

1I-1
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4.0 PAYLOAD SUPPORT

4,1 Payload Sequence of Events

Experiments 74-42, 74-45, and 76-22 required preheat power
prior to launch that was supplied by grouad power. At T-0, a lift-off sig-
nal was given which activated a timer within each experiment for control
of events during the flight. These events are shown in Figure 3.

The actual timelines were well within the acceptable limits of each
experiment. The planned power removal to experiments at T+728 seconds
could not be verified due to the Loss of Telemetry Signal (LOS) coverage at
T+703 seconds.

4.2 Payload Power

Transfer of electrical power from ground support equipment to the
flight battery was accomplished at T-3 minutes. The science payload battery,
located in the Experiment Service Module, supplied power to all experiments.
Battery voltage measurement (M0l -SM) indicates that the battery voltage was
31.0 volts at lift-off and jumped to 34.0 Vdc at T+270 seconds, corresponding
to Experiment 74-42 power cut-off. Here it remained essentially constant
until T+703 seconds. The battery current measurement (M39-5SM) indicates
that the current was about 113 amperes at lift-off, which is 16 amperes higher
than had been calculated from battery load profiles, and six amps above the
battery rating. However, the shunt circuit which monitors the
battery current was found to be in error by approximately 16 amps
on the high side. Since the error cannot be precisely deter-
mined, the following amperage values, taken from the flight
telemetry, are indicated values only, and are probably excessive
by some 16 amps. The data arc very noisy in the early part of
the flight, but the current appears to have dropped to about
100 amps at T+1ll seconds. At T+107 seconds, it increased to
113 amps as the 76-22 motors were activated. This was predicted
to be 109 amps, thereby agreeing favorably. At T+271 seconds,
the current dropped to 45 amps, whereas 31 amps had been predicted
due to the 74-42 furnace power cut-off at this point. At T+337
seconds, it dropped to 39 amps, whereas 23 had been predicted due
to completion of the 76-20 spin function. Finally, it dropped to
36 amps at T+355 seconds, where it remained essentially constant
until LOS at T+703 seconds. The flight voltage and current
profile (Figure 4) agree favorably with what had been predicted
except for the 16 amp offset noted above.

I1-4
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5.0 EXPERIMENTS

5.1 Experiment 74-42 - Containerless Processing of Glass

This experiment consisted of processing a glass specimen in a
containerless manner in a single axis acoustic levitation furnace at 1575°C
in a low-g environment. Figure 3 shows the flight sequence timelines.

The preheat temperature measurement (C160-42) shows that the
specimen preheat temperature at lift-off was about 120°C and increased
steadily to 160°C at T+114 seconds when sample injection occurred.

The Hot Zone Temperature Measurement (C159-42) indicates that
the temperature was approximately 1580°C at lift-off, increased to 1590°C
at T+113 seconds, and decreased steadily to 1555°C at T+170 seconds, then
increased slowly to 1565°C at T+269 seconds, at which point the {urnace
power was cut off and the cooling shroud inserted. From this point, the
temperature decreased at an average rate of 14.3°C/sec to reach 114°C
at T+348 seconds. At T+359 seconds, an unusual signal appears on both
the hot zone and preheat zone channels indicating an instantaneous temper-
ature drop of greater than 100°C. This could have been caused by an elec-
trical transient of unknown origin, since a rapid temperature change of this
magnitude is not physically possible in this apparatus. Temperature data
after this time was not reliable, but the experiment had already been cem-
pleted.

The gate position monitor indicated that the camera gate, the souv 1
source gate, and the sample gate all opened correctly at T+110 seconds.
The sound source turned on at T+l111 seconds and showed the proper drive
amplitude until experiment shutdown,

Injection of the sample occurred at T+114 seconds. At T+270 seconds,
the cooling shroud gate opened, power to the furnace heaters was removed, and
by T+281 seconds, the cooling shroud was fully inserted,

At T+353 seconds, the experiment was shut down and the camera and
sound gates closed. The injector gate closed partially. This could have been
caused by a partiai retraction of the sample injector; however, this cannot be
verified, since there was no instrumentation to indicate partial retraction of
the sample injector, At T+413 seconds, 60 seconds after the experiment
turned off, all gates show some motion, possibly caused by the shock of the
parachute deployments.

The Cylinder Pressure Monitor (D014-42) indicates that the pressure
was about 14. 4 psia at lift-off and increased steadily to 17 psia at T+703 sec-
onds when LOS occurred. The Air Temperature Measurement (C177-42)
indicates that the air temperature was 25°C at lift-off and increased steadily
to reach S0°C at LOS at T+703 seconds.

II-7



The acoustic driver amplitude measurement (M075-42) indicated nominal
operation throughout flight. However, the acoustic amplitude apparently
significantly decreased as evidenced by the inflight photographs. The molten
experiment sample was to have avoided any contact with the restraining
cage during melting, hot soak, and resolidification. During this flight the
molten experiment sample contacted the cage and solidified while in contact
with the platinum cage wires. A thorough failure analysis was performed
after SP*R VI and, as a result, the configuration was revised to provide
consider ble additional instrumentation for the SPAR VIII mission. A similar
fliznt 7 0omaly was experienced on SPAR VIII and, as a result of the data
frc 1 th  additional instrumentation, it was determined that the loss of
saiple nosition control was due to water vapor in the acoustic chamber.
Appropriate revisions are being incorporated into the acoustic levitation
gzrnafe to be flown in the Materials Experiments Assembly (MEA) on the Space

urt:e

5.2 Experiment 74-45 - Epitaxial Growth of Single Crystal Films

This experiment consisted of bringing a substrate crystal into brief
~ontac’ with a molten solution near its melt:ng point by means of a slider
n2chan:sm in a low-g environment and then removing it before leaving the
Iow-g environment.

the Location 1 Solution Temperature Measurement (C35-45) indicates that
the solution temperzture at this location was 900°C prior to lift-off, but the
measurerent shifted downward slightly to 880°C at lift-off, due to experiment
“6-'0 turn-on at this time. From this point, the temperature decreased steadily
to each 640°C at LOS, which occurred at T+703 seconds. Two slight shifts
occairred in the data at T+263 seconds when the slider inserted and at
T+3%9 seconds when the slider retracted.

The Location 2 Solution Temperature Measurement (C36-42) displays exactly
the same characteristics as were noted in the Location 1 data described above.
The Slider Positic .. Monitor (K004-45) shows that the slider was inserted at
T+263 sa2conds anu retracted at T+339 seconds. The Hydrogen Bottle Pressure
(DOC3-45) was 640 psia prior to lift-off. There was a slight decrease in
this value until LOS at T+703 seconds. No Experiment 74-45 anomalies could
be determined by examination of the SPAR VI flight engineering data by MSFC.

L

5.3 Experiment 76-20 - Containerless Processing Technology

This experimer.t consisted of levitating a drop in low-g environment
and photographing ..s stability and controllability in the 3-axis acoustic

levitator.

The Experiment Voltage Monitors, M076-20 (+5 Vdc), M077-20 (-5 Vdc]),
M078-20 ’-12 Vdc), M079-20 (-15 Vdc), M080-20 (-18 Vdc), M081-20 (+12 Vdc),
M082-2" (+15 Vdc) and M083-20 (+18 Vdc), all displayed midscale readings
throghout the flight, indicating that the various power supplies were
or tive and producing the correct voltages.

11-8

s
Pl
L Y



o

The Commutator Reference Monitors, M040-20 (high) and M049-20
(low), indicate that the commutator references remained constant throughout
the flight at +5 Vdc and 0 Vdc, respectively, as expected. Regulator Surface
Temperature Measurement (C174-20) shows a temperature rise during flight
of 18°C which is normal. The Chamber Wall Temperature (C173-20) was
220C at lift-off; it increased 5 to 10 degrees during flight.

The Syringe Position Monitor (M050-20) indicates that the bellows
drive was initiated at T+105 seconds and ended at T+117 seconds, exactly as
predicted by Figure 3.

The reader is referenced to the experiment 76-20 section of this report for
details concerning the acoustic amplitude and frequency monitors. No experi-
ment 76-20 anomalies could be determined by examination of the SPAR VI
flight engineering data by MSFC.

5.4 Experiment 76-22 - Directional Solidification of Magnetic Composites

This experiment consisted of processing MnBi/Bi eutectic ma" -rials
samples in a four-furnace assembly; these samples were heated during pre-
launch countdown and directionally cooled in the low-g environment.

The Coolant Pump 1 Current Measurement (M053-22) indicates that
the pump current was 349 mA at lift-off and dropped suddenly to 40 mA at
T+184 seconds, indicating a failure of the pump, the cause of which is
unknown. Since there are two pumps in this coolant loop, no harmful quench
block temperature changes occurred due to the loss of one pump.

The Coolant Pump 2 Current Measurement (M073-22) indicates that
the nump current was 300 mA at lift-off, fell to 100 mA while recovering from
the Pump 1 failure, returned to 300 mA, and remained constant throughout the
flight until LOS at T+703 seconds. The Input Voltage Monitor (M070-22) shows
that the input veltage was 34.7 Vdc at lift-off and incrrased to 36.4 Vdc when
the experiment 74-42 heaters were cut off at T+267 seconds, and remained at
this value until LOS. The Coolant Pressure Measurement (D10-22) indicates
the coolant pressure to have been 30 psia at lift-off, falling to 25.5 psia at
T+40 seconds. Here it remained until T+184 seconds when it fell to 11. 3 psia
as Pump | failed. From this point, it gradually increased, reaching 28.5 psia
at LQOS. A 4-second transient may be seen on the traces of both pump currents
and on the coolant pressure trace at T+86 seconds, corresponding to the experi-
ment 76-20 high power activation. During this time, the Pump | current fell
120 mA, the Pump 2 current fell 80 mA, and the coolant pressure fell 8. 3 psia.

The Furnace No. 1 Coolant Temperature Monitor (C149-22) indicates
that the coolant temperature was 46°C at lift-off and increased steadily to 54°C
at LOS. The Ambient Pressure Measurement (D009-22) did not change after
lift-off; therefore, the pressure gage was apparently inoperative during flight,
since normal operation would have indicated minor pressure fluctuations in the

11-9
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data. Loss of this measurement was of no significance to the experiment
performed on this flight. The High Level Multiplexer Reference Voltages,
MO056-22 (high) and M055-22 (low), remained at 5 Vdc and 0 Vdc, respec-
tively, throughout the flight, as was expected.

The Upper Limit Switch Monitors, Furnace No. 1 (K069-22),
Furnace No. 2 (K070-22), Furnace No. 3 (K071-22), and Furnace No. 4
(K072-22), ali indicate no change of state throughout the flight, and were
activated the whole time, The Lower Limit Switch Monitors, Furnace |
(K073-22), Furnace 2 (K074-22), Furnace 3 (K075-22), and Furnace 4
{WK076-22), all indicate activation at lift-off for a duration of 101 seconds,
and a return to no activation at T+101 seconds.

The Furnace 1 Cold Junction Temperature Measurement (Cl44-22)
shows that the temperature at lift-off was 47°C and steadily increased to
52°C at LOS. The Furnace 2 Cold Junction Temperature (C145-22) also '
was 47°C at lift-off and increased to 51°C at LOS. The Furnace 3 Cold
Junction Temperature (Cl40-22) was 48°C at lift-off and increased to 52°C
at LOS. The Furnaces | and 3 Sample Cold Junction Temperature (Cl41-22)
was 469C at lift-off and increased to 49°C at LOS. The Furnaces 2 and 4
Sample Ccld Junction Temperature (C142-22) was 46°C at lift-off and
increased to 51°C at LOS.

The Motor Linear Speed Monitors, T001-22 (Furnace 1), T002-22
{Furnace 2), T003-22 (Furnace 3), and T004-22 (Furnace 4), all indicate
motor activation at T+107 seconds. For details concerning the furnace
translational rates, the reader is referred to the Experiment 76-22
report.

The Low Level Multiplexer Reference Voltages, M059-22 (low) and
MU60-22 (high), vere 0 Vdc and 5 Vdc, respectively, throughout the flight, as
was expected, -ad the Sync 2 Voltage (MOb.-22) was constantly 0 Vdc, as
expected.

The 2 ¢m location temperature (C123-22) in Furnace No. 1 was
2549 at lift-off and increased gradually to 277°C at LOS. The 1 c¢m location
temperature (C125-22) was 214°C at lift-off and increased gradually to 249°C
at LOS. The Sample | Temperature (Cl124-22) was 273°C at lift-off and de-
creased gradually to reach 61°C at LOS. Sample 2 Temperature (C126-22)
was 223°C at lift-off, increased to a maximum of 228°C at T+7~ seconds, and
decrecased steadily to reach 01°C at LOS. The Sample 3 Temperature (C122-
22) was 193°C at lift-off and decreased gradually to reach 59°C at 1.OS. The
Sample 4 Temperature (C121-22) was 100°C at lift-off, increasing to 107°C
maximum at T+112 seconds and decreasing gradually to reach 57°C at LOS.
The sharp transients seen on the Sample | and 3 traces vetween T+40 seconds
and T+75 seconds are unexplainable, although the starting time (T+40 seconds)
is coincident with the burnout of the BBVC rocket miotor. T ese transients are
seen in the Furnace 3 sample temperature also.
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The 2 cm location temperature in Furnace No. 2 (C128-22) was
254°C at lift-off and remained constant until LOS. The 1 c¢m location
temperature (C129-22) was 204°C at lift-off and increased gradually to
reach 218°C at LOS. The Sample Temperature (C130-22) was 286°C at
lift-off and decreased steadily to reach 63°C at LOS.

Thez 2 cm location temperature in Furnace No. 3 (C132-22) was
291°C at lift-off and increased gradually to reach 311°C at LOS. The 1 cm
locaticn temperature (C135-22) was 258°C at lift-off and increased gradually
to rezc : 277°C at LOS. The Sample ! Temperature (C131-22) was 277°C at
lift-otf and decreased steadily to reach 68°C at LOS. The Sample 2 Tem-
perature (Ci36-22) was 254°C at lift-off and decreaseu steadily to reach
69°C at LOS. The Sample 3 Temperature (C133-22) was 261°C at lift-off
and decreased steadily to reach 64°C at LOS. The Sample 4 Temperature
(C134-22) was 233°C at lift-off and decreased steadily to reach 59°C at LOS.
Transients occurring at T+402 seconds are visible in the Furnace 3 sample
temperature traces, but are unexrlainable.

The 2 cm location temperature in Furnace No. 4 (C137-22) was 289°C
at lift-off and increased gradually to reach 313°C at LOS. The 1 ci.x location
temperature (C139-22) was 260°C at lift-off and increased gradually to reach
290°C at LOS. The Sample Temperature (C140-22) was 270°C at lift-off and
decreased steadily to reach 56°C at LOS. No experiment 76-22 hardware
anomalies, other than the failure of coolant pump 1, could be determined by
examination of the SPAR VI flight engineering data.

6.0 SCIENCE PAYLOAD INSTRUMENTATION

6.1 Low-G Accelerations

The low-g data indicate that a low-g environment considerably less
than 1 x 10'4g was achieved in all 3 axes. The X-Axis Linear Acceleration
Measurement (A02-MM) indicates that low-g entry in that axis was at about
84 seconds and exit at about 369 seconds with the g levels during this period
ranging from -0.12 to .01 x 10'4g. The Y-Axis Linear Acceleration Measure-
ment (A03-MM) indicates the same low-g entry time as the X-Axis and exit at
352 seconds with the g levels ranging from -0.16 to ,01 x 10'4g. The Z-Axis
Linear Acceleration Measurement (A0O4-MM) indicates the low-g entry in that
axis was at 89 seconds and exit at 364 seconds with the g levels ranging from
+0.04 o 0.28 x 10~ %g,

A spike of 0.2] x 10-4g occurred on the X-axis plot in the +X (down-
range, north) direccion at approximately T+112 seconds. A corresponding
spike of 0.37 x 10'4g occurred on the Y-axis plot in the +Y (cross range,
east) direction, These spikes were probably caused by the movement of the
76-22 {urnaces, which were initiated at T+107 seconds.
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A spike of -0.04 x 10'4g in the - Z (flight) direction occurred at
approximately T+122 seconds and is uncxplainable since no experiment
functions were programmed to occur at this time. The closest program-
med functions were 74-42 specimen injection at T+115, 76-20 bellows
drive end at T+117, and 76-20 injector retraction and low power on at
T+120 seconds.

A period of acceleration activity on the X-axis is seen between
T+254 seconds and T+320 seconds with spikes ranging between + 0.21 x
10‘4g occurring. During this period, the experiment 74-45 slider
mechanism and the experiment 74-42 cooling shroud were inserted, and
the experiment 76-20 spin cycle began.

6.2 Engineering Temperatures

Engineering thermistors were located on the SPAR VI Science
Payload (SPL) in the following locations (see Figure 5}.

C28-SM Transmitter Plate Temperature

C33-MM Linear Accelerometer Block Temperature
C39-MM AMM External Temperature

Cl17-20 76-20 External Temperature

Cl148-22 76-22 External Temperature

Cl61-42 74-42 Cylinder End Plate Surface Temperature
Cl62-42 74-42 Electronics Plate Surface Temperature

The Engineering Temperature Thermal Analysis (Figure 6) was
performed by Joseph Sims, EP41, MSFC. The data shows the SPAR VI
temperatures to have been well within the nominal range of the previous
SPAR engineering temperatures of 20°C to 60°C.

6.3 Pressures

Ambient pressure in the AMM (D01-MM) was 13, 4 psia at lift-off,
and 0.6 psia (2 30 torr) at T+43 seconds. The SPL ambient pressure
measuring device (D06-MM) was also located in the AMM, and was capable
of monitoring from 30 to 10°% torr in six ranges. It indicated that the ambient
pressure continued to decrease until a minimum of 6. 8 torr was reached at
approximately T+372 seconds. From this point, the pressure rose rapidly to
30 torr at T+405 seconds and increased rapidly to reach 5.5 psia at T+478
seconds when the heat shield and drogue chute were deployed. From this
point, the pressure increased steadily until it reached 17. 9 psia when tele-
metry contact was lost at T+703 seconds.
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6.4 Vibration and Shock

The engineering evaluation n»f the SPAR VI vibration data was made
by Mr. William Clever of the System:s Dynamics Laboratory. His comments
are that vibration data from the X, Y, and Z vikration measurements (E02-
MM, E03-MM, and E04-MM) are of very low le el and are barely detectable
above the noise floor. The maximum measured response was approximately
1 grms and represents only about 3 1/2 percent of the calibrated + 40g range.
Tne data indicates a predominant frequency near 1100 Hz, but at extremely
low levels. On the whole, the data is extremely noisy and nothing of signifi-
cance is apparent. The oscillogram trace and results of the statistical
analysis were sent to GSFC.

Seven impact-o-graphs, capable of measuring shock levels from 120
G's to 650 G's, were mounted on the forward side of the GSFC Telemetry
Module Extension (Figure 7). The impact-o-graph results are tabulated in
Table I. Note that none of the springs or balls was unset at impact and the
shock level experienced was less than 120 G's. This is considerably less
than the 600 G's experienced by the SPAR V payload which impacted a rock
upon landing.

7.0 PAYLOAD RECOVERY

The payload landing/recovery site was a steep sloping western rock-
covered foothill of the San Andres Mountains which borders the west side of
the range. The payload landed on its aft end sinking approximately eight (8)
inches into semi-soft sandy soil. Apparently, the payload was then dragged
by the parachute down the steep slope for approximately fifty (50) feet before
falling downhill, forward end first, striking and breaking a large rock; this
caused the payload cylinder enclosing the automated directional solidification
furnace (Experiment 76-22) to be damaged beyond repair.

Upon arrival of the recovery team at the payload landing area, the
electrical safing box was used to ensure the payload was de-energized. The
parachute was detached from the four (4) webb risers. These risers were
grouped into two pairs and attached to a webb sling furnished by the helicopter
crew. The payload was then lifted by a cargo helicopter and transported, while
slung beneath the helicopter, to a level area approximately one (1) mile north-
west of the landing site,

Before loading intc the helicopter for transportation back to the vehicle
assembly building (VAB), the payload was separated into two sections to mini-
mize the hazard of lifting the heavy payload by hand., The separation plane was
botween the automated directional solidification furnace (Experiment 76-22) and
the Experiment Service Module; the electrical cables bridging this interface
were cut as planned, using cable cutters. The two payload sections were then
loaded aboard the cargc helicopter, secured, and transported to the VAB with-
out incident.
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FIGURE 7 LOCATION OF THE IMPACT—0O—GRAPHS ON THE FORWARD SIDE OF
GSFC’S SPAR RATE CONTROL SYSTEM EXTENSION

SPRINGS AND BALLS FOUND!
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5 250 NO NO
6 200 NO NO
7 650 NO NO
8 400 NO NO
g9 600 NO NO

TAGLEI LOCATION, NOMINAL G- LEVELS AND THE RESULTS ON SPAR VI
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8.0 CONCLUSION

In conclusion, the flight data and post-flight analysis
show the launch, flight, and reco.ery of SPAR VI to tave been
highly successful. However, anomalies did occur, primaraly
in Experiment 74-42, as discussed in paragraph 5.1.
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SUMMARY

The first containerless glass melting experiment, NASA experiment 74-42,
was flown on the SPAR VI sounding rocket on October 17, 1979.

This report describes pertinent portions of the ground-based research,
including experiments leading to selection of the flight sample composition,
a siiica-modified grilia-calcia glass of the composition, in mol percent,
39.3 Gap93 : 35.7 Ca0 : 25.0 Si0p. Iuc.aded are details of the preparation of
an approxirately one-fourth-inch-diameter flight sample.

During the flight experiment, a single sample of the silica-modified
gallis-calcia glass was containerless-melted and cooled in a single-axis
acoustic positioning appuratus built under contract to NASA by Intersonics,
Inc, Since this was the tirst containerless glass flight, the pr.ncipal
objective of the experiment was to determine the functioning of the flight
experimental hardware under actual flight conditions. The flight hardware
included a silicon carbide element furnace equipped with a single-axis
positioning device designed to prevent contact of the molten sample with other
than the gaseous (approximately cone-ground-level air) atmosphere during the
4 minutes of low-gravity flight. At the completion of the melting and soaking
portion of the processing cycle, which was performed at a nominal temperature
of 1575 C, a massive copper cooling shroud was introduced into the ho* zone
of the furnace to radiation-cool the sample. An injection cage fashioned
from platinum and 30-percent rhodium alloy was used to inject the sample into
the sonic well, and a single motion-picture camera was provided to observe the
flight sample during the entire processing cvcle. The hardware package
included necessary electronics, timers, temperature control equipment, and
mechanical devices, the last for operation of the injection mechanism, furnace
wall gates, and cooling shroud.

The sample was completely melted during the flight and was cooled to a
clear glass. Injection into the furnace hot zone was accomplished., After 't
touched the cage four times in the first 9 seconds, the sample remained in
suspension 27 seconds, at which time it drifted to the injection cage and
attached itself to one of the platinum alloy wires making up the cage. It
remained attached and centered on the cage wire during the remainder of the
processing cycle.

During the post-flight evaluation, the sample was found to be free of
unmelted, crystalline, material. It contained three small bubbles near the
platinum wire. The shape of the sample was spherical except for projections
caused by wetting the wire by the glass at either pole where the platinum wire
emerged from the sample. Unexpectedly, the surface of the sample was found to
contain numerous small crystal rosettes not large encugn to be seen by the
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unaided eye. Analysis of the crystal rosettes with a scanning electron micro-
scope showed them to be of approximately the same composition as the glass.
Platinum (with some rhodium present) was found to be the probable cause of
crystal nucleation. The principal constituent of the rosettes was found by
indirect methods to be Ca2Ga28i07. The most probable causes of the platinum
contanination of the surface are thought to be either (1) mechanical transfer
from the loose-fitting injection cage during lift-off of the rocket or

(2) surface diffusion from the platinum-rhodium wire which was in contact with
the glass sample during most of the flight experiment cycle.

It is felt that, if during the next flight experiment the platinum cage
grips the sample firmly to eliminate or substantially reduce rattling and the
acoustic positioning device prevents physical contact with the injection cage
during the entire processing cycle (eliminating the possibility of surface
diffusion), the chances for platinum contamination of the surface and con-
sequent crystal nucleation will have been substantially reduced.
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INTRODUCTION

1f the promise of containerless melting and cooling, made possible ty
space processing, is realized fully in the years that lie ahead, an important
new area of optical glasses will become a reality. In part, this new area may
be visualized by referring to the schematic of Figure 1. The ordinate ‘s the
index of refraction, and the abscissa, the Abbe number (V), an inverse measure
of dispersion, The higher Abbe numbers, to the left, of the diagram indicate
a low dispersion (i.e., a flatter slope of the index versus wavelength curve).
The lower Abbe numbers, to the right, have high dispersion (steep index versus
wavelength curve). A century ago flint glasses were developed. This per-—
mitted construction of the first achromatic, or color-corrected, multi-element
lenses, Responding to the demands for better quality lenses, the optical glass
industry developed more glasses with propecrties between those of the crown and
flint glasses. More recently glasses have been developed to fill out the
vertically hatched commercial glass area. The trend has been to push the area
up and to the left with glasses of complex ccempositions.

If glasses beyond the reach of current terrestrial technology could be
prepared from the more reluctant glass forming oxides, the area of useful
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Figure 1. n-v Diagram for Optical Glasses
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properties could be expanded significantly. The expansion would occur by the
addition of space-prepared glasses (horizontally hatched area of Figure 1) to
the terrestrial base.

THE RATIONALE FOR SPACE PROCESSING

For most of the past decade, the Principal Investigator has been investi-
gating possibilities for producing new optical glasses by containerless melting
and cooling utilizing the near-zero-gravity environment available in earth
orbit. The paragraphs that follow cover the technical thinking behind the
concept of containerless processing in space, a summary of experience to date,
and reasons for the interest in space processing of optical glasses.

Wher a molten oxide is cooled slowly enough to approach equilibrium
conditions, it crystallizes near its crystalline melting point. 1In the case
of the conventional glasses, usually based on oxides such as Si02, P20s,
B203, or GeO2, the viscosity of the molten glass is very high. With this high
viscosity, the molecular mobility is very low. Thus, when such substances
are cooled from the molten state, it is difficult for the molecules to
rearrange themselves into the orderly state of the crystalline lattice.
Because of this sluggishness, the movement of the molecules into the crystal-
line lattice positions is incomplete on cooling with normal cooling rates,

Tn these cases, the semi-random molecular arrangement of the liquid state 1is
essentially preserved on cool .ng, and the substance remains amorphous, the
resu'ting product being called a glass,

The crystallization phenomenon may be considered to occur in two stages:
(1) nucleation and (2) crystal growth. In conventional glasses the sluggish-
ness effectively inhibits both of these processes, especially the lartter,
Therefore, =ven if the substance manages to nucleatc. on cooling from the melt,
the crystal growth rate is so slow that the nucleii remain, for practical
purposes, undetectable in the glass. There are, however, only a few oxides
that have sufficiently high viscosities to permit glass formation under normal
circumstances.

For the past two decades, glasses have been made terrestrially in the
laboratory from some of the less viscous oxides., Invariably, the technique
used for preparing them involves extremely high cooling rates from the liquid
state. The familiar splat-cooling technique (Reference 1) is a case in
point. While such techniques yield valuable research information about the
nature of the glasses so prepared, their application for commercial purposes
is extremely limited, By the nature of the technique, only very thin films
can be prepared. With this technique the liquid, as a very thin layer, is
cooled in contact with a chill plate, usually of copper. While the copper
provides numerous nucleation sites, the very rapid cooling effectively
suppresses crystal growth.
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Containerless melting in space offers the first practical opportunity to
prepare glasses in massive form from the large number of oxides whose liquid
viscosity* is not high. If nucleation can be prevented on cooling, then
crystal growth obviously cannot occur, and a glass should result.

It is generally recognized that there are two kinds of nucleation:
(1) heterogeneous and (2) homogeneous. Heterogeneous nucleation results from
contact of the cooling liquid with crystalline material. Such a material may
be entirely different in chemical composition from the melt. Common container
wall materials are cases in point, Of course, it can also be of the same or
similar composition, for example, unmelted portions of the bath or cool seed
crystals of similar composition deliberately introduced into the cooling melt,
In practice it is very difficult, or virtually impossible, to eliminate
heterogeneous nucleation sites with conventional, terrestrial practice.
Normally, a crystalline container must be used both for melting and for cool-
ing. Further, the impingement of cool dust particles on the ccoling melt may
be enough to cause heterogeneous nucleation, and if the viscosity remains low
enough in the supercooled liquid, crystal growth rates will be high and the
glassy state will not be obtained.**

Homogeneous nucleation is another matter. Theoretical studies (Reference
2) have shown that homogeneous nucleation rates for oxide glasses are much
slower than for heterogeneous nucleation., Experimentally, it is difficult to
determine whether nucleation is truly homogeneous. There are those who
believe that it may never trul, have been observed in an oxide glass. Since
only a few molecules of a heterogeneous nucleator need be present, the detec~-
ticn of such a small amount is a formidable technical problem, Thus, the
assumption, a priori, that nucleation which occurs, for example, throughout
the mass of a cooling substance is homogeneous may be erroneous. One can
always argue that an undetectably small amount of a crystalline substance was
present at the nucleation sites. At any rate, if heterogeneous nucleation can
be effectively prevented, it is probable that homogeneous nucleation, if it
can occur, will not occur unless the cooling rate is quite slow.

Over the past several years, the writer has successfully prepared
numerous approximately 6-mm-diameter (about 3/4 gram) glass boules of roughly
spherical shape from several oxide coiwpositions that have low viscosity in the
molten state. That work is covered in detail in References 3 and 4. Among
the compositions prepared are the gallia-calcia eutectic at approximately 19
weight percent calcia, an alumina-calcia composition with 30 weight percent
calcia, and a ternary, 40 weight percent lanthana--40 weight percent alumina--
20 weight percent calcia composition, The alumina-calcia composition is well
outside the reported glass-forming region based on 20 mg melts (Reference 5).
The gallia-calcia composition had been reported to be a glass former in the
laboratory, but in sizes less than 40 mg (Reference 6)., Furthermore, water

*It 1s recogmized that the slope of the viscosity versus temperature curve below the crystalline melting pomnt (1.e.,.1n the supercooled
region) 1s very umportant to the glass formation process. However no suct  :ta exist for the owdes proposed here. It 1s probable
that the generai tendencies of viscosity change in the superccoled region can be inferred from future terrestrial and space studies,

**The presence of insoluble crystalline maerial in the melt could also cause heterogeneous nucleation. Fortunately oxides are very
good solvents. It therefore follows that with enough meiting time this problem should be held to a mimimum.
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quenching was required to achieve the glassy condition. Thus the preparat‘on
of crack-free boules with 50 times the mass of those of the earlier work
represents a significant technical achievement. A glass of the ternary
composition, to the writer's knowledge, has never been reported in the
literature.

The method for preparing the 6-mm boules is described in detail in
Reference 3. Briefly, the samples in contact with a silica (glass) sting are
suspended in a vertical air column, The energy for melting comes from a CO2
laser beam aimed at one side of the boule, The silica sting was found
necessary to stabilize the motion of tt2 melt and is a definite convenience
for getting the process started. The oxide is transferred to the sting from
a laser melted area of well-mixed powders of the desired composition. While
the technique developed by the writer is excellent for demonstrating that new
glasses can indeed be prepared with containerless melting and cooling tech-
niques, it does suffer from several limitations, as follows:

1. Because of the relationship among viscosity, surface tension, and
mass, 6 mm is very near the maximum sized boule that can be prepared
in this fashion.

2. A small amount of silica sting material is continuously dissolving
into the sample while the latter is being melted and held at super-
heat temperature, While the residual silica content of the boules
averages well under one percent, an amount which may be :onsidered
too small to significantly affect conclusions regarding glass
formation behavior, it apparently is not distributed uniformly, a
possible explanation for the presence of marked striae in the glass
boule.

3. It is very difficult to eliminate dust in the air from the wind
tunnel. Thus the molten sample can be considered to be continually
bombarded by dust particles while it is cooling. For this reason
the technique may be unnecessarily restrictive compared with the
more favorable conditions expected to accrue from space melting.

Space melting promises to eliminate or significantly reduce all three of
the shortcomings inherent in the air suspension/laser melting equipment. Very
large boules should ultimately be possible if enough power for melting can be
made available, The silica sting will not be required with the acoustic
positioning technique being developed by NASA. Space melting can be accom—-
plished in a static atmosphere, significantly reducing the possibilities for
dust-caused nucleation. It is entirely possible that some of the compositions
that failed to form gldass in our terrestrial experiments may prove to be glass
formers under space melting and cooling conditions.

THE SOUNDING ROCKET PROGRAM
The Space Processing Applications Rocket (SPAR) program is considered a

precursor to the Shuttle and later manned orbital programs. While conditions
are not ideal for glass melting aboard a sounding rocket, largely because of
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the rather short melting time (less than five minutes) available, the program
does afford a good opportunity to gain early experience with glass melting
within the limitations and, more importantly, with space glass melting equip-
ment development.

The gallia-calcia composition mentioned in the previous section of this
report was originally chosen as a suitable composition for two sounding rocket
experiments and for early Shuttle experiments using the NASA-provided Materials
Experiment Assembly (MEA). The composition is a eutectic between the compounds
Ca0:Ga203 and Ca0:2Ga03 and its composition, under equilibrium conditions, is
approximately 19 wt. % Ca0, balance Ga203 (approximately 56 mol % CaO). The
phrase diagram for the binary gallia-calcia system is shown in Figure 2.

This particular composition was chosen for the following reasons:

1. It has the lowest melting temperature of any of the new optical glass
compositions studied by the principal investigator prior to the
initiation of the SPAR program.

2. It is a relatively good glass former in the 1/4~inch (approximately
0.6-cm) (about 0.8 gm.) size under terrestrial containerless melting
conditions.

3. It potentially has optical properties of interest t¢ the optics -
industry.

4, Prior to our terrestrial melting work, it had not been prepared in a
size exceeding 50 mg (0.050 gm).

OBJECTIVES AND RATIONALE OF THE SPAR VI EXPERIMENT

The 74-42 SPAR VI flight experiment was the first SPAR experiment to
deal with sonic positioning coupled with very high temperature (approximately
1575 C). The prime objective of the experiment, then, was to learn as much as
possible about the functioning of the flight equipment, built under contract
to NASA by Intersonics, Inc, of Northbrook, Illirois, during actual flight
conditions.

A silica-modified gallia~calcia composition was flown on SPAR VI to gain
as much information as possible about the functioning of the flight hardware.
One such composition had been developed by the writer earlier in the program
for other reasons, The reason for modifying the composition is to increase
the glass fermation tendency so that a glass would result when it 1s melted
and cooled in contact with a container. The binary gallia-calcia
composition has such low viscosity that it cannot be prepared in sizes of
interest to this program as a glass when it is in contact with virtually any
crystalline material. Thus, for example, if such a material is incompletely
melted and allowed to cool, the residual crystalline material would initiate
crystallization on cooling so that the entire mass would be returned from
flight in the 100 percent crystalline condition, By contrast, the silica-
modified composition can be incompletely melted, and the molten portion is
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Figure 2. The Ca0 - Caj0q Phase Diagram (From Reference 2)

retained as a glass on cooling. Thus it is possible to detect from examination
of the returned specimen whether complete melting had indeed occurred, the
unmelted portion being clearly visible as nontransparent crystalline material
within the body of the transparent glass. Had the binary gallia-calcia compo-
sition been flown in the first experiment and the sample returned in the
crystalline condition, it would have been difficult, if not impossible, to
determine if melting had been complete or, alternatively, if the crystalliza-
tion had occurred during cooling because the melt had been contacted by a
foreign crystalline material., Occurrence of such an event would have left us
in the position of not knowing which of two entirely different mechanisms had
caused failure and, consequently, not knowing how to correct the situation in
future flights,

It was also decided to reduce the size of tli. first specimen from the
earlier planned 1/2-inch diameter to 1/4 inch. This improved the chances for
success by (1) increasing the probability of obtaining complete melting during
the short time available during a sounding rocket flight and (2) reducing the
mass that must be positioned by the single-axis sonic system,

Subsequent sections of this report describe in more detail the experi-

ments to determine the flight composition and the preparation of the flight
samples.
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PREPARATION OF SAMPLES FOR FLIGH1 EXPERIMENT

SELECTION OF FLIGHT SAMPLE CUMPOSITION

During earlier woih 2 ternary composition, 69 wt. % Ga203-19 wt. % Ca0 -
12 wt. % Si02 (41Ga203: 36 Ca0 : 23 Si02, in mol %) was used to study the
effects of time at various furnace temperatures above the melting point on the
progress of melting 6 gram melts. The silica addition stabilized the melt so
that only the unmelted portion would be crysta:line upon removal from the
furnace and rapidly cooling to room temperature. The melted portion is retained
as a clear glass.

It was decided to develop a silica-modified composition with similar
characteristics for use on the SPAR VI flight, as discussed in the previous
section, To obtain optical properties as close as possible to those of the
binary gallia-calcia composition, it was desirable to utilize a silica content
as low as possible.

Lacking & riblished ternary phase diagram for the Ga203 - Ca0 - $i02
system, it was assumed, as an expedient, that an eutectic valley existed ir
the ternary system which extended from the 56 wt. % gallia eutectic composition
in the binary gallia-calcia system (Figure 2) to the 62 mol % silica eutectic
in Figure 3,

A series of compositions made from high purity oxides was prepared with
varying silica contents near the postulated eutectic vailey. Nominal compo-
sitions are given in the following:

Si02, mol % Ga203, mol 7% CaC, mol %
(wt. %) (wt. %) (wt. %)

5 (2.3) 57 (81.4) 38 (16.3)
10 (4.8) 53 (78.8) 37 (16.4)
15 (7.4) 49 (75.9) 36 (16.7)
20 (10.4) 45 (72.7) 35 (16.9)
22 (12) 40,6 (69) 37.4 (19)
25 (13.8) 39.3 (67.8) 35.7 (18.4)
33.3 (19.8) 33.3 (61.7) 33.3 (18.5)

After the pure oxide powders were weighed and blended by tumbling, 100-
gram (approximately 40 cc) melts were prepared in platinum crucibles and held
molten at least one hour., The crucible was then removed from the furnace,
placed on a relatively massive aluminum slab, and allowed to cool. The appear-
ance of the higher silica-content cooled melts can be seen in Figure 4., It was
observed that in those compositions that crystallized completely, i.e. 5,

10, 15, and 20 mol % silica, the crystal growth rate slowed perceptibly with
increasing silica content, an indication of the expected increase in viscosity.

I11-9
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Figure 4. Cooled Melts, 20 to 33 Mol 7 SiOp
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After photographing as shown in Figure 4, the melts were remelted and
heated to 1550 C and held molten approximately one hour, Each crucible was
again removed from the furnace and a "loaf"* castiug was poured. The loaf
castings are shown in Figure 5,** and the furnace and chill mold for preparing
the castings are shown in Figure 6.

The behavior with the more rapid cooling conditions of the loaf castings
was similar to that of the cooled melts, with the exception that the 20 mol X
silica composition was glass plus crystal in the case of the loaf casting,
while it appeared to be 100-percent crystal in the case of the cooled melt.

Based on these results, it was decided to select the 25 mol X silica
content composition for preparing the flight samples. The 20 mol X silica
content was the lowest in silica that showed any glass retention on cooling,
and glass rctention appeared to increase rapidly between 20 and 25 mol X
silica.

PREPARATION OF FLIGHT SAMPLES

A loaf casting was prepared from the 39.3 Gajy03: 35.7 Ca0 : 25.0 Si02
(mol %) composition with the procedure shown in the flow chart of Figure 7.
Borh the gallia and calcia powders used were of 99.999-percent purity and were
manufactured by Johnson Matthey Chemicals Limited of England under their rade
name "Puratronic." The silica was ot 99.9-percent purity and was obtaineu from
the Spectrum Chemical Manufacturing Corp. of Los Angeles.

The platinum crucible was embedded*** in a castable, high alumina refrac-
tory to (1) Increase the thermal mass and slow cooling after removal from the
furrace 1nd (2) stiffen the crucible so that it could be handled repeatedly
with tongs without crushing. Two such crucibles are shown in Figure 8.

Figure 9A shows a primt made of the "flight" loaf casting. The print was made
by placing t*~ casting, after polishing of opposite faces, on photographic
print paper and exposing by means of a light placed above the sample. Note
the improvement in striae as compared with Figure 9B, one of the earlier
experimental csstings made with less stirring with a silica rod. The flight
casting was poured near one end, as can be seen by the crystalline material
(white in the print). T[he left one centimeter of the casting is being held

in reserve for possible future optical properties measurements, Five of the
flight samples were taken from the area to the left uf the crystal zone, and
one (number 1) was taken from the area to the right bottom.

For convenience for suspending in the flight acoustic positioner, the
flight samples were hand-diamond-ground to a roughly spherical shape at a
lapidary shop. Figure 10 shows the six samples so prepared, Figure 1.
shows them agfter devitrifying by heating 10 minutes at 1250 C.

*So naived because they shape cesembles that of a common foat of bread
**Regrettably, the loal casting tor the 20 percent alica content was fost i a spill duning a remelting experiment before it was
photographed. It appeared to be about 20 percent glass and 80 percent oy stal
***At the suggestion of Dr 1) Dav ot Misouis School of Manes, Rolla
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Figure 5.

Loaf Castings of 5, 10, 15, 22, 25, and 33.3 Mol 7%
Si0, Experimentzl Compositions
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Figure 5. SiC-Element Furnace (Mold for Freparing '"Loaf" Castings
Shown in Front of Furnace)

Data on the six tlight samples are giver in the following:

1
Diameter (in.) i
Sample No. Wt (gm) Averaye Max Min

] 1.2578 0.3364 0.3390 0.3305 1
2 - 0.3180 0.3242 0.3117 i
3 0.8972 0.2866 0.3014 0.2790 |
4 0.8975 0.2972 0.3163 0.2325 ?

5 0.8965 0.2875 0.3079 0.27¢6

6 G.5778 0.2544 0.2670 0.2473
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Figure 8. Pt Crucible With Alumina Castable

A. Fhight Casting

B. Experimental Casting

Figure 9. Contact Prints of "Loat" Castings

ORIGINAL PAGE IS
I1I-1¢ OF POOR QUALITY




Figure 10.

Figure

Flight Samples Before Devitrifying

11. Devitrified Flight Samples
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FLIGHT EVENTS

In this section the writer will attempt to giva only details pertinent
to an understanding of the flight sample examination, which follows later.
A detailed reporting on the flight hardware will be issued by Intersonics
after the second SPAR flight containing the glass melting experiment, 74-42,

SPAR VI, with flight sample Number 6 loaded in the injection mechanism,
was launched at 6:40 a.m., MST at the White Sands Missile Range, New Mexico,
on October 17, 1979. The payload suffered a rough landing as discussed in
more detail in Appendix A.

Shortly after the payload was returned to the Vertical Assembly Building
at White Sands, the access doors on experiment 74-42 were removed, and the
injection mechanism containing the flight sample was removed from the furnace.
Figure 12 shows the injection unit with the platinum wire cage and glass
sample immediately after removal from the flight furnace. During the landing,
the copper cooling shroud inside the furnace was torn from its moorings and
crashed into the injection cage. The damage to the cage is apparent in
Figure 12B.

The glass sample was found "impaled" on one of the finer platinum wires
of the cage. Figure 13 shows two closeups of the cage with the glass sample.
The latter photographs were taken four days after the rocket flight. Note
that the glass sample appears to be quite well centered on the platinum wire.
Distortion of the platinum wires near the sample is further evident in
Figures 13A and B.

FLIGHT MOTION PICTURES
Appendix A discussed in detail the processing of the flight motion
picture film developed under the supervision of the writer's organization.

The timeline for the flight experiment beginning with the "camera on'" after
low g 1s achieved is given in the following tabulation:

PRECEDING PAGE BLANK NOT FILMED
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Figure 12. Two Views of Injection Mechanism With Flight Glass Sample
(Photographed October 17, 1979, Immediately
After Removal From Payvload)
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Figure 13.

Two Views of Injection Cage With Flight Glass
(Photographed October 21, 1979)
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x

y

Cuinulative

Time

Event (sec)
Camera on 0
Injection into furnace hot zone and start of
heating sample
Cooling shroud gate open and start of insertion 160
of cooling shroud
Cooling shroud fully inserted 170
End of sample cooling and sample retraction 243
Camera off 248

Examination of the flight film showed that immediately after the injection
mechanism released the sample, it moved around inside the cage and touched the
cage wires four times during the first 9 seconds after injection. During this
time sample melting had not begun. It remained in suspension in the sonic
well without touching for another 27 seconds, at which time it contacted the
cage at 36 seconds after injection. Since the sample was, by this time largely
molten (to be discussed in more detail later), it stuck to one of the cage
wires. As best as can be judged by appearance of the sample in the film, it
seemed to be largely molten about 30 seconds after injection, or about 6
seconds before it contacted the cage wire for the last time.

Table 1 shows significant events on the flight film, and Figure 14 shows
priuts of selected frames from the flight film. The contrast is low in the
early frames because the exposure settings of the flight camera were chosen so
the furnace wall, at a nominal 1575 C, would be on the verge of overexposure,
This permitted maximum tracking during the cooling cycle. Of course, as the
sample and cage approach the furnace wall temperature, the contrast would be
very low regardless of exposure setting, In frame .. the injector has just
appeared, and the sample is trapped between the outer and inner (to the right)
portions of the cage. In frame 4 the inner portion of the cage is retracting
(moving to the right), the outer portion is moving to the left, and the
sample has been released. In frame 11 the cage has fully opened, and the
sample can be seen near the bottom of the cage just before it contacts the
cage in the next frame. In frame 721, 30 seconds after injection, the sample
is suspended near the center of the cage. In frame 860, 36 seconds after
injection, the sample has moved upward and is just making contact with a cage
wire. Five frames (0.2 seconds) later the sample has centered itself on the
platinum wire. By frame 1303, 54 seconds after injection, the sample and cage
have both closely approached the furnace wall temperature and are almost
invisible. In frame C5, which is the fifth frame after the cooling shroud
gate opened, a portion of the glass sample can be seen clearly still on the
cage wire. In this frame the hot sample and injection cage can be seen in
sharp contrast to the cold background of the cooling shroud. In the 316th
frame (13 seconds) after the cooling shroud gate opened, the sample and cage
can be seen to have cooled considerably. By frame C914 (not shown), 38
seconds after the gate opened, the sample and cage have merged with the cool-
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Table 1. Significant Events on Fligh- Fila

Frame Number Seconds* Event
0 0 Clear
0.042 Injection cage first visible
4 0.17 Cage begins to open
11 0.46 Cage fully open
12 0.50 Sample touches bottom of cage (1lst touch)
41 1.7 Sample touches top of cage (2nd touch)
124 5.2 Sample touches right side (inner cage)(3rd tcuch)
207 8.6 Sample again touches right side (4th touch)
530 + 10 22,1 + 0.4 | Contrast has increased, sample appears darker
than before
577 24,0 "Jiggling" (or rotation of sample) first noticed
780 32.5 Contrast best (sample appears darkest) since
frame 530
859 35.8 Sample begins to move upward
860 35.8 Sample appears to touch wire (5th touch)
865 36.0 Sample appears centered on wire, no
further motica
c2 0.08 Cooling shroud gate fully open
C914 38 Sample appears to have reached cooling shroud
temperature (everything is dark)
*A31 of the times given here necessarily assume that the flight camera was
rur .!ng at exactly 24 frumes a second during the entire flight.

ing shroud background and can no longer be seen in the film. After about 21
seconds (in the vicinity of frame 500) the sample has blended with the
background and cannot be seen. This 1s not shown in Figure 1l4. At about
frame 530 (22 sec) .. - sample aprears to begin to become darker than the
background again. This darkening of the sample with respect to the background
continues, and wmaximum contrast 1is achieved again by frame 780, 8 seconds
later.

It 1s the writer's belief that the reversal in contrast, beginning in
the vicinity of frame 530, is indicative of the formation of the liquid phase
on the surface of the sample. It is to be expected that the phase change from
solid to liquid would be accompanied by a sudden change in the sample's optical
properties and would create the illusion that the temperature of the sample
had dropped. The fact that the sample quickly centers itself (in 0.2 seconds)
after contacting and wetting the cage wire indicates that the scmple must have
been largely molten at that time.
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ANALYSIS AND EVALUATION OF RETURNED FLIGHT SAMFLE

Magnified views of the flight sample are shown in Figures 15 and 16.
Note that the sample is entirely free of internal® crystalline material.
This indicates that melting was complete during the flight. Any unmelted
material would have remained as opaque or translucent material within the
body of the glass sample.

It 18 also apparent from Figures 15 and 1t that the sample is well
centered on the 0.0l4-inch-diameter Ft-Rh wire. The diameter of the sample,
as measured by micrometer, is 0.2501 + 0.000l inches. 4s measured from 8-in.
by 10-in. photographs, the centering appears to be within 0.002 inches. Gcod
centering is to be expected since the s uple, which wet: the platinum alloy,
would like to spread along the ~latinum as much as possible. The maximum
length it can achieve along the platinum is at the centered position in the
absence of significant sonic forces at thac location. The wetting angle
between the glass and the platinum was measured at about 50 degrees.

In Figure 15, three bubbles can be seen in proximity to the wire. It
is sugpected that the bubbles result from entrapment of air caused by
localized zones of slcwer wettings of the platinunm ailoy by the glass as the
glass spreads along the wire. A similar effect has been frequently noted
by the writer in brazed and soldercd metallic joints where spreading ~f the
brazing alloy or solder through the joint is not uniform, resulting in
formation of voids within the joint.

Figure 17 shows two end views taken at two different angles to the wire.
In both of these views, the sample is circular to within less than 0.0001 inch.

Figure 18 shows the sample under polarized light. It appears to be
quite free of residual stress except near the glass/platinum interface.
This 18 not unexpected because the glass and the platinum 211:, undoubtably
have different thermal expansion coefficients. Since the glass wets the
wire, a stress field must therefore be set up as the sample and the wire cool.

An attempt was made, without success, to measure the index of refraction
of the flight sample by immersing it in a series of fluids with indices that
varied in 0.005 steps. Subsequently, a small chip was removed from the loaf
casting from which the flight sample had been removed and was, therefore, of
the same composition, i.e., 35.7 Ca0 : 39.3 Ga203 : 25 Si07, in mol % as the
flight sample. The index, measured with sodium D illumination, was determined
as falling between 1.710 and 1.715.**

*In Figure 16 particularly, surface crystallites may be seen out of focus. This subject is discussed in more detail later.

**This compared with a reported value in keference 7 of 1.712 for the CayGas8i0q glass. The composition of the latter,
n mol %, is 50 Ca0 : 25 Gay03 . 25 Si0,.

I1I-25

re o



bt

) il s

el i i ik

i b i

~26 X

ORIGINAL PAGE IS

[11-2t OF POCR QUALITY

g .




Figure 16.

Flight Sample, Opposite Side From Figure 15
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Figure 17. Two End Views of Flight Sample
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{Sample immersed in & -bromonaphthalene and photographed by
transmitted light with the two polarizers at 90° to each other.)

Figure 18. Stress in Flight Sample - Polarized Light Photograph

SURFACE CRYSTALS

After the flight sample had been in the possession of the writer about
four weeks, it was noted that the surface of the sample contained numerous
surface crystal rosettes nct visible to the unaided eye. They are shown
in Figure 19. There appears to be a greater concentration of crystals in
one hemisphere than in the other (Figure 19 B). Similar appearing, but
much larger, crystals had been noted on the free surface of the cooled
melt (Figure 4) and on the free surface (only) of the loaf casting (Figure
5). Figure 20 shows a portion of the free (upper) surface of the loaf
casting from which the flight material was removed. There are two foras
of crystals present on the casting's free surface. The larger white
rosettes are similar to those predominating on the surface of the flight

sample. The smaller, darker appearing crystals are invaribly roughly
This subject

rectangular in shape when examined at high magnification.
will be addressed again later.
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10 X
(Immersed iin @ bromonaphthalene for photography)

Figure 19. Two Views of Flight Sample Showing Surface Crystals

10X

Figure 20. Crystals on Top Surface of "Loaf" Casting
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The finding of crystalline material on the flight sample's surface was
of concern to the writer because of the possible ramifications in connection
with t'_ next SPAR flight experiment. Because of the relatively high silica
content of the SPAR VI material, crystal growth is quite slow so that any
crystal growth is arrested during cooling from the melt. However, in the
binary gallia-calcia material being considered for the next SPAR flight
experiment, the crystal growth rate is estimated to be several orders of
magnitude greater than with the silica-modified material. Therefore, it
is probable that such crystallization, 1f it occurs on the surface of the
gallia-calcia Zlight sample, would result in conversion of the entire mass to
the crystalline condition upon cooling. It then becomes imperative to learn
as much as possible, within time and funding limitations, about the small
crystallites on the surface of the present flight sample,

A portion of the flight loaf casting was remelted with the laser/air
suspension unit (Reference 3). The surface of the sample so prepared
was found to be free of crystallites. A sample of the binary gallia-calcia
glass prepared also by laser/air suspension melting was also found to be
entirely free of crystallites.

The remelted (laser) sample was immersed for four weeks in the same
fluid, (o bromonaphthalene) that the flight sample had been exposed to
prior to noting of the crystallites. After exposure the sample was still
free of crystallites. This convinced the writer that the crystals must have
formed on cooling during the SPAR VI flight.

Next, the flight sample was gold-coated and examined with a scanning
electron microscope. Results are shown in Figures 21 through 28. Figure 21
shows the appearance of a typical crystallite at about 700X magnification.
EDAX (energy dispersive aralysis by X ray) analysis (Figure 22) of the rosette
material showed it to be of about the same composition as the surrounding
glass. Examination of the center of several rosettes failed to reveal a
compositional difference that could give a clue to the nucleating material if
indeed it is different from the crystallite conposition.

The sample was tnen etched by immersing several hours in dilute KCN. The
sample was again gold--coated, and about a dozen rosettes were examined with
the SEM (scanning electron micrograph). In about one-~third of them, the
etching had left a different material in relief at the center. Two such
rosettes are shown in Figures 23 and 25. The EDAX analysis of Figure 26
(a and b) shows that the material in the center is largely platinum. Since
about one-third of the rosettes examined after etching were found to contain
platinum in the center, it would appear that platinum is the nucleatirg agent.
Failure to find platinum in the center of the remaining two-thirds of the
rosettes examined probably indicates that etching had not been carried far
enough to expose the underlying platinum.
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-~ 700X

Unetched, Au-Ceated

Figure 21. Scanning Electron Micrograph (SEM) of Typical Crystal Rosette
on Surface of Flight Sample !

The finding that platinum is most probably the nucleating agent foi the
crystals leads one to speculate about how the platinum got there. Iour
different mechanisms mav be considered, as follows:

1. Migration of platinum by diffusion from the wire embedded in the
molten flight sample over the surface.

2. Vapor transport from the platinum wire to the surface of the
flight sample.

3. Migration by diffusior of the small amount of platinum dissolved
in the glass from the terrestrial melting in platinum.

-~
.

Mechanical transfer of platinum from the cage to the sample during
early portions of the flight.

With respect to the fourth mechanism, the sample was apparently a rather
loose fit in the cage. Vibration at launch could have caused it to rattle
around between the inner and outer portions of the cage. Since the cage
material 1is a platinum and 30 per cent rl.odium alloy, one would expect the i
rhodiun to be transferred along with the platinum. There are strong
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(a)
Glass,
Near Rosette

(b}
Crystal
Rosette

Figure 22. EDAX (Energy Dispersive Analysis by X Ray) of Glass of Figure 21,
Near Rosette (Top) and Rosette Material {(Bottom)
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Etched, 2 hr dil KCN Au-coated 400

Figure 25. SEM Photograph of Rosette on Surface of Flight Sample
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EDAX of Location a, b of Figure 23
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rhodium lines at 2.7 and 2.8 Kev. Examination of the EDAX of Figure 26b
shows a small peak in this area, an indication that rhodium may well be
present. The third mechanism would not appear to be likely since the
laser-remelted sample did not cortain surface crystals, as noted earlier,

The second mechanism cannot be positively eliminated at this time.
However, a vapor transport mechanism would seem to require that, at the time
of transport, the surface temperature of the glass sample be significantly
lower than that of the platinum wire so that the platinum would condense
there. There should have been only a small temperature difference between
the two during the entire flight experiment schedule. If anything, during
the heating phase the platinum would be expected to be at a lower temperature
than the surface of the sample because it has a higher reflectivity (lower
absorptivity). During cooling, the reverse should be the case because the
glass has a much higher emissivity than the platinum. However, such a
condition exists for only a few seconds of the total schedule. During the
longest part of the schedule, i.e. the soak, the temperature of the glass
and the platinum should be very nearly the same. If there is a difference,
one would expect the platinum to be at a slightly lower temperature than
the glass surface ovecause it is in contact with much cooler portions of the
hardware and is a relatively good thermal conductor,

It 1s the writer's opinion, lacking further evidence, that the first
and fourth mechanisms are the strongest possibilities of the four. Dr.
Housely of Rockwell's Science Center states that he has frequently encountered
surface migration of platinum in contact with non-metallic melts of other
compositions.

If the writer's reasoning is correct, the lack of physical contact
with platinum during melting, which is planned for during the next SPAR
experiment, should eliminate the possibility of transfer by surface diffusion.

Ensuring that the sample is held firmly in the cage before launch should
substantially reduce the possibility of mechanical transfer. The next SPAR
experiment, 1if it is carried out as planned, should cast further light on
the subject.*

Returning to the SEM photographs, it was found that the roughly
rectangular-shaped crystals are gallium oxide as is shown by the EDAX of
Figures 26 {(c) and 28 (c).

EDAX of the white rosettes on the ‘surface of the loaf casting (Figures
27 (b) and 28 (b) showed them to be of approximately the same composition
as those found on the flight sample. Accordiigly some of the material was
filed off and examined by X-ray diffraction. The diffraction pattern
showed that the major constituent 1s Ca2Ga2S107 (2Ca0 : Ga203 : $102),
Reference 7. This phase has a tetragonal structure and cannot therefore
be isomorphous with those found in the binary gallia-calcia system, 1i.e.,

» . i . " I
At this wnting, a decision has not been made whether to fly the binary galliacalcia or the silica-modified composition on the
next SPAR experiment. In the event the latter is chosen. 1t will be possible to check for platinum contamination if crystallites
are found on the surface.
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Figure 27.

Unetched, Au-Coated ~400X

SEM of Top Surface of Terrestrially Prepared ''Loaf' Casting
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Ca0 : Gap03 (orthorhombic) and CaO : 2 Gap03 (monoclinic, Reference 10).
There is no 2Ca0 : Gap03 compound in the gallia-calcia system according to
Reference 8 (refer also to Figure 2),

There are also five unidentified weak lines in the diffraction pattern
which do not fit the Ca2Ga3"10; pattern. This indicates that there are minor
other constituent(s) present also.

In summary, the finding of the silicate phase, not iscmorphous with
any of the possible calcium gallates, indicates that the rosettes found
on the surface of the flight sample are unique to the ternmary system.
The silicate cannot appear in the binary gallia-calcia glass planned for
the next flight experiment.
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CONCLUSIONS AND DISCUSSION

Despite the fact that the sonic positioning device did not prevent the
sample from contacting solid objects within the furnace during the entire
processing cycle as planned, the SPAR VI flight experiment may be considered
a qualified success.

SCIENCE

The flight sample, which was return- in very good condition, had
obviously been completely melted during .ne flight processing cycle.
It therefore follows that the flight processing temperature-time cycle
was adequate.

An unexpected development was the finding of numerous small crystallites
of the compound CaGaSi07 which formed during cooling on the sample’s
surface. During the post~flight evaluation the crystals were identified and
their presence almost certainly linked to the presence of platinum (and
rhodium) on the surface of the glass sample. The platinum was found to be,
with very little doubt, the nucleation sites for the crystallites. It was
resulted either from (1) mechanical transfer from the loose-fitting platinum
alloy injection cage during the highest vibration portion of the flight, i.e.
during injection of the missile into its trajectory, or (2) surface diffusion
of the platinum (and rhodium) from the platinum alloy wire impaling the
specimen while it was molten.

FLIGHT HARDWARE

The flight experiment hardware functioned essentially as planned, with
the exception that the sample contacted and wet the platinum alloy cage 36
seconds after sample injection intc the hot zone of the furnace. Among the
hardware functions that occurred successfully were:

1. The furnace and heating elements survived the launch environment and
held to a nominal temperature during the entire processing cycle well
enough to permit complete melting of the sample.

2. The acoustic positioning device was able to capture the sample,
despite a rough injection. After several contacts with the cage
during the first nine seconds, the acoustic positioner satisfactorily
prevented contact of the sample with furnace components for 27 seconds
before it contacted the cage wire,

3. The copper-rod cooling shroud was successfully deployed and cooled the
sample approximately to the shroud temperature in the allotted time.

PRECEDING PAGE LLANK NOT FILMED
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4. The flight motion picture camera functioned flawlessly, exposures were
as planned, and the returned film, after development, was invaluable
as an aid to understanding flight events.

While the writer, from his study of the flight motion pictu—-es, is con-
vinced that the sample must have been largely molten at the time of contact
with the cage wire, there is room to argue that the successful suspension of a
liquid glass hes not yet been conclusively denonstrated. 1t has not been pos-
sible to demonstrate that the sample was completely molten at the time of
contact. The first evidence that the sample appeared to have undergone a phase
change occurred only six to twelve seconds before the sample contacted the wire.
It is not known whether the, presumably, molten condition of the sample con-
tributed to its escape from the sonic well. The fact that on its fifth and
final contact with the platinum cage the sample stuck to the wire is strong
evidence that the surface was molten at that time. The further observation
that the sample essentially centered itself on the platinum wire only 2/10
of a second after making contact would appear to indicate that tue surface
melting must have extended to a depth of at least one-quarter diameter
at the time of contact.

While tha cooling shroud functioned as planned, the ability of the sonic
system to prevent contact with the cage during and after deployment of the
shroud was, of course, not demonstrated because the sample's wetting the
platinum wire overrode the sonic positioning forces.

It is the writer's firm conviction that, despite the experiment's
lack of total success, it was a valuable experience for all concerned and

must be considered a major coatribution to the technology of glass-making
in space.
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National Aeronautics and Space Administration

George C. Marshall Space Flight Center

Marshall Space Flight Center, Alabama 35812

Attention: David Schaefer, LAll

Subject: Experiment 74-42, Principal Investigator’s
"Quick Look" Report - SPAR VI - NAS8-32023

Launch Information

SPAR VI Launched at 6:40 a.m., MST - White Sands Missile Range,
New Mexico, October 17, 1979.

Payload returned to Missile Assembly Building at White Sands at
approximately nocon, October 17, 1979.

Flight experiment injection cage and specimen removed from the
furnace - early aftermoon, October 17, 1979,

Payload reported to have landed in a gully, toppled down-hill,
slid over 30 feet into the gully before coming to rest. There
was a large dent, with a fracture, in the casing surrounding the
General Electric (G.E.) experiment at the upper and near the nose
cone, Experiment 74-42 was the second from the nose cone. There
were numerous scratches in the payload outer skin in the 74-42
section.

Flight Experiment Sample

The gallia-calcia-silica sample was found impaled on a fine
platinum wire forming part of the wall of the outer injection
cage of the flight hardware. The sample was clear, 100% glass,
almost colorless, and appeared to be quite spherical in shape
except for small projections caused by wetting the platinum
wire at either end where it emerged from the sample. Omne or
two small bubbles can be seen inside the glass sphere and in
contact or close proximity with the platinum., Except for these,
the sauple appears entirely free from bubbles as determined by
approximately 10X examination with a hand glass.
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Flight Experiment Sample (cont'd)

The platinum wire appears to be very well centered in the sphere. The
flight sample and the Pt cage, along with part of the injection mechanism,
are in the possession of the writer.

Flight Motion Pictures

The flight film was signed over to the vriter and returned to Los Angeles
wvithout exposing it to x-ray examination. It measured 159 feet in length.
In order to cover the corplete time line of the flight, the length would
have to have been 149 feet. It was apparent, then, that the returned flight
film contained all of the flight information, plus 10 feet of leader and
ends.

The time line for the flight camera was as follows:

Event Time,Sec. Cumulutive Tioe, Sec.
Camera on 0 0
Sample injection 5 5
Soak 155 160
Cooling shroud gate open 160
Cooling shroud insertion 10 170
Cooling 73 2643
Sample retraction 243
Camera off 248

Camera Exposure Information:

~F/8, 140° shutter, 24 frames/second.

Flight Motion Picturs Processing and Evaluation

A 21 foot sectimwas cut from the film starting 42 feet (70 seconds) from

the head end. The end of the cut was 45 seconds later. This pilece is

being stored for possible future image enhancement experiments. An additional
length of the same type of film (EK Linagraph Shellburst 2476) was exposed
outdoors using the manufacturer's ASA rating. This piece was developed

along with the two pieces of flight film. Normal results were obtained.
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Flight Motion Picture Processing and Evaluation (cont'd)

The flight film and a print were received on October 29, 1979, and
examined using a photo-optical data analyzer.®

It was reveaied that the specimen contacted the Pt wire, where it stuck,
860 frames (36 seconds) after sample injection. The specimen appeared

to have centered itself on the wire 5 frames (0.21 seconds) later. The
specimen touched the cage, while still solid, three times during the first
8.5 seconds after injection. It went through various motions without
touching the cage for 27 seconds before touching and wetting the Pt wire.
The sample appeared to be fully molten about 29 seconds after injectionm,
or 7 seconds before it stuck to the wire.

When the cooling shroud gate opened near the tail end of the film the
cage with the sample impaled on it could be seen clearly. It had cooled
to a temperature where nothing more could be seen on the film (all black)
914 frames (38 seconds) after the cooling shroud gats opened.

Tentative Conclusions

Everything functioned as planned during the entire experiment with the
exception that the specimen contacted and stuck to the platinum wire cage
soon after it had melted. The followiung were accomplished successfully:

1. The furnace reached and held a higl enough temperature
to permit complete melting of the flight sauwpie in the
time available.

2, All mechanical functions appear to have been accomplished
as planned. The only exception to this was that the
specimen injection gate did not close completely (as shown
by the telemetry data). This could have been caused by
the failure of the injection cage to retract completely
because of a clearance problem creatad by the specimen's
projecting beyond the cage.

3. The flight specimen was recovered in excellent condition -
was free of scratches and nicks and in good condition for
coupleting the science evaluation.

[

o .s«,’;vz‘ .

* L-W Photo, lnc. - Type 224-A T-V.

R
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Tentative Conclusions {(cont'd)

< 4, Flight motion pictures were properly exposed according
' to the Principal Investigator's (P.I.) pre-planni_j.
No camera jamming or other malfunction appeared to uave
occurred. Resolution is good enough to permit detailed
study of the sample's behavior in the sound field.

5. The experimen’ exceeded the science minimum success

criteria established before flight and met the science
objectives.

Further Work Required

During tne next few weeks, the following work needs to be done before the
Final Post Flight Analysis Report is prepared:

1. Experiment Equipment Functioan

It is important that the exact cause of the specimen's contact-
ing the platinum cage be understood so that corrective measures,
if indicated, can be taken before the next flight experiment.
This will involve:

a. Further detailed study of the flight film by
Intersonics, Incorporated.

b. Careful comparison of the flight data obtained
with accelerometer data to be provided by MSFC.

c. Analyais of pertinent results of other experimenters

on the same flight; especially those of G.E. and J.P.L.,
and comparison with the 74-42 flignt information.

2. Flight Sample Evaluation

The sample will be cut from the cage, after which the follow-
ing is planed to be accomplished:

a. Sample dimensions and degree of sphericity will be
measured using photographic techniques.

b. The index of refraction will be determined using
immersion fluid techniques.
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2. Flight Sample Evaluation (cont'd)

¢. An {mmersion fluid with ..atching index of refraction
wvill be prepared and the interior of the sample will
be examined for:

1. Striae, and compared with pre-flight
starting material.

2. Stress using polarized light.

d. Centering of the platinum wire will be measured using
photogruphic techniques along with measurement of the
vetting angles of the glass to the platinum.

If all of the above can be accomplished successfully, it will be unnecessary to
cut or grind the sample and it can be preserved intact as a space artifact.
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ABSTRACT

This report describes an experiment in gallium arsenide liquid
phase epitaxy (LPE). ™his process appeared to be an appropriate
subject for a SPAR experiment because (1) it is representative of
crystal growth processes which are adversely affected by natural
convection, and (2) the process variables, including temperatures and
times, are within the capabilities of the SPAR flights. A general
purpose LPE processor suitable for either SPAR or Space Transportation
System flights was designed and built., For the SPAR flight the process
was started before the launch, and only the final step, in which the
epitaxial film is grown, was performed during the flight. The ex-
periment achieved its objectives; epitaxial films of reasonably
good quality and very nearly the thickness predicted for convection-
free diffusion-limited growth were produced. The films have been
evamined by conventional analytical techniques and compared with

films grown in normal gravity.
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1.0 INTRODUCTION

A. Natural Convection in Crystal Growth Processes

In nearly all crystal growth processes, fluid density variations
caused by variations in temperature or composition can result in fluid
motion called natural convection. This can be a significant and even
predominant factor in the transfer of material and heat in these processes.
These flows can have adverse effects on growth rates, liquid-solid inter-
face shapes, and distributions of impurities or dopants. In some cases,
this is believed to contribute to the formation of excessive structural
defects or compositional inhomogeneities in the crystals produced. These
imperfections are likely to impair the performance of devices made from
such materials, and can be a particularly acute problem in the production
of large quantities of devices.

Natural convection occurs in a fluid when its Rayleigh or Grashof
number exceeds a critical value. In the discussion which follows, we
shall consider three cases: (1) For a vertical temperature difference,
ATV, across a fluid depth, d, the Rayleigh number

Npg = 9 @ ATvd3/Kv (1)
is appropriate. Here g is the gravitational acceleraiion, o is the volume
thermal expansion coefficient, x is the thermal diffusivity, and v is the
kinematic viscosity of the fluid; (2) The equivalent Rayleigh number for a
vertical solute concentration gradient, ACV, is

Ne, = 9 B AC,d/Dv (2)
where B is the change in volume per unit change in solute concentration and
D is the diffusion coefficient of the solute; (23) For a horizontal tempera-
ture difference, ATH, across a fluid length, £, the Grashof number

Ngp = 9 o oT, 2302 (3)
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is appropriate. The critical vaiues of the Rayleigh and Grashof numbers

for natural convection in a particular crystal growth process depend on
several factors, and can vary by an order of magnitude from one process

to another. For the present discussion, it is not necessary to specify

the critical values for any particular process, but only to note from the
forms of the above three equations that to suppress natural convection in
any given fluid, the Rayleigh or Grashof number can be reduced by reducing
AT, AC, d, 2, or g. (In some special cases, natural convection can be
suppressed by adding a substance to the fluid which increases its viscosity,
v, but this does not apply to the fluids to be discussed here).

Through the developmert of space flight in recent years, the
investigation of crystal growth with reduced g has become possible. Sever-
al crystal growth experiments were performed during the Apollo, Skylab,
and Apollo-Soyuz flights. During the interval between the Apollo-Soyuz
flight (1975) and the first Space Transportation System flights (early '80's) the
National Aeronautics and Space Administration is conducting a Space
Processing Applications Rocket (SPAR) Project. This project utilizes
Black Brant VC sounding rockets, which can carry payloads of several
hundred pounds and provide durations of weightlessness of about five
minutes.

B. Liquid PhaseEpitaxy (LPE) of Gallium Arsenide

Gallium arsenide LPE appeared to be an appropriate process for
investigation on a SPAR flight for the following reasons: (1) the process
variables, including growth temperatures and rates, are compatible with
the capabilities of the Black Brant VC flights; and (2) the numerous impor-
tant technological applications of gallium arsenide LPE films have stimula-

ted broad interest in this process and material, and therefore there was available
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ample background information on which to base the design of a space flignt
experiment, and with which to compare results.

In most gallium arsenide LPE processes in normal gravity, the
substrate is horizontal and awell of molten supersaturated solution of
arsenic in excess gallium is slid horizontally over the substrate to
cover it for a time long ennugh to grow the desired epitaxial film
thickness, after which growth is terminated by sliding the solution away
from the substrate (see Figure 1),

In solutions of arsenic in gallium, the diffusion coefficient,

D, is much smaller than the thermal diffusivity, x, and, therefore,

solute concentration gradients predominate over iemperature gradients

in caus g natural convection (see Equations 1 and 2, above). To suppress
convection due to solute concentration gradients, it is necessary to limit
the depth of solution, d, to 1-2 mm. Care must also be taken to minimize
horizcntal temperaturr. gradients (ATH in Equation 3) in order to suppress
the convection that they would cause.

lintil now, these ways of suppressing convection appear to have
sufficed, and LPE processes routinely yield galliumarsenide and other compound
semiconductor films adequate in quality for their applications. Therefore, the
principal objective of the SPAR experiment was to improve our understanding of the
process, and in particular, to confirm theoretical analyses of material transport
and growth kinetics, rather chan to achieve improved filmquality. However,
it is probable that natural convection is often not completely eliminaced
in conventional LPE processes in normal gravity, and that eventually the

residual effects may be found to limit the usefulness of the films.
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Furthermore, if future applications require larger wafer dimensions,

the approach of reducing g may be the only one which can succeed. Thus,

LPE processes in near-zero gravity may eventually turn out to be useful

tor producing superior films of galliumarsenide and other compound semiconductors.
For the process investigated, the epitaxial film thickness for

the case of material transport by diffusion only is given by]

_ 2AT Dtk
de = f;ﬁ —T—I‘_) (4)

where AT = supercooling interval

C_ = concentration of arsenic in crystalline
gallium arsenide »
m = slope of the liquidus line

D = 5000e~20000/T  4iffusion coefficient
3

of arsenic in liquid gallium
t = growth time
Evaluation of ‘4) with a growth temperature T = 990°K, AT = 10°K, and
growth time t = 60 sec., all of which can be achieved on the Black Brant

VC flights, results in df ~ Tum. This i< a desirable thickness for some

gallium arsenide devices, such as field effect transistors.
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II. Apparatus and Procedure for SPAR Experiment

A. Description of Apparatus

A self-contained LPE processor suitable for the Black Brant
VC payload was designed and fabricated (see Figures 2-9). It is
mounted in two adjacent rocket sections, 21.6 and 18.1 cm in length.
The outside diamcter of these sections is that of the rocket, 43.8 cm.
The processor is composed of four major subsystems:

1. Furnace

The LPE processor has a specially designed tubular

resistance heated furnace mounted in the upper rocket section (Fig. 6).
Two doors in the seciion provide access for loading the furnace. The
heating element is nichrome wire wound helically on a ceramic tube
2.5 cm in inside diameter and 9.5 cm long. The windings are spaced
closer at each end to minimize axial temperature gradients. The insu-
lation between the inner and outer tubes of the furnace is an asbestos
based blanket. All other parts of the furnace are stainless steel.
Its outermost shell is 10.2 cm in diameter and approximately 28 cm
long. The maximum temperature of the furnace is approximately 1300°K.

2. Atmospheric Control

Provision is made for 2 flowing hydrogen atmosphere
inside the furnace (see Figure 9). Hydrogen gas is always used to
provide a reducing atmosphere so as not to allow any oxygen to be
incorporated into the crystal. The presence of oxygen would haye
a serious adverse effect on the electronic prop.rties of the cry:tals.
The flow system includes the following components:; (1) a 300 cm?,
2000 ps*® supply cylinder, (2) pressure regulator, (3) flow-rate valve,
(4) bubbler to prevent gas backstreaming, (S) non-propulsive exhaust,
(6) two quick-release umbilical connectors used as inlet and exhaust
during ground operation, and for loading the hydrogen supply, and (7)
a solenoid valve for routing the exhaust through the umbilical connec-
tor during ground operation, and through the non-propulsive vents during
the flight.
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A1l components are stainless steel. The bubbler uses a magnetic
fluid of very low vapor pressure held in place by a permanent
magnet. The system is designed to operate at pressures up to 30

3 per minute.

psig and flow rates up to a few hundred cm
3. Slider
The slider is operated pneumatically with retraction
by a spring when the gas pressure is released. It is enclosed in
a cartridge (see Figure 7) which is removable through a door in the

3

side of the rocket section to facilitate loading. A 50 cm” cylinder

pressurized to 100 psig supplies gas for operating the slider. A
solenoid valve applies the pressure and releases it, and a microswitch
indicates the slider position. The slider accommodates two 1.1 x 1.3
cm substrates located on opposite sides of the solution cavity in an
assembly fabricated from graphite (Figure 8). The deptn of the solu-
tion cavity, 6.35 mm, was intentionally made great enough to result

in natural convecticn in normal gravity. A spring-loaded volume
compensator allows for expansion and contraction of the molten solution
with temperature changes. Chromel-alumel thermocouples in alumina
sheaths are located in grooves on either side of the graphite assembly

adjacent to the solution cavity.

4. Electronic Controller

An electronic controller thermally isolated in the lower
rocket section controls the entire process, including temperature

control and operation of the two solenoid valves in the gas system. The



controller was provided by the Marshall Space Flight Center and
{s identical to that usad in their General Purpose Rocket Furnace “

(GPRF). To simplify the adaptation of the controller to the

LPE processor, the furnace heating element was made to match that ‘
of the heating elements in the GPRF, and the same type of thermocouple
was used. The growth temperature set point, solenoid valve opera-
tion times, and power-off time are set by adjusting potentiometers.
In addition to controlling the process, the controller provides
readouts of thetemperatures sensed by the two thermocouples, the
actual times of substrate insertion and retraction, and the hydrogen
supply pressure. These data are telemetered to the ground control
facility at the launchsite during the flight. For ground and pre-
launch operations, the temperature of the furnace and the operation
of the slider are controlled manually, and the temperatures, slider
position, and hydrogen pressure are indicated at the control panel.
The electricai power is provided by a 34 volt D.C.
power supply during ground and prelaunch operations, and by batteries
in a service module in the sounding rocket during the flight.
Besides the electrical control panel, the ground
support equipment includes a gas control panel with valves, flow-
rate meter, bubbler, and an oil-less vacuum pump fcr manual ground
and pre-launch operation of the hydrogen system. It was designed
to be used for evacuating the hydrogen system to a pressure of a

few microns and back-fiiling with hydrogen to start the process.
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The flow-rate meter is used to adjust the internal flow-rate vaive.
The external bubbler was provided in order that the system could be
operated without filling the internal one. To ensure against
spillage the internal bubbler was not filled un*il the rocket was
in position in the launch tower.

The entire processor and ground support equipment
were designed to be as multi-purpose as possible. The slider
cartridge can readily be modified for different materials, and can
be replaced by other kinds of sample cartridges. Gases other than
hydrogen can be used for atmospharic control. The temperature-time
pragram can readily be changed for other materials. Furthermore,
the processor can be adapted to Spare Transportation System flights
with or without different packaging.

B. Procedure

For each pre-flight test of the apparatus and for the
flight itself, the planned growth temperature was 990°K. For eazh,
the solution was first saturated at a temperature in the range of
10-15°K above the planned growth temperature. The saturation step
was performed in the flight apparatus, equipped with the same
graphite slides to be used in the growth step. The slider was
Toaded with a fresh charge of pure gallium and two freshly cleaned
galliumarsenide source wafers. The furnace temperature was raised to the
desired saturation temperature, and the s1ider was operated to b.ing the
wafers into contact with the gallium. The solution was allowed to
equilibrate for one hour before the source wafers were retracted.
The entire saturation step was performed with manual control of

the temperature and slider position.
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Two freshly c’eaned substrate wafers cut perpendicular
to the 100 direction were loaded in the slider for the growth step.

The temperature-time profile of the growth step, shown in Figure 10, ‘ .
indicates the procedure followed in this step. Ninety minutes before
the launch, the solution temperature was raised to 1050°K, and then
beginning at the launch was lowered at . rate that allowed thc growth
temperature, 990°K, to be reached within the first four minutes of the
flight. By this time, the near-zero gravity condition was well
established, and the fluid motions induced by the launch were dampc %
out. Growth was started at this time and terminated after one
minute, well before the end of the near-zero gravity portion of the
fiight. Up to the time of the launch, the temperature was controlled
manually. At the time of tne launch, control of the process was
transferred to the electronic controller.

Throughout the pre-flight tests of the apparatus and during
~he saturation step before the flight, the thermocouple cutputs were
monitored with a potentiometer giving much higher prec¢ision than the
clectronic readouts. This was necessary for sufficiently precise
control of the supercooling interval, Ar.

A hydrogen pressure of 5 psig and flow-rate of 100 cm?
per minute were used for all pre-flight tests and for the flight. -
To provide adequate hydrogen for the flight, the hydrogen reservoir

was pressurized to 600 psig be“ore the launch.
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IIT. Pre-Flight Testing

The LPE processor and its ground support equipment were
subjected to three phases of pre-flight testing. The first was
a series of engineering development tests o ensure that the
apparatus could perform all {its inte-ded functions reliably and
safely. These included vitrational, accelerztion, and pressuriza-
tion tests and repetitive functional tests. As may be expected
for apparatus of the complexity of the LPE processor, the tests
revealed the nced for scme modifications. The major modifications
were (1) addition of a stainless steel fixture to support the
graphite parts of the slider, which were found to be too fragile
towiths:and the mechanical loads to which they were subjected,

(2) better electrical isolation of the thermocouples from the
graphite parts, which was a requirement of the electronic control
circuitry misunderstood at first, and (3) improved thermal isola-
tion of the elect>onic controller to correct the provlem of a small
upward drift of the furnace temperature caused by heating of the
controller by the adjacent hot furnace. After these moditica-
tions, the apparatus performed satisfac..r*ly throughout the
remainder of the pre-flight tests and the flight.

In the seconn phase of pre-flight testing, several cpitaxiail
films were grown in the apparatus tv simulating the pre-‘aunch and
flight procedures as closely a+ possible. The nurposes ¢f these
tests were (1) to determine sui able temperatures for .ie process,
(2) to verify the correctness of the pre-set slider operation ang power-otf

times, hydrogen pressure-~, and hydrogen flow- . ate, {3) to perfc = necessary

vV-i0
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calibrations, and (4) to obtain experimental control samples for
comparison with the flight samples. The test results indicated
the growth temperature, 990°K, solution saturation temperature,
1000°K, and the pre-set times, pressures, and flow-rate to be
suitable. The best epitaxial films were obtained in the last two
tests, a .. are described in Section IV with the results of the
flight eperiment.

The hydrogen flow-rate meter was calibrated by determining
the times required to collect one liter of hydrogen for various
flow-rate meter readings. The calibration data are shown in
Figure 11, which indicates the correct readings for the desired rate
of 100 cm3 per minute.

The rate of hydrogen consumption was measured by recording
the pressure in the hydrogen reservoir at five-minute intervals
until depletion. This was done for several different initial pressures,

with a flow-rate of 100 cm3

per minute in each case. At the end of
each test, the flow-rate fell from 100 cm3 per minute to zero within
a five-minute interval., Figure 12 shows the hydrogen pressure as a
function of time for an initial pressure of 600 psig. These data

agree with a simple calculation of the expansion of 300 cm3

of gas
under a pressure change from 650 psig to atmospheric pressure.

The pre-flight tests indicated that with power off the fur-
nace cools from the growth temperature to about 300°K in two hours.
An initial hydrogen pressure of 600 psig was chosen to provide for

continued flow for this period and virtually complete depletion of

the hydrogen at the end of the period.
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The approximate power consumption of the processor was
Jetermined during the pre-tlight tests. With the power limited to
300 watts, the furnace ccaches 10509K in fifteen minutes. Mainten-
ance of this temperature requirds approximately 200 watts, and of
the geowth temperature, 990°K, approximately 170 watts.

The third phase of pre-flight testing consisted of various
tfull and partial tunctional tests at Marshall Space Flight Center,
Goddard Space Flight Center, and White Sands Missile Range betore
and during the integration of the pavload and rocket. During this
phase, the electronic controller was modified by Marshall Space Flight
Centor personnel to improve its stability with variations in temperature,
nd thereby turther ensure stability in the turnace temperature control.

1v. Epsults

The flight experiment was per  med successtfully on the SPAR
VI flight on October 17, 1979, The processor tunctioned well
throughout the tlight. Fpitaxial films of about the thickness
expected were produced.  They are shown along with pre-tflight
test results in Figure 13,0 Although the films grown during the
tVight are less smooth than the best films produced during pre-
flight tests, they appear to be a satisfactory result for an ini-
tial space-tlight experiment.

When the siider was removed freom tlhe turnace after the
tlight, it was n good condition, with the slides fully retracted.
Later, after the slider had been returned to our laboratory and
opened to remove the wafers, the solution cavity remained completely

filled, contirmiog thao there had been no leakage of solution dur-
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ing the flight. On retraction of the slides, the solution had been
swept from the wafers satisfactorily and the amount of gallium
remaining on them was small.
Strip chart recordings of data telemetered to the ground
during the flight also indicate satisfactory performance of the
experiment. The recorded times of slider insertion and retraction
were T + 262 sec. and T + 338 sec., respectively, both of which are
within specifications. The recorded H2 supply pressure was 640 psi
at 7 + 0, and decreased uniformly to 620 psi at T + 700 sec., which
also is within specifications. The recorded furnace temperatures
are apnroximately as expected, but are relatively imprecise, as
expected. They indicate that the furnace cooled significantly mre
slowly during the flight than in pre-flight tests. Presumably, this
is because of the absence of convection as a mechanism to remove heat.
The recorded temperatures are not precise enough to confirm
that the desired supercooling interval, AT = 10°K, was achieved.
The reliability of temperature control proven during the pre-fiight
tests is the only evidence available to show that it was. More reli-
able control of AT could be achieved if the slider were modified to
accommodate both the source and substrate crystals simultaneously as
in Figure 1, so the saturation and growth steps could be performed
without cooling to ambient temperature and reloading the slider. This
would eliminate variations (e.g., small changes in voltages, resistances,
and thermocouple pasitions) which may result from reloading the slider
and making electrical interconnecticns with the rest of the payload,
and which can affect temperature control and measurement. The desir-
ability of this modification was recognized early in the program but

could not be implemented because of scheduling constraints. The change
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should be made before the experiment is performed again on a future
SPAR or Space Transportation System flight. Better control of AT
may be an important key to producing smoother films.

When the wafers were removed from the slider, one was founa
to have some cracks (Figure 13f). With subsequent handling, it
broke into five fragments, but each was suitable for analysis, ard
the breakage did not cause any serivus problem. The reason for
the cracks is unknown.

The returned flight samples and several films grown during
the pre-flight tests have been examined by conventicral analytical
techniques for characterizing semiconductor materials. The thick-
ness, structural perfection, compositional homogeneity, and electri-
cal properties have been evaluated and are discussed in this section.

A, Film Thickness

The thickness of the epitaxial films was determined by cleav-

ing a narrow sliver fiom each wafer, atching it with a solution known
as an "A-B etch", which makes the interface between the film and the
substrate visible, and making a photomicrograph of the cross-section
of the cleaved wafer. The film thickness is measured on the photo-
micrograph and divided by the magnification factor. The resuits are
shown in Figure 14. Only one flight sample is shown because of the
difficulty in obtaining a suitable cleavage of the other. The thick-
ness of the films grown during the sounding rocket flight, 1.5 microns,
is very nearly that predicted (see Equation 4, Section I). The films
grown in normal gravity are about twice as thick, a result that was
expected because of the contribution of natural convection to trans-

port of the arsenic in the solutions. Although natural convection
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does not have a serious effect on the quality of the films of the

order of three microns thick, it is known to cause non-uniformity

of thickness and surface roughness in thicker films4.

B. X-ray Diffraction Topography

X-ray diffraction topographs of four pre-flight samples and of
the flight samples are shown in Figure 15. They were recorded by
the Berg-Barrett reflection technique with CuKa radiation and
the 422 diffraction maximum.

The topographs of the pre-flight samples were recorded after
Hall effect measurements (see below) were completed and after the
slivers had been removed for thickness measurements. The film
coverage area is more easily visible in the topographs than in the
photographs in Figure 13. The bright areas in these topougraphs are
shadows cast by metallic indium contacts applied for the Hall effect
measurements. These topographs show that the films are single crys-
tals of fairly good quality and uniform composition. One topograph,
Figure 153 shows some contrast near the center, probably caused by
strain in the film or substrate.

Likewise, the topographs of the flight samples show that the
films are single and of fairly good quality and uniform composition.
The topographs in Figure 15f are for the two largest fragments of
the broken wafer. The light areas in the topographs of both flight
samples are shadows cast by high regions on the somewhat rough

surfaces.
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C. Electrical Measurements

The Hall coefficient and resistivity of the samples were
measured by the Van der Pauw technique. This technique allows the
use of rectangular samples. It requires that four metallic
electrical contacts be formed on the sample. Measurements were
made at 300°K and 77°K. The data, summarized in Table 1, are as
expected for n-type films on semi-insulating substrates. The sign
of the Hall coefficient indicates that the films are n-type. Know-
ledge of the Hall coefficient and resistivity allows calculation
of the net carrier concentration and the mobility, which are given
in Table 1. The carrier concentration is one or two orders of
magnitude greater than desired, but this result is probably accep-
table because of the early stage of development of the LPE processor.
It may be related to impurities derived from the stainless
steel components of the furnace or from the hydrogen supply. The
hydrogen was not purified by diffusion through palladium as is the
usual practice. Photoluminescence measurements made on several
samples in an effort to identify the impurities have not succeeded
so far. The photoluminescence peak at 8210A, normally found for this
kind of film, is much broader and more symmetrical than usual. No
other peaks were found in the range 7800 to 8500A.

Identification and removal of the sources of any impurities
before the experiment is repeated is desirable. Replacement of some
of the stainless steel furnace components by fused quartz components,

and better purification of the hydrogen are reasonable approaches.
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V. Conclusions

The following statements summarize the results of this
experiment.

1. The experiment successfully produced single crystalline
epitaxial films of p1llium arsenide processed in the near zero-g
environment pruvided by the SPAR VI flight. The crystal growth
processor functioned properly throughout the flight and post-flight
examinat ion of the disassembled hardware showed no evidence of
malfunctioninz,

2. The .xperiment provided information concerning the effects
of the near zero-g environment on the crystal growth process. The

experimental results indicate that the growth process t ok place by

diffusive mass transport. Solutal convection which is normally
present ard is the dominant mass transport mode in a one-g earth
environment when a reservoir of this size is used was either
eliminated or greatly reduced in the near zero-g environment.
The justification for this conclusion comes from the fact that
within experimental limits the film thickness of the flight samples
was {n agreement with the calculated prediction for diffusive mass
transport controlled growth which is given by the relationship

1
df = %"ﬁz (%%)2 . Further evidence was gotten bv a comparison
of the‘growth rates of the flight and the earth prccessed samples.
The presence of solutal convection during one-g earth processing
would be expected to produce a significantly greater growth rate.

A comparison of the flight and earth processed samples showed this

to be the case.
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3. A comparison was made of the properties of the flight
samples with those of the ground processed samples. The ground
processed samples were grown in the flight hardware under essentially
identical conditions to the flight except for the presence of the
one-g earth environment. Several ground processing runs were made
and it was found that the quality of the flight samples was better
than the worst but not as good as the best of the earth processed
samples, Thus, with regard to the effects of space processing
on the film quality, no definitive conclusions can be drawn from
this experiment and further flights would be necessary to answer
this question.

From the above statements, it is clear that the experiment was
carried out successfully and achieved most of its intended

objectives,
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12.
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14,

15.

FIGURE CAPTIONS

Schematic drawing of apparatus for conventional gallium
arsenide liquid phase epitaxy.

LPE processor, photographed after flight.

LPE processor with door open, showing end of furnace in which
slider cartridge is inserted (furnace opening is covered with
tape).

LPE processor with door open, showing other internal components.

LPE processor viewed from aft end with microprocessor section
removed.

LPE processor, same view as Figure 5, but with insulationblanket
removed.

Slider cartridge.

Graphite slider parts.

Schematic drawing of gas systems.
Temperature-time profile of film growth step.
Flow-rate meter calibration data.

Hydrogen consumption data.

Epitaxial films grown in LPE processor: a-d, pre-flight test
samples; e-f, flight samples.

Microphotographs of cross-sections of LPE films: a-b, pre-flight
test samples; ., flight sample.

X-ray diffraction topographs: a-d, pre-flight test samples;
e-f, flight samples.
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Fig.

14:

e et ke

(c)

Microphotographs of cross-section of LPE
Films: a-b, pre-flight test samples;
c, flight sample.

IV-36




T —— T, N - A S TV Ty e

(d)

X-ray diffraction topographs: a-d, pre-rlight
test samples; e-f, flight samples.
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SECTION 1

INTRODUCTION

This report describes an experimental research program which will
contribute to the understanding of containerless processing of materials in
space. Study of the stability and manipulability of liquid drops is a useful
and cost effective intermediate step in the development of a better
understanding of the physics of liquid melts and the capability to manipulate
them in a zero-G environment.

We will study three aspects of containerless processing technology in
space: stability, oscillation, and rotation.

Stability studies will help us to detzrmine the effect of residual G-
jitter on the positioned sample. Also, stability of the sample will
determine the focus requirement of the heat lamps, thus, impacting the
thermal insulation requirements on the chamber.

Oscillation studies will enable us to better understand induced mixing

currents within the melt and to define the maximum acoustic power required,

thus impacting ‘he total power, weight, and acoustic insulation requirements

of the chamber.
Rotation studies will prove the feasibility of degassing the melt, which

will increase the quality of the returned sample, and of shaping the melt,

which will reduce waste of the returned sample, thus impacting the economical

feasihility of containerless processing. In addition, a rotating sample

requires only one heat lamp to rcise the sample temperature uniformly, thus

impacting the thermal design of the chamber.



The practical knowledge obtained in these studies will aid in the design
of the Acoustic Containerless Experimentel System, The study will] take
advantage of the laboratory work and zero-G aircraft tests already under way
at JPL, as part of the overall Office of Applications Space Processing

Program.
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SECTION 2

OBJECTIVES

The broad objective of this task is to study the containerless
processing of materials in space. In containerless jrocessing, most of the
steps are conducted in a liquid-melt state. Our knowledge of the physical
properties of liquid melts today is qualitative, or at best, semiquantitative
and empirical. The aim of this program is tc gain a better understanding »f
the physics of liquid melts and the capabilities of manipulating them in a
long-term, zero-G environment, thus aiding in the future design of a
practical system for space processing.

The primary objectives of this flight, as stated in the proposal, were
to:

(1) Study the center of mass motion in an acoustic chamber. The

——— _—

initial perturbation of the drop generated by the drop injection system will
be allowed to damp down with the acoustical field on. The time required for
a positioned liquid drop to approach its quiescent state can be determined

from the film record.

(2) Determine the rotation capability of the acoustic chamber. The
torque on the drop generated by the acoustic field will be gradually
increased to slowly accelerate the drop up to 2 rps. The rate of spin—up as
a function of the torque will establish the rotation capability of the
chanber on a liquid drop.

(3) Study the natural resonant freguencies and damping mechanism of

drop oscillation. The resonant frequencies and the damping mechanism have

V-2-1
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been calculated. This experiment will allow comparison of cbserved and

calculated values.

(4) Study the drop shape change due to rotation. The equilibrium

shapes of near-rigid body rotation obtained in this experiment will be
compared with existing equilibrium calculations. If rotation is to be used
as a principle method of shaping liquid melts, it will be important to

determine the deviation between calculated and observed shapes.
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SECTION 3

APPARATUS AND OPERATION

1.  APPARATUS

This study utilizes the existing acoustic levitation rocket instrument

described in A0:0A-76-20 with minor modifications for this flight.

Figure 3-1 shows the rocket 76-20 payload and the housing. The heart of
this apparatus is a triaxial acoustical levitation resonance chamber whkich is
used to position and control large liquid drops in zero-g environments. The
chamber itself is nearly cubical, with inside dimensions of 11.43 x 11.43 x
12,70 cm, which are the x, y, and z faces. respectively. Three acoustic
drivers are fixed rigidly to the center of three mutually perpendicular faces
of the chamber. During operation of the chamber, each driver excites the
lowest-order standing wave along the direction that the driver faces. 1In a
resonant mode, the ambient pressure is maximum at the nodes of the velocity
wave (the walls) and minimum at the antinodes (the center). Consequently,
there is a tendency for introduced liquids and particles to be driven toward
the antinodes, where they collect and remain until excitation ceases.

Calculation of the acoustic pressure on the drop is simplified by the
fact that the characteristic impedance of the liquid pycy is very much
greater than that of the gas pc: Pgeq ( ~10° cgs) / pc ( ~40 cgs) »> 103
where the densities of the liquid and air are pg and p, respectively, and cy
and ¢ are the sound velocity of liquid and gas, respectively. Because of
this impedance mismatch, the acoustic power transmitted into the drop is

three orders of magnitude smaller than in the gas and is negligible.
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Rotation of the sample requires that two axes, the x and y, be of the
same length and that they be driven at the same acoustic frequency shifted by
90° (see section 4-5), For the non-rotation mode the two axes can be driven
at 0° or 180° with respect to one another. However, at these phase shifts
interference patterns are produced in the chamber that can severely distort
the shape of the drop. In order to alleviate this problem the acoustic
fields are turned on and off in a cyclic manner so that when the x axis
acoustic field is on the y axis acoustic field is off and when the x is off
the y is on, This complementary modulation of the x and y axes is done at a
frequency that is high compared to the n =2, 3, and 4 normal modes of the
drop. Complementary modulation is discussed in Section 4.1,

The acoustic chamber was located in the rocket paylaod so that the z
axis of the chamber was parallel to the center line of the rocket, Figure 3-2

shows the orientation of the payload with respect to the rocket,

The primary data from this experiment is obtained with a 16 mm cine
camera, The camera was run at 48 frames per second. The camera is directed
along the z axis (see Figure 3-2); in addition two mirtors give nearly
othogonal views along the x and y axes, The view of the camera for each of
the axes is from the positive axis to the negative axis of the accelerometer,
In addition, the sound intensity at each wsll, the deployment system
condition, camera and lightin- status, and the frequency of the z axis signal
were monitored and recorded. This data was telemetered to the ground station
in real time. The MSFC accelerometer data was supplied to aid in the data
analysis. The x, y, and z axes of the accelercmeter ure coaxial with the 1,

y, and z axes of the acoustic chamber.
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2. INSTR LIBRATION
(a) Acoustic Calibratic-

The acoustic intensity calibration was difficult to accomplisn
because thke instrument did not have calibrated microphones in the chamber.
However, since the primary interest was not in the sound intensity itself but
in the positioning force produced by the ac ustic standing waves, the
acoustic intensity was calibrated by mvasuring the acoustic positioning force
itself. The force mecsurement was made by suspending a low density
(styrofoam) sphere (1.25 cm radius and 0.229 g weight) 3.175 cm from the
center of the chamber on a thin string 5.08 cm long (see Figure 3-3). The
signal to each sr:aker was adjusted so that the acoustic force deflected the
sphere 0.292 ¢cm (0.115 in) toward the center of the chamber., This
corresponded to a iorce of 12.9 dynes, This technique of acoustic
calibration has been standardized for all of the SPAR flights that use the
triaxial acoustic chamber.

It should be noted that the force measurements and calibratior are
made at the JPL site which is at a lower altitude than the White Sands lest
Range where the system is hermetically sealed. This difference in
atmospheric pressure between the two sites results in &8 small decrease in the
acoustic force ( see Section 5.3 for a detailed discussion),.

(b) Liquid Volumetric Calibration and Surface Tension Measurements

The liquid deployment system was tested before the flight by taking
repeated volumetric measurements of the deploved liquid. There was a
variability of several percent in these mcasurements caused by backlash in
the gear system that drove the fluid delivery system. The typical measured

volume was 8,6 + 0.2 cc water,
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The liquid used in this rcxperiment was distilled water w.th small
quantities of dye added to provide optimur contrast in the cine film. The
surface tension of the dyed water sample was measured before and after the
flight and was found to be 71.0 + 2.0 dynes/cm. TLe water was deployed into
the center of the chamber through the two coaxizl injectors. The 8.6 cc of
woter was deployed in 12 seconds. The slow liquid delivery was chosen so as
to minimize unwanted flows within the drop. The injector tips were withdrawn
from the drop while the acoustic field positioneu the drop.

The tips ¢f the injector tubes were treated with a small quantity
of silicone 0il so as to minimize the wettiny; of ths tips by the water. This
treatment fa~ilitated the deployment of the drop when the injectors were
withdrawn from the drop. Post-flight da.s anal;sis hes siaown that the
silicone oil treatment of the tips has very little effect on tl e surface
tension of the sample.

(c) Sequence and Time Line Culibration

The e periment control program had been run through the flight
sequence over 100 times in pre-flight tests. No dsviation from the
programined sequence was observed in these tests. In addition, flight
telemetry confirmed the sequence operaled as programmed during the flight and
subsequent post flight tests of the system showed no anomaly. The instrument
control functioa is shown in Table 3-1.

(d) Cine Camera and Lighting Calibration

Camera, lighting and film tests were run at JPL before the flight.
The quality of the image was confirmed by the PT and Col to be acceptable for
data arelysis, The cemera was also rup at White Sands just before the flight

to confirm proper operation of the system,
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Figuze 3-3. Method used to calibrate the sound pressure level inside

the chamber. Each speaker was adjusted so that the
centering force at 3.175 cm from the center was 12.9

dynes.
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TABLE 3-1 INSTRUMENT CUNTROL FUNCTIONS

28 YOLT CONTROLS

1. TInjectors In--Level to move injectors in.

2. Injectors Qut--Level to rove injcctors ocut.
3. Tluid Delivery--Level to cause the deliver; of fluid to the injectors.

4. Fluid Reversc--Level to cause fluid rotor to drive fluid in or out of
injectors.

(%, )
.

Fluid Continuous/Incremental--Leve' to cause fluid delivery to be
continuous or to be defined as a preaset pmount by & 4-bit control,

6. Fluvid Amount-~4 bit control of the fluid delivered in the incremental
node.

7. Tluid Valvo €n/Off--l.evel to control a solenoid and allow the delivery of
fluvid.

3. Drop Nemoval-—Level to control the Crop removal mechanism. ¢

9. IV Probe In--Level to move the higl voltage probe into the chamber.®
10, W Probe Cuet--Level to nmove the IV probe out.®

11, !V Ca~-Level to encblce the IV power supply.®

12, 1V Level-—0 bits to centrol the output of the WV power supply.?

13, Camcra Cr/0(f--Level to cnable the cancra.

14, Camera Tpeed— 3 bits to conrtrol the speed of the camers shuteer.®

AUDIO COLTROLS

1. Mucio On/Off--tevel to enable the audio power.
2. I'otation--Level te cnable X phase shit.

P

. Sounld Level!--7 Lits to contiol the zound rower level.

4, Todulatce=2 hits to cnable the audio rocdulation on the x tnd y axes.

. Modulatior Jelect=-2 bits te select aodulation rrofean..

6. oculation Trevverey——-10 bits to control the frequency of the moduiation,

*Functior not implemented in Uxperiment 76-20,

V-3-3



CRE |

N

SECTION 4

THEORETICAL BACKGROUND FOR THE SPAR DATA ANALYSIS

The data analysis required preliminary theoretical analysis of 2 number

of situations arising in the various sequence: of this experiment.
1. Two Dimensional Degenerate Pressure Psofiles in the Acoustic Chamber.
The acoustic chamber used in the SPAR has two equal dimensions.
This gives rise te a degeneracy of the transverse acoustic modes and to non-
circular static pressure profiles at the center of the chamber. It is
therefore important to snalyze ihese pressure preofiles in some detail. The
velocity potential inside an empty chamber of dimension L, which is driven at

its resonant frequency, w®, is

p
é = ‘38-{ coskx + cosky } coswt (1.1)

where k = n/L = w/c is the wave number. The acoustic pressure is

E=-p %}6 = Po { coskx + cosky } sinot (1.2)

and the components of the particle velocity are

3 .
=2.¢4 = Pg sinkx cosot
Ux ox pc
(1.3)
u =‘2-6 = Po  sinky coset
y ox pc
The acovstic rsdiation pressure is given by (Landau and Lifshitz, 1959)
Ap> L 2 s (1.4)
CAr 2pc3 2 P )

Note that it is a second order effect. This radiation pressure does not exist

in lincar acoustics, it vanishes for travelling waves, and is small but
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finite for standing waves. The acoustic radiation pressure gives rise to an
acoustic potential well and to an acoustic force fizld iz the chamber. The
bars in Eq. (1.4) denote time averages over the high frequency component.

Substituting the pressure and velocity into (1.4), we obtain

3
(Ap> = -229; { cos2kx + cos2ky + 2¢coskx cosky } (1.5)
pe

This expression is for a coordinat: system with its origin at the corner.
Transfering to a coordinate system whose origin is at the center of the
chamber, i.e.
x -x —- L/2 and y—y - L/2
we have
cos 2kx —¥ - cos 2kx and cos kx —— - sin kx

resulting in

2
(Ap> =--;£JE{ cos2kxt cos2ky - 2 sinkx sinky } (1.6)
pc

The last term is the interference term due to mode degeneracy, which we will
show gives rise to a non-spherical pressure profile near the center of the
box. Fxpanding the trigonometric functions to O(x2?), we obtain the following
isobaric contours

<{Ap>

31/4pc3
x3 + y’ + 1y =x = — P P - (1.7)

Zki

The last term on the left hand side comes from the interference term, and
gives rise to the non-spherical pressure profile. The explicit isobaric
contour is found by diamgonalizing this quadratic form by the simple

transformations

V. 4-2
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In terms of x' and y'
we obtain the following

isobaric contour

x'3 '3

xz %72— - oo
This is an ellipse with an a/b ratio of J;. Indeed dror elongation was
observed in KC-135 flights when both speakers were operated with 0° phase
shift. This situvation was remedied by complementary modulation, the
arrangement in which the x and y speakers are operated on & mutually
exclusive basis, i.e.,, wher one is on and the other is off, We calculate the
radiation pressure profile in this case using the simplest periodic

representaticn of complementary modulation:
P = p, { coskx cosupt + cosky sinw,t } sinot (1.9}

wvhere ap (< is the complementary modulation frequency. The preceeding

geometric approach can be extended to this case. Equation (1.7) for the

pressure profile near the center of the chamber is replaced by

x3 (3/4 + 1/2 cos2uyt) + y? (3/4 - 1/2 cos2ut)

- -1 _ {Ap>
+ 1y ( 1/2 Siﬂzwmt) = 2 —Fﬂ;cLz-
(1)

(1.10)

This is a quadratic equation of the form
Ax? + 2Bxy + Cy3 + F =0

which is diagonalizad by the transformation
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x = x' cosa - y' sina
y = x' sina + y' cosc
with
tan 2a(t) = 2B -1 .
) ic -3 tan 2qpt (1.11)

The principal axis is no longer the diagonal, as was the case without
complementary modulation; the new axes oscillate around the center with a
frequency 2mm, which is chosen to be large in comparison with the drop

oscillation frequencies. The isobaric contours are now
(A +B(t)x'2 + (A-B(t))y'2+F = 0

This is again an equation of an ellipse, but its principal axes precess too
quickly for the water drop to respond to. When this precession is averaged
over a2 length of time comparable to a period of the o = 2 natural
oscillation, the drop finds itself effectively in a spherical acoustic field,

and its shape will not become distorted.
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2, A Particle i Static Acoustic Potentij Well.

Consider now a drop moving in a 3-dimemsional acoustic potential

well

1
B> = - o3 E p;? cos2k;r; (2.1)

i=x,y,2

If two dimensions happen to be equal, we assume that complementary modulation
has been applied, so that this is the effective static pressure experienced

by the drop. The force on a drop is approximately

-
F = -/j(Am n ds (2.2)

where n = (simdcosd, sinPsind, cosB) is the normal to the surface, and
dS = a3 sin@dOdd is the area element on the surface of a sphere, It is

only an approximation because scattering effects have not been included.
Comparison of laboratory measurements (Leung et al., 1979) with King'’s theory
of acoustic forces leads to the conclusion that the effect of scattering is
to enhance the acoustic force by 25% over the value indicated by Eq. (2.2).
A further approximation is that the force was calculated for a rigid sphere,
not on a deformable drop, thus neglecting the interaction of the acoustic
field with the drop. This is a complicated problem which merits further

analysis., With these restrictions the acoustic force is found to be

F, = 3‘2)’0‘2 p;? k;? a* ['(2k;a) sindk r, (2.3)
3%;2312. - cosZkia
where rYZkia) = i8
1/3(2kia)’

is the size factor, tcanding to 1 for 2kia <{{ 1. The calculation of (2.3)
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required the evaluation of nine nom-trivial surface integrals (Eqmns. 2.2). It
was found that each term in the pressure profile contributed to the force
component in that direction only, as expected.

Consider aow the motion of a particle in such a force field. Because
near the center of the chamber we can replace sin Zkiri by its argument, the

object’s motion is like that of a harmonic oscillator, described by

mr +Kiri = 0

with

k. = _4n p;2k;? a? F(Zkia).
3pc?

This gives rise to oscillation within the potential well at the frequ.ncy Q,

which is given by

2 K. Pk . 2
a; =gt = thp.cf,,r(ZkIa) (2.4)

where p,y is the density of the scattering object. The oscillation frequency is
proportional to the acoustic pressure in the chamber. Such behavior was seen
on the SPAR film, where the frequency dropped with pressure, and was studied

on the Vanguard Motion Film Analyzer ( see Section 5.2),
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3. A ! on litude Modulation in the Acoustic Chamber.

Equations of motion are derived in this section for the boundary of a
drop placed in a modulated acoustic potential well, The displacement from
the equilibrium spherical shape is expanded in spherical harmonics and

represented in the form

F@,8) = R+ £ 8y (t) Yp(0). (3.1)
2, m

Equations of motion are to be derived for the boundary deformation
coefficients aZm(t) from the Navier--Stokes equations of the system, In the
potential flow approximation, in which viscosity effects are initially
neglected, the velucity field v is related to a scalar field ¢ via v = vé,
and the momentum (Nevier-Stokes) and continuity equations arc expressed in
the form

‘af'"‘l "+p=
2 +L o+ =0

(3.2)
vié = 0

The boundary velocity is given, on one hand, by

£r=c E a,n(t) Y, (0) (3.3)

and, on the other hand, by the solution of the Laplace equation (3.2) in the

interior of the drop, namely,

bint =) Finr'¥in(0).

Matching the boundary velocity im expression (3.3) with v = 9d/dr (the
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kinematic boundary condition) results in

or

aé Him
—_— = b
T € E f_11' Ylm(ﬂ)

,m 18

and by Eq. (3.2) the pressure at the interior of the drop is, to lowest order

of approximation

Pint 3¢ Z arm 2
= — = - g . r Y, (Q) (3.4)
po ot et gal-1 o

The pressure in the interior is related to the acoustic pressure of the

exterior

Pext = 4o eiwotzpim Yo () (3.5)

by the Young-Laplace condition of pressure mp at a boundary (Landau and

.

Lifshitz, 1959)

1|
Pint = Pext =y y— + — (3.6)

where o is the surface tension, and the expression in the parsnthesis is the
effective curvature. For not too drastic surface deformations the effective

curvature can be expressed in the form

1 1 2 €

e -l Zm—n(am 8gn(t) Ypn().
Ry Ry R R*7T,

When this expression, as well as Eqs. (3.4) and (3.5), are substituted into
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Eq. (3.6), we obtain the required equation of motiom for the boundary

deformation coefficient
.a.am + w3 aim = AO pgm eimot ’ (3.7)

where w is the normal mode frequency of a water drop. With P(nm being the
component of the acoustic driving pressure at the surface of the drop, this
mode obeys the equation of ¢ forced harmonic oscillator., When viscosity
effects are added, this equation is replaced by that of a forced, damped
harmonic oscillator, being the basic exprression f-r anralyzing acoustically

induced oscillations in the next section,
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4. Acousticelly Indyced Oscjllation.
To generate the characteristic oscillations of a liquid Arop it is
necessary to excite the drop surface at its normel mode oscillation
frequencies, For a liquid sphere of surface tension o, demnsity Pq’ and

radius a, the normal mode frequencies are given by

w,? = n(n-l)(n+2)-;f; (4.1)

The lowest vrder nonzero frequency corresponds to n = 2, n = 0 corresponds to
a radial mode, which cannot exist in an incompressible rluid, and n = 1
describes the translational motion of the whole drop. The surface

deformation for the n—th mcde is

br, =) a P (cosO) (4.2)

where P, is the Legendre polynominal of order n.

The simplest way to generate sample oscillations in a rectangular
chamber is to modulate the scund pressure from one of the acoustic drivers.
Introducing &8 sinusoidal amplitude modulation at frequency Qo in the x

direction, or example, we have

P = coskxx sinw t cosil t

P
xo (4.3)

+ pyo coskyy sxnmyt + Pyo coskzz sinwzt

These expressions and the associated components of the particle velocity lead

to a radiation pressure (which includes scattering effects)

2 (1 - 5/2 cos2k,x (1 + cos2Q,t))

{Ap> = -~ Pxo

2
24pe (4.4)

+ pyoz (1 5cos2kyy) + Pt (1 - 3cos2k,z)
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We sece that while the acoustic pressure is amplitude modulated at 0 the

ol
radiation pressurs, which érives the sample into oscillstinn and which is a
second order effect, is moduiated at 29,,.

The emplitude of the normal modes of a drop driven by the modulated

acoustic field may be calculated as follows. The expression for the surface

of an axisymmetric drop is

TS

r(6,t) = a +Zan(t) Palicsb) (4.5)
n

An equation of motion for each mode a (t) can b: found Ly approximate
solution of the momentum (Navier—-Stokes) equation and ircorpuration of the
Young-Laplace pressure jump condition at the surface. This results in a

force¢ damped harmonic oscillator equation for a,(t)

d2 d = 1
35 °n + 2P, Ti®n + wpla, = Ty F,(t) (4.6)

where w ? is given in Eq. (4.1), F, is the forcing term, and the viscous

n

damping B, is ( Lamb, 1932)

By = (a-D(2n+1) L (4.7
a

where V= n/p is the kinematic viscosity. Since in our case the sample is

being driven at 20,, we assume a solution of the form s (t) = Anexp(Ziﬂot)

and substituce it into Ey. (4.6), giving amplitude coefficients:

Il = nlFyl . (4.8)
ap/l (wg1 - 40,2 )3 + 168,20, )

The amplitude of the n-th mode is not maximum when the sample is driven at
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the normal mude resonance 200 = wp,, but at 200 =jm; - 2B, * . At the latter

frequency the amplitude becomes

1a_) = nlF_|

n'max 2ep mn ; ’____"’n’ = an}‘

(4.9)

To evaluate [A_I

nlpax Y€ Dust know the magnitude of the forcing term Fn'

This is obtained by integrating t*: radiation pressure, Eq. (4.4), over the
surface of the sphere. This gives

2
IF, | = 230 28+l (4.10)
n 8pcz 4 T

where In is the integral

1
I, (xa) = cos(2kap) P (p) dp (4.11)
-1

It is seen that I = 0 for odd n, that is, one cannot excite the odd modes
acoustiv.~1ly. This is a consequence of the fact that the pressure profile
{Ap> is a symmetric function of the coordinates, and odd modes wili only be
observed as a result of asymmetries in the pressure prcfile. For even n the
integrail In has been evaluated analytically. An cxample of the normal mcde
amplitudes is given in Table 4-1 for some typical parameter values

characterizing a 2.5 cm diameter drop of water.
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Table 4-1. Amplitudes o ormal Modes n=2 and n=4 for Variou

of the Acoustic Pressure.

Ay/a (%) Pyo (dB)
Y T 7138.6
2 141.6
5 145.6
10 148.6
25 152.6
50 155.6
Aga (%) Py, (dB)
B 1 153
2 156

Parameters (water drop in air):

Lx = 11 cm.

a=1.25 cnm.

p=1.3x 1073 g/cc.

¢ =3.5x 104 cm./sec.
V=20.012 cn“/sec.

6 = 70 dynes/cm.

The feorce exerted by a s:anding acoustic wave on a sphere was originally
calculated by King (King, 1934). For the example considered here the minimum
acoustic oressure required to position the drop is P ~ 103 dyne/cm2 ~ 134 dB,
relative to the reference pressure 2.0 x 1074 dyne/cmz. For a 50% efficient
compressior driver, less than 0.2 W of electrical power is needed to provide
the required acoustic pressure. At this acoustic pressure level the surface

tension force (Fs) that acts on the water drop is two orders of magnitude

larger than the acoustic force (F,): Fs/FA ~ 100,
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5. Acoustically Induced Rotation.
We consider the problem of the flow field in the neighborhood of an

axisymmetric rigid body induced by periodic pressure fluctuations,
p, = Plr) 7ot (5.1}

It is assumed that the pressure field (Equation 2.1) has been determined such

that che boundary condition

B, "n=0 onl (5.2)

is satisfied where n is the normal unit vector on the surface X of the rigid
body. Since we are restricting attention to small-amplitude motions in a
nearly inviscid fluid, the velocity field u, is given by the limcar ed

inviscid equation of mction

T (5.3)
=~ P

where p is the mean density of the homogeneous fluid outside the surface X .
The second problem is posed by the condition that the tangential velocity

compcnert must vanish on the surface X,

nxu = 0, (5.4)

where u is the total velocity field.

In accordance with earlier work om acoustic streaming and damping, we
assume that Equation (5.4) can be satisfied by a modification é:in a thin
boundary layer of the solution E-of the inviscid equation of motion. The
boundary layer has a thickness of the order j;7; which we assume to be

small compared to the typical wavelength A = 2n/k of the acoustic field as
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well as the radius of curvature of 2. Since the pressure is cuntinuous

across the boundary layer, the eguations of motion for u reduce to

t

v - 3:0 (5.52)

= ~ien (5.5b)

~

(2 - V)3

e

The solution for the total velocity field

e
]
1<
+
el

proceeds by expanding both parts of the velocity field into 1 power series of

of the small parameter €, where ¢ = k\/Viw ’

\Y4 _ A\ vV
U= ug +oeng +oL.. (5.6a)
TR A S (5.6b)

¥e¢ require that u satisfies equation (5.5) and decays exponmentially
towards the outside, while v satisfies equation (5.3) and remains constant on
the scale of the .boundary layer thickness. The twn problems are coupled by

the boundary conditions

@+T)n=0 onY (5.7a)
(W+3) n=0 onZ (5.7b)

Assuming that ép is given by equation (5.3) in terms of Pys Wwe find as

solution of (5.5b)

1o
a 5, = - nxr expl- Szle) (5.8)
~ o~ ~ iwp jz

'§=0

The boundary layer coordinate & is defined by
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C = 8—1 2 . (5 - E‘s)k (5-9)

where I, denotes the position vector of a point at the surface X. While
solution (5.8) satisfies the boundary condition (5.7b), it does not satisfy
the continuity equation (5.5a). To the order £°, this equation can be

written in the form

9 - - ~
5?31 . £+k12 'V"(E"Ee) = 0 (5.10)

which y.:1ds the solution

2o Ey = - @ B e oy (5.11)
£=0

This solution decays towards the exterior, but it requires a perturbaticn of

the exterior velocity field in order to satisfy boundary condition (5.7a)

Voo, _ Po] 1-i
uyy °n = (5 x V)2 pyey <z£— (5.12)
=0

A torque T in the direction of the axis of an axisymmetric body can

only be generated by viscous stresses exerted on the surface Y. Using the

unit vector a in the direction of the axis, the torque T a " T can be

e

4

written as

T = ﬂpv axr (n-VE) aX (5.13)
- ~ r=r

where ;_is the time average of the velocity field. A contribution to the

time average é:of the velocity field can only be generated by the nonlimear

V-4-16



I

terms »f the equations of motion. Since the potential flow u of the exterior
does not generate a time-independent component of the velocity field, the
mean flow must arise in the boundary layer. Denoting the time and the

azimuthal average with a bar and noticing that oaly the azimuthal componen. wu,

of E contributes in the integral (5.13), we obtain an equation for ;o
(a *V)*u, = n Vwnw, (5.14)

In principle, a second term corresponding to the derivative in the direction
(axn)xn should te added to the right-hand side. But since, in general, it
does not give a contribution to T, it has been neglected. By integrating

equatior (5.14) and using the condition q_'Vuo—*O for £ ~>, we obtain

yn .vuo = u*

13-
(<]
|

u'n u, (5.15)

Since we are interested in the stress generated by small amplitude motions,
the velocity field derived earlier can be used as a first approximation on
the right-hand side of (5.15) with tke result

vaxr ° (P'V)u = e(ul- n) v, | * (a>r) (5.16)

Tle=xg L=Lg
Using expressions (5.3) and (5.12) and taking into 4ccount that only the real
part (Re) of those expressions describes the physical velocity field,

relationship (5.16) can be rewritten as

puk 2 ~ o~ iw

1-
V(gX_{)’[(I}_’V)E] = - eRe{(B’(V)’ Po (——1>} Re{(axr)'VTB-:} (5.17)

£=%g g

Restricting attention to the limit lkr_| << 1, the pressure field

generited by two standing waves of the same frequency can be written
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= py sin(k rsin@cosé)e 10t + Py sin(k rsin@sind)e”iult-ty) 4 Pos

(5.18)
30jy(kr) + Slyl(kr)]{px e it S in@cosd + Py e~iw(t-t,) (i,0.iné}

where r, ©, and J are spherical coordinates, j;(kr) and y;(kr) are the
spherical Bessel functions of order 1, &; is a phase angle due to scattering
effects and wt, is the phase angle between the two signals. Evaluation of

Equation (5.17) for the pressvre given in (5.18) yields

axr ° (ig) = 9epxp¥ ksin39[00s(wt+n/4)sin(m[t—tol)-—sin(wt)cos(w[t—to]—1:/4)}

or 4 3
(up) (5.19)
which gives rise to a torque about the polar axis with magnitude
3
T =22 | cinot ) (5.20)
4 pcl °

where A is the surface area of the sphere and L is defined as the viscous
length, L =\/2u/m1. For a water drop 2.5 cm in diameter and a phase shift of
90° between the x and y signals, a torque of 2.0 dyne-cm is generated by an

acoustic pressure of p, = Py = 3 x 10? dynes/cm?2,
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6. The Power ectrum of a Freely Oscillatin rop.

The drop boundary can be represented in the form

r (Q,t) = a + Zam(t) Y,m(n) (6.1)
I

On the movie film the boundaries seen are cross sections through the
equatorial plane of the drop and along two orthogonal longitudinal planes,
i.e., on three selected great circles. They can not completely characterize
the surface of the drop. Ylm(ﬂ) are the spherical harmonics, the normal modes
of an oscillating drop; a,,(t), the coefficients of the normal modes, depend

on time. Spectral information is derived from the aim(t) by Fourier

transforming them:

Sem (©) =/:it e 10t g, (1)

=fdt e‘iwtfdn (R,t) Y,,°(2)

Taking into account that mode ¢ is (2{+1)-fold degenerate, the power spectrum

associated with mode { is

[
I,() = Z IS (w3

m=-1

(6.2)

!
= 1 eiw(t-t') ' *
_-[/dtdt e ﬁnldﬂz I(Ql.t)r(ﬂz.t )ZYISI (Ql)Yim(QZ)

m=-—{

The addition theorem of spherical harmonics is

{

Z Yin (0] Y;p(8y) = 2L p (cose)

m=-t
where O is the angle between nl, and 02. This theorem is extremely important

for the data analysis of the free oscillation sequence. Though the
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individual a,;(t) depend on the particular choice of coordinate system used
in analyzing the data, the total power spectrum is invariant to any
particular choice. Equation (6.2) cannot be used as given, since the
boundary is not given over the whole drop surface, but can be used in the

version

2
Tp = [[at ar' d0(tt03 ™ o) ap*een) (6.3)

m=—{

The individual coefficients azm(t) can be determined in an arhitrary
coordinate system; the most convenient system has the polar axis in the z
direction. But the total power spectrum will be independent of this
particular choice. Note that the procedure outlined by Eq. (6.3) is far from
trivial., The steps involved in evaluating the power spectrum are: 1)
calculating ”(m(t) by angular integration over each boundary, 2) calculating
the correlsgtion function between the various pairs of frames, 3) calculating

the Fourier transform of the correlation function.
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SECTION 5

DATA ANALYSIS

1. Introduction

Descrjption of the Film Record

We surveyed the film to determine what kind of information was available
from it, The main events occurring in the experiment are summarized in Table
5-1. Of these, the following five time sequences were identified for
analysis.

(a) Free Oscillation (127-145 sec)

The fluid injectors are pulled out and the drop is held in position
by the acoustic field, Free oscillations (excited by the retracting
injectors) damp out, and the drop moves back and forth in the acoustic
potential well, This part can be used to observe free oscillations, to
measure the radius of the drop and to study its center of mass motion as a
check upon theoretical predictions of motion in a potential well for a given
pressure profile,

(b) Forced Oscillation (145-147 sec)

As the modulation of the acoustic pressure along the z axis is
turned on, the resulting oscillations of the drop are very regular. This
sequence requires detailed analysis and comparison with predictions <f forced
oscillation amplitudes.

(c) Combined Oscillation and Rotation (147-265 sec)

The regular behavior of the drop’s response to the z axis
modulation quickly develcped an unexpected twist: to the large amplitude

oscillations was added rotation of the drop. This portion is the most

V-5-1



e H

Table 5-1. Seguence of Events

Ciock Time Event
(Sec after Liftoff)

85 Camera on

90 Complementary modulation on
105 Fluid delivered through injector
117 Fluid aelivery off
127 Fluid injector exiracted
127-145 Free oscillation

145 z modulation on
145-265 Forced oscillation
265 z modulation off
265-300 Drcp relaxation
300 Complementary modulation off
300 90° phase shift on
300-330 Induced rotation
330 90° phase shift off
330 Complementary Modnlatiop on
330-360 Coasting
365.5 Drop hit wall
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difficult and intriguing to interpret. The acoustic forces and torques on a
strongly deformed drop at an arbitrary position are poorly understvod.
(d) Relaxing Drop (265-300 sec)

With the complementary modulation of the x and y axes on, the drop
relaxes prior to being spun up, The information in this sequence should te
similar to that in sequence (1).

(e) Rotating Drop Spun Up from Rest (300-33C sec)

With a phase difference of 90° between the x and v pressure
amplitudes a {-rque is generated on the drop causing it to rotate about the
z axis. The time allotted is probably inadequute for reaching solid body
rotation, and sc some amount of differential rotation still takes place. The
lack of tracer particles prevents the measurement of internal flows and
rotation rates. Deformed shapes arc observed, which can be compared with

theoretical predictions of the equilibrium shape of a rotating liquid drop.

Procedure for Data Analvs's

The strategy involved in processing and analyzing the SPAR VI data
consisted of the following steps: (a) digitizing the drop boundary fo1
selected frames, performed by the Image Processing Laboratory (IPL) of JPL,
(b) transfer of the digitized data from magnetic tape, the output of IPL, te
floppy disks, the input to an AODC microcomputer dedicated to the use of our
group {(this step was performed on a UNIVAC-1100 computer), (c) preliminary
data analysis done directly from the film with the aid of a Vanguard film
analyzer, and (d) analysis of the IPL-digitized data with the aid of the AODC
microcomputer. The first two steps are brieily described here, while the
latter cnes corntaining the bulk of the data analysis, are discussed in detail

ir the remaining sections of this chapter.
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IPL. Activity

The digitization of the data was performed at JPL's Medical Imags:
Analysis Facility. By making only a few changes in an existing routine to
determine tke volume of a ventricle from a sequence of 35 mm angiograms,
their system was able to track the drop and produce as output digitized
boundaries for each of the three views.

Using a Vanguard 35 mm film trarsport and a Spatial Data Systems
vidicon/digitizer each of the selected frames was comnletely digitized into a
480 x 500 pixel grid with 256 possible levels of grey. /.n operator througt
interaction with a PDP 11/55 computer was able to stretch the contrast of tuc
digitized frame to enhance the visibility of particular features.

The automated digitization required a rough boundary to initiate z.s
search routine for the edge of the drop. The operator provided *‘his line by
locating five to ten points per boundary with a joystick-controlled cursor on
the video monitor, The mini-VICAR programs (a minicomputer-based subset of
JPL's Video Image Communication and Retrieval System) connected the points to
form the first order edge. Looking within a window eighteen pixels wide
perpendicular to tkis boundary, the program used the largest change in grey
ievel to determine the edge. This is known as the siope or first derivative
method of edge definition. The 'raw’ velues of the x and y coordinates
obtained were ¢+ h averaged over nine points., This 'smocthed' set was used
as the initial boundary for the next frame to be analyzed. Tbe ’'raw’ set was
used for the data analyses described below, After the initial input of points
the operator was only required to mcnitor the progress of the routine on a

video display.
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A sample frame is showa in Fig, 5-1. Both a color and a black and white
photograph are -hown to illustrate the deterioration in contrast occurring in
the conversion to black and white film. This transfer was made when the 16mm
color film was blown up to the 35mm B/W, a format in whkich the Image
Processing Lab could utilize its automated equipment. rigure 3-2 show: the
computer-generated boundaries for the frame in the photographs, both the
'raw’ datas and a quadratically smoothed boyundary are shown for each of the
three views, It mast be noted tk ¢ despite the satisfactory appearance of the
original photographs, some irregularities do appear in the digitized and
smoothed versions, These may be due to overlap wath th: sp .kct ports,
specular or back reflections, or to a peculiarity in the digitization
algorithm. It is a persistent feature throughout the :ilm.

When the activity of the drop was of small amplitude in space and time,
this scheme worked very well. However, when the drop underwent large-scale
motion or the density of frames digitized wa- low, the process was not quite
as reliable, requiring the uperator to intervene more often.

The following frame seguences were digitized at the given frame

densities:

Time (sec) Event Low Rezolution High Resolution
127.1 - 130.4 Free Oscillation 1/1 1/1
130.4 - 144.6 Free Oscillation 1/3
144 .6 - 147.1 Forced Response: Rzgular 1/1
147.1 - 170.4 Forced Response: Rotation 1/2
263.7 - 300.4 Free O::illation 1/4
300.4 - 333.7 Rotatien 1/5

The total number of frames processed was 1826, In the low-resolution
case the scanner viewed the whole frame (contairing all taree views),

resulting in a reduced number of pixels (picture elements). This gnrvz 90 o
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Figure 5-1.

Photographs of a typical frame from the 16mm film record.
The color and black a~d white pictures d. )nstrate the
quality of the image “ch is to be digitized. They are
frame #0955 (t = 147., -.¢. from the forced oscillation
sequence of the experiment.
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Figure 5-2,

Digitized data: frame #955. The points are the ’'raw’

ata transferred from IPL and the lines are the
quadratically smootied description of them. Also stown
are the axes corresponding to each view.

V-5-7



S WWF—" S TR T R T e

venagoenepennegranadovengprnnngpronvprena@ervagperrigprerngpreragina IIII"I!I]IIII“!IIIIII

.
TN

c 7"‘

[

AW

I

s r“_ e = 2
-’ - ¥
o f.ﬂ- -
- -
- -
= »
. ™

anur|u|||||||rf||n|||||n||||l -..m?.... v rnpeeenprenvngree o ngerngeerr e
A -
.

o, - ' : - =

e 2

T 2

o g . -

e U, . 2

jr"‘ r L -

1 o - —

o =

i )

<‘.- -

o =

F I l .,A\! . \" .‘| ! . ‘ ‘1 I' , 1 ! > l-':_nl_,_- L. ’-"l :

terrbernnbnrin i .I---.ltllli |lllcvtlsl PrYraEn .1¢‘__3'e'~ """"I""d" T
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negative picture is tke form of digitized image the Image
Processing Laboratory of JPL generates froc the cine filn,
Thke circle in the lower left is the port for the acoustic
driver., HNote the two spots on the drop., These are specular
reflections fronm thke photolanps. Tke scales for the axes are
hurdreds of pixels.
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Figure 5-4. These ten boundsries show the digitized 'smoothed’ version of
the drop’s Boundary as the drop moves from the lower left to
the vpperright during the twvo secondmfter its release. The
scales are in hundreds of pixels.
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150 points per boundary. In the few pictures taken at high resolution, tﬁe
scanner viewed only the drop boundary of the main view, providing 450-500
points around the boundary. The boundary data were recorded in the form of
3-digit integers, thus placing a limit upon the resoluticn of the
digitization. The data were stored on magnetic tape in the two versions:
rav and smoothed. Figure 5-3 shows the fully digitized image of the drop just
prior to release. It is taken from the main view and is 2t the high
resolution. Samples of the digitized drop boundaries at the high res>lution

are shown in Fig. 5-4.

Data Processing

The next step was to transfer the digitized data supplied by IPL to
floppy disks, the input to the AODC microcomputer. This was done through a
UNIVAC-1100 general purpose computer. Though simple in principle, this step
turned out to be quite laborious, due in part to frequent changes in
development of the AODC system which was new at the time, and to the reed to
interact with several groups at three different computers. This stage of
even.s is described in Appendix A.

The remainder of this rhapter is arranged as follows: Section 2
describos the preliminary data analysis performed using ¢ Vanguard film
aralyzer, designed to provide some insight into the nature and quality of
data at hand. Section 3 discusses the slow veriodic motion of the drop in
the acoustic potential well. In the next section we discuss some computer-
simulated experiments, in which typical situations are generated and studied
under controlled conditions. In Sections 5 and 6 we discuss the analysis of

acoustic-'ly induced oscillation and rotation,
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It was felt that prior to automatic processing of relatively large
amounts of data, it would be usefui to investigate some of the interesting
features manually on a Vanguard Motion Film Analyzew. These measurements,
though sparse and of uncertain accuracy, provide some insight into what might
be expected from a more detailed analvsis., Three topics were handled: a)
The drop moves periodically in the acoustic potential well., The frequency of
this motion was measured and compared with a theoretical prediction
approximating the acoustic potential well by an equivalent harmonic
oscillator potential, These frequencies are ccrrelated with the acoustic
force and with the pressure level in the chamber. b) The two lowest normal
mode frequencies, f, and f3 cere identified. With a knowledge of the
surface tension, measured shortly before the flight, these measurements are
used to infer the volume of the drop. ¢) The ratio of the minor to major
axes was measured before, during, and after the rotational sequence. VWhile
there was significant scatter in the results, b/a is close to 1.0 prior to

rotation, and shows & measurable change when the drop is spun up.

Center of Mass Motion.

The frequency with which the center of mass of an object moves in a
potential well can be related to the restoring force the object fecls. If
the drop is neitler too large nor moves too far from the center, the force it
feels in the i-th direction (i = x, y, z) is

F _ 2
1 = mnidi (D

withm the mass of the drop, d; the distance of its center of mass from the

center of the box along the i-axis, and 0, the frequencv with which it
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oscillates in the acoustic field. This frequency can be related to other

parameters as well

2 3
Skjpj

[ ]

(2)

4 pg pc?
with wave number k; = 2n/2L; along the i-axis (with chamber dimensionL;),
and acoustic pressure, P; for each of the axes and densities pg for the drop
and p for air,

Using the Vanguard Motion Analyzer, the times when the drop was at its
furthest from the center for three axes were recorded. Three were chosen
from the six available: the x and the y from the main view and the z from
the lower left. The period was averaged over two cycles and from this the
frequency was determined.

Fi1g. 5-5 is a plot of the frequency of oscillation in the potential well
along the z axis as a function of time. Note that there are two regions:
from deployment (at 127 sec.) to 265 sec., the frequency is roughly 0.163 Hz,
from 265 sec. until the drop begins to move toward the wall at 361 sec. the
frequency is 0.131 Hz. At 265 sec. the sound pressure level was decreesed
from 148 dB to 145 dB. This corresponds to a desrease by a fsctor of 2 in
the force and of ‘rz—in the frequency. The ratio of the observed frequencies
along the z axis is 0.131 to 0.163 Hz or 0.81, The force determination
requircs an a.curate radius which is not available at present. A similar
change in frequency was reflected in the other two directions, In the x
direction the average frequency chanpes from 0.143 Hz to 0.120 Hz (for a
ratio of 0.84) and ir the y direction from 0,149 Hz to 0.111 Hz (0.80).

The scatter of the points reflects the perturbations the chamber feels

from the outside as well as errors due to the crude data reduction. A force
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of 0.9 dynes acting on a 9.2 gram drop corresponds to 10’43.

Natural Oscillations
For a simple liquid drop the frequencies of oscillation for small
amplitude surface motion are
n(n-1) (n+2) o

f2 = (3)
4n2 PN

where fn is the frequency of the nth mode, o the drop’s surface tension, Pa
its density and a its resting radius.,

In this experiment when the drop oscillated the reflections of the photo
lamps showed that motion. Vhen the oscillations were regular, the motion of
the reflection was too. Using the time information on the edge of the film
and advancing the film through . certain number of cycles, a rough value of
the frequency of thece oscillations could be obtained. There were two
periods of time during which the drop was merely positioned by the acoustics
in the center of the chamber and not manipulated: the eighteen secornds after
deployment (127 to 145 sec.) and the thirty-five seconds between z—axis
modulation and the rotation sequence (265 to 300 sec). In the early segment
the impulse provided by the probe retraction led to the detectable presence
of Ligher modes (i.e, n » 3) which damped out very quickly. The second period
permits study of the decay of the oscillations and motion generated during
the modulation seguence.

The frequencies, fy = 2,48 + .10 Hz and fg5 = 4.67 + .05 Hz, were
obtained from the early sequence and f, = 2.54 + .03 Hz from the later. f, =
2.74 Hz and fq = 5.31 Hz were the frequencies expectcZ for an 8.6 cc water

drop with a surface temsion of 71.0 dynes/cm.
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Using the experimental frequencies and the measured surface tension of
71.0 dynes/cm, the volume of the drop would be roughly 9.8cc. Because this
is quite a bit higher than was expected, one suspects that the actual surface
tension may have been lower than that measured several days befnre the
launch. The final verdict must await the determination of the radius and

volume from the film.

Rotation

At 300 seconds after lift-off the complementary modulation in the x and
y axes was turned off and a 90 degree phase shift was introduced between the
two signals., This generated a torque on the dvop which tried to rotate it
about the z axis.

Due to the large ampiitude of the drop's response to the z-axis
modulation (which stopped at 265 sec.), the drop was still strongly
oscillating and rotating about the x axis when the rotation sequence began.
As aresult it was difficult to isolate the change of drop shape caused by
the torque-induced rotation from that due to the modulation-induced motion.
By averaging measurements of the greatest and least dimension of the drop for
each view over a complete cycle of the oscillation, the effects of the latter
were minimized somewhat. Fig. 5-6 shows the results of the attempt to
separate the effects and to thereby determine the rate of rotation,

A the drop begins to rotate about the 2 axis, its profile in the x and
y directions should flatten, leading to lover values of the ratio, b/a (i.e.
least dimension/greatest dimension), while in the view along the z axis the
drop should be circular (i,e. b/a ~1.0). The distortion due tc rotation is
most easily seen in the y axis data of Fig. 5-6: Ulefore 300 sec. the ratio

is close to 1,00, Afterwards it decreased to 0.67. The z axis d: *a also
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demonstrate the effects of rotation: the ratio increases to 1.0 after the
sequence begins and decreases when the phase shift is turned off.

If the drop rotated as a rigid body, then from studying its shape, a
value of its rotation rate could be found., Fig. 5-7 illustrates ..c¢ relati.u
between b/a and the rotation rate. The observed ratio of axes of 0.67

corresponds to a value of the rotation parameter 2: of 0.32 with

w? pq al w?
Z = = — (8)
8¢ wy

and 7 , Py, and a being the drop’s surface tension, density and radius and
with v being its angular velocity in radians/sec and wy the frequency of
oscillation of the n = 2 mode. This value of z: and the experimentally
determined wy would indicate a rotation rate of 8.92 radians/sec. (or 1.42
revolutions/sec.) if the drop were in solid body rotation. For purposes of
comparison, the theoretical bifurcation point at which the equilibrium shape
can either be axisymmetric or have two distinct lohes is located at 2: =
0.313.

The assumption has been made in the foregoing analysis that the drop
could be considered moving in solid body rotation, despite the presence of
oscillation and absence of equilibrium., How far one can use this type of

analysis must be critically examined.
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3. Cepter of Msss Motion

The acoustic pressure in the chamber was set so that ap object displaced
from the center by a certain distance along one of the axes would feel the
same foice for any of the tkrce axes, Fig. 3-3 illustrates the method used
to balance the acoustic rorces. An acoustic force of 12.9 dynes at 2.883 cm
from tke center corresponds to a sound pressure level of 146 dB and a
pressure amplitude of roughly 3 x 103 dynes/cmz ¢t the wall -

The spatial dependence of the acoustic force has been showz both
theoretically and experimentally to behave like F, sin 2k;r; where r; is zero
at the center of the box { Leung, Jacobi, Wang, 1981). As long as the
displacement of an object in tF~ field is not too far from the center, the
restoring force will be approximately Fy2k;i; which is the same form as the
restoring force in 2 simple harmenic oscillator. In that case, the force on
the mass m is given by -mwi’ri when it is displaced a distance T and w; is
the frequency at which it will oscillate, If a dissipative mechanism is
present the amplitude of the displacement will decrease with time.

From the film record it is easy to determine values of the frequencies
with which the drop moves in the triaxial ac~ustic chamber. ‘the results of a
simple study of the period of the drop motion were presented in Section 5.2.
It was boped that using the more numerous and accurate digitized data anv
departure of the acourtic restoring force from the simple harmonic oscillator
model would be indicated.

Because the drop was within the acoustic potential well the centire time
the camera was on, any and al) of the data digitized were suitable for thi-~
analysis, Primary interest focused on the time just after retreciiin .{ the

probes (127 to 130 seconds) when the drop was not being ianipulated and at
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265 seconds wh+_.h is when the sound pressure level was dropped by 3 dB and

the acoustic restorinrg force decreased by a factor of 2.

Laboratory Calibration

£
B As described in Section 3, the acoustic levels in the chamber were
calibreated by balancing forces. Referring to Fig. 3-3 there is a balance
between the tension of the string T, the weight of the ball, and th. acoustic
force Fy.:
Fgrav =mg =T cos @
Tac = T sin 6
= mg tan 6
where sin @ = g
S
d mgd
r F = m ~ Bga.
° ac T §f1-(a/8)2 S
A .229g ball with a radius of 1.27 cam which was suspended on a 5.08 cm string
3.175 ¢m fiom she center of of the chamber was deflected 0.252 cm by the
acoustic field. This indicated an acoustic force of 12.9 dynmes.
. A sphere of radius a in an acoustic standing wave is subject to the
force:
n Tﬁ .
Fac = —3—;61_ 'ﬂi p: a? ("]i) sin (2k1r1) (1)
wh re n; = 2k13
- (sin ny)/n; - cos ny
and . (n;) = (2)
(1/3)(n;)?
it the correction ( s¢e Leu ., Jacobi, Wang, 1981) due to the finite size of
- the .zhese,
V-5-.
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Using Eq. 1 and the calibration acoustic force of 12.9 dynes at r; =
2.883 cm with the following parameters:
k; = ky = 0,275 cw !
ng = 2k,8 = 0.698
k, = 0.247 cm !
n, = 2k,a = 0.628
p = 0.001204 g/cm3
¢ = 34,075 cm/sec
lndTN(qx) = 0.952
Nn,) = 0.961
we obtain the pressure amplitudes

Py = = 2.84 x 103 dyne/cm2

Py
P, = 2.99 x 107 dynes/cm”.
These pressures gave rise to an overal . sound pressure level of 145.0 dB (re
0.0002 dynes/cm?) at a corner of the chamber. When the acoustic
calibration forces were doubled to 25.0 dynes, the resulting pressure
amplitudes increased by a factor of 2 and the SPL became 148.0 dB.
These pressures can be relatad to the frequency of the oscillatory

motion an object undergoes in the potential well. Applying the simple

harmoric oscillator approximation to the potential well gives the relation

£ = k{ o} [tay)

{pci)
For a water drop of gnypsize

"
"
rh
(]

0.145 Hz

and fz 0,138 Nz,

Because there is a change in elevation between JPL (where the package
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was calibrated) and White Sands Test Renge (where is was sealed prior to
launch), there were changes in the acoustic parameters innvolved. Exactly how
the acoustic pressure changes would be difficult to detesmine for any set of
conditions, however the system was designed so that the acousiic pressure
determined by a microphone in the chamber was held constant by adjusting the
power to the drivers to ~aintain the rressure at the calibrated level. The
other term in Eq. 1 which “epends upon the ambient conditions of the gas is
pc?, which is typically 1.40 x 106 dynes/cm? at JPL and 1.12 x 10 dynes/cm?
at White Sands. The sound pressure level will not change as a result of the
change in elevation but the acoustic force will ir:rease from 12.9 to 13.6
dynes and similarly the obseivable frequency of the center of mass motion

will increase by a factor of pc? ( i.e. by 1.07), giving

o]
]
rh
"

0.162 Hz

= 0.154 Hz.

o
=]
(=%
Laac]

N

\

Data Analysis

The centers of mass cf the digitized boundaries were determined for the
drop in each view for each frame. This involved the average of approximately
90 points for the side views and 150 for the main view. The value of the
center of the chamber for each of the six coordinates was cubtracted These
modified coordinates were Fourier transformed and the frequencies of the
oscillation in the acoustic potential well were found frca the resulting
power spectra,

When the film was digitized by the Image Processing Lab the operator
divided the date into blocks of 10, 20, 30, or 40 frames. Due to the methods
used in the initiali ~."on of the digitization process, errors of a periodic

nature were introdvced. To minimize the effect of this problem a correction
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function corresponding to the particular block size used was folded in with
the data. Fig. 5-8 shows the results before this correction w.s
incorporated. The peaks at integer multiple of 0.80 Hz are the results of
data blocks twenty frames long: (48 fps/3)/(20 frames) = 6.80 Hz, Fig. 5-9
shows the corrected version. In both instances the desired signal (i.e. the
peak at 0.15 Hz) is clearly present,

Table 5-2 lists the results of analyzing the cxperimental data. From
Fourier analysis of tue center of mass coordinates, spsctra which are
qualitatively identical to Fig. 5-9 sre obtained; the observed frequencies

of the oscillation in the chamber, f are taken from these spectra. Af is

obs’

the full width at half of the maximum value of the eaperimental peak located

at f f,n(JPL) and fth(WS) are the frequencies predicted by the simple

obs*
harmonic oscillator approxi-iaticn to the acoustic potential! well for a water
drop in the triaxial chamber at JPL and White Sands Test Range, respectively.
It s apparant that the simple model used to describe the oscillation is an

inadaquate description of the experimental sitvation. I'f one extended the

approximation to the next higher order, FEquation 1 would become

Fae = F, sin (2kr)

(3)
~ F, (2kr) (1 - (2kr)3/6).

Inspecting this cgquation one would predict that the frequencies of
oscillation, which are proportional to the square root of Fo ., to decrease
slightly and to displey some arharmonicity at the furthest distances from the
center of the chamber. Even at the maximum excursions this effect on the
force is only 6% o»f the magnitude of the simple harmonic oscillator

prediction, Thc present level of anlysis has been unable (o detect the



L

b )

existence of th.s term,

coordinate

Table 5-2: Center of Mass Motion Analysis

view 1,

view 2,

view 3,

coord.l
coord.2
coord.1
coord.2
coord.]

coord.2

fobs Af fep(¥S) £, (JPL)
0.150Hz  0.076Hz  0.162Hz  (.146Hz
0.146 0.084 0.154 0.137
9.153 0.074 0.162 0.146
0.144 0.082 0.162 0.146
0.139 0.079 0.154 0.137
0.146 0.085 0.162 0.146
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SPAR VI: POWER SPECTRUM
CENTER OF MASS MOTION

1. OE+@3 - — , , - . ———
9. 4E+82 |

8.38+82 | )
7.3E+@2

6.2E+82 | ]
S.2E+02 | ]
4. 26422 }
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FREQUENCY, (H2.>

Figure 5~8. Center of Mass Motion in the y-direction. The peak 2t 0, 146 Hz
indicates the frequency of the drop's motion in the acoustic potential
well, The peaks at integer multiples of 0. 80 Hz are the results of
the block size used in the data digitization.
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SPAR VI: POWER SPECTRUM
CENTER OF MASS MOTION
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Figure 5-9. Center of Mass Motion in the y-direction. The peak at

0. 146 Hz is the frequency at which the drop oscillated
ir the acoustic well, The effects of the black size have
Leen reduced by incorporating a correction function.
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4. Numerical Experiments

Some of the analysis required to study the behavior of the drop in this
experiment, such as cilculating the power spectrum of an oscillating drop
from its digitized boundaries, was fairly complex and had not been handled
before. For this reason it was decided to investigate numerical test cases
involving the recovery of a known signal in the presence of various amounts
of noise. Two such experiments were performed: the first was designed to
recover the coefficients of the normal modes of a perturbed boundary, a
situation encourtered when esnalyzing the oscillatory motion of a drop. The
second numerical experiment was designed to determine the ratio of the major
to minor axis of a general perturbed ellipse, a situation encountered when

the drop is either distorted by rotation or oscillation.

Normal Mode Analysis of an Axisymmetric Drop

Consider a one—~dimensional description in which the drop boundaries are

generated by
(@) = R( 1+ ) a P (cos8) + bN ) (1)

where P (cos ©) ure the Legendre polynomials of order n, the normal modes of
an axially sv imetric oscillating ¢rop, and N is a function simulating noise
supplied by a random nois¢ nerator. In our calcul..ions both uniform and
Gaussiun random number distributions were used, but only results with the
Gaussian distrihution are reported here because it is a better model of
noise. The approach used was to generate the functions r(8,t}) for given

and b, and to calculate from these r{®,t) the various a,. as

coefficients a n

n

fuuncticns ¢f given amounts of noise. Fig. 5-8 shows both the compomnent
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normul modes used to build up r(O,t) and the final outline, with and without
noise,

The coefficients a (t) were reconstructed in two ways. First, the
orthogonality of the Legendre polynomials was used directly with the
numerical integration

n

a, = J z(8) Py (cos®) sin6de (2)
o

to recover the coefficients a,(t). This calculation has been done for a set
of characteristic cases and is summarized in Table 5-3., It is seen that for
the exprected levels of noise (i.e. b ¢ 15% of radius) the recovered
coefficients are reasonably close to the original values for a sufficient
number of data poinmts. When, however, the signal to noise ratic is
compargole to 1.0 the input signal is only partially recovered, and othex
modes which originally had vanishing coefficients appear with nonzero
amplitude.

A slightly more accurate approach, avoiding the approximation involved
in the numerical integration, is to recover the coefficients of the norm:l
modes a, by a linear least squares procedure. This scheme generates a linear

system of normal equations for the required coefficients a the order being

a’
the number of basis functions or modes used in the calculations. The output
for the same set of input parameters as used in Table 5-3 is shown in
Table 5-4.

Comparison of both sets of data shows that on the whole both methods
produce similar results, though the coefficients of the originally

nonexistent modes (n ) 5) are systematically smallex in the least squares

apyro: ch than in the numerical integration method. It must be noted that the
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numerical cases tested here are ar idealized version of the real situation,
and the quantitative estimates generated can only provide an upper limit on
the expected accuracy when using a similar aralysis for the real data,

An important ingredient in both the numerical work and the subsequent
analysis of actual data is to have a substantial library of subroutines
available which are capable of being used on tne AODC. This required
developing >r adapting from other sources a number of specific routines, such
as an extension oi Simpson’s integration rule for the case of nonequidistant
points, generation of sets of random numbers with either uniform or Gaussian
distributions, evaluation of the Legendre associated functions from recursion
relations, development of linear least square programs which construct the
normal equations and find their solutions, and development of adaquate normal
and fast Fourier transforms, More details pertaining to software development

can be found in Appeundix B.

£llipse Analysis
As a first approximation to a distorted drop, in which the distortion
may be due to osciliation, rotation or & combination of both, we can take an
ellipse. In the general situation the cllipse will have its principal axes
oriented arbitrarily, and the center of the ellipse will be at some location
which is not the origin. For thes~ reasons we use the general form of an

ellipse

Ax® + 2Bzy + cy? + 2Dx + 2Ey + F = 0 (3)

In addition, the actual data will also have noise due t- +he various stages

of date digitizing and haadling and imperfections .u the instrumentation.
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Given a set of points (xi, y;) describing an arbitrarily positioned noisy

boundary,

them. This

S

w
I

Only the ratios

2
D Cax} + 2Bxy, + €yl + 2x; + 2Ey; + F)

the least squares routine finds the best ellipse which describes

procedure involves minimizing the mean square deviation, S, where

(4)

a=A/F, b =B/F, ¢ =C/F, d =D/F, e = E/F

can be determined, and the normal equations for them ere

(Zx;)a + (ZZx;yi)b + (Zx;y;)c + (ZZx;)d +(2212yi)e = —Zx?

(Zx:yi)a + (ZZx;y;)b +(iny;)c +(22:xizyi)d +(221iyiz)e = —Z Xivj

(Zx;y;)a + (Ziny;)b +
Qoxida + (X xjyb +
Qxivida + (2P xy)b +

(ZY;)C +(Zz:xiyi1)d + (2Zy;)e = _Zy: )
(E:xiy;)c + (2§:x:)d +(22:xiyi)e = "E:‘i
Cye + Qxypa + @Xyhe = Yy,

Solving for a, b, ¢, d, e, it can be shown that o, the angle between the

principal axis of the ellipse and the x-axis, is given by

tan (2a) =

2b
(6)
a-c

and the ratio of the major to the minor axis is

. a2 sin%a + ¢ cos?a -~ b sin2a
ratio = - . (7)
a cos?a + ¢ sin%a + b sin2a

This procedure was used to studv an ellipse which had been generated «

various amounts of noise.

. h

The noise is simulzated by random rumbers with a
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Gaussian distribution multiplied by a given distortion. The percentage of
noise in a given run is given as 2x(mazximum distortion)/(mean rrndius). In
addition to the least s, uares procedure we 2lso used a direct approach,
called 'Min/Max’', in which the minimum and maximum radias-vectors from an
approximate center are found and used to obtain the ratio of the axes o..d the
aagle of orientation. While in the case of little or no noise both
approaches should be equivalent, in the presence of appreciable noise it is
expected that the least squares approach will be superior, as it uses all the
data points rathe - than concentrating on a few selected directions, thus
enhancing cthe signal/noise ratio.

Figure 5-11 illustrates the generation and analysis of an ellipse.
Table 5-5 pruvides the compute. outputs for various noise levels., The output
consists of the coefficients a, b, and ¢, as reconstructed by the least
squares analysis, and the ratio of axes and the angle of rotation as provided
by both methods. Inspection of the results reveals that, as e¢xpected, when
noisy data are involved the direct Min/Max approach can provide only crude
results, and a more sophisticated procedure is required to obtain useful

information whenever the level of noise cannot be assumed small.
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TABLE 5-3.

TUDY OF NORM

N ICAL TEST CASE:
(1))

NUMERICAL INTEGRATION

Input: r(6) =R (1+ Ean P, (cos 8) + bN )
n n
Ouvt ...: & = 1/2 f r(@) P (cos 6) sin® d6 + /r(O) Po(cosB) 5in® dO
o o
Input Psrameters:
8y = 0.0, ay = 0.3, a3 = 0.2, a4 = 0.1
ap = 0.0 forn 2> 5
100 points
INPUT RESULTS
b b/a2. 8y a, aj a, ag ag
0.00 0% 0.000 0.299 0.200 .099 -0.001 -0.002
0.05 17 0.008 0.302 0.200 .098 ~-0.007 -0.015
0.10 33 -0.015 0.270 0.229 .121 -0.005 -0.013
0.15 50 -0.044 0.275 0.220 .114 0.012 0.038
0.20 67 0.007 0.314 0.150 .062 ¢.091 -0.032
0.25 83 0.026 0.257 0.207 114 -0.036 0.062
0.30 100 0.024 0.294 0.138 .170 0.066 -0.087
0.35 117 0.022 0.326 0.192 .071 0.077 -0.038
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TABLE 5-4.

NUMERICAL TEST CASE:

STUDY OF NORMAL MODES B T S YSIS
Input: r(6) = R(1 + E a, P (cos 8) + bN)
Output: a,, where r (8) ~ E ay, Pylcos 6)
Input Parameters:

a1 = 0.0. lz = 0.3. 83 = 0.2, l4 = 0.1

a, = 0.0 for n > 5

100 points

INPUT RESULTS
b blaz ll l2 83 34 85 36

0.00 % 0.000 0.300 0.200 0.100 0.000 G.000
0.05 17 0.009 0.305 0.193 .090 -0.002 0.017
0.10 33 ~0.005 0.273 0.218 .115 0.021 -0.003
0.15 S0 -0.030 0.283 0.188 .095 0.042 -0.003
0.26 61 0.012 0.302 0.128 .081 0.054 -0.018
0.25 83 0.032 0.253 0.211 .130 0.014 0.009
0.30 100 0.035 0.276 0.120 .201 0.033 -0.053
0.35 117 0.021 0.297 0.179 .093 0.025 -9.009
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TABLE 5-5. NUMERICAL TEST CASE: ANALYSIS OF A GENERAL ELLIPSE

Input: AxZ + 2Bxy + Cy2 + 2Dx + 2Ey + F + 6N = 0
Output: 1. Least Squares Method: find a, b, ¢ such that
ax? + 2bxy + cy2 ~1
@14, orientation angle
Byg» ratio of major to minor -.is
2. 'Nin/Nax' method: a,,, orientation angle

Bam’ ratio of major to minor axis

Input Pargmeters:
Axes: 30 and 20. Angle: 15°, Offset: (250,66).
Number of points: 100

(these correspond to A=0.0048, B=0.0014, C=0.0096, D=0.1125)

INPUT OUTPUT

6 s b ¢ %1s P1s Cam Pum

% -0.0048 0.0014 -0.0096 15.000 1.500 15.000 1.500
12 ~0.0048 0.0014 -0.0096 14.966 1.502 15.642 1.519
24 -0.0048 0.0014 -0.0096 15.109 1.511 15.776 1.553
36 -0.0048 0.0015 -0.0091 17.280 1.477 25,285 1,424
48 -0.0047 0.0011 -0.,0089 14.038 1.449 15.309 1.507
60 -0.0046 0.0011 -0.0087 14.363 1.436 2.302 1.624
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S. Asoustically Iaduced Oscillation

The amplitude modulation of the acoustic pressure field along the x axis
was swopt from 2.3 H: to 2.9 Hz over ¢ two minute perisd, so as to contain
the expected risonance frequency, 2.6 Rz, with a sufficient safety margin.
The drop began o0scillating in the n = 2 normal mode during the first few
seconds as intended. However, ax the amplitude became very large very quickly
the regularity deteriorated and rotation set in.

119 frames were digitized in this short period of regular response
corresponding to 2.5 seconds. The sample frawe shown in Figures 5-1 and 5-2
is from this sequence. This analysis attempted to characterize the
davelopment of the n=2 normal mode of oscillation as a function of time by

studying the boundary of the drop. specifically the coefficient 8,(t) where

n
8, (t) --2%] r(8.t) Py(cos0) sin® dO . (1
o

This parameter can bo obtained in one of the following ways:

1. Direct Numerxical Integration. The z axis was used as the polar axis
bscause the forcing modulation was in that direction. The boundary in each of
the side views provides two values of a; one for the boundary between O and x
and one between 0 and -n). The bdnundaries provided by the side views
correspond to two orthogonal arimuthal angles. In the main view the aungular
dependence is that of the azimuthal angle. Figure 5-11 shows the digitized
boundaries of frame #9535 and the actual coordinate axes. This method
encountered several nontrivial problems which had to be overcome before
proceeding with the analysis. This entailed corrections whem possible and

alternative approaches for determining a5 or related quantities when not.
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2. General Ellipse Analysie. The dominant mode P:(eose) when
superimposed upon an equilibriums circle can be loosely approximated by an
ellipse ( see Jacobi, Barmatz, 1979) with major and minor semi-axes a and b,

having the ratie

a R(1 + #2P5(cos 0)) 1+ 0y

5 R(L ¥ agPy(cos(2n/2)) T 1 -(ap 2

— (2)
b R(1 + nsz(cos(:nIZ)))

whe "¢ we heve used the relation Py(cos(n/2)) = - Pz(cos(O))/2 = - 1/2 with
Pg(cnso) = (3cos2® - 1)/2. This relation can be inverted to express 8, in

terms of the observed a/b ratio

. (a/b)-1 .
2 T Gm/2 v 1

3. The VerHor Method. An approach similar te the Nin/Max routine
(discussed in Section 5.4) was employed as the lowest order method. In it the
distances from the center of mass to the dboundary along the vertical and
horizontal axes are determined. As long as the drop’'s behavior remains
regular this approach will indicate the growth of amplitude of the
oscillation. To minimize the effects of noise from sny source the data were
smoothed quadratically over nine points before the distances were determined.

Analysis could stop here or if success with the other two procedures
proved elusive the ratio (vertical distance)/(horizontal distance) could be
related to a/b in a piecewise fashion and equation (3) used to find a value

of 8.
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Results

Bocause apparantly good results were obtained with the integration
routine, the other two approaches were used only to provide qualitatinve
confirmation of the former's behavior.

The VerHor Method did provide information which illustrated the buildup
of the amplitude of disortion of the diop boundary from a circle. Fig. §-12
shows this clearly. Recall that the modulating frequency of the driver ind
hence the drop was being swept from 2.30 Hz at 145 seconds to 2.31 Hz at 147
seconds. Fig. 5-13 shows the same data analysed in the frequency domai.
Because a constant block size was used in the digitization process. a signal
with a period of twenty frames was generated: this cortesponds to a
frequoncy of 2.40 Hx. This is unfortunate because the drey’'s response should
be the same as the forcing frequency i.0., 2.30 Hx. Becausc of the finite
number of data the best resolution obtainable 3x that shown in Fig. 5-13,
i.e., expanding the frequency scale does not help to seperate the peaks. Also
because of the poor time/frequency resolution the anticipated buildup as the
resonance was approached was observable on the film but has eluded
quantitative description,

Results from the general ellipse analysis were similar in form to those
of VerHor and so are not presented. Because of their determination of
minimum and maximum semi-axes they are confusing to study because the axis of
orientation of the major axis when the drop is elongated differs by 90° from
that when the drop is flattened.

The numerical integration scheme provided direct evaluation of '2") and
ao(t) from the data. There were four values of each per frame because the

boundaries in the side views were integrated from O to both + n (see Fig. 5~
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14). The plot of a; in the time domain clearly shows the block behavior of
the data;, in the frequency domein this feature mapifests itself as a peak at
2.4 Hz and a secondary peek at twice that frequency (see Fig. 5-15). As noted
above, this behsvior cdused problems because the region of interest was
centered about 2.3 Hz,

To minimize the block size problem, the ag(t) were used to normalize the
az(t) for the same view and appropriate half of the boundary. This was
thought valid since both integrals were divided by the same radius factor
R(t). As R(t) decreases from frame to frame within a given block, dividing a,
by a5 should help to cancel the effect and enhance the the desired signal,
Figure 5-16 shows the results of this procedure. Similarly the vertical and
horizontal dimensions found in the VerHor Method can be divided to eliminate
the block size problem; the results are shown in Fig. 5-17. The large width
of the peaks is due to the small number of data points.

The buildup was expected to be related to the damping coefficient, By
and to have the same order of magnitude. For the expected value of By ~
0.036/sec the time constant of the response should have been roughly 28
seconds., This discrepancy can either be attributed to an underestimation of
the force due to the acoustic modulation or to an unexpected interaction of
the modulated acoustic fields with each other and the drop.

The cause of the rotational instability which developed 2 seconds onto
the forced oscillation sequence is not understood very well at the present
time. The acoustic field in which the drop finds itself is fairly
complicated. Its components along each axis are modulated: there is
amplitude modulation along the 2z axis, and complementary modulation along the

x and y axes., In addition, the drop undergoes a continurus low-frequency
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center—of-mass motion in this complex potential field. Solving the equations
of motion for such a drcp {see Section 4.3, in which a simple case was
described) is not trivial, but must be attempted to provide some insight into
the question of whether such an off-center drop will experience an effective
torque in the given acoustic field. Another experimental investigation in
which the drop is better stabilized and centered is obviously called for.

The onset of rotation can also be a result of the oscillation amplitude
attaining a substantial value. Such a rotation has been observed in the
laboratory (Trinh and Wang, 1981) during large amplitude steady-state
oscillations, in which a running wave appeared on the drop surface and
subsequently developed into solid-body rotation of the entire fluid.

The origin of this instability is not yet clear. It might be a-sociated
with the characteristics of large—amplitude oscillatiomns, but it could also
arise because of the asymmetry and misalignment of the drop in the acoustic
field. Analysis reveals that such a destabilizing torque should arise whex
the drop response lags the oscillation drive in phase by an angle larger than
90°, a situation which would arise with a drive frequency larger than the
drop resonance frequency. This is not the situation in the experiment at the
onset of the rotation. At the present time it is not possible to tell what
the phase relation was between the forcing modulation and the drop’s response

to it.
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6. Acoustically Induced Rotation

For the thirty seconds of induced rotation (1600 frames on the film)
every fifth frame was digitized, resulting in 320 frames to be znalyzed. The
expectation was that the drop’s appearance in the main view, for which the
line of view coincided with the axis of rotation, would be circular, while in
the side views it would appear circular initially and become gradually more
and more elliptical. All three views of the 320 frames were analyzed by the
procedure which characterized a general ellipse outlined in the second half
of Section 5.4, This was done both for the raw data and for quadratically
smoothed data, In the smoothing procedure used (Hamming 1977) it was assumed
that each set of points could be described approximately Ly a quadratic
function (unlike averaging, which assumes a linear dependence and does not
allow for curvature). In the calculations we used 9-point quadratic

smoothing, in which the original boundary point x_ is replaced by

n

Xy = U59xp+54(xp g+x,49) +39(xp o+xp 0) +14(xy_3¥x,3) =22(xp_g+x 0 40) /031 (D)

The first study of the digitized rotation data was using the Min/Max
routines described in Section 5.4, in which the greatest and least distances
between the datas and the center of mass were found for each half of the
boundary. The ratio of the sums of the greatest to least distance is a crude
indicator of the ratio of major to minor axes. Also, an zngle was found from
the four extreme points which characterized the orientation. The results of
this analvsis for one of the side views are contained in Figs. 5-18 and 5-19,
Fig.5-18 is the result of the analysis performed on the raw data while Fig.5-
19 shows the same for the smoothed data, The quality of the smoothed data is

only slightly better than that of the raw data sets. Note the slow increase
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in a/b in both. This corresponds to the flattening of the drop as the
acoustic torque causes it to rotate faster. Before 310 seconds the wide
scatter in the angle data reflects the fact that the drop was still
oscillating as a result of the forced oscillation sequence.

The more accurate least squares method was also used. Examples of the
results from it are shown in Figures 5-20,5-21 and 5-22. Fig. 5-20 shows the
least squares results on the same boundaries as shown in Fig. 5-19. The basic
features are the same, only the scatter of the points appears somewhat less
for the least square analysis. For view 1 (Fig. 5-20) the a/b ratio starts
from 1.0 and gradually builds up, reaching a level a/b ~ 1.5 at the end of
the rotation sequence (330 sec). During the available few seconds of spin
down there is a dramatic reduction of a/b, seeming to tend back to 1.0 rather
quickly. The peak value of a/b is consistent with the result of the Vanguard
analysis in Section 5.2, and comparison with the theoretical results of
Chandrasekhar and Ross gives a rotational parameter > ~ 0.3, which is rather
cloc. to the value of the first bifurcation point. This suggests that
spending a little longer on the spin up sequence, or applying a somewhat
larger acoustic torque might produce non—axially symmetric equilibrium
shapes. Though the general trend is proper, the data show an oscillatory
struc. .re, due to both the center of mass motion and the oscillations and

tation caused by the previous sequence.

Fig. 5-21illustrates the behavior along the intended axis of rotation.
The ratio a/b is very close to 1.0 and decreases slowly towards that value.
The fazc that a/b is displaced from 1.0 could be the result of asymmetry
between the x and y axes. The fact that there appears to be a definite angle

of orientation further indicates a lack of circularity but the clustering of
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the data is intriging because it is unexpected.

For completeness,Fig. 5-22, the results of the least squares analysis
performed upon the third view is included. For some reason its patterns do
not indicate the build up of rotation that the other two views did.

In views 1 and 3 the axes of orientation during rotation were roughly
20° and 60 © respectively. The fact that they are not 0° and 90° is a result
of the angle of viewing not being parallel to the appropriate chamber axes.
The appearances of systematic spikes in the data of the several views is
being investigated to check for correlation with digitization block size or
g-jitter,

An attempt was made to push the analysis one step further. A drop held
together by surface tension rotating as a solid body can be described by
several parameters which can be related to parameters easily obtainable from
the described data analysis: The rotation parameter, 2, which is
proportional to the square of the angular velncity can be obtained from the
ratio a/b from the side views. A relative equatorial area can be found from
the product ab from the main view. A curve relating these two parameters has
been constructed from the theoretical results of Chandrasekhar (1965), Ross
(1968), and Brown (1979). This curve has an axisymmetric trunk (in which the
shape is symmetric about the polar axis) and two branches which correspond to
lcbed shapes. The bifurcation point for the two-lobed family occurs at T =
0.313 and for the three-lobed family at X = 0.500. Figure 5-?3 reproduces

their data. For the slower rotation rates

Y = 0.674 - 0/178(a/b) ~ 0.522(a/b}? (1)
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Using the least squares routine ™m the dat- of view 2 to give a values of the
product ab and and the view 1 data for the saume frame to give a/b and hence
Y. Only qualtitative comparisons can be made as the resting radius and the
center of mass motion have not be folded in. The results are shown in Fig. 5-
24 along with part of the theoretical curve. The agreement between these
measurements, performed for the first time under conditions similar to the

standard theoretical assumptions, and theory is very encouraging. This calls

for more study and experimentation in this direction.
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SECTION 6

CONCLUDING REMARKS

Some conclusions can be drawn from the work described above; these
conclusions both summarize the effort made so fa: and -hould have some
impetus on future experiments.

We have achieved the objectives of this experim. - ~ccessfullv, The
drop was deployed and acoustically manipulated as planned. Some more specific
remarks are in order.

1. As to forced oscillations, there is no satisfactory qualitative
understanding of the initially strong oscillation (at 2.3 Hz rather ‘han 2.5
Hz) with the subsequent highly irregular motion which is a supernosition of
oscillation and rotation. One likely possibility is that amn of-center drop
in a complicated pressure field (all three axes are excited and modulated in
different ways), accompanied by large amplitude motion, would experience an
effective torque. In the present experiment the initial low-frequency centei-
of-n .ss motion persisted throughout the entire experiment, and most probably
affected the complicated outcome. Obviously, ihis experiment should be
repeated in a situation in which the drop is initially better stabilized.

2. As to rotation, the first bifurcation point was almost reached ir
only thrity seconds of rotation. Since equilibrium has not yet been reached,
this means that spending more time on the rotation sequ.:ice or increasing the
torque by using a higher sound pressure might take the drop beyond the first

bifurcation point. Jn particular, such an experiment would show whether non-
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axially symmetric equilibrium -~hapes are excited beyond .he first bifurction
point, We note the excellent agreecment between the observations of the
experiment, performed for the first time under conditions consistent with the
assumptions made in the theoretical treatments of Chandrasekhar, Ross and
Brown,

3. Concerning tthe IPL digitizetion, existing programs were used with
very minor modifications. We feel that with some more software development
IPI. covld supply us with more us¢cful information from the same quality film,
-1is activity will be pursued when it oecomes necessary again to digit.ize
whole drop boundaries,

4. Finally, the analysis presented hcre pertains to some key features
ir the film. Several sequences of the film have been processeed but not yet
analyzed, and those that were must be compared in more detail with theory,
These activities will be vigorously pursued in the near future. Results of
these analyses will be presenttd in publications and meetings later tnis year

and next year.
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APPENDIX A

COMPUTER DATA TRANSLATION PROGRAM

I order to analyze the data prepared by JPL’s Image Processing
Laboratory (IPL), it was necessary to develop a program for use on the Univac
1100/81 computers at JPL which would correctly read the data provided on
magnetic tape by IPL. This data was in the form of positive integers. This
simplified the task of interpreting the data beccause the program to interpret
IPL's data di.. not have to be designed to keep track of flags for negative
signs, mantissas, or exponents. However, the task was complicated by IPL's
choice to eucode the data on the tapes in binary encoded octal as opposed to
either a 7- or 9-bit ASCII format.

The major reason this choice wes a problem is the difference between the
way in which Digital Equipment Corporation (DEC) and Sperry-Rand have
defined words of memory in their respective computers (PDP-11 and Univac).
DEC uses 16-bit words divided into two eight-bit bytes and logically looks
for the low-order byte to be written first (on the left) and the high order
byte to be written second (on the right). (In other words, it reads its
words in two halves, from right to left, and it reads the contents of each
half from left to right.) Uaivac uses 36-bit words divided into 6 six-bit
bytes and logically looks for the highkest order bit to be written first and
the lowest order bit to be written last. (Tn other words, it reads in six
parts, and does so entirely as a human being would-——from left to right.)
Given the specified differences, the Univac computer sees only four words for

each nine words it reads on the data tapes generated by IPL's DEC computer.



Advice was sought from a number of computer progr mmers at JPL, and it
was finally determined that the simplest and most efficient way to handle tae
interpretation of the data would he simpie bit-shifting: changing the
position of bits within a word. The actual shifting was accomplished usirg
the standard FLD func.iom available in the Univac 1100 Series FORTRAN V.
Four words and one nine-word array were established in a subroutine that wac
vritten to be used by the calling program each time bit-shifting (or
interpretation of the data) was required.

JPL structured the data on the tapes in multiple files. Each file
consisted of about twenty~one blocks of data. EFEach block represented one
frame of the 16-mm movie film used to record the motions of the drcplet and
each block was 4096 DEC tytes or 911 Univac words in length. The main
program, named DATXFR, which is short for Data Transfer, reads in one block
{(or frame) of data at a time. It then passes four UNIVAC words at a time to
the bit-shifting subroutine, which is called BITS. The subroutine unpacks
the niuve words of data (data valves) and performs the necessary bit-shifting.
It stores the results in its nine—-word array, and passes the array back to
the main program. The values in the array are then transferred to their
appropriate array elements in one of the six a-rays: X1, Y1, X2, Y2, X3, or
Ys. °

The six arrays correspond to the two axes, arbitrarily thought of as X
and Y, for convenience, used to assign points along the boundary the droplet
creates in the three orthogonal views present in each frame of the film. The
main program automatically keeps track of when these arrays begin and eand, to
insure that only good data is processed.

Once the six arrays have been filled, the program enters its output
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phase. During this phase, the data in the six arrays, plus some additional
information, are written onto a magnetic tape. Also, the data may or m:, Lol
be output in octal and decimal to a printer, for manual confirmation that the
data is being properly interpreted. The actual manpmer in which the data is
written onto the magnetic tape makes use of som: JPL-developed routines
designed for use in conjunction ith the FORTRAN V used by the Univac 1100
series computers. These speciaul routines are us:a s0 that ti. data are
written onto the output magnetic tape not as numbers, but as character—
encoded numbers. The character encoding used is Univac’'s field-data
character set, although standard 7-bit ACSII could also have been used. The
routines also write the data on the output tape in Univac'’s System Data
Format (SDF).

The output of numbers is done in field daia and SDF to facilitate the
subsequent transfer of the data from the output magnetic tape to a JPL
Automated Office Data Center (AODC), a minicomputer system developed by JPL
for use as a word processor or computer. This transfer of data is required
so that actual data analysis may be performed using the AODC.

The transfer of the data is accomplished via a software package
available on the AODC which allows for file by file transfer of data from the
Univac 1100/81 to the AODC. The software package, however, can only transfer
files that are in Univac’'s System Data Format (SDF) and whose contents are
encoded in either the field data or ASCII :haracter sets. These required the
use of the special output routines mentioned earlier.

One file at a time is read from the output created by DATXFR into the
Univac 1100/81’'s main memory (or mass storage). The AODC is then hooked up

to the Univac 1100/81 by telephone line, and the standard software package is
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accessed from the AODC., The software then transfers the information present
in the Univac mass storage file which one specifies to the AODC, where a new
file is created to hold the data.

The first successful completion of this entire procedure occurred in

September 1980, using sample data provided by the personnel of IPL,
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APPENDIX B

COMPUTER GENERATED TEST CASES

While IPL continued to process the data, and concurrent with the
development of the Jdata translation program, sample or test cases consisting
of computer simulations designed to study data similar to the auticipated
film data were developed. These programs were develouped using JPL's AODC, in
part to build familiarity with the AODC and in part to determine if its
limited computation and data memories would be sufficient to handle the
entire data analysis,

Development of the test cases proceeded along two paths. One path led
to an overall calling program with a set of routines to be used for
generating sample sets of data. The other path concentrated on the
development of a routine which would yield reasonably accurate values for
integrals of functions using a numerical approximation of integration wath
unequal spacing. The latte- routire was developed as a subroutine and was a
generalization of Simpson's Rule of integration. The generslization made was
one such that correct values for f(x) could be computed over an interval Ax
using unequal increments of x along the interval Ax, The use of unequal
increments in the routine was necessitated by the fact that the intervals
between the real data pointc would not be equal,

The mathematics of the gencralized Simpson's rule routine were
straightforward, and the routine was not difficult to create. However, a few
idiosyncracies in the FORTRAN supported by the AODC (Microsoft FORTRAN 80)

had to be discovered and an alternative means of enccding certain steps had
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to be worked out. Once ready, the routine gave excellent results, accurate
to four or five digits, using single precision floating point numbers and
variables, The original versior of the routine would compute only one value
of f(x) for one set of f(x') where x’ represents the incremental values of x
used to approximate the total interval Ax., Later versions of the routine
could compute several f(x)’'s for several sets of f(x')’'s, via the use of a
large DO loop.

Vork continued on the development of the test cases, as additional
personnel were asked to contribute to this effort. The calling program used
by several test cases, DIGTST, which asked for the input of parameters and
ard then celled the various routines which generated the boundary, continued
to evolvep the basic logic of DIGTST, however, remained the same.

At this point, only two test cases existed. One consisted of a calling
program, TESTLP, and two sub-outines, designed to generate the Legendre
polynomials, their derivetives, and the assoociated Legendre functioms. One
subroutine, TRMLFP, was based on an IBM subroutine for computing Legendre
nolynomials. It calculated the Legendre polynomials Pn(x) and their
derivatives for & given value of x, for orders n ( L. Values for the
variables ¥ and L were passed to the subroutine from the calling program,
The second subroutine, ALEGFN, computed the associated Legendre functions

P#(x) and was based upon the following recursion relation for varying order:
(n-p+1)P#+1(x) = (2n+1)xP#(x) - (n+p)PR_;(x)

A few errors were discovered in the two atove-mentioned swbroutines.
They were re-written. A new calling program was created. Sample or test

runs were made. An additional program, with a separate subroutine which
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performed all calculations, was created. It calculated the Legendre
functions for each value of n and p from explicit equations for each one.
The results were compared to those generated by the subroutines making use of
recurrence relations., All values were in excellent agreement. This portion
of development was completed.

The second test case then in existence incorporated several steps. The
calling program previously mentioned, DIGTST, was used to call a variety of
subroutines which created and then analyzed the sample data. The test case
proceeded as follows. First, DIGTST created default values for the
parameters which defiue the test case. It then asked the person running it
if these values were satisfactory. If not, the operator could input his
special set of velues for the parameters and then the program proceededp
otherwise, the program continued. It then called DIGCIR, a subroutine which
created the points of a boundary, which in turn used the subroutines RANDOM,
which generated rasdom numbers to simulate noise, and IBMLEP, which perturbed
the entire boundary (2n radians) by adding one or more Legendre polynomials
to model drop oscillation. DIGCIR would also convert from polar to Cartesien
coordinates, and would digitize either the values in polar or Cartesian
coordinates, depending on the value assigned by the operator to specific
parameters appearing in DIGTST.

DIGTST then called the routine generalized from Simpson’'s rule, SIMPS2,
which was used to try to recover the coefficients of the Legendre functions
used to perturb the boundary of the simulated drop. For some coefficients,
the value should have been approximately zerop for others, values between 0.0

and 1.0 were expected, as these were the values of the coefficients used in

DIGCIR.



In this form, the test case simply did not work., An effort was
therefore begun to modify this test case and, in the process, discover if any
false assumptions or errors in theory had been made.

First, the subroutine DIGCIR was divided into two subroutines: CIRGEN,
which generated a circle boundary, in essentially the same manner as DIGCIR,
and DIGTIZ, which digitized the data much as DIGCIR had. In the process, an
alternative method of determining Ao between data points replaced the
original method. In the original method, A® var‘ed with radiusp it was
determined by a fixed incremental distance along the circle boundary. Now,
A8 was input directly by the operator and therefore became independent of
radius. The number of data points for any size circle could be constantp
before larger circles had a greater number of points. The formu’a used to
create the f(x’)’s which were passed to the integration routine was found to
be in error., Tt was corrected. The Simpson’s rule routine was also
modified, to expand its capabilities.

With these modifications, the tesi case was tried again. It still did
not yield the proper values for the coefficients of the Legendre polynomials.
Possible reasons were discussed, and a suggestion was made that the problem
might lie in the fact that we were integrating Legendre polynomials over the
entire boundary of the circle, or 2n radians, When using these functions is
a polar angle varying from 0 to 2n rodians. Although this suggestion was only
tentative, a quick modification was made in the program so that only half of
the circle boundary was perturbed and integrated over. The results were
immediately rewarding, The correct values for the coefficients of the
Legendre polynomials were returned from the integration routine, within about

10%, if the noise level was less than the coefficient of the Legendre
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polynomial.

Vork then began on a modified test case. To distirguisi the new case,
DIGTST was renamed to SMOOTH, which stood for the fact that before being
integrated, the data would now be sent to a new routine, called ARITH, which
would take the arithme*ic mean of nine data points as the new or smoothed
value of the fifth or middle data point. The smoothed data would then be
passed to the integrating routine, to determine if smoothing of this nature
would enhunce the recovery of the coelficients of the Legendre polynomials by
eliminating some of the background noise. The reason for developing this
test case was that IPL was not only providing us with digitized data, but
also with a set of smooth digitized data, the smoothing being the arithmetic
mean of nine equally weighted data points. This test case would demonstrate
whether the smoothing decreased the background noise or buried the higher
frequency natural oscillations.

During the development of this new routine, it was realized that all
data coming from IPL would be digitized, since IPL was limited in its
resolution of the circle boundary by the size of the picture elements
(pixels) used. A pixel is a unit, like the unit integer one. Neither can be
sub-divided. Therefore, the results of the previous test case, DIGTST, were
not entirely valid, as the data was digitized as an exercise onlyp the
digitized values were not used. JTnstead real number values were passed to
the integration routine, and therefore the accuracy of the coefficients
computed by the routine was probably enhanced, as real numbers can represent
the location or value of a point more accurately than can integers.

So the logic of SMOOTH was altered a little from that of DIGTST., 1In

SMOOTH, the simulated data passed from CIRGEN to DIGTIZ. The digitized
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values were then sent to a new routine, PRDGEN, which converted the digitized
Cartesian coordinates which were produced by DIGTIZ (and, in the future,
would be provided by IPL) into real-valued polar coordinates. PRDGEN then
generated PROD, which is an array of the f(x')'s which, when multiplied by
r(Q,t) and integrated over the boundary, should yield the values of the
coefficients of the Legendre polynomials,

The values returned by SMOOTE from the unsmoothed digitized coordinates
were in good agreement with their correct values, but not as good as the
better—than-possible values returned in the original DIGTST test case.

An option in the calling program, SMOOTH, allowed the operator to tell
the program to use the actual smoothing routine, ARITH, between the routines
DIGTIZ and PRDGEN, in order to simulate the receipt of smoothed data from
IPL. After the smoothed digitized Cartesian data was converted to real-
valued polar data, and the array PROD of f(x')'s created from the latter,
integrations could be performed. The results were not promising, The values
returned for the coefficients of the Legendre polynomials were no more
accurate, and in some cases less so, than the values obtained for the
unsmoothed digitized data. At present, a least squares approach is being
investigated as a potentially more powerful tool for the recovery of the

Legendre ccefficients “rom the boundaries.
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ABSTRACT

Three samples of eutectic Bi/MnBi were directionally solidified during a low-g
interval (10-4 G) aboard the SPAR VI flight. Comparison samples were solidified
in a 1-g environment under identical furnace velocity and thermal conditions. In
addition, eutectic Bi/MnBi composites were plane-front directionally solidified in
1-g over a range of growth velocities, thermal gradients, and solidificati
orientations with respect to the gravity vector. The Bi/MnBi eutectic w , chosen
for this investigation because its microstructure is characterized by a regular
rod eutectic whose morphology may be sensitive to thermo-solutal convection and
because one of its components, MnBi, is ferromagnetic. Therefore, the magnetic
properties can be used to provide an efficient and sensitive measurement of the
effect of convection on solidification processing.

Morphological analyses on samples that were directionally solidified during
the 240-s low-g interval of the SPAR VI flight experiment show statistically smal-
ler interrod spacings and rod diameters with irespect to samples grown under iden-
tical solidification furnace conditions, in the same apparatus, in 1-g. The mag-
netic property measurements indicate that the flight samples contain~ 7 v/o l'ess
dispersed MnBi than similarly processed 1-g samples of the same starting composi-
tion. Convectively ariven temperature fluctuations in the melt, which result in
unsteady 1iquid-solid interface movement in 1-g, are suggested to explain the
morphological change between Tow-§ and 1-g solidification. As a result of these
fluctuations, an adjustment between the interrod spacing, growth velocity, and
total undercooling at the solidification interface is proposed to account for the
observed change in volume fraction of dispersed MnBi.

Morphological analyses on samples grown in 1-¢ indicate little difference be-
tween results for different growth orientations with respect to the gravity vec-
tor, i.e., growth up {antiparallel), down (parallel), and horizontal (perpendicu-
lar). The magnetic properties are significantly affected, however, by the pres-
ence of a nonequilibrium magnetic phase. The amount of this phase is a sensitive
functiori of the growth veiocity, thermal gradient, and gravity vector orientaticn.
The nonequilibrium phase transforms to the equilibrium ferromagnetic phase during
isothermal heat treatment.
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INTRODUCTION

To assess the role of convection and coupled convective-diffusive transport on
the crystal growth of eutectic alloys, the plane-front solidification of eutectic
Bi/MnBi was investigated during both low-g and 1-g experiments. The Bi/MnBi eu-
tectic was chosen because its microstructure is characterized by a regular rod
eutectic morphology when grown by plane-front solidification with cooperative
growth. One of the phases, MnBi, appears faceted while the other, Bi terminal
solid solution, may be unfaceted. Therefore, the soldification of Bi/#nBi repre-
sents a candidate system thay may be sensitive to thermal and solutal instabili-
ties produced by convective flows. In addition, the equilibrium MnBi phase is
highly ferromagnetic anu its magnetic properties can be used to characterize the
effect of solidification processing and convection 6n rod size, shape, 2nd

alignment.

Since about 1960, considerable study has focused on the plane-front solidi-
fication of eutectic alloys (Ref 1), and more recently on thermo-solutal convec-
tion (Ref 2 and 3) that occurs when the fluid density depends on variables such as
temperature and solute concentration. Theoretically, free convection might cause,
for example, fluctuations in the-rate of solidification (Ref 4), which would lead
to microstructural variations along the growth direction. In a rodlike eutectic,
these variations could lead to changes in volume fraction, rod diameter, interrod
spacing, and electronic properties, e.g., magnetic properties, associated with
these wicrostructural characteristics.

In the high furnace rate and thermal gradient regime of V~30 cm/h and
G ~100°C/cm, the mass transfer film thickness, 8y, is expected to be on the
order of 50 um in 1-g and 500 um in a 10-4 g environment, while the solute
boundary layer, or Stefan length, p‘l, is on the order of 25 um for V = 30 cm/h
for eutectic 8i/MnBi (Ref 5). The ratio dmlp’1 or p8m is, therefore, ~2
in 1-§ and*~20 in 10-4 3 suggesting a possible convective interaction in 1-7
even at this high growth velocity and near diffusion control in 10-4 []

environment.

Samples were grown up, down, and horizontal to the gravity field in an effort
to change the degree of thermal and solutal convection present. Ground base
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experiments (1-3), were performed over a range of furnace veiocities, V, 0.5 ¢V <
50 cm/h, and theral gradients in the liquid at the soliuification interface,

Gy, 20 < G < 150°C/cm. Therefore, p 8y, C.2 < 1 8y < 3.5. For example,

a statically stable fluid {net fluid densi.y < 0) might be expected for eutectic
Bi/MnBi in a growth up configuration with sufficiently large temperature gradient
since the fluid density of Mn is less than Bi, thereby minimizing convective ef-
fects in the absence of sufficiently large radial temperature gradients near the
solidification interface. Similarly, convective flow should be maximum when the
growth is horizontal because both the+wal and solutal convection are present.
However, definitive analytic analysis or experimental evidence for a priori
prediction of the eftects of these levels of p 8, on microstructure and as-
sociated electronic properties of directionally solidified eutectics have not yet
been developed or determined. The obiective of this investigation was, therefore,
twofold:

(1) Determine the effect of a reduction in gravity for samples grown in the
same apparatus under identical furnace conditions except for the sup-
pression of the magnitude of the gravitational force; and

(2) Attsmpt to alter the degree of thermosolutal convection in 1-g by chang-
ing the solidification direction with respect to the gravity vector over
a range of V, Gi and, therefore, p 8.
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EXPERIMENTAL PROCEDURE

SAMPLE PREPARATION

Bi/MnBi samples were prepared using commerciaily pure Mn (99.9 w/0) and high
purity B: (99.999 w/0). Both were melted together in an evacuated (~10-9 torr)
high purity quartz crucible {(1.0-cm inner diameter) above 446°C, the temperature
at which the stoichiometeic Mn8i compound forms (Ref 6). The melt was electromag-
netically stirred for a period of 16 h to ensure homogenization. The Bi-Mn phase
diagram {see Fig. 1) was determined in the vicinity of the eutectic composition by
means of differential scannina calorimetry and chemical spectrohotometric absorb-
ance (Ref 7). The eutectic composition was found to be 0.72 + 0.03 w/0 Mn (2.69
+ 0.08 a/o Mn), which results in an MnBi volume fraction of 3.18 + 0.09 v/o.
Portions of these eutectic starting boules were then encapsulated in a specially
designed, evacuated quartz ampoule (0.4-cm inner diameter), illustrated in Fig. 2.
The eutectic Bi/MnBi sample was localized by means of tight-fitting, high purity
graphite spacers and quartz wool "0" rings at the appropriate position for solidi-
fication. A melt back interface was used to minimize leak-by of the melt. The
ampoules were instrumented with very fine chromel-alumel thermocouples (C.0015-in.
bead diameter) sheathed in Mg0 insulation with a 0.010-in diameter 304 stain-
less steel outer tube. The preflight and postflight grcund base experiments con-
sisted of four ampoules: two directionally solidified growth up and instrumented
with four equally spaced thermocouples, and two directionally solidified growth
down and instrumented with one thermoucouple per ampoule. A similar arrangement
was used for the flight experiment. Those samples investigated in other ground
base experiments, i.e., grown at velocities and thermal gradients other than the
SPAR VI flight conditions, were instrumented with one thermocouple. The presence
of these thermocouples did not appear to perturb significantly the solidification
processing either through chemical contamination or heat transfer. In fact, the
thermal conductivity of the thermocouple probes was found to be very near the
tharmal conductivity of liquid eutectic Bi/MnBi.

DIRECTIONAL SOLIDIFICTATON PROCESSING

The preflight, flight, and postflight experiments were performed using the
Bridgman-Stockbarger method in an automatic directional solidification syscem
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(ADSS) built by General Electric (Ref 8). The ADSS apparatus consists of four
symmetrically mounted furnace assemblies, each completely independent with respect
to temperature and linear velocity of movement. Schematics of the furnace a‘ -
sembly and actual apparatus are shown in Fiq. 3 and 4, respectively. For the pre-
flight, flight, and postflight experiments, each furnace produced about the same
gradient (~100°C/cm) and moved at the same linear speed (~30 cm/h). In addi-
tion, furnaces mounted in opposition with respect to the assembly mounting plates
moved in the same direction so that the total ADSS momentum was zero. The appara-
tus alsc underwent intrinsic vibrational testing so as to monitor the level of ex-
ternal force produced by furnace movement at the location of the ampoule. This
level was found to be < 10-° J. Each ADSS furnace assembly produced a well
controlled unidirectional thermal gradient near the solidification temperature of
eutectic Bi/MnBi at 265.1 + 0.3°C. This gradient can be varied from 10°C/cm to
200°C/cm by adjusting the temperature of the furnace nichrome heating elements and
the fluid cooled copper quench biock. The linear furnace velocity can be varied
from 0.1 to 100 cm/h. A similar furnace unit was used for the other ground base

investigations.
PREFLIGHT, FLIGHT, & POSTFLIGHT EXPERIMENTS

Two preflight experiments were conducted in the ADSS apparatus at iMarshall
Space Flight Center in accordance with the SPAR VI flight operational timeline.
One of these tests - the Pre-installation Acceptance Test (PIAT) - was conducted
with the ADSS unit sepnarated from the other flight experiments, in ambient atmos-
phere and temperature, and in a vertical geometry (growth up and down). The pur-
pose of the PIAT was to ensure that plane-front solidification occurred at the
SPAR VI solidification conditions, and to establish baseline criteria for the
flight experiment. In the other preflight experiment (Al11:Systems Test), the en-
tire apparatus was placed in a sealed cannister filled with dry N gas and run
in conjunction with the other flight experiments. All conditions w2re identical
with the flight experiment except for the presence of the vertical gravity vector.
The A11-Systems Test provided 1-g samples to be used for direct comparison with
the SPAR VI flight samples.

The SPAR VI flight experiment began with initiation of furnace heating 90 min
before launch. At 5 min before launch, each in situ sample thermocouple temper-
ature was monitored and compared against the baseline criteri: established
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following the PIAT test. After launch, directional solidification commenced ~ 3p
s after low-g had been attained or ~120 s after launch. Directional
solidification proceeded through the low-G interval ( ~240 s) and continued even
after deployment of the drop parachute, terminating ~ 728 s after launch. By
this time, the entire length of each Bi/MnBi sample ( ~ 5 cm) had been direc-
tionally solrdified with ~ 1.8 cm plane-front directionally solidified in low G.

A PIAT type test was also conducted after the flight experiment to ensure
that no systematic apparatus anomalies had occurred as a result of the launch.

FLIGHT (Low-g) & ALL-SYSTEMS TEST (1-g) COMPARISON

Each SPAR VI flight (lTow-g) and Al11-Systems Test (1-g) sample was partitioned,
as shown in Fig. 5, at the axis of solidification as well as at three fraction
solidified locations by means of a diamond impregnated string saw. The string saw
was used to avoid unnecessary stress during the sectioning process.

The top half (containing no thermocouple remanant) of each axial section was
used for both magnetic and morphological analysis. The remaining half was used
only for morphological study. Comparison between flight and ground base samples
was made at the same fraction solidified or fraction solidified interval for
samples grown in the identical furnace assembly so as not to skew the results
systematically. All comparisons were made in the iow-§ interval of
solidification.

GROUND BASE (1-G) MATRIX EXPERIMENT

In a series of ground base investigations, samples were grown parallel, anti-
parallel, and perpendicular to the gravity field at growth velocities between
V =3 and 30 cm/h and thermal gradients, G_ = 20 and 150°C/cm. The hot zone was
adjusted, regardless of growth orientation with respect to the gravity field, to
maintain a constant thermal gradient in the liquid in both the high and low
thermal gradient regimes. One transverse fraction solidified location, near the
thermocouple bead, was used for morphological study. Several longitudinal loca-
tions were observed to ensure that cooperative growth had occurred as a function
of fraction solidified. In addition, two fraction solidified sections per growth
condition were used for magnetic property analysis. For two ampoules, the

VI-9



MELT-BACK
INTERFACE =0.82 ¢cm

TRANSVERSE SECTIONS

il

| _ AXIAL  SAMPLE
SECTION NO. 1

! |
fe——— LOW - g ———
INTERVAL = 1.88 cm

MELT-BACK
INTERFACE =0.58 cm

SAMPLE
-r——-- ——-pr—— ——-———.-.—.r- No,z
|
LOW -g
INTERVAL = 181 cm
MELT-BACK
INTERFACE = 0.6 cm
—...__.-._....__-Ir—_—-—-——__p_- SAMPLE
NO. 3

| |
[ LOW-g ———
INTERVAL = 1.77 cm

1342-005P

Fig. 5 Schematic Representation of Sample Partitioning of All Systems
Test and Flight Experiment Samples

VI-10



entire leagth was equipartitioned and the magnetic properties determined as a
function of fraction solidified.

MICROSTRUCTURAL, THERMAL, & MAGNETIC PROPERTY ANALYSIS

Sample morpholugy (dispersed MnBi rod size, volume fraction, and rod
alignment) was determined from optical micrographs of mechanically polished sur-
faces both parallel and perpendicular to the solidification direction. Fifteen
micrographs of a mechanically polished surface at each tranverse fraction soli-
dified location were analyzed as to MnBi rod area, interrod spacing, and volume
fraction. Analysis was performed using a computer aided Leitz particie
analyzer system,

For the preflight and flight experiment, each in situ thermocouple, four
furnace control thermocouples, and two reference thermistors were monitored at
about one reading ver second for each furnace assembly. These measurements were
transmitted via telemetry and recorded both in digital and analog form:zt. The
subsequent analog voltages were cciverted to temper2ture in degrees centigrade by
assuming a quadratic relationship between voltage and temperature. Due to the
lack of point to point grounding in the ADSS apparatus, resolution of the in situ
thermocouple measurements was limited to + 0.08 mV(+2.0°C). For the remaining
ground base testing, in situ thermocouple measurements were monitored using a
Digitec Thermocouple acquisition system with a temperature resolution of +0.2°C.

Magnetic properties were determined from magnetization measurements of cylin-
dr ~aliy shaped samples. Magnetization was measured parallel and perpendicular to
the solidification direction at 290,77, and 4.2 K in applied fields up to 230 kQe
at the Francis Bitter Natioril Maanet Laboratory, using a low frequency vibrating
sample magnretorm._.er. A Princeton Applied Research high frequency vibrating sample
magnetometer was used at Grumman to measure magnetization as a function of angle
with respect to solidification direction, applied field up to 17 kOe over a tem-
perature from 290 K to the eutectic melting temperature of 538 K. A portion of
the magnetic characterization facility used at Grumman is shown in Figure 6.

It had been anticipated that because the equilibrium MnBi phase is ferromag-
netic at and below room temperature, its magnetic properties could be used to
measure the effect of particle morphology (e.g., average rod size and particle
alignment) and the effect of solidification processing anc convection on the

Vi-i1
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morphology. For example, the .ntrinsic Coercivity, pHc, of ferromagnetic
materials should increase with decreasing particle size and approach the
theoretical maximum when the particle contains only one magnetic domain (single
domain behavior). It was observed, however, that plane-front directionally
solidified eutectic Bi/MnBi with comparable morphologies differed dramatically in
magnetic properties depending on solidification processing conditions and heat
treatment after solidification (Ref 9-12). As is seen in Fig. 7, the room
temperature (300 K) intrinsic coercivity for samples processed only by directional
solidification (as-grown state) appears to be a weakly dependent function of the
average dispersed MnBi particle size except for higher growth velocities where the
samples become almost para. .gnetic in character. This behavior is supported by
the decrease in remanent magnetization shown by samples in the as-grown state.
For the same samples sufficiently heat treated (at 250°C for periods greater than
24 h), a dramatic increase is observed not only in room temperature remanent
magnetization but also in intrinsic coercivity. Another magnetic phase, other
than the expected equilibrium (so-called LTP) MnBi, which occurs in
directionally-soiidified material, has been identified as the origin of these
differences. This new magnetic phase, termed the high coercivity or HC phase, is
found to coexist with the LTP phase. The HC phase is paramagnetic at room
temperature and orders ferrimegnetically (Ref 10) near 250 K with an intrinsic
coercivity ~110 kOe at 77 K, measured parallel to the solidification direction.
With _he applied tield parallel to the solidification direction, the hysteresis
curves corresponding to the LTP and HC phases are distinct and separate both at
room temperature and 77 K (Fig. 8) so that determining the amount of each phase
present is straightforward (Ref 9-13). The magnetization can be measured with an
uncertainty of 1_10'3 emu. Since eutectic samples used for magnetization

studies have moments between ~ 0.75 emu for 100% HC phase and ~1.70 emu for 100%
LTP phase, for an applied field of 150 kOe at room temperature, the uncertainty in
determining the amount of each magnetic phase (and the volume fraction of MnBi)
varies from + 0.3 % for 100% LTP phase to + 1.0% for a 30/70% combination of
LTP/HC phases at the eutectic Bi/MnBi composition.
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RESULTS

LOW-g EXPERIMENT - GENERAL OBSERVATIONS

On October 17, 1979, SPAR VI was flown successfully. The flight ampoules were
removed the same day, and were returned to Grumman on October 19. As shown in
Fig. 9, ampoule No. 1 and 3 were completely intact; their in situ themocouples
(four in each ampoule) were still functioning properly. Ampoule No. 2 had been
broken near the top retaining washer of the ADSS furnace No. 2 assembly, but the
fracture was located sufficiently far away from the Bi/MnBi sample so that the
sample was not affected. Fracture most probably occurred at impact, i.e., after
the sample had completely solidified. This probapility is supported by the
recovery team which reported a large gash in the outer payload skin near the 76-22
apparatus (see Fig. 10), apparently caused by the payload being dragged over rough
terrain at the impact site. Ampoule No. 2 was singly instrumented, and its
thermocouple was also still functioning properly. Ampoule No. 4, also singly
instrumented, was broken at launch. This is confirmed by a sudden disturbance in
thermocouple output as observed from the telemetry data at launch. Ampoule
breakage may have been caused by the rather severe vibration of the rocket bumping
against the gantry. Fortunately, the molten Bi-Mn quickly quenched on the lower
ADSS base plate and did not interfere with any other furnace assembly.

Evaluation of the telemetry data indicates that all in situ and furnace
thermecouples, reference transistors, and furnace assemblies operated properly.
The telemetry data also indicate that one of the recirculating pumps malfunc-
tioned, but because of the large thermal mass of each furnace, and since the ADSS
has two such pumps, no noticeable effect on the temperature of the fluid cooled
furnace assembly quench blocks was discernable.

Several x-ray radiographs and macrophotographs of the ampoules were taken, as
shown in Fig. 11 and 12. They indicated no unusual porosity except for ampoule
No. 2 in which the volume made available by a slight leak-by of molten Bi-Mn at
Taunch (furnace was above quench block) caused separation of the sample into four
distinct parts. This did not have any adverse effects on evaluation of sample
thermal data since the first separation occurred below the termination of the in
situ thermocouple and after solidificatic.. during the low-g interval.
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Fig. 10 Photogreph After SPAR VI Flight Showing Gash in Outer Payload
Skin Near the 76-22 Agnaratus
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Fig. 11 X-Ray Radiograph of Flight Ampoules No. 1, 2 & 3 After SPAR VI Flight
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FLIGHT (Low-g) AND ALL-SYSTEMS TEST (One-g) COMPARISON
Morphology

Plane-front solidification with cooperative growth of eutectic Bi/MnBi results
in an aligned ensemble of MnBi rods, with length to diameter ratios on the order
of 100, dispersed in a Bi-terminal solution matrix on the order of 0.1 w/o Mn.
Typical Transverse and longitudinal microstructures are shown in Fig 11. The long
axis of the rods is parallel to the solidification direction. The morphology of
the rod cross-sections is degenerate-faceted and chevron-shaped at the lower
furnace velocities (V < 3.0 cm/h) as shown in Fig 13, and more circular-like at
higher furnace velocities (V > 20 cm/h) as shown in Fig. 14. Mean rod diameters
<d>, and interrod spacings, <A>, as determined by fitting the measured rod
diameter and interrod spacing distributions with a Poisson distribution function
and minimizing the x2, were found to vary in the expected manner (Ref 1) with
growth velocity, V, i.e.,

>, <> ~v-1/2 (1)

Very uniform, cooperative growth was observed from the beginning of solidi-
fication, through the low-g interval until the deployment of the SPAR VI flight
parachute (Fig. 15). The deployment of the parachute resulted in a large
perturbation to the solidification processing with an abrupt termination of coop-
erative growth see Fig. 16, and in a melting back of the solidification interface
as determined by the in situ thermocouple data.

Morphological measurements of MnBi rod diameter and interrod spacing distri-
butions on all three flight samples solidified during the Tow-3§ interval show a
statistically significant difference with respect to the same fraction solidified
regions of samples grown under identical furnace conditions, in the same furnace
assembly, in 1-g (as seen in Table 1). This is shown in Fig. 17 for samples grown
in furnace assembly No. 1. Both the MnBi rod diameter and interrod spacing
distributions have smaller values for the low-g grown samples, with mean rod
diameters and mean interrod spacings 30 + 9% and 35 + 12% smaller, respectively
(Fig. 18 and Table 1). This behavior was similar at each fraction-solidified
location measured and for each sample solidified. The measured MnBi volume
fraction of the flight samples (2.96 + 0.38 v/o), as determined from quantitative
morphological analysis, was statistically equivalent to the All-Systems Test
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Fig. 13 Eutectic Bi/MnBi Cooperative Growth Morphology at V = 0.8 cm/hand G, = 150° C/cm
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a) Transverse (Perpendicular) to Solidification Direction —>i S5um I"—

b) Lengitudinal (Parallel) to Solidification Direction —"I S5um |’“

1342-014P

Fig. 14 Eutectic Bi/MnBi Morphology Produced by Plane-Front Solidification with Cooperative
Growth at V=30 cin/h, GL = 100" C/cm Grown up with Respect to Gravity Vector
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Fig. 17 Comparisan of Flight and All-Systems Test Microstructures for Samples Processed
in Furnace Assembly No. 1 at Same Fraction Solidified Location During Co.responding
Interval of Low-g Solidification
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Table 1 Comparison of Thermal, Morphological, & Magnetic Properties for Samples Grown During

All-Systems Test 1-g & SPAR VI Flight {Low-g} in Identical Furnace Assembly Apparatus.

Comparison is Normalized to Low-g Ragions of Solidificaticn.

EXPERIMENTAL MEASUREMENT AN-Systems Test {13) SPAR VI Fligl.t (10’4 9
Furnace Assembly No. Furnace Assembly No.
1 2 3 1 2 3
Bulk starting composition, {(w/o Mn} 0.71 0.72 0.72 0.72 an 0.72
+0.03 +0.03 +0.03 +0.03 +0.03 +0.03
Furnace assembly velocitv, x 10-3 cm/s 8.0 7.8 7.7 78 75 7.3
+0.6 0.3 0.3 0.5 0.3 0.3
Furnace hot zone temperature, "C 455 462 451 446 460 446
+ 5 5 + 5 + 5 +5 + 5
Furnace quench block temperature, °c 485 475 485 48.0 48.0 48.0
+ 1.2 + 1.2 +* 1z + 1.2 + 1.2 + 1.2
Solidification temperature, °c 265.3 265.1 2624 262.6
+ 20 + 20 + 20 + 20
Thermal gradient at interface/liquid, 1026 108.1 105.1 1078
°C/em + 86 + 88 t 6.7 + 6.9
Thermal gradient at int. iace/solid, 179.9 177 1625 1734
°Cl/em +15.0 $143 104 +11.7
Mean MnBi interrod spacing (A), um 158 1.60 143 0.97 0.98 1.05
+0.18 +0.79 +0.19 +0.17 +0.17 +0.16
Mean MnBi rod diameter (D), 4 m 0.48 0.46 0.48 0.33 0.32 0.35
10.05 +0.05 +0.05 +0.04 +0.04 +0.04
Volume percent HC MnBi phase 95.3 95.1 95.2 95.3 95.2 95.3
normalized to v/o MnBi, % + 01 + 0.1 + 01 + 041 t 0.1 + 0.1
Volume percent MnBi from magnetic 3.18 316 3.19 296 2.93 2,98
property mezasurements, % +0.03 +0.03 +0.03 +903 +0.03 £0.03
Resistance to demagnetization (intrinsic 25.6 30.0
coercivity) for partially annealed 50% + 06 05
equilibrium/nonequilibrium MnBi
magnetic phases, kOe
R80-1342-038P
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samples (3.18 + 0.47 v/o). The local inhomogenity in volume fraction noted in
ground base samples was also present in the flight samples and tended to increase
significantly the width of volume fraction distributions observed by morphological
measurements.

Thermal Properties

Comparison of thermal data througn the solidification temperature was limited
to samples in furnace assemblies No. 1 and No. 3 (each sample instrumented with
four in situ thermocouples) since these samples had at least one thermocouple
termina*e within the low-§ fraction solidified region. The sample in furnace
assembly No. 2 was instrumented with only one thermocouple, which terminated
beyond the low-g interval of solidification.

The thermal profiles of each sample solidified in low-g are quite similar to
those observed in the 1-G comparision experiment. This is shown in Fig. 19 for
samples solidified in furnace assembly No. 1; the tempe-ature profile as a func-
tion of distance from the solidification interface, as well 3s the thermal gradi-
ents near the solidification interface, are statistically equivalent for all
samples, as is shown in Table 1. This distance from the solidification interface
was deduced from the time of solidification and furnace velocity, assuming that
the location of the interface coincides with the discontinuity in the thermal
profile.

Magnetic Properties

The magnetic properties of both the low-g flight and 1-g Al1-Systems Test
samples were also very -imilar in that both were dominated by the HC (high
coercivity) phase. As shown in Fig. 20 for samples grown in furnace assembly No.
1, the first quadrant demagnetization curves at room temperature (samples first
exposed to an applied magnetic field of 150 kOe) indicate a remanent magnetization
of 0.1 emu/g of Bi/MnBi. The remanent magnetization data suggest that both the
low-g and 1-G samples contain > 95 /o HC phase. By deconvoluting the
magnetization into h. phase and LTP phase components (Ref 9-12) and ncrmalizing to
equivalent /o of dispersed MnBi using correlations established during ground base
experiments, we found that the Tow-§ samples contained 7 + 1% less v/o MnBi than
the 1-§ samples as seen in Table 1. The mean 1-g v lue of 3.18 v/o MnBi
corresponds to the anticipated nominal value determined for eutectic Bi/MnBi
(Ref 7).

V1-28

A |



THERMOCOUPLE TEMPERATURE (T), 'C’

310
Q Q
2 a
Y
&
290 |
A’_W
A
- O
A
A
270 |- - ,
A TS 19 =2653:20C/cm
o ———————————
A= — " 7 _ Lowg
o T 9 =2624+20°C/ cm
250 LOWg >
V =78:05x107 cmis a
G, =105.1 = 6.7° c/em
- Gg = 1625 + 10.4° c/em O a
L 1g (ANTIPARALLEL TO g, UP)
V =80:06x10" cm/s
G, = 1026+ 86°C/cm A
B Gg = 179.9 + 150°C/cm o A
0
210 |- oA
o4
o) &
]
190 1 : 1 ! . . L J
0.5 -0.3 0.1 0 0.1 03 0.5
DISTANCE FROM SOLID. INTERFACE 15X}, mm
1342-019P
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VI-29



ONE-GRAVITY ANTIPARALLEL (UP)

0.7- 3.18 + 0.03 v/o Mn/Bi

[=]
-
I

{

LOW-GRAVITY
2.5 + 0.03 v/o Mn/B:

[=4
o
T

i

It o
w s
\ T

o
()

T 1T

MAGNETIZATION (M}, emu/g OF 8i/MnBi

0! ' i 1 i 1 ! ! 1 ] ] ! )
60 80 120

APPLIED FIELD {H), kOe

140

1342-020P

Fig. 20 First Quadrant Demagnetization of Flight vs All Systems Test Samples Soljdified
During Low-g Interval in Furnace Assembly No. 1 Indicating Lower v/o Dispersed
MnBi for Low-g Sample

VI-30



In addition, selected filight and ground base comparison samples were iso-
thermally heat treated and their room temperature hysteresis measured after each
annea' cycle. Identical fraction solidified segments, corresponding to the low-g
interval of solidification, were heat treated together in the same apparatus and
allowed to cool slowly from the anneal temperature of 220°C. The v/o of dispersed
MnBi of both low-§ and 1-§ samples remains essentially unchanged from the as-grown
state while the intrinsic coercivity of the low-g samples, as seen in Fig. 21, is
consistently larger with respect to the 1-g comparison sample. Also shown in Fig.
21 is a similar study of sampies grown in the PIAT test. The higher intrinsic
coercivity obtained from the same time at temperature anneal in the low-g semples
supports the smaller particle size or rod diameter distributions observea in the
morphology studies.

A set of postflight samples were also grown in the SPAR VI €light apparatus at
Gereral Electric/Valley Forge under PIAT conditions. Those samples were identical
in morphology, thermal, and magnetic properties with respect to the preflight All-
Systems Test samples, indicating that no anomalies had occurred in the ADSS &ppa-
ratus as a result of the launch or flight experiment.

Laboratory (1-9) Experiments - Morphology & Thermal Properties

In the high furnace rate regime of V ~30 cm/h, comparable to the SPAR VI
flight, samples were grown up, down, and horizontal to the gravity field in an ef-
fort to change the degree of thermal ard solutal convection present. However, as
pointed out by Coriell (Ref 14), the interaction of the solute and temperature
gradients is complex and a priori effects are difficult to estimate. For example,
a statically unstable density profile (growth down) without convection, as well as
a statically stable density profile {(growth up) with convection, can occur.

The first observation is that, regardless of growth orientation, at V ~30
cm/h and Gy ~100°C/cm, there exists significant nonhomogeniety, on a smal!
microscopic scale, in the measured volume fraction of MnBi from region to region,
even at the same fraction solidified. The size of each areal region measured was
typical]y'~2500;1m2 with an average population cf 375 + 50 particles. This
inhomogeniety is shown in Fig. 22 for samples grown up and down during the
A -Systems Test. If a suitable number of regions were considered or, conversely,
one large-encugh region monitored, the variance in bulk volume fraction was small
(#5% v/o MnBi) compared with a variance in volume fraction as large as + 25% for
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each areal region. In any case, the mean volume fraction corresponded to the bulk
eutectic composition of 3.18 v/o MnBi. Both the rod diameter and interrod spacing
distributions were also rather insensitive to growth orientation. As is shcwn in
Fig. 23 and 24, the shape and mean of both the rod diameter and interrod spacings
are gquite similar in each orientation even though growth down has a larger median
and asymmetry than growth up or horizontal Statistically, the distributions are
equivalent. The thermal profiles for each growth orientation were also very
similar at these high furnace rate and thermal gradient conditions.

Samples were alsn grown at one order of magnitude lower furnace velocity
(V~3 cm/h) in both high (G ~150°C/cm) and low (G ~ 20°C/cm) thermal
gradients. It was anticipated that, at the lower growth velocity, the solute
boundary layer or Stefan length, p-l, would be increased from ~25 um at
V =30 cm/h to 250 um at V = 3 <m/h where

p-1 = p /v (2)

and V 1is the interface or growth velocity, and D is the diffusion coefficient
in the liquid at the eutectic composition, taken to be 2 x 10-° cm?/s. The
calculated mass transfer film thickness, 8, however, assuming that a vertical
flat plate-type model is appropr-ate (Ref 5), is expected to be on the order of
50 um for G = 150°C/cm and 80 um for G = 20°C/cm, where

8, = (Pr/2.41 Sc)1/3 L {(1 + [O.95/Pr])/°r(§crA1l3/1f2)}1/4

and Pr = Prandtl number

Sc = Schmidt number

L = characteristic length or diameter of the ampoule
g = magnitude of the gravitational force

«a = percent change in liquid density with temperature
Al = temperature difference in the system

Y = kinematic viscosity.

Notice that 8 is not a function of V and varies with gl/4, For G =
150°C/cm, the ratio bm/p’l or p 8, would be expected to vary from 2 at

V =30 ¢m/h to 0.2 at V = 3 cm/h and we would, therefore, expect convection to
have a greater influence at the lower growth velocity since convection should
become increasingly more important as a mass transport mechanism as pRp—e 0
while diffusion dominates for p 8;>>1.
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The morphology of the lower growth velocity samples, however, also showed no
dependence on growth orientation with respect to the gravity vector. As is shown
in Fig. 25, the interrod spacing distributions are statistically equivalent for
growth up, down, and horizontal. In addition, no change in either rod diameter or
interparticle spacing (Fig. 26) was noted on decreasing the thermal gradient in
the 1iquid by nearly an order of magnitude (G ~150° tc 2G°7;cm). 5°-ilar
studies on directionally solidified eutectic Bi/MnBi grown in larger diameter (0.7
cm inner diameter) quartz ampoules (Ref 15) have also shown no dependence of
interrod spacing on thermal gradient. In addition, the inhomogeniety in local
volume fraction was noted as well for V~ 3 cm/h (Fig. 27).

In sivu thermal measurements as a functicr of solidification time for V~3
cm/h and G ~ 20°C/cm for growth up, down, and horizontal orientations were also
investigated. A typical tenperature vs time profile for a growth up orientation
is shown in Fig. 28. The discontinuous change in slope or thermal gradient ob-
served in the thermogram occurs at the solidification or eutectic melting tem-
perature and is the result of a discontinuous change in thermal conductivities
between Tigquid (K =.0.12 Wen™'k™!) and so1id (X, = 0.06 Wem™ k1)

Bi/MnBi. The thermal gradients were deduced from the thermocouple thermograms by
calculating the instantaneous slope for each temperature interval and averaging in
a stepwise fashion over six consecutive measurements. The effect of varying the
growth orientation on the resultant gradients with respect to the position of the
solidification interface is displayed in Fig. 29. The experiment was conducted so
as to maintain a similar gradient in the liquid near the solidification interface,
regardless of orientation, by adjusting the temperature of the hot zone of the
furnace. Hence, any effect of orientation of g would occur in the observed
gradient of the solid. In fact, such an effect is observed with a steeper
gradient for growth down (thermally unstable) compared with growth up (thermally
stable).

Laboratory (One-Cravity) Experiments - Magnetic Properties

The volume percent of HC phase formed (normalized to v/o of dispersed MnBi) is
a sensitive function of solidification processing conditions. By varying the
furnace velocity over approximutely two orders of magnitude, the amount of HC
varies from ~10 to ~ 100 v/o as shown in Fig. 30. The amount of HC phase also
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depends on the thernal gradient in a given growth orientation as well as the
gro.sth orientation at a given furnace velocity and thermal gradient as displayed
in Fig. 31. By varying the solidification processing conditions, we 1ive been
able to isolate the magnetic behavior of the HC phase and, after appropriate heat
treatment, the LTP phase in the same plane-front directionally sclidified eutectic
Bi/MnBi sample as seern in Fig. 32 and 33. In this way, physical observables such
as the bulk v/o of dispersed MnBi can be determined from magnetization
measurements.

Magnetization as a function of various angles with respect to the solidi-
fication direction was also investigated. Samples containing combinations of LTP
and HC phases, as well as those containing only the LTP phase, were studied. The
expected anisotropy in intrinsic coercivity was observed in all samples suggesting
that the c-axis of the hexagonal NiAs structure of LIP MnBi (easy axis of magneti-
zation) lies parallel to the solidification direction regardless of the amount of
HC phase presert. Ry monitoring the remanent magnetization as a function of angle
with respect to the solidification direction, the degree of alignment of the MnBi
rods can be determined since the remanent magnetization is maximum parallel to the
solidification direct”un (long axis of the rods) and zero perpendicular, and
should, theoretically, follow a cos @ behavior for an ideal alignment. Fioure 34
shows that the Al1-Systems Test samples were almost perfectly aligned with a
variance of +2°. In addition, the magnetic properties of the All-Systems Test
(1-§ comparison to SPAR IV flight samples) samples indicated that they contained
>95 v/o HC phase regardliess of growth orientation at V~ 30 cmn/h and G| ~
100°C/cm.
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DISCUSSION

CANDIDATE MECHANISM - Low-g vs 1-g DIFFERENCES

It has bean observed that one effact of thermal convection, in plane-front
solidification processing, is to introduce temperature fluctuations in the melt
when the temperature gradient exceeds a critical value that depends on intrinsic
properties c¢f the particular system being solidified (Ref 16--21). Specifically,
when the ratio of buoyancy forces to viscous forces in the liquid (Rayleigh
number, Npa) exceeds a critical value, regular or oscillatory temperature fluc-
tuations may occur. At very high values of Npp, these fluctuations meay become
irregular and are thought to represent turbulent flow.

When these temperature fluctuations reach the liquid-solid interface, they may
induce nonsteady-state interface motion. For oscillatory fluctuations, the inter-
face would periodically deceierate before moving forward again. Such oscillacory
or irregular interface movement would increase as the fluctuations increase (high-
er thermal gradient). One result of the unsteady interface motion for growth of a
rod eutectic might be to decrease the méan interface or growth velocity assuming
that irsufficient time was avaiiable for the rod spacing to adjust to an increas-
ing growth velocity during the period of osciliation by, for example, a branching-
type mechanism. As the qgravitationel force is decreased and the buoyancy forces
are reduced (smaller Grashof number, Ngr), the amplitude of oscillacions would
decrease until the interface moticn achieved steady state {low-g), iesulting in a
higher mean growih velocity that should approach the furnace velocity.

As a result of an increace of mean growth velocity moving from 1-g to Tow-g,
one wnuld expect the relation between rod spacing, A, totai interface under-
cooling, AT and or- * or 1interface velocity, Y, to reflect this difference. As
is shown in Fig. 35, schematic illustration of the Hunt and Jackson type
function (Ref 22), relating interfacial undercooling tc mean growth velocity,

AT = AVA + B/A (4)

where A and B are constants that depend on the particular alloy system, suggests
that an increase in V (V to 2V) could result in 4 simultaneous decrease in A and
increase in AT. One effect of a change in und2rcooling would be to alter the
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phase diagram in the vicinity of the eutectic as shown in Fig. 36. The limit of
solid solubility would be increased as would the eutectic composition. However,
since Bi/MnBi is a rather low volume fraction eutectic with asymmetrical liquidus
slopes near the eutectic composition, a decrease would be anticipated in both
weight fraction MnBi (assuminc the stoichiometry of MnBi remains at 50 a/o) as
well as volume fraction of dispersed MnBi. In fac., such a decrease in MnBi
volume fraction was observad in our low-g solidified samples.

There are, of course, other explanations that may be respornsible for the
observed differences between 1-g and lTow-g. These include the intluence of
convectively driven fluid flow or the magnitude of the gravitioral force on heat
and mass transport coefficients and interfacial energies l=ading to different

boundary growth conditions in 1-g and low-§.
1-g EFFECTS

The lack of sensitivity of morphology to various levels of convection for
samples grown in 1-g may indicate that, for bouncary layer thicknesses equal to or
larger than interrod spacings (8, >X), the presence of convection has little
direct effect on the spacing or rod diameter distributions (Ref 23) of eutectic
Bi/MnBi. Even at the lower growth velocities investigated, V = 3.0 cm/h, A~ 3
pm, which is much smaller than the predicted 8§ ; ~ 50 um, suggesting that the
eutectic is tightly coupled. At this lower growth velocity, however, p8, ~
0.2, which would be expected to lead to, for example, severe convectively-driven
macrosegregation for plane-front directionally solidified off-eutectic Bi/MnBi,
indicative of a strong convective influence. In fact, such macrosegregation has
been observed for Bi-rich off-eutectic Bi/MnBi bulk starting compositions (Ref
24). The variation in observed thermal gradients for eutectic Bi/MnBi grown at V~
3 cm/h and G ~ 20°C/cm (p&y ~ 0.3), as a function of growth orientation with
respect tc G, also shows a convective effective. lastly, the amount of metastable
magnetic MnBi phase produced in directionally solidified Bi/MnBi varies stronglv
wiilh growth orientation in 1-g. The origin of this dependence may be due to the
diffe. ent cooling rates (anneal time at temperature) experienced in different
growth orientetions or may be indicative of the convective flows or thermal in-
stabilities present at the liquid-solid interte~~ during solidification in 1 @.
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PRINCIPLE OF PHYSICAL SIMILARITY

It has been recently noted (Ref 25) that additional insight as to the
influence of gravity on crystal growth may be obtained by applying the principles
of physical similarity to the specific system under investigation on earth and in
the microrravity of space. It is necessary to identify a complete set of physical
observables that characterize physical phznomena that occur in each system, i.e.,
1-g of earth and Tow-g of space. It is usually chosen to select dimensionless
groups that contain the gravitational force, §. T'e corresponding dimensionless
groups may be chosen to be y divided by some other characteristic acceleration;
for example, in the case of thermally driven convection, this characteristic
acceleration may be taken to be

where ¥ is the kinematic viscosity, a the percent change in liquid density with
temperature, AT the temperature difference in the system, and L the charcteristic
length. The resulting dimensioniess group is then the Grashof number, Ngp

Ngr = § (@AT L3/ 2) (6)

If temperature fluctuations are responsible for a decrease in mean interface
velocity, then these fluctuations should be proportional to the Grashof number
through the buoyancy forces (yravitational force) and temperature difference of
the system. By reducing the gravitational force, we can vary the effective inter-
face velocity with a higher mean velocity and lower MnBi interrod and rod diameter
length in low G.

We have also observed, however, that the microstructure achieved in low g
(V~30 cm/h, G_ ~ 100°C/cm) can be duplicated in 1-§ by growing st a
sufficiently higher furnace velocity (V ~ 50 cm/h, G ~ 0°C/cm) since <d>,
<A>~ v-1/2,  This behavior for interparticle spacing distributiuns is shown in
Fig. 37. For the growth conditions used in 1-3, however, the limit of the ADSS
apparatus to remove heat in a unidirectional manner is near its limit. Experi-
ments conducted V~60 cm/h and G|~ 100°C/cm have inc‘cated the onset of severe
interface curvature and noncooperative growth, presumably because the temperature
at which solidification occurs is no longer within the adiabatic region ot the
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ADSS furnace assembly at these growth cond:'tions. Heat transfer is thus ro longer
one dimensional. It may, tnerefore, be possible to achieve microstructures c¢nd
corresponding magnetic properties for eutectic Bi/MnBi, comparible to a higher
furnace velocity, ir Tow-g that are impossible to achieve in 1-§ using the same
furnace assembly.
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SUMMARY & FUTURE WORK

An experimental investigation of a reduced gravity environment during the SPAR
VI flight and the effect of gravity vector orientation in 1-§ on the plane front
directional solidification of eutectic Bi/MnBi has shown:

[ Statistically significant reductions in mean rod diameter, interrod
spacing, and bulk volume fraction for samples solidified in low-g with
respect to 1-g at V = 30 cm/h and G = 100°C/cm.

) No statis'ically significant dependence of MnBi rod diameter and interrod
spacing distributions on gravity vector orientation and imposed thermal
gradients during solidification over a range of V = 3 to 30 cm/h and
G = 20 to 150°C/cm.

) That the thermal gradient in the solid depends on gravity vector
orientation for V = 3 cm/h and G_ = 20°C/cm; a larger gradient was
observed for the growth down direction (thermally unstable) as compared
with growth up (thermally stable).

(] The presence of a nonequilibrium metastable magnetic phase that coexists
with the equilibirum MnBi phase and transforms during isothermal heat

treatment.

) That the admixture of magnetic phases depends on growth velocity,
thermal gradient, and gravity vector orientation during solidification.

A candidate mechanism involving convectively induced thermal fluctuations
in 1-§ is proposed to explain the differences between 1-§ and SPAR VI flight
results.

In view of the results obtained and candidate mechanism proposed, future
experiments in both Tow-g and 1-g are suggested to quantify and understand the
phenomena observed. Another low-g experiment should be performed at a higher
growth velocity. This low-g experiment would help corroborate the present 1ow-g
results as well as provide smaller MnBi particles than we can grow in 1-G.
Another experiment involves utilizing applied magnetic fields and Tower thermal
gradients in 1-g to attempt to damp out and, therefore, minimize thermal

C —%

fluctuations.
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