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Space processing has been defined as ""using the unique aspects of space
environment to prc "ess materials.' As such, it is an area of technology
cndemic in origin and function to the Space Age. Historically, it is a direct
descendent of the experiments and science demonstrations of Skylabs I and 1V,
as well as the experiments performed during the Apollo-Soyuz Test Project
(ASTP) mission. Space processing, in a generic sense, is an effort designed
to take advantage of the above-mentioned "unique aspects of space environment. '
Specificali., these aspects stem from the presence of a low-g environment
during space flight and result in a reduction in detrimental effects such as
thermal convection, sedimentation of heavy particles, and the buovancy of
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3 bubbles and lower density particles in a fluid. The ultimate goal in taking advant-
: age of these low-g characteristics is to provide products and processes which
%] are beneficial to mankind,
i )
B
% The Space Processing Applications Rocket (SPAR) project consists of
) a series of research rocket flights designed to provide opportuniiy for materials

processing experiments in a short-term low-g environment. The project
currently uses a Black Brant VC ( BBVC) sounding rocket as its vehicle,

although a Nike-boosted configuration will be available in the event of heavier
payloads. The BBVC rocket provides 15 min of flight, including approximately

5 min of low-g envirorrent time usable for the most critical portions of materials

processii g experiments. The functions of the SPAR flights are to expand on the ;
space prucessing-relevant data yielded by Skylab and ASTP, and to provide an E
experiment expertise and information base which will allow for greater sophis- 3

tication of Shuttle /Spacelab materials processing activity.

Specifically, this report contains post-flight reports on the results of the
experiments. flown onboard SPAR 111 on December 11, 1976, These five experi-
ments were devised by three industrial firms, one university, and one govern-
ment agency, and coordinated by the Marshall Space Flight Center. Each experi-
ment has been reported on by the respective Principal Investigator (P1), and

i
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these reports are included in separate sections of this SPAR III report. Editing

has been kept to the minimum necessary for uniformity in format. It is expected

that this report will serve as a public record of SPAR activities, and it is hoped
that it will provide information of significant interest to the materials processing

community.
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CONFIGURATION

The total rocket configuration is shown in Figure 1 and the SPAR III
science payload is shown in Figure 2. Figure 3 shows the science payload with
the location of temperature sensors.

PERFORMANCE

Trajectory parameters for the flight are shown in Figure 4. The low-g
(10~ or less) duration was approximately 255 s starting at 90 s and ending at
345 s. The science payload was shutoff at 660 s, but the telemetry stayed on
for 967 s to attempt to record impact. However, loss of signai at 722 s pre-~
ciuded getting the shock loads and the TM shutdown signal.

1
The science payload battery specification is 28" > V. The battery

voltage started at 37 V and dropped to 35 V at t = 88 s. Recovery backto 37V
occurred at 298 s.

INSTRUMENTATION — TELEMETRY

Temperatures

The temperatures inside the science payload are given in Figures 5 and
6. Use these two figures in conjunction with Figure 3 to locate these tempera-
ture sensors inside the payioad. The temperature throughout most of paylvad HI
ranged between 20 to 25°C higher than on payload II. The two exceptions to this
were in the aft end and the top end of the payload. The temperature in the aft
end of payload III (on top of Experiment 74-15) ranged from 20 to 55°C higher
than the temperatures ir the aft end of payluad II. The temperature in the top
of the payload I1I was 25 to 30°C higher than it was in the top of payload II.

The reasons for these higher temperatures are:

1. The internal heat generation was great.r on payload III than on
payload II (for example Experiment 74-45),

2. Higher reentry heating was experienced on flight III (possibly due
to a greater angle-of-attack).

I-3
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The final conclusion is, however, that all critical components operated within
their temperature limits. !

Pressure

Pressure in the forward end of the science payload dropped from 13. 26
psia at liftoff to 0.19 psit at t = 87 s. Payload III carried a 6-range pressure
transducer in the lower part of the science payload. This transducer reading
dropped th 0.4 psia at t = 160 s and stabilized 'mntil t = 257 s. This pressure
increased io 0, psia at t = 261 s, It increased to 0.5 psia at t = 286 s and
remained theore through t = 373 s. At this point it began to increase sharply due
to reentry into the Earth atmosphere.

EXPERIMENTS

Experiment 74~-45, Epitaxial Growth of Single—Crystal Film

The furnace and its control system woiked properly until the slider
mechanism with the suostrates was moved into contact witk: the growth solution,
The temperature readings became ciratic at that time, making it difficult to
determine what ihe temperature was near the growth solution. Post-flight
inspection showed that the slider mechanism was broken, either before or
during the time the substrate was in contact with the solution. When the slider
mechanism was withdrawn, it failed to “emove the substrate from the grcwth
solution,

Experiment 74-53, Contact and Coalescence of Viscous Bodies

This experiment did not form ..cops as planned. Hcwever, all the timer
functions were perfoi'med satisfactorily and all subassemblies (camera opera-
tion, drop injector operation, acoustic ficld, et..) operated within the experi-
ment timeline. The fiilure of this experiment appears to be either the improper
viscosity fluid or the improper needle size or possibly hoth. {1t is difficult to
correctly set these two parameters, since test results may not be reliable in
a gravity environment. )

1. NASA/MSFC Memorandum EP44 (77-21).
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Experiment 74-18/2 and 74-18, 2, Liquid Mixing

This experiment performed as expected from an enginecring standpoint.

Experiment 74-36/2, Interaction of Bubbles with Solidification Interfaces

The apparatus functioned well from an engineering standpuint.

Experiment 74-48, Containerless Processing of Beryllium

This experiment functioned properly for almost 3 min of low-g time.
The required processing temperatures were attained, the sample was melted
and resolidified while suspended in the electromagnetic field, the camera
functioned properly, and the processed sample was returned intact. There was
a broken water line in this experiment which was noted at the timne of recovery.
It is not clear when the water line broke. All of the 74-48 measurements became
erratic at t = 261,5 s. The first irregularity piecceding this time was a Jistur-
bance in the damping servo signal at t = 249.2 s, The servo oscillation damped
out in the next 9 s, At this time, t= 258,6 s, there was a disturbance in all
74-45 measurements. Then 3 s later, t= 261.5, all measurements for
this experiment became erratic for the rest of the flight, however, postfiight
analysis indicated (hat the experiment worked perfectly according t objectives.
It levitated, melted, and solidified the sample as planned.
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SCIENCE PAYLOAD 111 TEST REPORT

By
T. F. Rowell

Marshali Space Flight Center
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INTRODUCTION
Purpose

This report documents the testing and related activities during post-
rnanufacturing checkout, integration, prelaunch, and launch of SPAR
project payload I11.

Scope

All significant testing and operations are presented from the arrival of
S1'AR project science paylcad Il at MSFC, Building 4619 for post-manufacturing
checkout, through launch operations at the White Sands Missile Range (WSMR).
Tests are listed individually in sequence of performance and include procedure
nuinber, test title, objective(s), and test performance. A summnary of dis-
crepancy reports (DR's) and test discrepancy reports (TDR's) written during
irtegration testing at Goddard Space Flight Center (GSFC) and during pretlaunch

and launch activities at WSMR are listed in Appendix B. The payload Il actual
test schedule is shown in Figure 1.
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POST-MANUFACTURING CHECKOUT

Test Title: Single Point Ground Isolation, Electrical Power, and Networks

Subsystem
Procedure Number: MTCP—FS'-SPAR—S—GOS
Test Objective:
The objectives of this test were to verify:
1. Single point ground isolation.

2. Proper power transfer between modules.

3. That the support module network circuitry conforms to systems

design.

Test Performance:

The power and network subsystem was verified to conform to systems

design. No anomalies occurred during the test.

Test Title: Instrunentation Subsystem Test
Procedure Number: MTCP-FS-SPAR-3-610
Test Objective:

The objectives of this test were to verify:

1. Proper transmitter deviation,

2. Subcarrier and commutated data channels

3. Proper operation of telemetry calibrator.
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Test Performance:

The objectives of this test were met successfully. One anomaly occurred
during the test, Support module voltage regulator A5 output terminal shorted
to case. The voltage regulator was removed, repaired, and retested satis-
factorily. Reference DR 1386 and TDR M-SPAR-3-610-1,

- o - - 0t - —

Test Title: Subsystem Test Procedure, Experiment 74-18.2 and 3

Procedure Number: MTCP-FS-SPAR-3-613
Test Objective:

To operate the experiment in a payload configuration using the ground
support equipment (GSE) and to verify event timer operation.

Test Performance:

The objectives of the test were met successfully, Anomalies occurring
during the test were:

1. The heater resistance of 74-18/2 thermal centrol unit (TCU) heater
measured 14,0 Q@ and should have been 14.7 to 15.3 Q. The specification was
changed, with PI concurrence, to bring measured resistance within aceeptable
limits. Refecence TDR M-SPAR-3-613-1.

2. The heater resistance of 74-15 '3 TCU heater measured 10,53 Q and
should have been 11.0 to 11.6 Q@ . The specification was changed to bring
measured resistance within acceptable limits., Reference TDR M-SPAR-3-613-2.

3. Transients were generated by support module and Experiment 71-13
event timer« randomly when power was applied to the event timers. Syvstem
configuration changes due to the transients were corrected by procedure.
Reference DR 1415 and TDR M-SPAR-3-613-3.

Test Title: Subsystem Test Procedure, Experiment 7i-33.

Procedure Number- MTC P-FS-SPAR-3-614
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7 Test Objective:

To operate the experiment in a payload configuration and to demonstrate o
experiment-GSE compatibility. ﬁ ‘
Test Performance: i E%

The objectives of the test were met successfully. One anomaly was ‘

detected during the test. The experiment cvent timer functions started when
power was applied to the experiment instead of a signal from the liftoff relays. %
Two transient paths were randomly setting the event timer start relay. One :
" path was from the support module liftcff relay, the transient being generated
when payload power was applied. The second path was from the experiment GSE
panel simulated liftoff circuit, the transient being generated when GSE panel
power was applied. A relay, set by experiment powet applicction, was put in
sevies with the liftoff relay to stop the transient generated by payload
power application. The simulated liftoff circuit in the experiment GSE panel
was climinated. The circuit was not used for test anc iaunch activities.
Reference TDR M-SPAR-3-614-1, .
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Test Title: Subsystem Test Procedure, Experiment 74-36
Procedure Number: MTCP-£R-SPAR-3-611
Test Objective: .

To verify proper operation of the experiment and to demonstrate
experiment-GsE compatibility. :

Test Performance:

Operation of the experiment and compatibility of the experiment and GSE
were verified. Test samples were heated to operating temperature., No
anomalies occurred during the tost,

lest Title: Subsystem Test Procedure, Dxperiment T4-45

Procedure Number: MTCP-rS-SPAR-3-612
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Test Objective: ~

vl

To verify proper operation of the experiment and to demqnstrate
experiment-GSE compatibility,

Test Performance:

Operation of the experiment and compatibility of the experiment and GSE
were verified. One anomaly occurred during the test. The event times of
slider extend and retract were 251 s and 307 s, respectively. The extend time
expected was 254 (+2) s and the retract time =xpected was 314 (+1) s. The
actual times were acceptable and the specifi. ations were changed per CCBD
SPAR 224 to bring the cvent times within acceptable limits. Reference
TDR M-SPAR-3-612-1.

Test Title: Subsystem Test Procedure, Experiment 74-48
Procedurc Number: MTCP-FS-SPAR-3-609

Test Objective:

To verify operation of the experiment and to demonstrate experiment-
GSE compatibility.

Test Performance:

Operation of the experiment and compatibility of the experiment and GSE.
were verified. No ancmalies occurred during tl.e test.

Tesct Title: All Systems Test
Procedure Number: MTCP-FS-SPAR-3-615

Test Objective:

To functionally verify systems operational compatibility and to detect
nonconformances to test requirements and specifications.




= . Test Performance;

The objectives of this test were me? successful!v, All systems were
verified to be operational and compatible. Anomalies occurring during the
test were:

1. The input cable to the charge amplifier for measurement E02-MM,
vibration X-axis, was loose. The cable was reconnectad and the measurement
operated as designed. Reference TOR-M-SPAR=-3-615 1.

2, Water was dumped into the lower cavity of the TCU for both 74-18/2
i and 74-18/3 prematurely when power was app:ied to the experiments. The relays
- conirolling the solenoid valves to dump water into the lower cavity for cooling
were not reset when water was placed into the TCU reserveir, Power application
—_— to the experiment allowed solenoid operation and dumping of the water. The
TCU's were removed and dried and the relay system reconfigured. Operation
of the TCU's during the test were normal. Reference TDR-M-SPAR-3-615-2,

3. The measurement range resistors in signal conditioner board A3 for
‘ measurements C29-83, temperature 74-1373 external, and CV8-82, temperature
§ 74-18/2 external were of the wrong values producing erroncous measurncment
readings. The resistors in the signal conditioning board were changed (from
- 1K to 46,4K) and measurements were verified satisfactorily. Reference
) DR 1396 and TDR's M-SPAR-3-615-3 and 4.

4. The event timer for Experiment 71~383 started when power was

applied to the experiment instead of receipt of the simulated liftoff signal. {,3 .
Elimination of the transient paths detected during subsystem testing had not "\(
eliminated the problem. This anomaly was overcome by applving power to the ; ;
experiment by the liftoff relays. Reference DR 14144, ]

5. The camera for Experiment 7-4-36 was oporating at 1,04 feames “s,
out of the specification of 1.0 frames s maximum, The frame rate was
acceptable to the PI. Reference DR 1413,

6, “Measurement D06-18, space paviead ambient pressure, input to telem- P
etry was greater than 6,5 V' at wmbient ciusing noise en the telemetry channel, i "
Measurerment was used "as is.!" Reference DR 1412, Y
b
.......... o e e 1 e = e e 2 e e 1 o e e e e ‘
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Test Title: Network Continuity 'gest

Procedure Number: MTCP-FS-SPAR-3-636

Test Objectives:

To verify that systems operation remains acceptable and that network
cahling remains unchanged aftex installation in the payload housing.

Test Performance:

—

The objectives of this test were met successfully., No anomalies
occurred during the test.

INTEGRATION TESTING

Test Title: Science Payloac¢ Preintegration Test

Procedure Number: GTCP-FS-SPAR~3-618

Test Objective:

To functionally verify that no damage occurred to science payload systems
during transporting operations.

Test Performance:

Science payload systems were verified to be functional. No anomalies
occurred during the test.

\J

- — - - - - - - -

Test Title: Integration Test

Procedure Number: GTCP-FS-SPAR-3-619

Test Objective:

To verify that the science parload and rocket systems pcrform as
designed when mated,

I1-10




Test Performance: -

" The objective of this test was met successfully, All systems were
operated through a ~imulated flight sequence. Anomalies occurring during the

test were:

1, The science payload battery measurement, M01-SM, had no output
through telemetry. The measurement monitors the badery voltage through the
liftoff relay K16. A wiring error in the support module GSE panel simulsied
liftoff switch resulted in a constant voltage applied to the set side of the Ki6
coil preventing relay operation. The wiring ervror was corrected and liftotf
relays and measurement operated properly. Reference TDR's G-SPAR-3-619-1

and G-SPAR-3-621A-1.

2. The telemetry output of the science payload ambient pressure 1
measurement, N06- 13, indicated a pressure range lower than ambient wi.a..
sensor was at ambient pressure. Test of the pressure measurement throug
three of six ranges with a vacuum pump showed the measurement would sndicate
correct pressure, The pressure measurement wus used without changes.

Reference TDR G-SP\AR-3-613~2,

SCIENCE PAYLOAD VIBRATION

The science payload without rocket systems was vibrated at protoflight
levels in X, Y, and Z axis. The vibration levels during the test were:

Sine Spec. — 10 to 24 Hz at 0,075 in. double wmplitude
24 to 110 Hz at 2.3 g maximum peak
110 to 300 Hz at 5.3 g maxin. :m peak
300 to 2000 Hz at 15.0 g maximum peak

Random — 19,1 gm

No science payload systems were active during the vibration., All
batteries were installed, but only Experiment 74-43 battery was connected
electrically. The carmera for Experiment 74-36, which had been subjected to
previous vibration, was removed for vibration. Experiment 74-33 positive
pressure system was pressurized to 1200 psi, and Experiment 74~45 slider
mechanism cylinder was pressurized to 100 psi.  Water was not installed in
the TCU reservoirs,

11-11
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Post vibration inspection of the science payload revealed the following
three discrepancies:

1. Screw loose on cable connector clamp on cable to Experiment 74-45
solenoid.

2. Adjustment screw was loose on Experiment 74-45 regulator,
3. Cable connector loose on Experiment 7-4-33 solenoid.

The screws and connector were tightened and no rurther problems with the
discrepant items occurred. Reference TDR G-SPAR-3-Protoflight Vilwauon,

Test Title: Post-Protudight Vibration Science Payload Test
Procedure Number: GTCP-FS-SPAR-3-621A
Test Objective:

To verify that science payload systems operation was not degraded when
subjected to a vibration environment.

N~

Test Performance:

The objective of this test was met successfully. ‘1l systems were
verified to be operational. Anomalies occurring during the test were:

1. Experiment 74-53 did not receive a signal at simulated liftoff, The
ermor in wiring of the simuluted liftoff GSE circuit, as discussed previously,
prevented the signal being sent to the experiment. After correction of the
simulated liftoff GSE circuit wiring, Experiment 74-53 was tested without
problems, Reference TDR G-SPAR-3-621A-1.

2. Measurement M31-45, 7T4-48 P¥ power output, was biased at 1,0 V
instead of ground reference. Pin Z of Experiment 7-{-148 electronic package
board No. 1, which carries regulated +15 V to the servo and coil power
monitoring circuits, was broken. The voltage was routed to the circuits
through pin Y of electronic board No. 1, Retest of the experiment was
satisfactory, Reference TDR G-SPAR-3-621A-~2.

11-12
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BALANCE AND VIBRATION

Balance

The balance of the total paylnad, not including nose cone, was made at a
rotation of 150 rpm on a spin-balance table. The lower plane for weights was
in the rocket systems and the upper plane a. 3.0 in, below the top of the science
payload forward extension section. The balance weight mounted in the science
payload at the upper plane was 1527 gm centered at 60 deg from 0 certerline.

Vibration (Procedure Number: GTCP-FS-SPAR-2-627)

The total payload was vibrated in X, Y, and Z axes and vibrations of
sine sweep, sine spec, and randem in each axis, The vibration levels during
test were;

Sine Sweep — 10 to 29 Hz at 0. 25 g peak; 20 to 2000 Hz at 1 g peak.
Sine Spec. — 110 to 800 Hz at 3.5 g; 800 to 2000 Hz at 10 g.

Random Spec. = 20 to 1000 Hz, 0,01 to 0,10 g2/Hz; 10090 to 2000,
0- 10 gz/H Ze

The science payload telemetry system and measurement module were
active during vibration, and data transmission was monitored. No experiments
vere active. Review of telemetry data indicated no anomalies. Visual inspec-
tion of the payload showed no structural damage. Vibration testing was per-
formed with water installed in the reservoirs of 74-15/2 and 74-18/3 and a
flight type battery installed. Experiment 74-53 and 74-4% batteries were
installed, Expeiiment 74-53 ""Positive Pressure'’ bottle was pressurized to
12C0 psi. The leak rate of the system was less than 2 psi’h. The camera for
Experiment 74-36 was removed for vibration.

Test Title: Science Payload Post-T& E Preintegration Test

Procedure Number: GTCP-FS-SPAR-3-620

1I-13
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Test Objective:

To verify that svstems operation was not degraded when subjected to a
vibration environment,

Test Performance:

The objective of this test was met and all systems were verificd to be
operational. No anomalies occurred during the test.

Test Title: Post-Vibration Integrated Test
Prucedure ‘Number: GTCP-FS-SPAR-3-621

Test Griective:

To verify that the science payload and rocket systems perform as
designed when mated.

Test Performance: 3

The objectives of this test were met. Flight type payload batteries were
used for payload power. Experiment 74-15 was inoperative during the test
because the system could not be controlled from the GSE. Anomalies occurring
during the test were:

1. Experiment 74-—15 furrace temperature could not be controlled
through GSE. Components in the experiment fuinace electronic control circuit
were found defective. The components in the control circuit were replaced and
the system verificd. Reference TDR G-SPAR-3-621-1. ’

2. Experiment 74—48 camera stopped operation during the test. The
film take-up reel was not seated on the motor drive and did not take up the film,
resultirg in jamming of the camera. Film was replaced in the camera and the
camera was retested satisfactorily. Reference G-8PAR-3-621-2,

3. Mecasurement K03-36, caumer: ovtput pulse, showed erratic camera
operation of Experiment 71-36 camera for approximately 2 s. No cause could
be found for the erratic operation. Retest of thie camera was without problems,
Reference TDR G-SPAR-3-621-3,

1-114 :
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4. The wnbilical connector on GSE cable W19 would not lock. The
connector was replaced.  Referonce TDR G-SPAR-3-621-4,

S, One wire was loose on the thermistor for measurement C114-43,
T4=48 enginecring temperatuare.  The thermistor was replaced and verified,
Reforence TOR G8VAR-3-621=5,
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REND TEST

The bend teat was made with the science payload and rocket systems
mated,  The bend fore e in increments to 1300 1D maximum was applied in cach
of four anis: +X, =N, +Y, and =Y. The canister contuining Experiaent 74=-53
was pressurized to 30 paia throughout the test. There was no pressare loss
from the canister. No strictural damage was detected during inspection of the
science pavioad atter the test.

Test Titde: Post-Rend Integraieda Tost
Procedure Number; GTUOP=-FR-3PAR-621
Test Chjective:

To verify that the mated scicnce payload and rocket systems operate as
desigmed,

Test Performance:

The objedtives of the test were met successiully,  All systems, except
Experiment T4=43, were operated throggh s stmulated mission,  Experiment
TU=N was satisfactorily tested priov to the integrated test por TR G-SPAR-3-
62 1A=2; theretore, tiie work chamber was removed and returned to the P1 for
installation of the Qight sample. Avomahies during the test were:

. A wire was loose on Experiment 74=13 slider position monitor

terminal,  The wire was resoldered and the cwreuit vervitied,. Reforence THR
G-SPAR-3-G21-6,

1 BN
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2. Experiment 74-53 event times were changed prior to the post-bend
integrated test. The actual event times were i+ maximum of 4 s out of specifica-
tion. The actual event times werc accept2ble to the PI and the timer was used
as set. Ref-rence TDR G-SPAR-3-621-17.

PRELAUNCH TESTING AND LAUNCH

Test Title: Science Payload Preintegration Test
Procedure Number: WSTC-FS~SPAR-3-623
Test Objective:

To functionally verify that no damage occurred to science payload
systems during transporting operrtions.

Test Performance:

All systems were verified to be functionally operational and no damage
had occurred. No anomalies occurred during the test.

Test Title: Rocket 21,034 Horizontal Test
Procedure Number: WSTC-FS-SPAR-3-625
Test Objectives:

To verify that the science paylc..d and rocket systems operate as designed
and that ground support systecms are ready to support a launch.

Test Performance:

The objectives of this test were met successfully. All systems were
operated through a simulated mission, The TCU's for Experiments 74-18/2
and 74-18/3 were operated with water quench. Experiments T4-45 and 7448
contained flight samples and were not cperated through a simulated flight
sequence. Anomalies during the test were:

I1-16
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1. Times of Experiment 74-53 event timer were changed prior to the
horizontal test. The actual event times were not as specified by the PI but were
acceptable. The event timer was used with times set. Reference TDR
W-SPAR-3-625-1.

2. Measurement C81-83, temperature 74-18/2 No. 2, was noisy during
a period of heat and water quench. The noise was not excessive and was used
"1s is." Reference TDR W-SPAR-3-625-2,

2. During installation of the flighi : unples in the TCU's of Experiments
74-18/2 ard 74-18/3 (after completion of the horizontal test). the heater coils
for camules 4 and 6 of the TCU for 74-18/3 broke. The TCU was iecturned to

*¢ +C and new heater coils installed. The TCU wus verified at JSTC before
veby returned to the launch site and instaliation into the payload. l:eference
TIHE W-SPAR-3-625-3,

- - - ———

Test Title: Rocket 21,034 Vertical lest
Procedure Number: WSTC-FS-SPAR-3-626
Test Objective:

To verify the launch readiness of the rocket systems,
Test Performance:

All systems except Experiments 74-138 ‘2, T1-18 3, T4-15, and «1-18,
which were preiously readied for launch, were operated through a simulated
flight sequence. No anomalies occurred during the test.

The power control switch on Experiment 74-36 GSE TCU wus damaged
during installation on the launch tower. The switch was replaced and verified

through use during the vertical test. Reference TDR W-SPAR-3-626-1.

- o - - T — - " - e o o S D T —— T o g . T -

Test Title: 21,034 NP Science Payload Countdown and Launch Procedure

Procedure Number: WTCP-TFS-SPAR-3-6238
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Procedure Objective:

70 perform close-out preparations of systems and to establish the
systems configuration and necessary conditions of experiments for launch,

Test Performance:

The objectives of the countdown and launch procedure were met success=
fully. Flight payload battery SNO7 was used for flight. The environmental
temperature around the science payload was maintained at 71.0°F prior to
launch. Two anomalies occurred during the countdown to launch:

1. The voltage output of Experiment 74-48 battery as menitored through
telemetry was indicated to be below the minimum voltage of 24.0 V when sub-
jected to a load. The battery was removed and an additional charge was applied
to the battery. After additional battery charge, the battery was reinstalled and
tested satisfactorily. Reference TDR W-SPAR-3-628-1.

2. No audible sound of film advance could be detected for each camera
chutter operation during test of Experiment 74-36 camera. The camera was
removed and the film replaced. Retest of the camera was satisfactory.
Reference W-SPAR-3-628-2,

- -

- WEIGHT AND CENTER OF GRAVITY MEASUREMERNRT

Measurements of weight and center of gravity were made of the science
payload and rocket systems prior to mate to the rocket motor. Measurements
taken of the payload, minus the igniter housing and nose cone, were 754 1b
weight and 72,6 in. from aft end of RCS unit for center of gravity.

LANDLINE VERIFICATION

Landlines between the blockhouse and launch tower were verified to be
operational prior to science payload testing on the launch tower,

I1-18
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APPENDIX A

DISCREPANCY REPORT AND TEST DISCREPANCY
REPORT SUMMARY

POST-MANUFACTURING CHECKOUT

DR/TDR Date
Number  Written/Closed Description/Disposition
1386 11/7/76 Suppcrt module voltage regulator shorted to case.
11/9/76 Closed — Voltage regulator repaired and
reverified.

1396 11/12/76 Measurement C78~82, temperature, 74-18/2
external, indicated wrong temperature at
ambient.

11/12/76 Closed — Resister changed in signal conditioner
board to provide measurement with correct range.
395 11/12/76 Measurement C29-33, temperature 74-18/3
external, indicated wrong temperature at an bient,
11/12/76 Closed — Resistor changed in signal conditio! 'r
board to provide measurement with correct
range.

1414 11/12/76 Premature starts of Experiment 74-53 electronic
timer. '

11/12/76 Closed — Use "as is." Correct by procedure,

1413 11/12/76 Shutter for Experiment 74-36 camera operated

‘at 1,04 pulses/s, should be operating at 1.0
pulses /s maximum,

11/12/76 Closed — Use "as is."
1412 11/12/76 Mecasurement D06-18, science payload ambient

pressure, inputs greater than 6.5 V into telem-
etry cavsing noise on adjacent ch..mnnels.

11-19
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' DR/TDE Date
o H Number  Written/Closed Description/Disposition
11/12/76 Closed — Use "as is,"
1401 11/12/76 Heater resistance of 74-18/2 TCU measured
: 14.0Q, should be 15.0 + 0.3 Q.
Y s 11/12/76 Closed — Use "as is."
1402 P 11/12/76 Heater resistance of 74-18/3 TCU measured
e 10.5Q, should be 11.3 + 0.3 Q.
% BN 11/12/76 Closed — Use "as is."
: 1415 ©11/12/76 Periodic erroneous operation of support module
et relays occurred when power was applied to
= G payload.
=t 0
S 11/12/76 Closed ~ Use "as is." Correct by procedure.
o i |
SRR M-SPAR-  11/7/76 Reference DR 1386.
A ; 3-610-1
-‘:f;-:i R \w‘
o " 11/9/76 Closed ~ Voltage regulator tested satisfactorily.
o]
} i M-SPAR~ 11/7/76 Reference DR 1401.
g l 3-613-1
, 11/12/76 Closed.
e M-SPAR-  11/7/76 Reference DR 1402,
f?:j_;ji < 3-613-2 .
s 11/12/76 Closed.
M-SPAR- 11/7/76 Reference DR 1415,
3-613~3
- 11/12/76 Closed,
M-SPAR- 11/8/76 Reference DR 1414.
0 3-614-1
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DR/TDR Date
Number Written/Closed

11/9/76
M-SPAR- 11/8/76
3-611-1

11/10/76
M-SPAR- 11/8/76
3-612~1

11/12/76
M-SPAR- 11/11776
3-615-1

11/11/76
M-SPAR~ 11/11/76
3-615-2

11/12/76
M-SPAR- 11/11/76
3-615-3

11/12/76
M-SPAR- 11/11/76
3-6i5-4

§
H
i

Description/Disposition

Closed,

Measurement C44-36, temperature 74-36/2
external, output was not within specification at
ambient,

Closed — Irvalid calibration curve data used.
Measurement tested satisfactory with valid
calibration data.

Extend and retract time after simulated liftoff
of Experiment 74~-45 slider mechanism not
within specification.

Closed — Specification tolerance changed to
bring slider mechanism operation within

specification.

Measurement E02-MM, vibration X-axis, had
0 V output, should be 2.5 V.

Closed — Cabie to charge amplifier loose. Cable
connected ard measurement tested satisfactorily.

Water leak at lower cavity of Experiment 74-18/3
TCU.

Closed — Relays controlling solenoid reset to
prevent dump of water into lower cavity. TCU's
remov.d, water removed, and unit dried. Units
retested satisfactorily.

Reference Dk 1396.

Closed.

Refcrence DR 1395,
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DR/TDR Date

Number Written/Closed

M~-SPAR~ 11711776

3-615-5

11,1276

I-SPAR-~ 11711776
3~-615-6

11/12/76

M-STAR- 11/11/76
3-015-7

1112776

Description/Disposition

Reference DR 1414,

Reference DR 1413,

wy,

Reference DR 1412,




e s —— —

1 i
. - P 3 2 L H -
- ST s ed -4 H

APPENDIX B

TEST DISCREPANCY REPORT SUMMARY

INTEGRATION AND PRELAUNCH TESTING

Date
TDR Number Written/Closed

G-SPAR-3-619-1 11,/16/76

11/20/76
G-SPAR-~-3-619-2 11/16/76

12/2./76
G-SPAR-3- 11/18/7¢
Protoflight
Vibration

11/24/76
G-SPAR-3-621A-1 11/18/76

11/20/76

Description/Disposition

Measurement M01-SM, science payload
battery voltage, read 0 V' during inte-
grated test, should have read 3.0 V.

Closed — Liftoff relay K16 was provided
a constant 34,0 V from the GSE to the
set coil, preventing relav operation and
voltage to measurement M01-SM. GSE
rewired and measurcment verified.
Reference TDR G-SPAR-3-621A-1.

Measurement DU6-18, science payload
ambien: pressure, indicated pressure
lower than anibient during integrated
test,

Closed — Use "as is." Measurement
operated properly when tested with
vacuum pump.

Loose screws noted after vibration,

Closed — Screws tightened and verified
to be tight after second vibration.

Experiment 74-53 timer functions did
not start at simulated liftoff.,

Closed — Liftoft relay K16 was provided
a constant 34.0 V" fro... the GSE to the
set coil, preventing relayv operation at
simulated liftoff, GSE rewired and
experiment start verified,
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Date
TDR Number Written/Closed

G-SPAR-621A-2 11/18/76

12/2/76

t

G~SPAR~-3-621-1 11/26/76

12/1/76
G-SPAR-3-621-2 11/26/76

11/26/76
G-SPAR-3-621-3 11/26/76

11/27/76
G-SPAR-3-621-~4 12/1/76

12/2/76
G-SPAR-3-621-5 12/1/76

12/2,/76

Description/Disposition

Measurement M31-48, Experiment 74-48
RF power output, was biased at 1.0 V
during integrated test, should be at
ground voltage.

Closed — Broken pin on electronics
board repaired. Experiment retested
satisfactorily.

Experiment 74-45 furnace temperature
cvould not be controlled from GSE.

Closed — Electronic card for ground
control repaired and replaced. ¥Furnac
control from GSE tested satisfactorily.

Experiment 74-438 camera stopped opera-
tion during integrated test,

Closed — Film did not take up on reel,
Take up reel and film ieplaced and
camera retested satisfactorily,

Experiment 74-36 camera output
measurement, K03-36, showed erratic

operation for 2 s during integrated test.

Closed — Film replaced and camera
retested satisfactorily.

Umbilical.connector on GSE cable W19
will not lock to umbilical J12,

Closed — Connector 1eplaced on cable
W:I.J-

Wire loose on engineering temperature
therndstor for measurcment C114-48,

Closed — Thermistor icplaced and
verified,
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Date
TDR Number Written/Closed
G-SPAR-3-621-6 12/2/16
12/2/76
G~SPAR-3-621-7 12, - /76
12/2/76
W-SPAR-3-625-1 12/8/76
12/8,76
W-SPAR-3-625-2 12/8/76
12/9/76
W-SPAR-3-625-3 12/9/76
12/11/76
W-SPAR-3-626~1 12/9/76
12/9/76
W-SPAR-3-628~1 12/14/76
12/14/76
W-SPAR-3-628=2 12/14/76
12/14/76

Description/Disposition

Wire loose on Experiment 74-45 slider
position monitor,

Closed — Wire resclderes _nd verified.

Experiment 74-53 acoustic field opera-
tion not within specification,

Closed — Use "as is."

Experiment 74-53 acoustic field opera-
tion not within specification.

Closed — Use "as is.”

Measurement C31-83, temperature
74-18/3 No, 2, noisy during furnace
operation,

Closed — Use "as is,"'

Experiment 7-1-18 ‘3 TCU coils for
sampl~s 4 and 6 broke during sample
removal.

Closed — Coils replaced and verified.

Toggle switch on Experiment 71-36 GSE
TCU.

Closed — Switch replaced and verified,
Battery voltage of Experiment 7443
battery did not indicate minimum
required voltage of 24,0 V" when tested,

Closed — Battery recharged and verified,

No audible sound of film advance of
Experiment 74=36 camera when tested.

Closed — Film replaced and camera film
advance verified.
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The SPAR 1 payload, flown in December 1975, contained an experiment
which had the objective of observing the effects of residual acceleration of the
pzyload on a confined fluid system. The fluid system was chosen to be similar
in geometry and in fluid properties to a class of materials science experin.ents.
The samples were composed of two cylindrical szctions each 2.2 ¢m long and
0.6 cm in diameter (Fig. 1). One cylindrical section was composed of pure In
and the other of an alloy of 80 wt % In and 20 wt © Pb (1] (¥i,. 2). The samples
were enclosed in aluminum containers and placed in heaters. The experimental
procedure consisted of melting the samples after the low-g portion of the payload
trajectory had been achieved and then quenching them to solidification before
leaving low-g. The returned samples were analyzed using X-ray radiographic
techniques (Fig. 3) to determin: whether flow had taken place due to the action
of any residual accelerations on the density-stratified liquid metal samples.

The results are shown in Figure 4. Sample 3 exhibited large scale, roughly
antisymmetric fiow with respect to a plane containing the cylinder axis.

Samples 1 and 2 exhibitcd no large scale flows, These results were related to
theoretical moaels and to ground-based exneriments [2], both of which will be
discussed in some detail. The predictive value of these theoretical and experi-
mental considerations was an open question pending a renetition of the SPAR I
experiment. The opportunity came to repeat the Sr"AR I experiment and to
extend the experiment to cover samples of different aspect ratios on the SPAR Il
flight. Two TCU's were made ovallable (Fig. 5). These were designated

oy, B

INDIUM-LEAD
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1=22anm

—
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~—INDIUM

FOR SPAR | — ALL SAMPLESHAC d=0.6cm
FOR SPAR Il ~ | SAMPLES No. 1, No.2,No.3,No.4 HADd = 0.6 cm
« SAMPLES No. 5 HAD d = 0.45 cm

$
é
’ | SAMPLES No. 6 No.7 HAD d = 0.3 cm
|

Figure 1. Samples for the SPAR liquid mixing experiments.
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Tigure 2. Indium-iead equilibrium phuse diagram.

Experiments 71-18/2 and 74-12/3 ard were mounted in the pa,lcad in the con~-
figuration shown in Figure 6. The SPAR Il experiment timeline is shown 1n
Figure 7. It is noted that total experiment time is slightly shorter than for
SPAR I, with the samples being molten for approximately 180 s. The returned

samples were subjected to X -ray radiographic analysis to determine whether
flows had occurred.

—_ EXPECTED RESULTS

Tre SPAR 1 liquid mixing experiment yielaed resulis cBlrsj§tcnt with the
appiication of a constant in magnitude radial force (arising from residual
rotation) on the liquid samples with a magnitude in the 10~ g to 1075 g Tzqge.
If we anticipate that the SPAR III payload is subject to the same conditions, we
sece that forces on samplcs 2, 3, and 7 acted parallel to the original interiace
between '~ In and In-PB (Fig. 8). The fluid mecchanics probiem presented
here is that of a cylinder lying on its side with a constant body force applied
vertically. 7ne density distribution in the sample is originally given by a step
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function gradient (Fig, 9). The solution to this problem is not available. There
exast analytical solutions for a situation which can provide a model for the sys-
tem of inter<st, however. If we approximate this system with a two-dimensional
(rectangndar) model with a lincar density gradient, we can apply the nonlinear
analvsis of Cormach, lecal, and Inberger [3]. These results are used to compute
flow velocities in the neighborhood of the original interface znd parallel tu the
cylinder axis of the sample. If we assume that the detectable interface motions
(interface velocity times experiment duration) is on the order of the thickness

of the diffusion region (approximateiy 0.2 cm), we obtain a plot of interface
motion as a function of acceleration levels for the various sample sizes. These
are shown in Figure 10 where it may be noted that an acceleration level sufficient
to cause an observable interface motion will be a few times 1079 g ox greater.

9 EFFECTIVE

I

DENSITY
P2 Py
ACTUAL GRADIENT
P4
DISPLACEMENT
ALONG SAMPLE
DENSITY
Py __—
MODEL GRADIENT

DISPLACEMENT
ALONG SAMPLE

124

Figure 9. Density gradient, actual and model, samples 2, 3, 7,

The orientation of samples 1, 4, 5, and ¢ (Fig, 3) with respect to a
radiaily outward directed force presents a different fluid dynamical problem.
These samples are cviindrical fluid systems with a heavier liquid overlaying a
lihwer liguid in a vertically downwara divected force field. Again, we have a
problem that is not tractable analytically, Some insight into the problem cun be
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gained through, first, the application of Rayleigh~Taylor instability theory [4]
and then by considering nonlinear cffects, The systemi modeled here is ina
state of wnstable equilibrium until some perturbation initiates flow. In
Reference 2, it was determined that the most unstable mode corresponded to an
antisymmetric flow relative to a plane contairing the cylinder axio. In additior,
the growth rate for such a disturbance was found by applying results from
Chandrasekhar {4] and from inviscid theory for a finite cylinder. For a sample

2.2 cm long and 0.6 cm in diameter, the c-fold time for disturbance growta was
= 10~% g and 200 s for Bois™ 10~ g. This indicates that disturbance

o

50 s for g

s Be tf y
can grow significantly at 1075 g for this configuration in a time on the order of
our experiment duration.

Once the instability has developed, the problem becomes nonlinear and
a solution for the problem does not exist. One may turn to results of experi-
mental work by Taylor {5] and Wooding {6] to provide insight into expected
results. These authors found that for long capillary tubes containing a more
dense liguid overlaying a lighter liquid, a finger of the denser fiuid pepetrated
a gdistance into the lighter fluid in an antisymmelric fashion initiddlv. After a
period of time a stable situation was reached (Fig. 11) which was characterized
by the morce dense fluid still overlaying the lighter, but with a region between
them having a linear density gracient. The bulk of the flow was observed to
occur rapidly with respect to total experiiwnt duration with the final state
achieved by diffusion. This final state is characterized by a critical Rayleigh
number for a linear density gradient in an infinite cyvlinder (essentially the same
resuits were obtained in Reference 7 for a finite evlinder):

a8

3 ritical) = g = = 67.¢
Ra (critical) £o1f 256vD 37,94

where

Ra (critical) = the eriticad Rayleigh number

the density

p =

a = the sample radius

0 -: the penetration distance of the heavier matevial into the lighter
» = the kinematic viscosity

D = the diffusion coefficient,
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Figure 11. Model for predicted final state density gradient.

This penetration depth is plotted as a function of 8oy for the three sample
diameters in Figure 12,

To summarize the expected sample ‘Tow behavior then, we would expect,
given a radially directed residual acceleration with o magnitude of between
107 ¢ and 1075 g, no muasurable flows in samples 2, 3, 6, and 7. We would
expect mzasurable flows in samp'es 1, 4, and 5.

.
~

RESULTS OF EXPERIMENTS 74=15/2 AND 74-13-3

The expected results cescribed serve to explain the behavior of the
SPAR I exneriment as well s to provide a prediction of the behavior of the
SPAR III samples. After upening the experiment cartridges and subjecting the
samples to visual obscrtation and X-ray radiography, we can construct the
sketch of results shown in Figure 13. The experiment performed well in an
engincering sense in that all samples melted and were quenched at the proper
times. Samples 4 and 5, however, did not have good joints between the Inand
In-Pb sections so that no flow could have occurred in these samples. Sample 1
experienced flow as expected and by an amount consistent with a radially
directed zcceieration with a magnitude in the 10 g to 1¢~% ¢ range (approxi-
mately 5 x 107¢ g). Samples 2, 3, 6, and 7 experience no flow as expected for
radial acceleration of that magnitude. In summary, the SPAR I results were
predicted by the considerations used to fully explain the SPAR I sample results.
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* We can conclude that these theoretical considerations constitute a predictive
capability (in an order of magnitude sensc) for these sample systems, and
further that the flows observed here were induced by residual ace ‘lerations i
the 10~% g to 10~° g range and directed radially outward from the gayload
cylinder axis,
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CHAPTER 1V

INTERACTION OF BUbBLES WITH SOLIDIFICATION
INTERFACES

Experiment 74-36

By
John M. Papazian®
Grumman Aerospace Corporation
and
William R. Wilcox®*

Clarkson Coliege of Technology

* Rescarch Department, Materials and Structural Mecharies
** Department or Chemical Enginecering
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ABSTRACT

The formatic.. of voids and the behaior of bubbles were studied during
low-g solidification of CBr;. With the-exception of a fourfold increase of
the temperature gradient to 20°C/cm and the use of higher purity material for
one 'c_)f the four specimens, this experiment was identical to the experiment
previously performed on SPAR I. In this experiment we observed cylindrical
‘Father than spherical voids in the commercial purity material, irrespective of
gravitational forces (1 g versus 10~ g). The high purity material, however,
shifted from cylindrical to spherical voids in th. low-g experiment. No laige
scale thermal migration of bubbles, bubble pushing by the solid-liquid interface,
or bubble detackment from the interface were observed. A unique bubble
motion-fiuid flow event occurred in one specimen: a large bubble moved

downward and pushed several neighboring small bubbles. These observations
and plans for the final flight experiment are discussed.
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INTRODUCTION

This report presents the results of the SPAR 1L flight of Eyj . riment
74-36; this flight was the second in a series of three planned for the program,
The overall objectives of this study are to investigate the effect of gravity on the
interaction of bubbles with solidification interfaces and to generate preliminary
data ca the thermal migration of bubbles. Spevific objectives for this flight
were 9 regeat the ficst flight experiment with a higher temp rature gradient and
to compare the behavior of high purity zone retined CBr, to that of commenrcial
purity material.  The experimentad apparatus functioned correctly once aguin,
and the results of analysis of the flight film and low~g processed specimens are

described herein. !

EXPERIMEXTAL PROCEDURE

Apparatus

The same apparatus was emploved {or this flisht o= had been used on
flight 1. Details of the design and constriection are given in the SPAR T final
report [1]. The apparatis was maodificd slightly to achieve a higher temperature
gradient while preserving the same freecing rate.  Phis modification involved
replacing the duminum specimen nolder hieater block withv a stightly shorter
but otherwise identical unit fabricated from ~Linless steels The shorter length
and lower thermal conductivity of the stainfess steel allowed a fourtfold increase
in the temperature gradient to 20°C em. The mavimum temperature (at the top
block) was purpesely kept low to minimice the lenzth of Gie liguid zone at launch

and suppress decomposition of the CRry.

Specimen Preparation

Filling of the sample tubes with CBry vas effected ina manner identical
For this flicht afl of the specimens were

ey -

to that described in Reference 1.
saturated with nitrogen.  Two of the four specimens wers comme cial purity

_TP) CBry and the remaining two were high purity CBry. The high purity (ZR)
material was prepared by zone refining, The cone refining was carried out at
Clarkson College of Technology in a modificd Pisher Scientific Co, apparatus,

LN
.

o

Purification by zone refining reduced the velative optical ab=crbtivity of a
0,76 M soiution of CBry in CCly at 417 nm {rom ¢J6 1 0 G009, Bromine is
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thought to be the impurity responsible for this coloration; its concentration was
substantially reducued by zone refining. The other major residual impurity was
bromoform, its concentration was monitored by gas ch'romahog'raphy. Complete
details of the purification procedures and results are given in Reference 2. The

CP specimens were installed in positions A and B and the ZR specimens in C
and D.

Experimental Sequence

The intended sequence of operations for this experiment was:

to =45 min heater on
t0 ~4 min neater off
t Iaunch
o
'to +100 s camera starts
to +330 s camera stops.

The actual sequence followed this plan with the exception of a 16 min hold
which occurred at t0 ~13 s. During the hold the heaters were reactivated, the

count was reset to to -15 min, and the normal sequence of operation followed.

We chose to begin cooling the sample before launch because ground base experi-
ments had shovn that several minutes were required for a stable cooling rate
to be establishes after the heaters were shut off,

RESULTS

Initial Observations

Luring the rocket flight the apparatus functioned perfectly and the experi-
ment v.as performed according to plan, The telemetered data show that the
camera began operating at tO +100 s and took pictures at a rate of 1.08 frames/s.

A two part 16 mm mcvie was made from the 35 mm X 226 exposure flight film,
The first part was step printed with each original frame repeated eight times.
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The second part was printed one fur one. Therefore, when projected at 24
frames/s, the movie film shows the experiment speeded up by factors of 3 and
24, respectively. A copy of this fiim has Leen submitted to the SPAR program
office at MSFC .

Growth and Morphology of Voids

Figure 1 shows the appearance of the specimens at 101 s after liftoff.
Payload de-spin occurred at approximately 65 s and all accelerations were below
10~ 7 at 78 s. Between 85 and 338 s no accelerations greater than 10™ were
present, Figures ?, 3, and 4 show how solidification proceeded in specimens
B, C, zid D during the low-g inter-al. The figures show that in specimens B
and C nt ‘nerous cylindrical voids deicloped and grew. The growth direction
was upw «rd and sharply inclined toward the center of the specimen. The locus
of the inner ends of the voids defines the solid-liquid interface; this appears to
have been roughly hemispherical and concave towards the liquid., Voids
nucleated repeatedly, apparertly near the periphery of the sample. Figure 5
is a transmission optical micrograph of specimen C and shows that the cylindrical
voids have uneven surfaces and usually begin at a large (approximately 0,05 to
0.1 mm diameter) faceted, roughly spherical void, It is also seen that many
small spherical voids are present which did not give rise to cylindrical voids,
From stereoscopic observation it can be seen that the voids are totally enclosed
by CBr,. They are always situated at a small distance (approximately 0.1 mm)
in from the outer (cylindrical) surface of the sample. Figure 6 is a micrograph
of specimen A showirg the overall distribution and morphology of the voids as
previously described. Specimens A, B, and C all showed similar void
morphologies.

The fourth specimen, D, does not show the same inclined cylindrical
void morphology ( Fig. 4). From the flight photographs, it is difficult to decide
on the number and shape of these voids., It seems, however, that some large
voids were grown in and that they are generally of a spherical morphology.

They are much less distinct than the spherical voids observed in flight I. An
optical micrograph of specimen D is shown in Figure 7; there are indications of
spherical voids in the flight grown portion of the specimen. It is also evident

in Figure 1 that at t = 101 s the interface of specimen D is more planar and more
distinct than the interface of the other three specimens. Specimens A, B, and C
had a more extensive mushy zone than specimen D,

V-5
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Figure 5.

Figure G,

|

0.5 om

Transmission micrograph of voids in specimen C, SPAR III.
The growth direction is from left to right.

Transmission micrograph of voids in specimen A, SPAR Iil.
The growth direction is from left to right.,
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Figure 7. Transmission micrograph of voids in specimen D, SPA2 [id,
The growth direction is from left to right, che meitback interface
is at the left=hand edge of the picture.

For comparison purposes Figures 8 and 9 show the growth of two speci-
mens during a ground base simulation experiment performed befor« the i nt.
Both of these specimens were CP CBry. Figures 8 and 9 also show the growth
of several voids. Simultaneous optical observations showed that most of the
voids were of a cylindrical morphology with the axis of the cylinder pa alle]
/ the growth direction (upward).

{ Small spherical voids were occasionally observed during Iaboraton

f | simulations, but, in general, cylindrical voids predominated. The numbx {

jo . voids present was generally small, These observations alsc held true for
material. Figures 8 and 9 also show th2 escape of small bubbles from the

} ) solid-liquid interface. The bubbles appear as vertical white lines in the do |,

liquid portion of the specimen, The exposure time was 0,25 s, and the huisples
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moved rapidly upwards. It was also observed during iaboratory experiments
that small bubbles often dissolved as they were rising and disappeared befor:
they reached the top of the liquid zone. This was either due to increasing gas
solubility with increasing temperature or to nonsaturation of the melt.

Figure 10 shows contact radiographs of the flight and ground base
specimens. One can barely see the curved cylindrical voids in the flight
specimens. There are no indicaticns of woids in the ground base simulation
specimens.

FLIGHT GROUND BASE

GRLH | MELT
- "' 1 I h
FACE

ARIGINAL PAGE I | .

Al ™
A 8 C D A B C 2]

oF PR Wl

—_— .-{ :-— 8 mm
(PHOTO IMAGE WIDT#H

s

Figure 10. Radiograph of CBr, specimen, SPAR 111, 90 deg,

Growth Rates

The rate of growth of solid CBry during the experiment was determined
from S x 10 in. prints of the flight film. The position of the interfice was
measurcd and plotted as a function of time. A straight linc was then fit to the
data. The slope of this line was taken as the growt'. rate, Two features were
measured, the fustest dendrite tips and the locus of the ends of the voids. DBoth
were measured along the centerline of the sample tube., The resvlts from
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SPAR HI and representative ground base simulations are listed in Table 1. All
of the ground base simulation specimens in the iable were CP CBr,. For flisht
specimens A and B the voids were sharply inclined to the axis of the tube. Thus,
their apparent vertical velocities should be multiplied by a projection fact »r of
approximately N2 to get their true velocities. The voids in flight specimen C
were also inclined, but several layers nucleated and grew one on top of the other,
1t is seen, therefore, that the voids and dendrites grew at approxinately the
same rate in the flight specimen. It is also seen that three of the fiight speci-
mens grew approximately twice as rapidly as the laboratory simwlation speci-
mens. This effect is probably due to modification of the thermal graaiznt by
rocket spin, as discussed in the followi. 7 text. For comparison purposes,

Table 2 lists average values of thc growth rates observed in SPAR I aad SPAR II1.

TABLE 1. AVERAGE GROWTH RATES (um/s), SPAR Il

Specimen Dendrites Voids
Flight A 34 13
Flight B 32 18
Flight C 34 25
Flight D 17 5 to 10
GBS A 13 9
GBS B 15 12
GBS C 16 8.5
GBS D 11 9

TABLE 2. GROWTH RATES (um/s), SPAR I AND SPAR I'l

Voids /Translucent Dendrites
SPAR I Flight 14 110
SPAR I GBS 2.5 110
SPAR II1 Flight 25 33
SPAR III GBS 10 14

Iv-"0




Bubble Phenomena

A notable feature of Figure 1 is the presence of small bubbles in the
liquid portion of the specimens. There were approximately 400 small (approxi-
mately 0.1 ram diameter) bubbles in specimen A, 75 in specimen B, 300 in
specimen C, and none in specimen D at the beginning of filming. Also visible
toward the top of the viewing slot is the lower porticzn of a large, approximately
4 mm diameter, bubble in specimens B and D. Examination of Figures 2, 3,
and 4 shows that most of the bubbles appear to be stationary throughout the
experiment but seem to increase in size. Close examination using transparent
- overlays and repeated viewing of the 16 mm film confirms that none of the bubbles
3 Zr in A, C, and D moves, but significant bublle motion occurred in specimen B as
B 2t can be seen in Figure 2. The direction of bubble motion in B is complex, and
T4 7 the motions occurred in two stages. Figure 11 is a scLematic representation
= : of the motior of several representative bubbles in specimen B. During the
B = inferval between t + 1u0 s and t_+ 160 s the lower edge of the large bubble

555 = moved downward by 0.5 mm. The small bubbles in the center of the liquid |
o region also moved downward, but some small bubbles moved upward and others
| i moved sidewavs. The small bubbles only moved approximately 0.2 mm.

-
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| in specimen B, SPAR IIl.
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Almost no bubble motion occurred between t0 + 160 s and to + 260 s, but at
to + 260 s the lower edge of the large bubble began to move downward again,

The small bubbles also moved: those in the center of the field-of-view followed
a curved trajectory downward and to the right; those at the top, very near to the
large bubble, moved upwards. The large bubble moved 1.3 mm and the small
bubbles moved between 0.3 and 1.1 mm, When viewing this motion speeded uvp
by a factor of 24 on the 16 mm film, one has the distinct impression that the
small bubbles were swept along in a fluid flow which was driven by the motion

of the large bubble.

- The diameters of several bubbles in specimen B were measured every
tenth frame. Typical results are plotted in Figure 12, with a least squures
straight line fit to the data. One bubble did not grow but remained at a constant
diameter; in general, however, the bubble diameters increased linearly with
time. Bubble diameters were not measured in specimens A and C, but had the
same qualitative behavior, This behavior is in contrast to that of SPAR I in
which bubbles were observed to disappear during the first 100 s as shown in

Figure 13.

.
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Figure 12. Bubble diameters as a function of time, specimen B, SPAR III,
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Figure 13. Bubble diameters as a function of time, specimen A, SPAR I.

DISCUSSION

There are seve. important aspects of these results. Among them are
the greater void density observed in samples solidified in the absence of gravity,
the observation that an initial temperature gradient of 20°C “cm did not cause
bubbles to detach from the interface or migrate through the liquid, and the fact
that significant bubble pushing by the interface did not occur. All of these
observations are identical to those of flight I, but we have now cxtended the
regime to a higher temperature gradient.

i
(il
s

Spl ¢

1;3 It is probable that fluid motion induced by rocket spin and de-spin caused
& some leveling of the temperature gradient, As discussed in Reference 1, how-
T ever, the direction ol fluid motion, the superposed rocket thrust, and the

specimen geometry were not conducive to com=l.te homogenization of the
temperature gradient. In addition, the pyrex tube, although isolated by vacuum
along its length, is thermally tied to the heater hlocks at its top and bottom ends.
This will lead to some reestablishment of the thermal gradient. Crude estimates
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of the time required for thermal reestablishment, however, indicate that it could
only be partially complete in the 300 s available.! The inclination of growth
direction in A, B, and C indicates the presence of a radial temperature gradient
in addition tot the longitudinal one. This radial gradient persists through the
tight, and is probably due to the greater thermal conductivity of pyrex (K=

9.6 mW./cmK) as compared io CBr; (K= 2 to 4 mW/cmK). The lower growth
rate in D probably resulted from better thermal contact with the cell walls,

thus greatly increasing reestablishment of the thermal gradient.

Void Morphology and Density

g !‘.*"‘Wﬁj‘ .

ik

Gravitational forces have not affected the void norphology in specimens
A, B, and C from flight 1II, Cylindrical voids were observed in both laboratory
simulations and the flight experiment. Likewise, all of the specimens from
flight T displayed spherical void morphology wnether prozessed in the laboratory
or ina weightless environment. The exception to this observation is specimen D
for SPAR 1. This zone refined material produced orly one or two vertical
cylindrical voids when processed in the laboratory, but spherical voids were
grown in during flight 1II.? This behavior is thougiit to be significant for the
following reasons. Previous work in this area has related observed void .
morphologies to the freezing rate, concentration of dissolved gasses, and the b
gas (solute) distribution coefficient. The systems studied were water-carbon
dioxide [3,4,5] and stainrless steel-hydrogen [6]. It is generally held with all
other parameters constant, a low freezing rate will lead to bubble pushing, an
intermediate freezing rate will give cylindrical veids, and a high freezing rate
will produce spherical voids. The critical velocity for bubble pushing varics
from system to system and has not been widely studied but is thought to be
fairly low, approximately 5 um. s for a planar interface.? . comparison of our
flight and ground base results, Table 2, shows that the voiu morphology seems
to be more affected by a change in temperatvre gradient, G, thar by a change in

- wiE

1. The distance, a, trom the sol‘d-liquid interface to the top end of the specimen
tube is approximately 3 cm, the thermel difrusivity, K, is approximately
10™3 cra? s for CBry and 5x 107% em?® s for pyrex. Thus, in 300 s we have
(Kt/’a‘z) ~ 0,03 for the CBry and 9,15 for the pyrex. Reestablishment of
one-hulf of the lost gradient would require (Kt ‘a®) ~ 0.2.

2, Specimen C, which was cviginally zone refined material, behaved similarly
to A and B, Examination of C after the flight revealed a distinet yellowish
tinge, typical of impure material. and the prescnce of numevous foreign
particles, It is concluded tha. C was contaminated during preparation and
was therefore not a high purity material.

3. D. R. Uhlmann, Private Communication, 1976,
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growth rate R: i.e., spherical voids observed with G= 5°C/cm, R= 2.5 to

14 pm/s, cylindrical voids observed at G = 20°C/cm, R = 10 to 25 um/s. These
results are summarized in Figure 14. It is clear from this figure that G, the
temperature gradient in the liquid, is a potent factor in determining void
morphology. This was not anticipated and will be investigated further.

VOID MORPHOLOGY, SUMMAR'/

o '

G{°C/em)

10 |-

| | ] | 1
5 10 15 20 25
Riumys)
VOID SHAPE: GRAVITY LEVEL: SAMPLE PURITY:
O = SPHERICAL - - = g . = COMM PURITY
0 = CYLINDRICAL — w ZEROg = ZONE REFINED

Figure 14, Summary of observation on void morphology.
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Figure 14 also shows that, in general, the gravity level had little effect
on void morphology except for the zone refined material processed on SPAR Il
(specimen D). The obscrved dependence of void morphology on temperature
gradient might explain the behavior of specimen D. We suspect that in flight
tests the initial temperature gradient is somewhat leveled by the rocket de-spin.
This suspicion ic founded on the observation that the growth rate, R, in flight
was almost always greater than R in the laboratory, and we assume that the
change in R is linked t{o a change in G. This assumed cu.ange in temperature
gradient might have becn sufficient to cause the morphological shift to occur,
However, this shift could also be explained on the basis of a reduction in
buoyancy force. It is thought that under conditions in which a cylindrical void
is marginally unstable, a buoyarcy force tending to keep the bubble uppermost
during vertical growth might stabilize the cylindrical void rather thar allow the
interface to pinch it off. 1f either of these explanations is correct then we must
also postulate an effect of interface morphoelogy (i.e., dendritic versus planar)
on void growth tc explain specimens A, B, and C. These specimens sheuld also
have shifted to a spherical void morphoulogy during rocket flight. The greatest
difference between A, B, C, and D is the occurrence of a narrower mushy zone
and a more planar interface in D. It is thought that during dendritic growth
bubbles are trapped in interdendritic channels and therefore the cylindrical
morphology is stabilized, whereas a bubble at a planar interface will be more
exposed to the liquid, Thus, a shift from cylindrical to spherical voids would
be expected to occur at different values of the buoyancy force or temperature
gradient for the two types of interfaces. These results and our interpretation
lead us to the tentative conclusion that void morphology is dzpendent upon the
temperature gradient and interface morphology, and pcssibly the gravity level,
in addition to the previously recognized dependence on growth rate, impurity
concentration, and distribution coefficient,

The greater number of voids cbserved during low-g solidification on
SPAR I and SPAR III raight be simply explained, If the same quantity of gas
were evolved and the same number of bubbles nucleated irvespective of
gravitational forces, then one expects mure voids in the low-g specimens because
of the lack of Huoyancy forces. The buoyancy forces detach bubbles from the
interface and sweep them out of the liquid, However, the absence of gravity
can also lead to an enhanced nucleation rate because of the reduced hydrostatic
head [7]. This effect may be significant in heterogenous nucleation, An
enhanced nucleation rate could explain the extremely iarge number of voids
observed in A, B, and " of NPAR Iil. In particular, Figure 4 shows that many
bubbles were nucleated shortly after solidif ~ation began. Measurements of
void length and growth rate indicate that the voids first appeared at to +170 s,

which coincides with ¢stablishment of low-g. However, the location of voids
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may simply be a reflection of the time necessary to achieve the require super-
saturation of gas in the liquid after « “ough solidification had occurred. The

fact that specimen D did not have many small voids but merely a few larger ones
might be taken as evidence in favor of the heterogeneous nucleation hypotlests,
since the purer material would offer fewer sites for heterogeneous nucleation
and hence would be less affected by the hydrostatic head, We are unalle to
verily cither hypothesis on the basis of current data.

As a lootnote to the above discussion, it was observed that in some badly
contaminated areas of the specimens, orange-brown pockets of bromine were
present, but that none of the voids discussed were colored. Thus, we conclude
that the voids were not a spurious result of the decomposition of CBry-

Bubble Mction and Growth

The increase ‘n bubble diameter as a linear function of time is not
understood, since any surface area-related phenomenon should obey a power
law. The simplest explanation for this vehavior is that the liquid is saturated
with nitrogen and he gas solubility decreases with decreasing temperature.
The combination of a power law depepdence with the decrecasing temperature,
henee solubility, of the liquid might lead to the roughly linear behavior shown
in Figure 12, We can offer ne explunation for the opposite behavior of bubble
diameter in flight 1.

The prescence of so many small bubbles in the liquid portion of \, B, and
C was totally unexpected.  The origin of these bubbles is unknown; they must
have been generated during the 100 s interval between launch and the start of
picture taking. Three possible explanations are thought to be as follows:
(1) the bubbles were released by the solid while being melted back by the
spinning liquid and subsequently dispersed by fluid flow; or ‘2) the bubbles
were nueleawd spontancously due to the reduction of hydrostatic head upon
attainment of low=p; or (3) the bubbles were nucleated by a particular vibra-
tional frequency of the rocket motor. 1t is thought that (1) is unlikely since
there are an oxtrenely large number of bubbles, they are uniformly distributed
throughout the liguid, and they are not situated on the tube wall as might be
oxpected it they were dispersed by de-spin. [t is not pessible to distinguish
between (2) and (3), but we j:ton to start the caxera earlier on SPAR V in
hopes of observing the specitsens immediately after de-spin.,

Thoe existenee of these small bubbles and their subscequent growth shows

tnat they are in equilibrium with the liquid.  This may occur because of the
cooling of 1 initially saturated liquid or it niay be a gravity related effect,
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Larson {8} has shown that the reduction in hydrostatic head which occurs under
gravity-free conditions can be accounted for by considering a reduced pressure - .
regime in the P-T-X equilibrium diagram. When this is done a liquid + vapor
ficid is often found to riove downward in temperature. Thus, a single phase
liquid can, upon reduction of the applied pressure or hydrostatiz head, deconnnrse
to a two phase liquid and vapor mixture. Variations in the prescure inside the
specimen ampoules and the temperature in various locations in the liquid could
then give rise to the observed variations in bubble densities. A

The 7hsence of any uniform, surface tension driven bubble motion in the
liguid portion of our specimens was once again unexpected. Wec think that this
immobility was either due to contamination of the bubble surface by an impurity

~ which arrested the wow or a temperature gradient insufficient to cause flow., -
Earlier suppositions that the bubbles werc pinned by being in contact ~ _.a the
tube wall have been discounted because the flight film shows hat the advancing
interface obscures the bubbles; therefore, the bubbles are on the fi;  ide of the
interface and cannot be against the nearer tube wall, and the surfaces of the
returned samples are smooti: withi ro surface voids (i.e., all of the bubbles are
totally enclosed by CBr,). ’

Recent attempts to duplicate the Young, Goldstein, anid Block expe.in-ent
(upon which our estimates of bubble velocities of sev al millim-ters per second
were based) have shown once again that surface tension driven fiow occurs
readily in viscous silicone oils [9,10}, -~ that this flow can counterbalance the
gravitationally induczd buoyancy force oa a bubble. However, attempis to cause
this flow to occur in other materials were unsuccessful; it was trought by the
experimenters that this lack of flow was due to an impurity effect.* It is curious
that our puritied sample (D, SPAR II1) had nc small bubbles in the liquid. Thix
may be a nucleation effect as discuscsed ecavlier, or perhaps bubbles were initiuiy
present, were mobile, and migrated to the nhot end of the sample tube in the 30 s
between initiation of low-g and start of the camera. The large Lubble visible at
the top of the tube c.d not move; Lowever, since it was present hzfore the flight,
it would have had ample time to become contaminatec

The Marangoni numbers for the bubbles encounterca in this experiment
are listed in Table 3; they were calculated frem measured values of the physical
properties of CBry [11] and an assumed value of the thermul conductivity, K=
0.12 J/msk, Thoy range irom approximately 1 toc 5000, Although Pc .rson
calculates that a critical Marangoni number ¢f 830 must be excecded for flow to
occur in a horizontally planar geometry {12}, both the Young, Gold=ti in, Llock,
and Corriell, Hardy, Cordes experiments demonstrate significant surface tension

4, 8. C. Hardy, Private Communication, 1977,
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TABLE 3. MARANGONI NUMBERS (Ma) FOR
VARIOUS BUBBLE DIAMETERS

SPAR 1 (5°C/cm) SPAR I (20°C/cm)
d (mm) ' Ma d (mm) R Ma

9.1 0.5 0.1 3.1
1.0 <0 -1.0 310
.-'J ' 125¢ ' 4.0 500¢

driven flow in hebbles at very low Marangoni » tors of the order of 1074,
Therefore, Pearscu's criterior is not applicable to tharmocapillary flows in
bubbles. An analogy is the occurrence of natura) corvection in Liorizontal or
vertical planar geometries. In a horizoni»' geometry, the critical Grashoff
number must be exceeded for fiow to oc2ur. In a vertical geometry, convection
will occur for zay non~zero © - hoff nuaber.

The observation ¢ f buib.e und Ruid nintion in B is significant but puzzling.
it seews clear thu! the downward metior ¢f the farge buthie ¢ used the of’er
buhbles to meve., ©5e vossible diiving force for the motion of the large bubble
is surface tensios ariven flow, but u ¢ bubble moved opposite to the predicted
direcdon (i.<., from hot to ccld). Th's is reminiscent of observations of the
motion of two phase inclusions in salt orv<tals, which also o from hot to cold
113,141, The mechanism in that <ase is corplex, involving evaporation and
condensaticz, Azterne ively, surface active imourities wi oze adsorbtion is
i ermally activated can cause the txmperature dependence of the surface tension
to . ".ange sigrn [15, 16, 17}; this would result in a re ~rsul of the predicted
dircction of metion. FEither of thes mechanisms or modifications thareof might
explain the motion of the large bubble. Coalescence could not be the driving
force because the observed motion was reiatively uniform and low velocity,
rather than abrupt and rapia. Shrinkage due to solidificatior and cooling could
be c.ipected to account for a maxinmm uniform dewnward motion of approxi-
mately (0.04) (5 mm) = 0.24 mm, The motion observed 1 B was much greater.
Similely, vovnward motion of thie liquid is sometinies observed during
directional solidification of plastic erystals; tais is thought to be caused by
aspiration cf t*» melt into craces and cavities which occur during cooling »f the
solid. This mechanisi should, however, lead to a relatively uniform downward
motion ol M liquid,
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As shown in Table 3, the largest bubbles have the largest Marangoni
numbers, and they would be expected to move first as a result of surface
tension forces. If the motion was actually driven by Marangoni flow, then the
major unanswered questions are: why did not the other large bubble (specimen
D) move, and what was the specific mechanism which caused motion in the
wrong direction?

Subsequent to these observations, the film of SPAR I was reviewed at
high speed. It wes noticed that the abrupt coalescence of two large bubbles at
the interface of specimen C, SPAR I, caused a smaller bubble in the liqu® . to
move a short distance (approximately 0.2 mm). Thus, we have another’
instance in which the motion of a large bubble caused fluid flow and hence
pushed neighboring small biubles. These observations document a source of

fluid flow in low-g, namely, fluid uiotion due to bubble coalescence or due to
the motion of large bubbles.

CONCLUSIONS

1. A greater nwmarher and a greater total volume of voids are present in
specimens of nitrogen saturated CBr, when they are solidified in a low-g
eavironment. This is directly attributable to the absence of buoyancy forces.

2. The morphology of grown-in voids was found to be dependent upon the
applied teinperature gradient. A temperature gradient of 20°C/cm results in
cylirdrical voids waereas a gradient of 5°C /em results in spherical voids, all
other things being cqual. The void morphology was dependent on gravity in the
case of zonc refined material only.

3. Reduced gravity fivors easier void nucleation and mayv favor casier
bubble nucleation in CP CByiy.

4. An initial tempaerature gradient of 20°C/cm does not ciuse bubbles
to detach ~'m a liquid-solid interface or to migrate to the hot end in liquid ¢ ;ry,

5. Solidification interfaces in CBr; are not able to cause long distance
(greater than 0,2 mm) pushing of butbles.

6. Motion or coulescence of bubbles can cause significant flind flow in
weightless liquids, ]
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EPITAXIAL GROWTH OF SINGLE CRYSTAL FILM

Experiment 74-45

By
Dr. M. David Lind

Rockwell International Science Center
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BACKGROUND

Liquid phase epitaxy (LPE) is a method of growing crystals by bringing
a substrate ¢rystal into brief contact with a melt or molten solution near its
melting point. Low-g environment is of particular benefit to LPE because of
the elimiination of convection during crystal growth, as well as simplification
of the problem of initial homogenization of the molten solution prior to initiating
crystal growth. Modest improvements in crystal quality can have significant

i
-

s
i

i technological and e:onomic importance.
i - OBIECTIVES

o

i

The objective: of the experiment are to grow an epitaxial film of gallium
arsenide (GaAs) using the LPE technique in a microgravity environment, and
to examine, characterize, and determine the quality of the film produced.
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DISCUSSION

In this experiment, two GaAs wafer substrates are mounted in a graphite

® N slider move . by means o1 a piston .o bring the GaAs wafers into contact with a

P high temperature (~ 720°C) saturated solution of GuAs in liquid Ga. At the end

e of 3 1 min growth period the pistor was intended to retract the slider, thus

' N ending the contact between the substrates and the growth solution, terminating ;

crystal growth,

orte ¥ RAMSTRIpER R & - -

i During the SPAR III flight, the furnace ard its control sysﬂem worked

i properly until the slider mechanism with the substrate was moved into contact

) f with the growth solution. The temperature readings became erratic at that

} o time makiag it difficult to detcrmine what temperature was near the growth

!

]

1

!

!

’

i 54,

‘ solutions. Post-flight inspeniion showed that the slider mechanisr was broken
i curing substrate contact with the soluticn. When the slider mechanism was
withdrawn, it failed to iemove the substrate from the growth solution.
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A temperature anomaly and mechanical failure precluded achieving the
experiment objectives. Modification of the slider mechanism has been carried
out to correct the mechanizal problem experienced on SPAR 1iI. A post-flight
analysis is underway to determine the cause of the temperature anomaly and to
make modifications as required to prepare the experiment for reflight, expected

sty ‘.*h‘f
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to occur on SPAR V,
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ABSTRACT

Melting and solidification of a beryllium alloy containing 1.5 percent BeO
by weight in the weightless environment of space has produced a new material
not produced terrestrially, to our knowledge, namely cast beryllivm with a
rel itively uniform dispersion of BeO throughout. Examination of the east
material shows that it is coarse grained, although the BeO is not heavily
agglomerated in the flight specimen. Ground based ¢n-.parison experiments
show extreme agglomeration and segregation v. .cQO, resultize In lorge zones
which are practi~ally free of the oxide. Several postulated hypotheses for the
failure to grain reline the berryliium nave been formulated. These are:

(1) spherodization of the BeC particles during specimen preparaton and during
the molten phase of the experiment, (2) loss of nucleation potency threugh aging
in the molten rhase, and (3) inability of BeO to act as a grain refiner for
beryllium. Further investigation with non-spherodized particles and shorter
dwell times molten may delineate which of these hypotheses are valid. The
rasults of this flight 2xperiment indicate that the weightless ¢mironment of
space is an important asset in conducting research to find cram ofiners for

Jh

i

i
s beryllium and other metals for which cusl dispersions of grain refining agents
L cannot be prepared terrestrially due to gravitationally driven settling and

o agglomeration.
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SUMMARY

This report describes preparatory ground based researcn and subseguent
scuailing rocket experiment wherein beryllium alloy HIP-50 was melted and
solidified in the weightless environment of space in the NASA Electromagnetic
Containerless Processing Payload (ECPP) on SPAR Iil. During that experiment,
successful melting and solidification was achieved. Although a stiff oxide layer
formed on the specimen due to the lack of a clean vacuum environment for the
specimen in this first containerless experiment, t.e technique allowed rapid
radiative cooling and solidification of the specimen and pyrometric observation
of the specimen surface without interference from a container or hot oven walls,

Cc parisons with ground based produced specimens show that the flight
specimen has a much more uniform distribution of beryllia (BeO) and is essen-
tially unagglomerated. Heavy agglomeration and separation was produced in the
ground based reference cxperiments. The results of metallographic investiga-
tions and scanning electron microscopy are presented in the following discussion.

It was observed that while the BeO distribution was uni{orm and unagglom-
erated in the flight specimen, grain refinement did not occur and the castings are
coarse grained. Several hypotheses requiring further inves*igation have been
formulated to explain the failure to nroduce a relatively fine grzined casting.
Thcse experiments would require a shorter dwell time while molicn and utilize
material prepared so that BeO particles with smooth {acets with sharp corners
were present initially,

Whereas many potential grain refining agents for beryllium agglomerate
and segregate from the melt terrestrially due to (1) Stokes collisions and (2)
velocity gradient collisions, this experiment indicates that the weightlass
environment of space is an important asset for conducting research to assess .
the potency of these agents as grain refiners, The results show that agglomera-
tion and separation times are greatly oxtended in the weightless environment of
space due to the reduction in collision frequency through gruvily driven
mechanisms siich as Stokes collisions and fluid motions induced by gravity

driven convection.

INTRODUCTION

Cast Leryllivin is coarse grained and, consequently, britlde. Subsequent
hot vorling is required to refine the grain structure before cast beryllium can
be used for most upplications, Because of the problems in casting and subseguent
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hot working the cast berylliura, powder metallurgy is used. Beryllium metal T
is principally produced in firal form by consolidating a fine powder, usually
No. 200 or 300 mesh; that is, 77 or 44 um, respectively, either by vacuum
fi hot-pressing or by hot-isopressing. Occasionally, standard cold pressing and
"{3 sintering techniques are used !o produce some material, Some cast metal is
used after hot working, particuiarly where its purity and clearliness cannut be

iﬁ matched by the powder metallurgical product. _
= -
t; The desirability of obtaining fine grained castings of beryllium with good N

mechanical behavior has spurred research to find a suitable grain refining agent . .
for beryllium. Based on classical heterogeneous nucleation theory (1], a good
grain refining agent should: (1) have a relatively high surface energy between

x the particle and the melt; (2) have a low surface energy between the sclid and T
the particle; (3) be stable in the molten metal; (1) possess a maximum of l
2 surface area; and (5) have optimum surface character. Because of th: lack of .
. information [1] about the majority of these parameters, attention mainty has
:; been concentrated on lattice disregistry between the nucleating particle material

and the solid, Th~ surface encrgy between the solid and the particle should

= decrease with decreasing lattice mismatch between parcicle and solid and with
increasing chemical affinity between particle and solid (1]. Empirically, then,
the search for grain refiners for casting has hegun with lattice disregistry
betwaen the particle and the solid,

Consequently, for beryllium, one logical choice of a grain refining agent
is LuO. Additionally it has been shown [2] that the graiun growta stabilization
temperature of beryllium can be raised by an oxide dispersion, the extent being
inversely prenortional w the particle size of the oxide dispersion. Thus, BeO
might act as a graii. refining agent to produce fire grained beryllium ard to
stabilize the grains produced, , reventing excessive grain growth at high tem-
peratures after solidification,

Attempts to produce castings of bervllium with a unifor:n dispersion of
BeO, terrestrially, have not been suec:sefid due to agglomeration in the liquid
state of the oxide particles and subsequent segregation of BeO from the melt,

) Agglomeration may occur due to: (1) Stokes collisions, which arise wher~ver g
& larger particles rising or scttling through the meit collect smaller particles and ,
;‘-,,. (2) gradient collisions, arising when particles are swept together by fluid flow.

stokes collisions require the nresence of a gravity field, while gradient collisions
may originate from gravity induced fluid flows such as convection but may also
originate from other sources of fluid flow. A discussion of these mechanisms
has been presented by Lindborg and Torsell [3]., NASA Contract No, NASS-
29748 has also considered these collision mechanisms in respect to agglomeratio
in immiscible liquid systems,
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{n the wzightiess environment of space, the reduced gravity shculd con-
siderably reduce the agglomeration due to Stokes collisions and through reduction
in gravity driven convection may also reduce agglomeration due to gradient
collisions, although other sources of fluid motion such as Marangoni convection
and stirring must be considered. Thus, in the weightless environment of space,
a uniform cispersion of BeO might be obtaised in cast beryllium, (n light of
these coasiderations, a sounding rocket e:.periment was flown on the NASA
SPAR Il sounding rocket., The experiment and the results of the experiment are

discussed in the following paragraphs.

Experiment Obje 2tives

The experiment objectives were:

1. To prepure cast bervilium with enhanced service properties through
utilization of dispersed oxid:, BeO, as a grain refining igent, QOotaining a finer
grained casting of beryllium with a uniform dispersion of oxide throughout would
produce a cast beryllium with enhanced room temperatuse ductility, coupled with
high temperature strength. This would elimi.ate the present probloms in sub-
sequent hot working of the coarse zrained castings presently produced to ratine
the cast structure., This goal has not been achievable in the terrestrial environ-
ment becavse of tue unavoidable agglomeration ard scparation of BeO, as
well as other potential grain refining agents from the melt.

2. To improve the microstiucture of cast beryllium. Achievement of a
=miformly dispersed oxide phase in ingot beryllium may lead to enhancement of
some service properties of beryllium ¢ven if grain refiiiement is not achieved,
provided that grain sizes do not exceed 100 pym and do not grow when the material
is worked. Obtaining a unifrrmly dispersed oxide phase of subiicron sized
particles may produce dispersion strengthened cast Leryllium [2' and stabilize
against further grain growth at high tempcecutures, Achievement of a uniform
dispersion of oxide can also demonstrate the feasibility of casting Leryllium
with additicrs other than BeO [c¢.g., titanium, tungsten, etc.) as possible
grair refiaing agents in the weightless environment of space.

Minimum Criteria for Sucerss

To measure the success of the experiment in terms of the ¢xperiment
objectiv ¢ previously discussed, a set of minimum criteria for success was
established, Thewc were:
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1, Satisfactory m.elting and solidification (minimum contamination from
atmosphere, no contamination by cortact, proper shape of casting).
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a0 j- 2. Improved cast microstructure — presence of a dispersed oxide phnse
;;?if«r;i in ingot beryllium, This will also indicate feasibility of using additions other
“};J than BeO, e.g., Ti, W (impossible in conventional melting).

|

; 3. Improved cast microstructure — finer cast grain size,

b 4, Improved service properties.

!

= v General Experiment Description

A% The experimental nrogram followed, leading up to the flight experi.aent,

accomplished the accessary preiiminaries to the flight experiment, including:

1. The sciection of the flight specimen composition.

solidification, particularly with respect to water vapor ard oxyg.n.

- . 3. Ground based reierence experiments, represenrting the best attempt
e to sirulate, terrestrially, the conditions »~f melting, cooling, and solidification
Tl occurring during the flight,

i
) ! 2. The establishment of cleanliness requireinents during the melting and
i
)
]
{

8 The specimens obtained from the ground based reference experiments are the

e ’ L tasis of comparison between the results of the flight experiment in the weightless
’ environment of space and what can ve achieved terrestrially., The results

obtzined in these ground based reference experiments were compared with

previous experiments conducted in beryllium casting at Kawecki Berylco

Indusiries (KBI) and also with the results cf experiments conducted on NASA

Corntract No, NAS8-29626 [4],

~ T After establishing the necessary preliminary data, the flight specimen
S compositior was selected (HIP-50 KBI alloy) to be a hot isostatically preased
) beryllium alloy containing 1.5 percent BeO by weight, The flight experiment
consisted of melting and solidification vl a specimen of this composition in the
ECPP developed for the SPAR program, The results of this experiment were
then compared with that obtained from the ground based referceuce expe riments
;) performed.
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Ground Based Experiment Description and Apparatus

Experiments in the teriestrial ervirom. - nt were performed in either a
hot wall furnace at KBI or in the General Electric breadboard apparatus at KBI.
The hot wall furnace was used to nrepare i range of compositions of specimens
by melting and solidifying a rarge of compositions of hot isostatirally pressed
beryllium alloys. The BeO contant was varied from 0.6 tc -, 5 perceut BeO by
weight, Melting and cooling curves were obtained by optical pyrometry. As the
thermal time corstant is large in this furnace, the rapid heating and cooling
canability of the LCPP cannot be duplicated with this furnace. Thkuv, 'urno wa_
were these initia! furnace experiments intended to serve as the gr.und hased
roference experiment. They dicd epable the grain size, agglomerution o1 Be0,
and homogeneity of product as functions of thc initial composition und slower
temperature~time kinetics to he studied. The metallographic t tudies o1 these
specimens, revnorted ir. the folowing test, enabled the flight specinen composi-
tion to be cnosen, 1.5 pe1cent BeO by weight (KBI HIP-50 : loy) on the basis
of smallest particle size obtained. All of these meltings were conducted with
laboratory grade argun as the gaseous cnvironment,

The General Electric breadboard apparatus was used to conduc: the
ground based reference experiments for melting and solidification of the HIP-50
beryllium alloy. The breadboard chamber contairs a duplicate of the cusp cuil
and r.f, tank circuit used in the flight chamber. This apraratus is (as it is
pamed) a breadboard of the FCPP, with a somewhit larger tevitucion chamber.
The chamber can be evacuated to 10~ torr ana filled with high purity argon
through a small vacuum/gas supply system designed for this pul “ose. A mass
spectrometer such as the VEEC ) GA=+ @ «si-cal gas cralyzer may De coupied
into the chamber to study the residual gases i*. sent in the chumber rrior to
and after filling with kigh purity argon.

Two giound bascd reference experiments, duglicating insofar os is
possible terrestrially the flight experiments, were performed [n this apparatus,
heating, melting, ana soiidifi ing a svecimen <! the Kii! HIP=50 beryllium alloy
in the presence of high purity, researen grade argon. T[hese experunents were
performed at KBI's laboratory in R-ading, Penusyivania ia o sare faality for
beryllium, utilizing the breadboar d appaiuti=. The specimens (0,922 ¢ in
diameter spheroid. of HIP~50 mvy) were sting mounted on . ungsten sting in
ihe cusp coll. The specimens arc heated and v “led as n e flight ceparatus
by the v.f, induction ficld ot the ccils Becruse pevryllium s atighe ootal
{density 1,548 gm ’Cm3) cnough lewnit.diog foree is providea vy e cea to support
the specimens and they <o noi flow down the st or @ll when mv tted,  Tow -
perature s observed with a breadboard pyrometer. which is o duplieat o he
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flight pyrometer, and a disappearing filament pyrometer looking through the
observation port down anto the specimen through the mirror system provided
in the chamber for this purpose. The nerformance and results of these experi-
ments are described in the following text.

Flight Exheriment Description and Apparatus

The flight experiment consisted of meiting and resolidification, under
18 psi of research grade argon, a 0.922 cm diamecter, spheroidal specimen of
£ HIP-5C ixeryllium alloy, containing 1.5 percent BeO by weight, in the
- ightless environment of space. The experiment was performed in the NASA
£CDP flown on NASA SPAR II. A schomatic of the ECPP is shown in Figure 1.
Figures 2 and 3 show photographs of the ECPP and the levitation chamber,
respectively.

The specimen is suspended in the electromagnetic field of the cusp coil
and heated and melted by induction heating from the electromagnetic field of the
coil. The cusp coil consists of adjacent coils having opposing alternating
magnetic fields. The potential well in which the specimen is cunfined is
symmetrical about the vertical axis and roughly shaped as shown in Figure 4,
An active servo positioning system is utilized to maintain the specimen in the
center of the coil system against accelerations during the flight and to damp
out oscillations of the specimen in the coil system. During the low power mode,
after heating and melting, the specimen solidifies with very little stirring.

The rocket-borne apparatus is described in the End Item Specification,
3SL-ECPP-001, prepared under NASA Contract NASS-30797. Drawings of the
apparatus are referenced in this document. Mechanical, electrical, and
functional interfaces with the rocked and prelaunch check-out equipment are
detailed in the Final Interface Control Document, SSL-ECPP-009. Further
information on the rocket-borne apparatus may be found in the final report for
NASA Contract NASS8-30797 and the Experiment Implemeniation Plan for
Containerless Processing of Bervllium prepured for WASA Contract NASS8-31963,

The processing chamber was cleaned, evacuated, and baked out for two
days at 180°F. Mass spectrometric analysis of the residual gas shewed less
than 50 ppm of water vapor and oxygen present after evacuation before filling
with research grade argon. The research grade argon uscd contains less than
2 ppm of oxygen and 3 ppm of water vapor, and was driced by passing through a
cold trap with liquid nitrogen as the coolant. Thus, the water vapor and oxygen
content of the gas was sufficiently low enough to prevent excessive oxidation
of the specimen,
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Figure 3. Work coil and matching iransformer.
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Figure 4. Field lines through vertical plane section of cusp coil.
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The experiment s>quence is controlled by a timer, which switches full
power on 50 s after launch of the sounding rocket, when weightlessness has
been established, and then intoc 1 low powered mode approximately 160 s after
launch, so that the specimen may solidify. The ECPP is full automatic in
operation when the timer sequence is initiated. A movie camera records the
heating, melting, and solidificat/~n on film and a solid state, silicon detector
records temperature data acting as a photometer. A full record of visual and
temperature data is thus obtained. The performance and results of the flight
experiment are described in the following tex:.

{

EXPERIMENT RESULTS

Ground Based Experiment Results; Basic
Metallurgical Studies

Ground experiments performed were: (1) basic metallurgical studies
and (2) ground based reference experiments. The basic metallurgical studies
were performed in a hot wall furnace at KBl in commercial grade argon., With
this furnace, the fastest cooling rate attained was 85°C /min and cooling rates
varied 45°C/min to 85°C/min. Beryllium, with compositions of 0,6, 1.5, and
2 percent BeO by weight, were melted and solidified in this furnace. The 0.6
percent and 1. 5 percent BeO alloys were high purity while the 2 percent BeO
alloy was commercial purity. All of the alloys considered were prepared by
hot isostatic pressing of powders and are standard KBI alloys.

Castings of these compositions were made of 0, 922 cm diameter
spheroidal specimens on a ceramic plaque (BeQ) in the hot wall furnace. The
basic metallurgical studies established: (1) a gravity effect on the BeO, showing
agglomeration and settling, with the highest concentration of BeO at the bottom
of each solidified specimen; (2) some retained BeO in the castings; (3) grain
sizes of the order of 500 um, The best castings with highest retained BeO and
smallest grain size were with the 1.5 percent BeO by weight composition
(HIP-50 alloy), Consequently, this composition was selected to be the flight
specimen composition. The agglomeration and settling observed were expected
as this has been the previous result of terrestrial casting experiments. Retained
oxide in the castings, however, was encouraging. As these experiments were
preliminary to the ground based reference expcriments, no detailed SEM analysis
was made of the oxide distribution. Smaller grain sizes were found at the
surfaces of these castings not in contact with the ceramic plaque, where the
specimen cooled fastest by radiation. They were not small enough, however,
to be of significance (less than 100 ym would be significant),

VI-12




Ground Based Reforence Experiments

The ground based reference experiments, performed in the General -

Electric breadboard facility constitute the best attempt, terrestrially, to -

duplicate the flight experiment. These experiments were performed with
— spheroidal specimens of the KB1 HIP-50 alloy, approximately 0,922 cm in
diameter at a pressure of 1 torr of research grade argon. The results of
these experiments constitute the reference comparison between what can be
achieved terrestrially and what can be achiewed in the weightless dnvironment
of space, utilizing apparatus identical in essential aspects to the flight experi-
ment apparatus.,

Figure 5 shows the heating and cooling curve as observed by a dis- -
appearing filament pyrometer during the eaperiment. The specimen was sting
mounted upon a tungsten-rhenium thermocouple. Temperature-time data were
recorded from the breadboard pyrometer and the thermocouple. However, the
breadboard pyro=ter saturated before melting and the thermocouple data were
not reliable due to poor contact between thermocouple and specimen. The
disappearing filament pyrometer data are reliable however and, consequently,
are the data presented, -

Grain dize and Morphology

Preliminary experimoents, conducted by induction melting small beryl-
lium samples of a mass approximately equal to the flight specimen geometry
in a glove box, were characterized by microstructure evaluation  These
specimens censisted of bervliium alloys with from 0.6 to 4.5 pe.cent BeO by

_weight, The variables investigated were: (13 amount of BeO, (2) purity, (8)
 atmosphere (argon or vacuum), () dwell time in the molten state, and (5)
surface condition,

Heating and cooling rates were measured by optical pyrometry., The
maximum cooling rate observed was 85°C ‘min, This is attributed to the
relatively large mass of the farnace, susceptor, and crucible used. Superheat
obtained was 70 to 100°C. Recalescence was observed on freezing of all melts
with the exception of one at an apparent freezing temperature of 1200 to 1220°C,
It was also observed that an approximately 2 m BeO surface layer formed on
all pieces regardless of purity and Be(d content,

)
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All specimens produced were large grained with an average grain size
of 500 um. Voids were left where low melting impurity phases had melted out.
Figuru G, taken with polarfzed light, shows the typical microstructur: produced.
Figure 7, taken in bright field, shows the voids present. From these studies,
two compositions were sclected and these werc 0.6 and 1.5 percent BeQ by
weight. High purity specimens of these compositions were solidified in the
previously mentioned facility with cooling rates approximately 65 to 80°C/min
and examined metallographically. The 1.5 percent BeO material showed the
smallest grain size observed in the interior of the specimen. In constrast, the
0, 6 percent BeO specimen showed a relatively fine grain size near the surface
and extremely large grains in the interior, Therelore, the high purity 1.5
percent BeO material was chosen as the flight specimen material.

The flight and ground based experiments were conducted on material cut
from a single pressing. Tahle 1 shows the mechanical properties based on an
average of six tests, and Table 2 shows the grain size and chemistry. Two
melts were made from the flight material using the previously mentioned
facility. The measured cooling rate of both melts was 60°C/min, Figure $
shows the starting pressed microstructure, and Figure 2 shows the micro-
structure after melting and solidification,

Two experimental meits were made in the General Electric breadboard
facility using flight specimen material machined into 0,922 ¢m diameter snheres.
Microstructure evaluation confirmed results of the previous work which was a
relatively large grain size (though somewhat smaller than previously found) and
development of porosity, Figure 10 (polarized light) and Figure 11 (bright fleld)
show the typical grain size and shape and the voids, respectively. These two
experiments constituted the ground based reference experiments for comparison
with the flight specimen microstructure.

Oxide Particle Distributions

Using scanning electron microscopy, the oxide porticle distributions in
the ground based reference specimens were characterized. Figure 121is a
montage of one of the specimens made up from 30X SEM micrographs after
sectioning and metailographic preparation, It is the result of the experiment
duplicating (insofar as possible) the fight experiment, terrestrially. It is-
obserwved that gross agglomeration and segregation of BeO have occurred,
The dark areas are virtuaily "cleared out' of oxide, whereas the white areas
contain heavy agglomerations of oxide, Ground based reference specimen No, 2,
which was melted and solidified 1t o slower rate, oxhibits the same behavior
showing gross agglomeration and segregation of 1.0,
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Figure 6. Typical microstructure produccd from preliminary furnace
experiments with HiP-30 allov, Magnification is 100X,
Taken with polarized light.
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rigure 7. DBright field »icrograph showing voids produced from
preliminary lurnice oxperiments with HIP=-50 alloy,
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BILLET NUMBER 76044\

MECHANICAL PROPERTIES OF HIP-50 ALLI.OY BILLET,

Ultimate
Tensile Yield
Grain Size Strength Strength
(pm) (ksi) (1:si) Elongation (%)
3.6 S8.2 66,2 4.2
(Based on (Based cn (Based on (Based on
metallographic average average average
measurements) of 6 tests) of 6 tests) of 6 tests)
TABLE 2. CHEMICAL PURITY OF BILLET NUMBER
75040\ (BIP-50 ALLOY)

BeO 1.59 7 by weight

C 3490 ppm

Fe 4350 ppm

Al S5 ppm

S1 33 ppm

My 21 ppm

Ni 33 ppm
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Figure 8. ! irting pressed microstructure of HIP-50 alloy.
Magnification is 500X,

Figure 9. Microstructure produced from preliminary furnace
experiment with HIP-30 alloy material cut from flight
hillet. Magnification is 100X, Tuaken with
polavized light.
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Figure 1. Microstructure produced from ground based reference
experiment No. 2. Magnification is 100X,
Taken with polarized light.,
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Figurc 11. Bright ficld micrograph showing voids produced from
ground based reforence cxperiment No, 2.
Maenificution is 100X,
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Figure 12. Montage of 30X SEM micrographs of ground based reference
specimen No. 1, reduced to size for reproduction, White regions
are heavily agglomerated regions. Dark arcas are
cleared out reginns.

Detailed SEM studies to magrifications of 30 000X were made of the
various regions comprising each specimen. An overlay was made for each
specimen and the regions labeled alphabeiically., Figures 13 through 16 show
region A of ground based specimen No. 1 with magnifications 1000X, 3000X,
10 000X, and 30 000X, respectively. This is a region ol moderately heavy
oxide concentration, having a volume fraction of 2 percent, determined by
Quantimet Analysis, for the 1000X micrograph. As can be scen in the 30 000X
micrograph, the oxide networks are composed of agglomerates of small oxide
particles ranging in size from 0,02 to 1,3 um,

Figures 17 through 20 show region B of ground based specimen No. 1,

with magnifications 1000X, 2000X, 10 000X, ww 39 000X, respectively. This
is a region almost devoid of oxide, 1aving a volume tenc..on of 0,002 percent
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A at 1000X magnification.

agglomerated

raph of Regio-n
is not heavily agglomerated
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Figure 14, SEM micrograph of Region A at 3000X magnification.

Figure 13. SEM
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Figure 15. SEM micrograph of Region A at 10 000X magnification.
Region is not heavily agglomerated.

Figure 16. SEM micrograph of Region A at 30 000X magnification.
Region is not heavily agglomerated.
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Figure 17. SEM micrograph of Region R at 1000X magnification.
Region is virtually void of all oxide but onc composite particle
composed of oxide particles collected by collisions,

Figure 18. SEM micrograph of Region B at 3000N magnification,
Region is virtually void of all oxide but one composite particle

composced of oxide purticles collected by collisions. ]
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. Figx‘:re 19. SEM micrograph of Rngion B at 10 000X mapnification. B
! Region is virtually void of all oxide but one cemposite particle : G
i *  composed of oxide particles collected by collisions., 3
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Figure 20. SEM micrograph of Region 1 at 30 000X magnification. 8
Region is virtually void of all oxide but one compositc particle ;
composed of oxide particles collected by collisions. 3
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for the 1000X micrograph, determined by Quantimet Analysis. Figures 21
through 24 show region I of ground based specimen No. 1. This region is one
~f heavily agglomerated oxide. Ground based reference specimen No. 2 is
similarly made up of regions of heavy oxide agglomeration and regions devoid
of such agglomeration.

Figures 25 and 26 are plots of the oxide volume fraction determined by
Quantimet Analysis of identified regions of ground based reference specimen
No. 1 for 1000X and 3000X micrographs. Figures 27 and 28 are corresponding
plots for ground based reference specimen No. 2. The fluctuations observed in
volume fraction are indicative of the gross segregation of oxide observed in the
terrestrial experiments. The differences are so large that four decade semilog
paper were required to display the plots of volume fraction per region. The
plots were normalized by volume fraction of region occupied by the type of BeO
structure exhibited and to the initial BeO distribution be fore melting.

Flight Experiment Results

The flight experiment, flown on December 14, 1976 from White Sands
Missile Range, performed the melting and solidification of a 0. 922 cm diameter
spheroidal specimen of HIP-50 beryllium alloy containing 1.5 percent BeO,
~nder 18 psi of research grade argon, in the weightless environment of space.
Table 3 shows the Major Event Record constructed from the telemetry records,
Despite the failure of one of the power amplifiers 139.4 s after launch, the
experiment operation proceeded as planned. The amplifier failure reduced the
amount of superheating obtained. The major variable in the experiment was the
weightless environment of space versus the terrestrial 1-g environment. The
equipment operation is fully discussed in the final report for NASA Contract
»,. NAS8-30797, which was the hardware -ontract for construction and delivery
10 NASA of the ECPP. Only the pertinent aspects of equipment operaticn as
regards to the experiment will be discussed herein,

Figure 29 is a macrograph of the specimen after solidification. As it
was spheroidal before melting, there has been considerable shape change induced
by the electromagnetic field configuration of the cusp coil. The specimen has
arsuned the "equatorial bulge'' shape characteristic of the cusp field as
p1. .iously discussed., The stiff oxide layer prevented the specimen from
«ssuming the spherical shape dictated by surface tension while molten when the
power is turned down to initiate solidification. The cracks normal to the surface
about the equatorial ridge are evident in this photograph and in the view shown
in Figure 31. Figures 30 and 31 are other views of the specimen, Possible
explanations for the cracks are shrinkage or mechanical stresses supplied or
a combination of the two,
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Figure 21. SEM micrograph of Region I at 1000X magn iication,
Heavy agglomerated recien,

Figure 22, SEM micrograph of Regidn I 1t 3000X magnification,
Heavy agelomerated region,
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Figure 23. SEM viceograph of Region Tat sy pagnification,

Heavy apglomeritod regien,

Figure 21, SEM microgn ah of Region D at S0 000X magnification,
Heavy Leglomerated reston,
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Figure 20. Oxide volume fraction produced irom Quantimet Analysis of
1600X SEM micrographs for ground based reference specimen No, 1
after normalization to total volume fraction occupied by each
type of BeO structure exhibited and to the initial
distribution before melting,

VI-28

.

———— e



b

N
R e

)

—
HIP-50
)
REFERENCE
SPECIMEN NO. 1
g
w
a
X 0.1}
=]
z
<«
-
8
&
b 4
Qo
-
<
< 00|
w
[]
b 3
=
g
0.001 }—
A B C D E F [ 1

REGION OF SPECIMEN SAMPLED

Figure 26. Oxide volume fraction produced from Quantimet Analysis of
3000X SEM micrographs for ground hased reference specimen No, 1
after normalizition to total volume traction occupied by each
type of Beo structure exhibited and to the initial
distribution before melting,
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Figure 27. Oxide volume fraction produced from Quantiniet Analysis of
1000X SEM wmicrographs for ground based refererce specimen No. 2
after normalization to total volume fraction occupied by each

type of BeO structure exhibited and to the initial

distribution before melting.
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Figure 28, Oxide volume {raction produced from Quantimet Analysis of
3000X SEM micrographs for ground based rveferonee specimen No. 2
after normalization to total volume fraction occupied by each
type of BeO structure exhibited and to the initial
distribution before melting,
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TABI E 3. MMIOR EVENT RECORD
t t -50.5 Event
0 (V] Launch signai
50.5 0 Power on, specimen oscillations noted
85.9 35.4 First reading from solid state pyrometer
94 43.5 Solid state pyrometer reaches asymptotic reading
nearly in saturation
121.3 70,8 Shape oscillation signal completion of melting
139.4 §8.9 Power reduction signal (337), vattery voltage
increase
159.7 109, 2 Initiation of low powered positioning mode
169, 118.5 Attainment of low powered mode
261 210.5 Loss of telemetry signals

Figure 29, Specimon side view after recovery showing equatorial
and polar bulge, and surtace penetration of shrinkage cavity,
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Figure 30, Specimen end view
with shrinkage cavity.
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'Some of the external markiLgs on the specimen apparent in Figures 3¢
and 31 may be indentations caused by the r.f. work coil. It is-obvious from -

both the telemetry « ta and the movie record that the” specimen did not contact '

the coil until ajte):jﬂ.aa.‘ Gooled below a dull red heat, except, possibly, at the
stistant of sudden ¢ ape change at tl.. moment of complete melting. The stiff. ‘
oxide coating would have retained these marki.gs. After the spzciren had
cooied below the self-luminescence temperature (during reentry); torces
between the specimen and the coil would not have Leen sufficient to couse such

indentations. because the only atauable force would have been the inertia of- -~

the specimen which .couid have reached only approxinately 70 gm undgr an
assumer 70 g rocket impact, || e — - —-

Juring the experiment a record of the « vents w< re recorded on film by
“e motion picture camera provided, and temrperature-tinic data wee recorded
by telemetry signal from the flight pyremeter. Since the rvrometer tempera-
tu.e range was not swificiently broad to include the superbeat region, this -
portion of the record wis not obtained. The measured melting interyal and
cooling curve will be discussed in Appendix A

Telemetry and motion picture records show that the ECPP performed
well the task of heating, melting, and positioning the specimen. This is '
discussed in detail in the HASA Coutract No. NAS8-30797 final report. -Aside
from possible initial contact with the coil during the shape change upon melting,
the specimen was not at any other time in contact with the coils and was stably
positioned while molten. The experiment proceeded in all essential aspects as
planned. The vesults arc discussed in the following test.

Grain Size and Morphology

‘In addition to the surtacc shape and ;{xarkings described elsewhere in
this report, mcoro study revealed the presence of a single shrink hole and many
surface cracks (Tig. 29). Study of the microstructure (Figs. 32 and 33)
revealed a relatively large aterage grain size of 700 pm, porosity, and twinning
and cracking. Although twinning can be induced during sectiouing.. it is most

unusual that of the 17 Yarge grain sized specimens sectioned, the flight specimen’

was the only one cracked and twinned.

With the very large grain size evider : in the flight svecimen, neither
grain refinement of the v 'vllium nor retardation of grein jrowth was ‘obtzined,
although Jdetailed analysis of the dispersion of BeO showed that tl = BeO was
unagglomerated and uniformly dispersed throughout the melt. This will be
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Figure 32, Typicd micresiructure exhibited in flight specimen.
Taken with polarized ligit,
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Figure 33, Dright field micrograph of flight spvcimen showing a
crack rurning in from surface and voo s produced,
Magnification 100X,
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discussed in a later section. It must be concluded, in light of the previously
mentioned results, thai the BeO did nst i w retine the grain structure and
that the miniraum criterion of improved microstructure through obtaining a fine
grained casting (grain size less than 100 ym) was not obtained.

Oxide Particle Distribution

Figure 34 is a montage of 30X SEM micrographs of the flight specimen
after sectioning and metallographic prepavation. It is cvident that there are no
cleared out regions devoid of oxide in the flight specimen. There is a darker
band with less oxide present, but Quantimet Analysis shows that there is still
considerable oxide present in this region. Figures 35 through 38 show the oxide
distribution at magnifications cf 1000X, 3000X, 10 000X, 30 000X, respectively,
in the lighter region and Figures 39 through 42 that in the darker region. Plocs
of the volume of oxide for different regions at 1000X and 3000X, respectively,
obtained by Quantimet Analysis are shown in Figures 49 and 50, It is evident
that even in the darker region, the oxide level is high although below that of the
HIP-50 powder metallurgy starting material.

It can be seen that the oxide networks are made up of oxide particles in
size ranging from 0.02 to 1.3 ym. Figures 43 through 46 show the uxide dis-
tribution typical to the HIP powder metallurgy material at magnifications 1000X,
3000X, 10 000X, and 30 000X, respectively. It is evident that the oxide networks
in the darker region of the flight specimien are most like those of the starting
material, even though the flight specimen is coarse grained and the powder
metallurgy material very fine grained. This is a very encouraging result as in
this region the oxide network structure did not change much, even though the
specimen was molten. It will be observed that the volume fraction results
obtained by Quantimet could be plotied on ilinear graph paper. There are no
cleared out areas dewoid of oxide. There are also no very white areas with
heavily agglomerated oxide. In every region of the specimen there is appreciable
oxide content and no gross agglomeration and separation arc evident,

It was determined by microprobe analysis (SEM microprobe attachment)
that silver flakes are present in the specimen surface oxide coating, and there
are silver inclusions on the sectioned surface ~f the flight speecimen. These are
shown in Figures 47 and 48, respectivelv, It was determined that the silver
inclusions were a polishing artifact on the following basis:

1. The silver particles are sharp faceted., Ha they been present in the

molten beryllium, they would have either gone inte solution in the beryllium or
been spherodized.
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Figure 34, Montage of 30N SEM rueresraphs of thght specimon, roduced
to size for reprechnetion, Dok veaton af lett is stilver punt usea Lot
SEM anadysis, Spocimen oabibigs o linhter and davher resion but

o heavily agalomerated regton or cleared out vegion,

Figune 80, sSEM micrenraph ot hiehter vecnen of thght specin o at ooy,




e~ ¥- % |
Saslt = 3——:r | \ | F H
l ‘ﬁl J o E— | l v— - " ;J | — | ! . & [
arek ch T T TR P B b B * B tal 27 A
= .‘ 2t 3 : -!.i ..}k:i.‘, ’ H 3 i < LS £ '
1 o o ] £
ISR B anE | et et ST S ST |
]
1
ORIGINAL PAG: Id
UE POOR QuALIrY
i
;
Figure 36. SEM micrograph of lighter region of Rlight specimen at 3000X.
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i Figure 37, SENM micrograph of lighiwer region of flight sgecimen at 10 000X,
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Figure 38. SEM micrograph of lighter region of Qlight specimen at 30 000X,

Figure 39, SEM nmucrograph ol darker region of fiight specimen
at 100X magnification.
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i Figure 40. SEM micrograph of darker region of flight specimen E

! at 3000X magnification. I
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Figure 41. SEM micrograph of darker region of flight specimen
at 10 OVON magnilication,
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Figure 42, SEM micrograph of darker region of flight specimen
at 30 000X magnification,

Figure 43. SEM micrographs of initial oxide distribution before
melting in HIP-50 alloy at 1000X magnification.
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Figure 44. SEM micrographs of i.itial oxide distribution before |
me.dng in HIP=-50 alloy at 3000X magnification ‘
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Figure 5. SEM micrographs of initial oxide distribution before
melting in [H1P-59 alloy at 10 000X muagnification.
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Figure 46. SEM micrograph of initial oxide distribution before
melting in HIP-50 alloy at 20 ¢00X magnification,

Figure 47, Silver flakes on surface oxide coating of specimen.
Mo Llication 300X,
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Figure 48, Silver inclusions in specimen,
Magnification 2000X.
2. A transverse section to the section where they are present did not
reveal any silver inclusions in the specimen. The silver on the specimen
surface oxide coating is not a polishing artifact but also had to be deposited
after solidification, Otherwise it would have dissolved in the beryllium or
spherodized on the surface (silver melts at 961°C),

Most of the solder used in the ECPP contains silver and, while still hot but
solid, the specimen rattled around in the coils and the ECPP was shaken
considerably during the reentry and impact with the ground. The silver in the
form of flakes was deposited on the specimen during this period and was not
present during the experiment and is believed to have had no effect on the
experiment,

ANALYSIS OF EXPERIMENTAL RESULTS

An examination and comparison of the Quantimet plois of volume fraction
of BeO for different regions of the ground based specimens and the flight

specimen (Figs. 27, 28, 20, 30, 49, 50) show the flight specimen is much more
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Figure 49, Oxide volume fraction produced from Quantimet Analysis cf
1000X SEM micrographs for flight specimen No. 1 after
normalization to tctal volume fraction occupied by
each type of BeO structure exhibited and to
the initial distribution before melting.
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Figure 50, Oxide volume fraction produced from Quantimet Analysis of
3000X SFM micrographs for flight specimen No. 1 after
no>rmalization to total volume fruction occupicd by
cach type of BeO structure exhibited and to
the initial distribution before melting.
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uniform in oxide distribution from the ground hased spocimens. The flight
specimet: has no regions devoid of oxide or regions filled with oxide ~s has both
ground based reference s ~imens. The reason for this is postuiated to be the
weightless envircnment of space, where the g-level has b-~n reduced to 10~ g
during the melting and solidification. The Stokes collisions (Apperdix B) are
reduced for a giv 1 distribution of pariicle sizes directly in proportion to the
reduction in g-lcvel, and the separation time is ‘nversely proportional to the
g-level. Hence, on the basis of Stokes collisions alone, the time for agglomera-
tion and separation to occur should be greatly extended in the weightless
environment of space.

Collisions due to fluid motiun (gradient collisions), which muay arise due
to stirring, gravity driven convection, or hMarangoni convection (surface tension
driven convection), act to speed up agglomeration and separation. In the weight-
less environment of space, gravity driven ccenvection is greatly reduced, but the
other sources of fluid motion are not, What this experiment indicates is that the
major mechanism for agglomeration and separation of BeO rom the melt may
be Stokes collisions, as the stirring forces and Marangoni convection are
essentiatly the same in the ground based and flight experiments.

The coarse grain size of the ground based reference specimen and the
flight specimen indicate that the BeO present did not act as a grain refining
agent for beryllium or that after solidification it did not prevent exeessive grain
growth while still at high temperatures., Returning to the criteria previously
stated for a good grain refining agent, possible rcasons for this are cither the
particles ave not stable in the melt, do not possess a maximum of surface area,
or do not have optimum surface character. Examination of the oxide netwerks
in the HIP-30 alloy (Figs. 43 to 46) shows that even before melting, the particles
tend to be rounded and without sharp ficets. Tt may be possible that as a result
of the long molten dwell, the particles change their surface character as well
and become inactive as sites for heterogeneous nucleation; however, this could
not be observed at 30 000X. Ap optimum suiface choracter [1) might be a rough
or pitted surface.

Prevention of . xcessive grain growth atter solidification, while still near
the melting point, depends greatly on the oxide particle size. While the HIP-50
alloy has stability againse grain growth temperature almost to the melting point
of beryllium, further agglomeration while in the molten state (even in the weight-
Iess environment) could lower the stability temperature significantly. Work
reported [2] indicates that the finest particle size attainable is required to
prevent grain growth at temperatures near the melting point (0,065 pm median
particle size). Attention must be given to this aspect in future work,
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CONCLUSIONS

The experiment results show that it i« feasible to obtaun a uniform dis-
persion of BeO in a beryllium casting in the weightless envirunment of space.
This is a new matcrial which, to our knowledge, has not been pcoduced in the
terrestrial environment and is of interest both scientifically and technologic.dly,
In terms of the mininium criteria for success, those for satisfactory melting
and solidification and improved cast microstructure (presence of dispersed
oxide phase) were met. The criterion for improved cast microstructure (fine
grain size) was not met., The criterion for enhanced service properties hos

not been met as yet because of faiiure to acnieve an improved cast microstructure

(fine grain size). : _ ‘

As a step forward in producing cast beryllium with impreved.service
properties, the material produced delineates an approach o be “cliowed for
further rescarch into the action of BeO as a grain refining sgent for beryllivm.
This approach is as follows:

1. To utilize beryllivum starting material with nonspberodi-ed BeQ
particles dispersed throughout. This can be achieved by eliminatiop of the final
step in the production of HIP-50, the high temp._rature “well at 1950°F (1055¢C).

2. To dwell Dr a much shorter time while molted during the cxperiment,
(=]

Additionally, tne erperiment should be performed at ve ssure (1 torr)
to reduce the observed 2 to 5 percent porosity in the excting,

if a subsequent experiment with BeQ particles that are not sphelodized is
performed and ¢ -ain refinement does not result, then serious questions are
raised concerning the ability of BeO to act as a gizin refining ageae,  in that
event, the weightless environment of .pace is ideal 1o test the potentinl of
severzl other additions as grain refiners, One such addition is titaniwm, which
forms a bevyllide in the n elt. Attempts to utilize titanium as a grain refining
agent may have failed terrestrially also because of agelomeration and separation
of the beryllide from the melt. Another such addition would be tungsten.

Failure to achieve grain retinement with a particular agent, cliosen on
the basis of lattice disregistry, may mean that other factors ace of overriling
consideration such as surfice area or surface character or grain growth ufter
solidification., If grain growth is so rapid that grain refinement is not aclhieved,
then the number of nucleating particles becomes of great importance rather than

N
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surface area or surface character. In that case, so many particles may be
required that mechanical properties may be greatly impaired even with grain
refinement. Testing of all of these factors is important to explaining why or
why not an agent is successful as a grain refiner. Such experiments conducted
in the weightless environment are the only practical methods of testing these -
hypotheses, as terrestrially agglomeration and separation are encountered.
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APPENDIX A

THERMAL ANALYSIS

Although the flight pyromcter was in s..luration duving the melting ....d
molten dwell, enough data were obtained from the telemetry records anu t.e
cooling curve to reconstruct the heating, melting, and cooling profile. The
flight record of events was presented in Table 3. The heating and cooling
curves obtained from the flight pyrometer are shown in Figures A-1 and A-2.
From analysis of the data available, the temperature-time curve shown in
Figure A-3 was constructed. The solidification time after power down was
28+ 5, -0s.. -

A computer mode! of the solidification of the beryllium specimen was
exercised to determine whether or not the assumptions made about how the
beryllinm specimen solidified were reasonable. This model assvmes that the
specimen solidifies inward from ho surface, losing heat at the surface by
radiation. The remaining liquid at any time is assumed to be well mixed and
at the melting temperature. Outputs from the program are: (1) the advance
of the solidification front in time ana (2) the decrease in surface temperature
with time. The program can treat 2 sphere, a cyvlinder, or a slab, As the
remaining liquid is isotuermaliv at the melting temperature, heat is extracted
through the solid crust w the surface, where it is lest. Figures \-4 through
A-9 show the results or calculations for a sphere of 0,922 cm dia cor,

a cylinder of 0,922 cm diameter, and a slab of 0,922 ¢m thickness,

Comparisons with the experimental curve shown in Ficurce A -3 show that
the calculated time that agrees closest is for the spherical geometry, but the
shape of the cooling curve is closest to that of the slab. The calculated solidifica-
tion time for the sphere is 31 s, which is within the error of determination of the
time for solidification experimentally. As the shape of the specimen is

Jheroidal with an ~quatorial bulge, its geometry is ciosest to that of the sphere;
consequently, the agreement in solidification time is reasonable. The location
of the shrinkage cavity shows that the specimen did not solidify symmetrically
ac is assumed for the calculation. This is the hypothesized reason for the
disagreement in the shape or the cooling curve, which is closest to that of the
slab geometry.

As the computer model uses the known values of thernial conductivity,
latent heat of fusion, and emissivity for molten beryllium (emissivity for

oxidized beryllium), the results indicate that it might be possible to extract
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thermodynamic data from solidification »=\y3 of levitated metals if the shape
of the specimen and the details of soli¢  #ation are known. This might be
accou,,.! i>ueu through the use of an imay ¢ array pyrometer to simultancously
display the specimen and follow the solidification front,
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APPENDIX B

AGGLOMERATION AND SEPARATION OF BERYLLIA
FROM BERYI.LIUM MELTS

Agglomeration wud . 2paration are hypothesized to occur primarily due
to collisions between BeQ particies in the melt. These collisions accur
due to (1) the setiling of BeO particles due to their density differenc: in the
melt and (2) fluid motion sweeping BeO particles together., The first is called
Stokes collisions. The larger BeO particles, settling fastest, collect smaller
particles. The second is called velocity gradient collisions and collisions occur
between particles of equal size us well as particles of unequal =ize,

Lindborg and Torsell [3! developed a statistical model for these types
ot collisions., Using their results, ageglomeration and separation times of 1 min
or less are likely for BeO particles ranging in size from 0.2 to 1.3 um ig
specimens of beryllium melted in the terrestrial environment. In the weightless
environment of space, wherc the accelerations due .o gravity are . edced by a
factor of 10%, the frequency of Stokes collisions is reduced proportionate!'. as
the velocity of settling is directly proportienal to the acceleration due to gravity,
While all fluid motions, i.e. stirring, are not reduced in the weightless environ-
ment of space, fluid motion due to gravity driven convection ix reduced. Thus
agglomeration and separation times might be extended to periods of many hours
or days in the weightless environment of space. It is hypothesized that the
much more uniform dispersion obtaincd in the fiight specimen due to the
reduction in collision frequency for BeO particles in the weightless environment
of space.
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CHAPTER VII

CONTACT AND COALESCENCE OF VISCOUS BODIES

Experiment 74-53

By
Donald R. Uhlman

Massachusetts Institute of Technology
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INTRODUCTION

The purpose of this investigation is to study the contact and coalescence
of viscous and viscoelastic bodies. A number of industrially important or
potentially important material processing schemes rely on an understanding of
contact and coalescence phenomena. Perhaps the most obvious is the production
of ceramic obiects by sintering [1]. In most such cases, the principal flow
mechanism is creep, not viscous flow [ :-3]; nevertheless, the results of this
investigation should be of considerable interest. Specifically, recent progress
by Ashby and others [3] in clarifying the operative mechanisms (Nabarro-
Herring creep, Coble creep, viscous flow), and the time dependences of
sintering in various regimes of the parameters encourages the present effort.
Our analytical solution [4] of the Nabarro-Herrirg creep sintering of two
spheves of unequal size also encourages our theoretical approaches to the
viscous coalescence problem,

The thermal processing of phase separating glasses often involves the
contact and coalescence of discrete second phase droplets and is already of
some industrial importance [5-7]. Controlling the properties of phase
ieparated glasses by deformation processing of melts which are already phase-
separated is an intriguing possibility which has been the subject of a number of
development studies [8,9]; here, again, coalescence is important.

The contact, agglomeration, and coalescence of polymeric particles
during melt processing under the influence of capillarity, pressure, and shear,
is an important industrial problera which would benefit from the proposed study.
Polytetratluorethylenc (PTFE, or Teflon) is processed in powder form under
heat and pressure, in what is essentially a viscoelastic sintering situation (10},
and an improved understanding of contact and coalescence phenomena should
be helpful.

In addition to the type of mass transport process involved, sintering is
also classified into three stages, the first includes the early stages or neck
growth, during which the particles remain distinguishavle as individuals. The
second stage is that of dencification and grain growth, Here, the pores are
roughly cylindrical and the necks between particles are quite large. In the final

~ stage, the pores are isolated and approximately spherical in shape.

Kuczynski [11) and Thummler and Thommnra [12] have reviewed the
various theories for the initial stage of sintering. In general, the rate of
initial sintering for a variety of mass transport mechanisms can be written as:

VII-3

i e s B B B T N e g r ———

KT NABINL

B AN

B SR ORI D L e Y U BRI ¢ o 0t H SRR



..,....
s
1
o
e
¥

P
e et g n i

(1)

where X is the radius of the neck, a is the radius of the spherical particles,
t is the elapsed time, and n, m, and F(f) depend on the mechanism of

g,

sintering. : 2
The rate law for viscous sintering is based on the analysis of the %;
coalescence of two spheres by Frenkel [13]. This werker derived the relation: "
2
X _ Fmt _ (2)
. a
where
F T = ﬂ . 3
(1) = o (3)

Here, y is the surface tensicn and 5 is the viscositv. This exp: :sion for the

. sintering rate was obtained by equating the decrease in surface eicrgy with the

Gy rate of epergy dissipation (as heat) due to viscous flow of the liquid. While

. l < these results arc widely used, the derivation of Frenkel used a very approximate
flow field in calculating the energy dissipation (a flow field of simple uniaxial

contraction was employed). Further, it is difficult to apply the analysis to the

coalescence of spheres of unequal sizes.

T The flow field used in Frenkel's derivation is certainly incorrect for the

S coalescence of spherical particles; but more accurate analytical treatment of
the problem is very difficult. One of the major goals of this investigation is a
more accurate description of the growth rate of necks between particles for
viscous sintering. This theoretical work will be combined with observations of

the coalescence of viscous drops under neutrally buoyant and microgravity
conditions.
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The general form of the rate law, X?/a = F(T)t, has received some
experimental verification [14, 15] for viscous sintering. In these experiments,
however, it was not possible to verify the quantitative accuracy of the expression
for F(T). The following section reports experiments designed to test Frenkel's
rate law and to obtain empirical descriptions of the rate of neck growth for the
coalescence of viscous spheres in neutrally buoyant systems.
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EXPERIMENTS IN NEUTRALLY~-BUOYANT SYSTEMS

A series of sintering experiments have been performed using viscous
spheres suspended in neutrally buoyant solutions, Two drops of a viscous
liquid were suspended in a density gradient in the buoyant solution. The shapes
of the drops were then recorded on movie film sequences taken during coales-
cence, and the photographs were measured to determine the boundaries of the
spheres and the rate of growth of the neck region.

The viscous fluids used in these experiments were Dow Corning 2¢.
silicone oils with viscosities of 5000, 10 000, and 20 000 centistokes (cs).
Droplets of the oil were suspended in a water-methanol density gradient. The
silicone oils were not soluble in the methanol or the water. The preliminary
experiments reported here used drops of 2cc and 4cc (16].

Initiation of the coalescence of the two spheres was prevented by a layer
- of methanol-water solution which would only slowly flow from between the two
spheres [17]. It was necessary to hold the two spheres together for several
seconds before the coalescence would begin., Tongs made from notebook paper
were soaked in the methanol-water solution and used to hold the drops together
until coalescence began. The silicone oil wetted and stuck to tongs made from
other materials, including Teflon,

Figure 1 shows the square of the neck radius as a function of time for
two 2 cm® drops of 5000 ¢s. Dow Corning 200 fluid in the methanol-water
neutrally buoyant solution. Because of the difficulty in initiating coalescence,
the experimental data begins at a neck radius of approximately 0,33 cm, The
experimental data are compared with the Frenkel equation, X¥a= 3y/2n t,
discussed in the previous section, with the experimental data and the Frenkel
equation normalized to the same value at X*= 0.1 cm?.  As scen in Figure 1,
the slope predicted by Frenkel is very different from the experimental data,
and overestimates the rate of sintering by approximately a factor of 3,

In addition to the assumed simple flow field, the relation of Frenkel was
derived using small angle approximations: 1 - cosg » 1/2 0 anda v a .
Here, 0 is defined in Figure 2 and a is the radius of the original drop. This

approximation is usable only for # < 30°, Vanoene [13] following Manson and
co~workers [19} has extended Frenkel's derivation and obtained a relation
which is valid over a wider range of 6. Their result is the following:
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Figure 1. Square of the neck radius of the coalescing
spheres, X2, as a function of time,
Figure 2, The coalescence of two spheres defining the radius of
the neck X, the radius of the sphere a, and the angle o.
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where u=1 - cosg. This expression can then be integrated numerically to
yield X? as a function of time, which is also plotted on Figure 1. The experi-
mental data agree much more closely with the integrated Frenkel equation than
with the original Frenkel equation derived using a small angle approximation,
Despite this closer agreement, it should be noted that the experimental data
indicate X2 to increase linearly with time, while the integrated Frenkel equation
[ Equation (4) ]} indicates a decidedly nonlinear dependence of X2 on time.

The integrated Frenkel equation was derived using the same flow field
proposed by Frenkel; i.e., a flow field of simple uniaxial contraction, similar
in form to that for a viscous rod which is extended by forces applied to its ends.
This flow field is obvio' sly a poor approximation to the actual flow field involved
in viscous sintering. The fact that X? varies linearly with time for both the
original Frenkel equatior and the experimental data may well be fortuitous.

It is planned to calculate an improved equation to describe viscous coalescence
using the boundary motion of the drops as they coalesce to derive the actual flow
fields and the resulting viscous dissipation.

It is also planned to perform the experiment in a microgravity environ-
ment with the surrounding fluid air rather than the buoyant methanol-water
solution, since the present experiments in the methanol-w.ater solution ure
subject to likely physiochemical effects [20]. For example, the interfacial
tension in a region of curvature in a multicomponent system can differ from
that measured in simple static measurements. The interfacial tension can be
a functior of position in such a systein, with unknown effects on the coalescence
behavior. Such effects will not be significant in the cxperiments to be carried
out on the SPAR flights.

SPAR IIl EXPERIMENT

The experiment flown on SPAR Il was designed to study the viscous
coalescence of a Newtonian fluid, Drops of the fluid were to be injected into an
acoustic levitation chamber, where the drops would meet and coal.sce, The
coalescence would be filmed so that the contact and coalescence could be studied
by measuring the motion of the boundary of the drops as explained in the previcus
section,
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A drop diameter of 5.3 mm (a volume of 0.1 em?’) was chosen based on
the criterion that the droplet would be large enough to photegraph easily, but
as small as possible to reduce the time required to form the drop. More
importantly, the change in surface energy due to coalescence should be large
compared with the kinetic energy of the drops when they collide. As an example,
the force required to detach a dvop from a No. 27 gauge needle is approximately
3.1 dynes. If the frrce falls off linearily with distance, the drop will have a
kinetic energy of approximately 3 ergs when it reaches the center of the energy
well. When the two drops collide, half that energy, 1.5 ergs, will be dissipated
ip the collision process. By comparison, the change in surface energy of the
two 0.1 cm® drops as a result of cualescence is approximately 9.3 ergs. It is
essential that the kinetic energy of the impacting drop be as small as possible
compared with the change in surfice energy in the coalescence process. While

_ the relative energies given here as examples are acceptable, the second experi-

ment is being designed to reduce further the kinetic energy of the drops.

The SPAR Il experiment wa; chosen using what was belicved to be the
smallest needle (to reduce the detachment force) and the largest possible drop
(to increase the change in surface energy during coalescence) which can be used
in the 260 s of microgravity conditions offered by the research rocket. The
experiment flown on SPAR III used a No. 27 needle, and intended to form a
0.1 em® drop with an injection rate of 0.1 cm® in 30 s. Because of a last-minute
change in the viscosity of the fluid without a corresponding change in the voltage
supplied to the drive motor, the actual injection rates are slightly faster,
approximately 0,1 em®in 24 s,

The timing segence of the experiment is given in Table 1. The experi-
ment was designed to make 3 drops, two 0.1 cm? in size and one 0.2 em? in
size. During the formation stage of the droplet, the acoustic level was in the
low position, I;. The acoustic level was turned up after 10 s to the higher level,
I, to detach the drop. The acoustic field was designed to trap the drop at the
center of the powentiill well to await detachment of the next drop and the
subsequent coalescence.

As a result of the low-g tast of the experiment run on a KC-135 flight in
the second week of September, it was noted that the acoustic field was apparently
not sufficient to prevent the drop from climbing the needle, as had previously
been expected.  After detailed consideration of the problem and an extensive
series of 2xperiments in the laboratory, it was decided to install an air nozzle
on the flight experiment. The air nozzle as shown in Figure 3 was designed to
keep the drop from climbing the needle as it grew. The combined force from
the air nozzle and the high setting of the acoustic field (I,} was considered to be
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TABLE 1. SPAR IlIl EXPERIMENT SEQUENCE

Time After Launch
(s) Function
90 Acoustic field to I, (low), light on
Injector start, air nozzle flow on
112 Injector off (0.1 cm? expelied)
130 Acoustic field increased to I, (high)
144 Injector on
145 Acoustic field increased to I
170 Injector off (0.1 cm? expelled)
183 Acoustic field increased to I,
200 Acoustic field decreased to I;, injector on
249 Injector off (0.2 cm?® expelled)
27 Acoustic field increased to I,
286 \cuustic field decreased to I;
298 Power off

Note: All settings 23 s,

adequate tc detach the drop. These forces were measured by Intersonics on
nylon spheres using a pendulum technique. The forces are giver in Table 2.
Unfortunately, there was not sufficient time to do extensive testing of this design
concept before the flight. Our analysis of the problem coupled with the results
of the bench testing which was feasible in the short time period led us to expect
{ rautiously) success for the experiment,

The results of the KC~135 flight also demonstrated the damage of pumping
the fluid too rapidly through too small a needle. In the KC-135 tlight, a0 drop
was formed; instead, a jet or stream of fluid was forced from the needle. The
smaller injection rate of 0.1 cm? in 30 s chosen for the SPAR III flight was
chrcked in the laboratory using a neutrally buoyant solution of methanol-water
to simulate the low~g condition.
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TABLE 2. MEASURED TORCES ON SIMULATED DROP

Drop Diameter Acoustic Field Air Nozzle
Iy I

5.3 mm 0,88 dyne 1.76 dyne 1.85 dyne

7 mm 1.2 dyne 2.4 dyne 2.4 dyne

The stages in drop formation observed in this work are shown schematic~
ally in Figure 4 for 5000 cs. Dow Corning 200 silicone oil injected at a rate of
0.1 cm® in 30 s, Approximately 5 s after the injector was started, a droplet
begins to form at the end of the needle. The droplet grows in size until approxi-
mately 20 to 25 s, when u stream of fluid breaks out from the drop in a short
loop. When the injector is turned off after 30 s, the loop of fluid coalesces
into the drop as the fluid slowly stops flowing from the needle., The same
general behavior was observed to occur at a flow rate of 0.1 cm® in 24 s. The
slow-start of the fluid flow, the breakout after only 20 s, and the delayed
stopping of the fluid flow were associated with the elasticity of the nylon tubing
used to connect the injector to the needle assembly.

As a result of this series of tests, it was decided to substitute 5000 cs
fluid for the 12 500 cs fluid which had been previously decided upon for use,
The 5000 cs fluid formed a drop with less danger of streaming occurring. As
mentioned earlier, it was discovered approximately five days before launch
that the substitution of the 5000 cs fiuid for the 12 509 cs fluid raised the
injection rate to 0.1 cc. in 24 s. It was decided that the faster rate would be
acceptable.

DESCRIPTION OF FLIGHT FILM

As explained earlier, the results from the experiment are contained in
the film which is made during the experiment. From the film, it can be seen
that the fluid flow starts slowly with a small drop of fluid forming on the end of
the needle. When the drop reaches approximately 1.5 mm in diameter, the drop
is blown off the end of the necdle by the air nozzle, The drop is too small and
traveling too fast to be captured by the acoustic field, The drop continues
across the experiment chamber and out of the ficld-of-view. Subsequently,
another small drop is formed at the end of the needle and blown off. As fluid
flow increases, a jetor stream of fluid is formed. This stream of fluid extends
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Figure 4. The formation of a drop of 5000 cs fluid in
a neutral buoyant system,

across the acoustic chamber and oul of the field-of-view. When the injector is
turned off, the stream of fluid ceases; again small drops are formed at the end
of the needle and blown off. The same phenomenon happens for each of the three
injection cycles,

None of the photographs from the film are included in this report because
of the poor quality of the film, The film appears to have been overexposed by
one or two f stops, although incorrect development could also account for the
apparent overexposure. The film is sufficient, however, to indicate that the
experiment was not successful despite nominally correct functioning of the
apparatus.
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SPAR IIl EXPERIMENT CONCL USIONS

The coalescence experiment conducted on the SPAR III flight did not
succeed because of the failure of drops of the desired size to form at the tip of
the injector needle under microgravity conditions. This has since been asso-
ciated with the fluid being pumped too fast through a small needle. For this
reason, a stream of fluid was formed rather than the desired drop at the end
of the needle., In addition, the force on the droy from the air noz:zle was too
e large, causing premature detachment of small drops.

:
4
g
e
3
x
Y;"g
t
"
,

E To solve the problem of drop formation, both theoretical analysis and
experimental studiec of drop formation are presently being conducted. The
magnitude of the force necessary to detach a drop from the needle is being
calculated; and the results will be combined with measurements of the force

PR ’
et g
EARE R N

LE exerted by the air nozzle on the drop. The measurement of this force is
’f‘ difficult; and based on the results of SPAR IlI, the measurement may have an
g unforeseen systematic error. Hence, it is desirable to check the air nozzle
‘ ﬁ operation under simulated use conditions on a low-g plane flight.
C ¥

The problem of forming and detacking the drop is complicated by the
requirement that the velocity imparted to the drops must be less than a few
: cm sec”!. It is proposed to solve this problem by using a large (No, 20 or
No. 16 gauge) needle with a small diameter (0,006 in. diameter) wire extending
R out from the interior of the necedle. With the large needle, drops rather than
'3 streams of fluid should be formed at reasonable flow rates, It is planned to use
an air nozzle to push the drop off the needle down onto the wire. The viscous
drag of the drop moving along the wire should dissipate any momentum vhich
the drop acquire during the detachment from the needle, The force exerted
by the air nozzle must ue a very short range force for this procedice to be
® successful; and it is believed that such a force can be provided.

It should then be possible to detach the drop from the wire with a force
of only slightly more than one dyne (for the 0,006 in. wire). In this way, the
needle-and-wire combination should allow the formation of drops at reasonable
flow rates and also permit a gentle detachment of the drop.

TS Y VO A N TR Aol SRS TR B

It is planned to conduct a series cf low-g plane flight to test the concept
previously described and to measure accurately the required experimental
parameters. The first low-g plane flight in this series was flown successfully
on February 25. The flight was successful in establishing bounds on reasonable
flow rates for various ncedle sizes,
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This series of low-g experiments will provide the necessary experimental
parameters for the next flight experiment, scheduled to be conducted on the
SPAR V flight, It is presently anticipated that the following changes to the flight
apparatus will be needed:

1. Since the force exerted on the drop depends on the drop size, the
apparatus should provide four possible settings of the acoustic power and three
possible settings of the air blower, Both the acoustic power and the air blower
may need a given setting for the formation stage of the drop and a different
setting for the cperation of detachment.

2. Imiprovement in a quality of the film., The flight film was one of
generally poor quality. Specifically, the use of a negative film will be evaluated.
Such a film could be printed to give the copies and the necessary prints for the
data reduction. The transducer shovld be painied flat black, and reflections in
the chamber should be reduced.

3. Provision for switching the camera on and off so that a higher filnr
speed can be used, The frame rate of 24 f.ames sec™ used on the SPAR 1I"
flight is not adequate.

4, Provision of telemetry of the injector cycle and the air nre<sare
the air blower nozzle.

5. Use of copper tubing rather than nylon tubing and the possible use of
a solenoid to shut off the fluid flow should be investigated,

6. Design and fabrication of a pressure-fill apparatus to fill the syringe
assembly and reduce the possibility of trapped air bubbles, Such a pressure-fill
apparatus will make servicing the apparatus much easier by eliminating tke
present overnight vacuum-fill procedure,

The configuration and detailed design paramete.s of the SPAR V experi-
ment will be determined from the results of the low-g plan flight experiments,
At *hat time, the necessity or advisability of the proposed changes previously
lis ‘d, as well 2s changes in needle size and needle~wire configuration, will be
specified.

In summary, the SPAR Il experiment was not successful because of the
failure tc * 'm drops at the tip of the irjector needle, One can be confident,

however, thut this problem can be surmounted. It is presently planned to study
the coalescence of at least two drops of a Newtonian, viscous fluid on the
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SPAR V flight, The necessary design parameters will be developed ana verified
in a series of low-g plane flights to insure a high confidence level i the next
rocket “xperimeni, This additional work and the provision of suff cient time

to verihy the critical parameters should lead to successfil flight with meaningful
results,
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