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SPACE PROCESSING APPLICATION (SPAR) PROJECT 

SPAR V - FINAL REPORT 

INTRODUCTION 

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

The initial precursory zero-g demonstrations and investiga- 
tions associated with this family of scientific experiments were 
proposed and developed for the Apollo flights beginning in the 
late 1960's and continuing with Skylab and Apollo-Soyuz flights 
through the mid-1970's. During the period between the close of 
that era and the .orbital space flights on the Space Shuttle in 
the 19801s, the Space Processing Application Rocket (SPAR) Project 
has provided the only viable flight opportunity for low-g scientific 
investigations for experimenters and is serving in a precursory role 
for planned and approved Shuttle investigations. It is also anti- 
cipated that sounding rocket flights could satisfy a continuing need 
and a complementary role for the establis~hment and definition of 
future precursory Shuttle experiments. 



The SPAR Pro jec t  is p a r t  of t h e  Mater ia ls  Processing i n  
Space (MPS) program of the Office  of Spaee and Terrestrial 
Applications which is responsible  f o r  d i r e c t i n g  research i n t o  
t h e  s c i e n t i f i c  e f f e c t s  of materials process ing i n  t h e  unique 
environment of space. This e f f o r t  involves  p a r t i c i p a t i o n  and 
i n t e r a c t i o n  from various d i s c i p l i n e s  of t h e  s c i e n t i f i c  community, 
governmental agencies, u n i v e r s i t i e s ,  and i n d u s t r i a l  organizat ions ,  
i n  addi t ion  t o  foreign pa r t i c ipa t ion .  

The Black Brant VC (BBVC) sounding rocket  series, which is  
cu r r en t ly  t h e  carrier veh ic le  f o r  t h e  s c i e n t i f i c  payloads, with a 
Nike-boosted conf igurat ion ava i l ab l e  f o r  heavier  payloads, provide 
the  opportunity to process ma te r i a l s  i n  a low-g environment f o r  
per iods  up t o  5 minutes i n  dura t ion  during a suborb i t a l  f l i g h t .  

The rocket  f l i g h t s ,  which are conducted a t  t h e  White Sands 
Miss i le  Range, a f fo rd  experimenters and apparatus developers a 
f l i g h t  opportunity f o r  a proof-of-concept v e r i f i c a t i o n  and/or 
refinement of equipment operat ion and procedures p r i o r  t o  t h e  
longer durat ion,  more soph i s t i ca t ed  S h u t t l e  f l i g h t s .  

This SPAR f l i g h t ,  which is f i f t h  i n  a planned s e r i e s  of rocket  
f l i g h t s ,  occurred on September 11, 1978, and c a r r i e d  fou r  experi-  
ments. The inves t iga t ions  f o r  t h e  experiments comprising t h e  
payload manifest w e r e  managed and coordinated by the  MPS Pro jec t s  
Off ice  of  t he  Marshall Space F l i g h t  Center. Two such e> @eriments 
w e r e  proposed and devised by i n d u s t r i a l  f i rms,  one by un ive r s i t y  
p a r t i c i p a t i o n  and one by a government agency. 

Previous experiments flown on t h e  first four  SPAR f l i g h t s  
included t h e  measurement of l i q u i d  mixing due t o  spacecraf t  motions 
and the  d i spers ion  of normally immiscible mater ia l s  i n  t he  a r ea  of  
f l u i d  dynamics. S o l i d i f i c a t i o n  experiments involving t h e  g rav i ta -  
t i o n a l  e f f e c t s  on d e n d r i t i c  growth, e p i t a x i a l  growth, and e u t e c t i c  
determination on mater ia l s  with widely d i f f e r i n g  d e n s i t i e s  have 
flown previously,  i n  addi t ion  t o  s o l i d i f i c a t i o n  s t u d i e s  of i n t e r -  
ac t ions  between second-phase p a r t i c l e s  and an advancing c r y s t a l -  
l i q u i d  i n t e r f a c e  and gravity-induced convection on c a s t  micro- 
s t ruc tu re s .  I n  t he  a rea  of  multiphase p a r t i c l e  i n t e r a c t i o n ,  
various experiments were conducted on the  migration and coalescence 
of bubbles and p a r t i c l e s ,  c losed-cel l  metal foam, and d i spers ion  
strengthening of composites. 

The SPAR P ro j ec t  has been increas ing ly  a c t i v e  i n  support ing 
research i n  t he  promising a rea  of con ta ine r l e s s  processing w i t h  
previous f l i g h t s ,  including experiments on c a s t  beryll ium and the  
processing of amorphous ferro-magnetic mater ia l s  i n  an e l ec t ro -  
magnetic f i e l d ,  and cont ro l  of l i q u i d  d rop le t s  by an acous t i c  
f i e l d  i n  t h e  fur therance of s ta te -of - the-a r t  of acous t i c  
con ta iner less  processing technology. 



The SPAR V f l i g h t  has,  through an evolutionary program, 
addressed experiments of increas ing  complexity and refinement 
and has afforded add i t i ona l  f l i g h t  oppor tun i t i es  cons i s t en t  
w i t h  the maturi ty of each inves t iga t ion .  The payloads selected 
f o r  t h i s  f l i g h t  manifest  were based on the advanced s ta tc -of -  
preparedness of +heir ground-based research a c t i v i t y .  

The following experiments are included i n  t h i s  s e l ec t ion :  
Uniform Gispersions by C r y s t a l l i z a t i o n  Processing (Experiment 
No. 74-15) which addresses t h e  i n t e r a c t i o n  between second-phase 
p a r t i c l e s  and an advancing c r y s t a l  growth i n t e r f a c e  during 
s o l i d i f i c a t i o n ;  Contained Po lyc rys t a l l i ne  S o l i d i f i c a t i o n  i n  
Low-g (Experiment No. 74-37) which dea l s  with understanding t h e  
r o l e  of g rav i ty  induced convection and thermal condi t ions  on t h e  
columnar-to-equiaxed micros t ruc tura l  t r a n s i t i o n  during s o l i d i f i c a -  
t i o n ;  The Di rec t  Observation of Dendrite Rei.lelting and Macro- 
segregation i n  Casting (Experiment 74-21) which i n v e s t i g a t e s  t h e  
gravity-driven e f f e c t s  on dendr i te  and i n t e r f a c e  growth during 
columnar and un id i r ec t iona l  s o l i d i f i c a t i o n  process i n  ca s t i ngs ;  
and Agglomeration i n  Immiscible Liquids a t  Lw-g (Experiment N o .  
74-30) which i s  an at tempt t o  determine c o s ~ o s i t i o n ,  cool ing 
rates, and g r a v i t a t i o n a l  e f f e c t s  on the microst ructures  of  
m i s c i b i l i t y  gap materials. 

The pos t - f l i gh t  r e s u l t s  and analyses of each experiment 
flown on SPAR V a s  prepared by t h e  respec t ive  f l i g h t  i n v e s t i g a t o r s ,  
i n  addi t ion  t o  an engineering r epo r t  on t h e  performance of the  
SPAR Black Brant r o c k e t t a r e  contained i n  separa te  s ec t ions  of t h i s  
Technical Memorandum. With the  success fu l  completion of t h i s  
f l i g h t  and subsequent da t a  ana lys i s ,  much usefu l  d a t a  and informa- 
t i o n  was accumulated f o r  d i r e c t i n g  and developing experimental 
techniques and inves t iga t ions  toward an expanding, commercially 
bene f i c i a l  program of mater ia l s  processing i n  t he  coming S h u t t l e  
e ra .  

vii 
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SPAR V POST-FLIGHT ENGINEERING REPORT 

1.0 SUMMARY 

The SPAR V Black B r a n t  V C  rocke t  l ifted off the launch pac' a t  
WSMR M ~ n d a y ,  Septetnber  11 ,  1978, a t  1600:OO:OO G. m.  t. (10 a . m . ,  
m. d. t. ). The launch w a s  succes s fu l  and the payload w a s  r ecove red  
intact .  

Payload power was  applied to  a l l  expe r imen t s  a s  planned, and a l l  
expe r imen t s  ope ra t ed  within the predic ted  n e a r  z e r o  gravi ty.  All MSFC 
fl ight  s u p p ~ r t  r equ i r emen t s  t o  each  expe r imen t  w e r e  m e t  a s  indicated by 
the reduced  flight data.  Power  to  the payload e x p e r i m e n t s  was  r emoved  
a t  T t 7 2 8  seconds  a s  p rog rammed .  

2.0 SPAR V PAY LOAD CONFIGURATION 

The  SPAR V payload cons is ted  of four  e x p e r i n  en t s ,  a Gene ra l  
P u r p o s e  Rocket F u r n a c e  ( G P R F )  containing two of the four  expe r imen t s ,  
the  EXF : r iment  Support Module (ESM) and the -4bbreviated Measu remen t  
Module (AMM). The SPAR V expe r imen t s  a r e :  

74-2112R and 3R Dendrite Remelt ing and Macro  Segregat ion 
74- 15 /2R  Uniform Dispe r s ions  ~f Crys ta l l iza t ion  P r o c e s s i n g  
74-37/2R Contained Polycry  s ta l l ine  Solidification in Low-G 
74-301 1R and 2 Agglomerat ion in  Immisc ib le  Liquids 

The or ientat ion of the expe r imen t s  v;ithin the SPAR V rocket  i s  
shown in F i g u r e  1. 

ROCKET PERFORMANCE -- 

Flight  Sequence 

The SPAR V flight profi le  is  shown in F i g u r e  2. The predic ted  and 
ac tua l  sequence of events  a r e  shown a s  a function of fl ight t imd.  

3 .2  Low G r a v 9  -- 
The predic ted  low-g o r  l e s s )  t i m e  w a s  based  upon an  al l -up 

payload weight of 881.8 pounds. The  sc ience  payload (MSFC fu rn i shed )  
weighed 565. 5 pounds, 
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The measurement module low -g accelerometer measurements 
indicated that the low-g period on all three axes began at T+9 1 seconds and 

1 ended at  T+317 seconds, giving a low-g period of 226 seconds. Minimum 

i low-g period expected for experiments was 234 seconds. The eight-second 
deficit is not considered detrimental to the performance of any SPAR V 
experiment. 

PAY LOAD SUPPORT 

4.1 Payload Sequence of Events 

Experiments 74-15 and 74-37 and the GPRF required preheat 
prior to launch that was supplied by ground power. At T-0, a lift-off signal 
was given which activated a timer within each experiment and the GPRF, for 
control of events during the flight. These events are shown in Figure 3. 

0 

The actual timelines were well within the acceptable limits of each 
experiment, The planned power removal to experiments at T+728 seconds 
occurred a s  planned. 

4.2 Payload Power 

Transfer of electrical power from ground support equipment to 
the flight battery was accomplished at T-3 minutes. The Experiment Service 
Module battery suppiied power to all experiments. Battery voltage measure- 
ment (MO1-SM) indicates that the battery voltage was 32. 5 volts at lift-off and 
remained essentially constant until power cut-off at T+728 seconds. The bat- 
tery current rneavurement (M39-SM) was inoperative during the SPAR V flight, 
This condition was discovered during the Horizontal Testing at WSMR and was 
documented in Test Discrepancy Report (TDR) W-SPAR-5 -625- 6. The decision 
was made to launch without the battery current measurement, since it  was not 
considered to be essential and troubleshooting and repair of the circuit would 
have delayed the launch. 

Experiment 74-15 - Uniform Dispersions of Crystalline Processing 

The experiment consisted of investigating interaction between second 
phase particles and an advancing crystal-liquid interface. The flight operation 
first applied heat to the specimens, then cooling was allowed while photographs 
were taken. Figure 3 shows the flight sequence timelines. 

- 
The lamp current monitor (M32-15) indicates that heating and camera 

operation began at T+92 seconds. These events are  verified by the camera expo- 
sure monitor (K44- 15) which shows the first exposure to have occurred at Tt95 
seconds. The experiment temperature monitors (C84- 15 through C98- 15) show 
cooling to have begun at about Tt121 seconds. 
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1 The t28 Vdc monitor (M63- 15) indicates that the experiment 

1 received t28 Vdc until cutoff by the experiment timer at Tt302 seconds. 

1 The clock counting monitor (K47-15) indicates that the ESM timer removed 
the +28 Vdc experiment power at T+723 seconds. The camera exposure 

i monitor (K44- 15) indicates that the camera shutter operated until Tt387 
seconds. No 74-15 anomalies could be determined by examination cf the 
SPAK V flight data. 

5.2 Emeriment 74-37 - Contained Polvcrvstalline Solidification 

This experiment's purpose was to determine if a low-g condition 
affects the superheat temperature at which transition occurs between equiaxed 
and columnar grain structure in metallic castings. The samples required 3 
hours of preheat prior to launch. This was accomplished by CSE power. A t  
113 secclnds into the flight, freon was injected into the sample area f o r  cool- 
ing, and the camera and lights were activated a s  indicated by the lamp moni- 
tor (M27-37). The camera exposxre monitor (K48-37) indicates that the first 
exposure was made at  T+113 seconds, and that the camera shutter operated 
until loss of telemetry coverage at T+795 seconds. The reference voltage 
monitor (M26-37) remained at a steady 2.6 Vdc throughout the flight from 
lift-off until loss of telemetry. The experiment temperatures IC 100-37 
through C106-37) indicate that cooling began at  Tt113 seconds and continued 
until loss of telemetry. Cooling rates varied from 3OIminute (C100-37 and 
C101-37) to 69°/minute (C106-37) for the first minute of cooling. P . 74-37 
anomalies could be determined by examination of the SPAR V flight data. 

Experiment 74-2112 - Dendrite Remelting and Macro Segregation - 

This experiment consisted of the solidification of an ammonium 
chloride solution by cooling with thermo electric devices (TED'S ) and 
photographing the solidification. 

The timer output TED power on monitor (K28-SM) shows that the 
TED was commanded on at Tt62 seconds. The camera a ~ ~ d  lights were 
commanded on at Tt92 seconds, according to the timer output monitor 
for this event (K31-SM). The camera shutter monitor (K 12-22) indicates 
that the camera began exposure at T+93 seconds and coltinued operation 
until experiment power was removed at T+728 seconds. The scientific 
temperatures (C60-22, C61-22, and C62-22) dropped from 20°c at lift-off 
to 7%. 11.5-' and 1 7 O ~  respectively when powered down at Tt728 seconds. 
N o  74-2112 anomalies could be determined by examination of the SPAR V 
flight data. 



5.4 Ekperiment 74-21 / 3 - Dendrite Remelting and Macro Segregation 

This experiment coasieted of the solidification of an ammonium 
chloride solution by cooling with thermo electric devices (TED'S) and photo- 
graphing the solidification. 

The timer output TED power on monitor (K29-SM) shows that the 
TED was commanded on at T+31 seconds. The camera and lights were com- 
manded on at T+92 seconds, according to the timer output monitor for this 
event (KJO-SM). The camera shutter monitor (K13- - 2 )  indicates that the 
camera began exposure at  Tt93 seconds and continued operation until experi- 
ment power was removed at  T+7 28 seconds. The scientific temperatures 
(C16-23 through C18-23) dropped from 20°C at  lift-off to 4OC, 4OC and 5OC 
respectively when powered down at  T+728 seconds. The fourth scientific 
temperature (Cl9-23) dropped from 20°C at  lift-off to 4OC at approximately 
T+100 seconds and then increased to 2Z°C when powered down at  T+728 
seconds. This condition indicates the probable failure of a thermo electric 
device at approximately T t  100 seconds. Otherwise, no known anomalies 
occurred during the experiment 74-21 13 operation on the SPAR V flight. 

5.5 Experiment 74-201 1 - Agglomeration in Immiscible Liquids 

This experiment consisted of processing Al-In samples in the 
General Purpose Rocket Furnace (GPRF) in order to investigate the evolu- 

i tion of micro structures in miscibility gap materials and to relate this to 
the influence of gravity. The GPRF was preheated for 16 hours to 105q0C 
in order to maintain the sample temperature at  970°C. The GPRF cavity 
1 tempec...ture meas~rement  (C12-RF) indicates that the temperature was 
1036Oc at  lift-off. The 23OC difference between the telemetry and landline 
temperatures was known prior to shipment from MSFC, and was due to the 
fact that a t  lift-off, the furnace control voltage i s  shifted from a ground 
voltage source to the flight battery. From cooldown initiation a t  Tt162 to 
the end of low-g environment, Tt317 seconds, the average cooling rate was 
about 5. 4°/second. The cavity temperature was 180°C at  low-g end and 
?2OC at  T+7;?8 seconds. The sample temperature (C15-31) was lost during 
launch c ~ ~ ~ t d o w n  and was not replaced due to cost involved with a launch 
scrub. Therefore, no valid sample temperature data i s  available for the 
74- $91 1 experiment processing on the SPAR V flight. N o  74-301 1 anomalies 
#-auld be determined by examination of the SPAR V flight data. 

5.6 Experiment 74-3012 - Agglomeration in Immiscible Liquids 

rhis experiment was the same as  experiment 74-3011 except that 

c the sample compositions were different. The GPRF was preheated for 16 
4 hourzr to 1059OC in order to maintain the sample temperature at  9 7 0 ~ ~ .  The 
6 
* f',tlRF cavity 2 temperature (C13-RF) indicates that the temperature was 

1044OC at lift-off. The 15OC difference between the telemetry and landline 
measurements was known prior to shipment from MSFC, and was due to the 

i 



fact  that a t  lift-off, the furnace control voltage i s  shifted f rom a ground 
voltage source to the flight l i t t e ry .  F rom cooldown initiation a t  Tt162 
seconds, to the end of low-g environment, T+317 seconds, the average 
cooling rate  was about 5, .ToC/second. The cavity temperature was 1 5 9 O ~  
at low-g end and 47OC at power cut-off a t  Tt728 seconds. No 74-30/2 
anomalies could be determined by examination of the SPAR V flight data. 

6.0 INSTRUMENTATION 

6.1 Law-C Measurements 

The low-g data indicates that a low-g environment considerably 
less  than 1 x 1 0-4g was achieved in all 3 axes. The X-axis linear accelera- 
tion measurement (AOZ-MM) indicates that low-g entry was a t  about 90 seconds 
and exit at about 317 seconds with the g level, during this period ranging f rom 
+0.2 to -0.4 x 1 0 ' ~ ~ .  The Y-axis linear acceleration measurement (A03-MM) 
indicates the same iow-g entry and exit t imes with the g levels ranging from 0 
to  0.3 x 1 0 ' ~ ~ .  Tbe Z-axis linear acceleration measurement (A04-MM) indi- 
cates the same low-g entry and exit t imes with the g levels ra. ging from -0.2 
to +o. 2 10-4g. 

A large spike of 0.29 x 1 0 ' ~ ~  occurred on the Z-axis plot in the 
-2 (flight) direction at  T+159 seconds. The exact duration of the spike i s  
unknown since the low-g measuring system integrates over a 1-second incre- 
ment between samples, but the data shows that the g level immediately pre- 
ceding (Tt158 seconds) was 0.1 x 10-4g in the + Z  direction (opposite flight 
direction) and irnmec?;ately following (T+160 seconds) was 0.11 x 1 0 ' ~ ~  in the 
-2 direction. The cause of this spike is unknown since the GPRF quench was 
initiated some 3 seconds later a t  T+162 seconds, and no programmed function 
occurred a t  this time. 

A second spike of 0.47 x 1 0 ' ~ ~  in the + Z  direction occurred at 
T+289 seconds. This was immediately followed by a spike of 0. 5 x 1 0 ' ~ ~  
in the -Z  (flight) direction a t  Tt290 seconds. The data immediately pre- 
ceding (Tt288 seconds) shows that the g level was 0.13 x 1 0 ' ~ ~  in the + Z  
direction and immediately following (Tt291 seconds) was 0.08 x 10-4g in 
the -2 direction. Again, the cause of this spike is unknown since no program- 
med function occurred at  this time and the next function occurred 12 seconds 
later (74-1 5 power cut-off). 

6.2 Engineering Temperatures 

Engineering thermistors were 1oca;ed on the SPAR V Science 
Payload (SPL) in the following locations (see Figure 4). 

C28-SM Transmitter Plate Temperature 
C30-RF GPRF External Temperature 
C3 1 -RF CPRF Z Ring Temperature 
C33-MM Linear Accelerometer Block Temperature 
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C39-MM AMM External Temperature 
C59-22 74-21 12 Camera Plate Temperature 
C98- 15 74- 15 Cell Chassis Temperature 
C107-37 74-37 External Temperature 

The engineering temperature thermal analysis (Fig. 5) was per- 
formed by Joseph Sims, EP41, MSFC. The data shows that the SPAR V 
payload was warmer during flight than SPAR IV. The temperature at the 
forward end of the SPL (C39-MM) i s  very similar to that measured on 
SPAR III. The rapid temperature rise seen in the C39-MM data during 
both ascent and re-entry may be explained by: a )  the sensor location on 
the AMM case, and b)  the influence from aerodynamic heating during 
ascent and re-entry. 
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6.3 P r e s s u r e s  

Ambient p r e s s u r e  in the AMM (DO1 -MM) was  13.4 ps ia  a t  
lift-off, and 0.6 ps ia  ( ': 30 t o r r )  a t  T t 6 7  sec. The AMM ambient  p r e s -  
s u r e  measur ing device (D06-MM) was  a l s o  located in the AMM, and was  
capable of monitorin; f r o m  30 t o  loo4 t o r r  in s i x  ranges.  It  indicated 
tha t  the  ambient  p r e s s u r e  continued to  d e c r e a s e  until a minimum of 8 
t o r r  was  reached a t  approximately Tt360 seconds. F r o m  th i s  point, the 
p r e s s u r e  r o s e  rapidly t o  30 t o r r  a t  Tt367 seconds and then dropped t o  
21 t o r r  a t  T t372  seconds a s  the  payload reen te red  the  a tmosphere ;  th is  
p r e s s u r e  d r o p  is not harmful  and is probably due t o  e r r a t i c  r e p r e s s u r i -  
zation of the i r r e g u l a r  payload configuration. F r o m  th is  point, the p r c s -  
s u r e  continued t o  inc rease  rapidly and reached 8 ps ia  a t  Tt489 seconds 
when the heat  shield and drogue chute w e r e  deployed. F r o m  th is  point, 
the p r e s s u r e  inc reased  steadily until i t  reached 12. 8 ps ia  when t e l emet ry  
contact was  los t  a t  Tt780 seconds. 

The G P R F  He sphere  p r e s s u r e  (D02-RF) data indicates that  
the sphere  p r e s s u r e  was 2080 ps ia  a t  lift-off, and began decreas ing a t  
Tt162, about 15 seconds afte; initiation of GPRF cooldown was p rogram-  
med t o  begin. The p r e s s u r e  dec reased  to  about 30 ps ia  a t  Tt780 seconds 
when l o s s  of t e l emet ry  coverage occurred.  

6.4 Vibration and Shock 

No vibration data f r o m  the  X, Y, and Z vibration measurements  
(EO2-MM, E03-MM, and EO4-IMM) a r e  available f o r  evaluation, due to  the 
l o s s  of SPAR V data. However, th is  type of data i s  no  longer significant 
s ince  the vibration environment on SPAR is well  cha rac te r i zed  f r o m  previous 
flights. 

Nine impact-o-graphs,  capable of measur ing shock levels  f r o m  
100 G ' s  t o  750 G's,  were  mounted on the  fo rward  side of the  GSFC Telemetry  
Module Extension (Figure  6). The impact-o-graph r e s u l t s  a r e  tabulated in 
Table I. The shock level  experienced upon impact  s e e m s  t o  be between 550 
and 600 G's.  Since SPAR V was  the f i r s t  flight to  use impact-o-graphs capa- 
ble of measur ing levels  g r e a t e r  than 129 G ' s ,  no  compar ison can be made 
with shock data  f r o m  previous payloads. 

6.5 T h e r m a l  Mapping Car t r idge  

The Thermal  Mapping Car t r idge  (TMC) was  an ins t rumented c a r -  
t r idge  in the th i rd  G P R F  cavity. Its function was t o  m e a s a r c  the t empera -  
t u r e s  a t  the top and bottom of the  ca r t r idge  and the differential t e r r - ~ r a t u r e  
between them in o r d e r  t o  de termine  G P R F  ca r t r idge  i so the rms  during sample  
quench. 
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The Cavity 3 t empera tu re  (C! .RF) indicates that the cavity 
t empera tu re  was 750°c a t  lift-off, and r e r  iained stable until the He quench 
began a t  Tt162 seconds. The average  cooli lg r a t e  was  4. OoCImin. f r o m  
the beginning of quench until the  end of ihe !ow-g period, Tt317,  and the 
t empera tu re  a t  low-g end was 1240C. The TMC top t empera tu re  (C02-TM) 
indica.lL,- that  the  top TMC tempera tu re  w a s  380°C a t  lift-off, and inc ressed  
t o  4!6OC a t  quench initiation. These t e m p e r a t u r e s  a r e  much lower than anti- 
cipated, and the thermocouple f o r  th i s  measurement  is believed t o  have failed. 
The TMC b o t t o n ~  t empera tu re  (CO4-TM) -;ras 7 0 0 ~ ~  a t  lift-off, and inc reased  
t o  711°c a t  quench initiation. The average  cooling r a t e  was 3.8OCIsec. f r o m  
quench initiation t o  low-g end, a t  which t i m e  the t empera tu re  was 1210C. The 
differential t empera tu re ,  between th2 top and bottom (CO5-TM), indicates a 
constant 31°C f o r  the ent i re  flight. This  reading is due to  the  f a i lu re  of the  
top thermocouple, and indicates thet  the  difference between the top and bottom 
tempera tu res  was  g r e a t e r  than the  31°C maxim\.m range capability. of measure -  
ment  C05-TM. 

7.0 RECOVERY 

Tne payload landingl recovery  si te  was a gentle sloping rock- 
covered foothill of the San Andres Mountains which bordered the West side 
of the range. The payload landed on i t s  af t  end a s  planned, and then fe l l  over  
in the uphill direction. I t  did not appear  t o  have moved down the  slope a f t e r  
impact  o r  t o  have been d r a ~ , g e d  by the parachute. More  specifically, the  pay- 
load landed on a rock whicll deformed the aft end plate of the r a t e  control  sys -  
t e m  (RCS), a s  shown in F igure  6. The nine impact-o-graphs attached to the 
forward  s ide  of the RCS aft  end plate recorded the decelera t ions  shown in 
Table I. 

A helicopter  was used t o  t r a n s p o r t  the payload f r o m  the hillside 
t o  a level  a r e a  f o r  loading ~ n t o  a second helicopter.  The method selected fo r  
t ransport ing the payload f r o m  the landing s i te  to  the  loading a r e a  was  t o  pick 
i t  up a t  the top of the parachute canopy. To p r e p a r e  f o r  this ,  the l ines and 
canopy of the parachute w e r e  taped together  a t  approximately two-foot in te r -  
vals.  

The payload was loaded into the second hel icopter  a s  a single 
p i ~ c e ,  a s  opposed to  being d isassembled into two pieces,  f o r  e a s e  of hand- 
ling. It  is recommended that  future payloads of this  s i ze  o r  l a r g e r  have 
provisions f o r  d isassembly  in the field, e. g. , that  the GSFC ORSA cable 
have c o ~ l n e c t o r s  instal led in it a t  the station line where  the  planned field 
break is t o  be made. 

8.0 CONCLUSION 

In conclusion, the  flight data and post-flight analysis  shows the 
launch, flight, and recovery  of SPAR V t o  have been highly successful.  
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t I.  INTRODUCTION 

This  r e p o r t  d e s c r i b e s  Experimcrlt 74/15 which was f lswn on SPAR 5  on 

September 11, 1978. Experimsnt 74/15 was designed t o  s tudy t h c  behavior  

o f  second-phase p a r t i c l e s  a t  a  s o l i d i f i c a t i o n  f r o n t .  I n  g e n e r a l ,  a  

s o l i d i f i c a t i o n  i n t e r f a c e  a s  i t  approaches a  second-phase p a r t i c l e  w i l l  

e i t h e r  engulf t h e  p a r t i c l e ,  o r  r e j e c t  t h e  p a r t i c l e  and push i t  ahead 

of f h e  i n t e r f a c e .  Whether t h e  s o l i d i f i c a t i o n  f r o n t  ?ushes o r  encraps  

t h e  p a r t i c l e  depends on the  speed at  which t h e  s o l i d i f i c a t i o n  f r o n t  i s  

advancing,  the  s i z e  and shape of  t h e  p a r t ' c l e s ,  and t h e  c h a r a c t e r i s t i c s  

of  t h e  p a r t i c l e - i n t e r f a c e  i r i t e rac t ions .  The a b j e c t i v e  of t h e  experiments 

was t o  measure t h e  c r i t i c a l  ve loc i ty - - tha t  i s ,  t h e  maximum v e l o c i t y  a t  

which a  p a r t i c l e  is pushed by t h e  in ter face--as  a  func t ion  of  a v a r i e t y  

of parameters.  

Our i n t e r e s t  i n  t h e  behavior of  second-phase p a r t i c l e s  a t  a  

s o l i d i f i c a t i o n  f r o n t  and i n  s tudy ing  t h i s  behavior  i n  a  microgravi ty  

environment was motivated by two p r i n c i p a l  c o n s i d e r a t i o n s .  F i r s t ,  such 

behavior  seems c e r t a i n  t o  be important  f o r  the  f a b r i c a t i ~ n  i n  space  

o f  many composite m a t e r i a l s  having unique mic ros t ruc tu res .  I t  a l ready  

seems c l e a r  t h a t  uniform and unique d i s p e r s i o n s  o f  s o l i d  o r  l i q u i d  

~ h a s e s  i n  mat r ix  l i q u i d s  can be obta ined i n  t h e  space  environment. I n  

n e a r l y  a l l  a t t empts  t o  ach ieve  uniform d i s p e r s i o n s  by c r y s t a l l i z a t i o n  

process ing,  t h e  c r y s t a l l i t a t - o n  of the  mat r ix  l i q u i d  upon coolir lg car. 

s u b s t a n t i a l l y  change t h e  i n i t i a l l y  uniform d i s t r i b u t i o n  of  secon? phase 

m a t e r i a l  due t o  r e j e c t i o n  of t h e  second-phase m a t e r i a l s  a t  ths s o l i d i f i -  

c a t i o n  f r o n t .  



I Second, and perhaps more important fo r  t he  ove ra l l  program of space 
i 
I 

i app l ica t ions ,  the understanding and in s igh t  gained i n  the  study of 
I 

par t ic les -a t - in te r faces  i n  space can be used t o  provide improved under- 

s tanding and cont ro l  of many processes arid phenomena on ear th.  

I n  previous work (1-5, e.g,) it was found t h a t  a t  s u f f i c i e n t l y  

small growth r a t e s ,  p a r t i c l e s  of nearly a l l  mater ia l s  a r e  re jec ted  by 

a moving crys ta l - l iqu id  in t e r f ace ;  i ,e . ,  they a r e  pushed ahead i n t o  the  

l iqu id ,  t rave l ing  along with the  in t e r f ace  as i t  advances. P a r t i c l e s  

can thus be pushed f o r  long d is tances  (thousands of times the p a r t i c l e  

diameters) . 
It is apparent t h a t  t he  pushing of a p a r t i c l e  o r  pile-up of p a r t i c l e s  

by an in t e r f ace  demands both a force  preventing incorporat ion of t he  

p a r t i c l e  i n  t he  c r y s t a l  and feeding of f r e sh  mater ia l  t o  t h e  region of 

the  in t e r f ace  immediately behind t h e  center  of t h e  p a r t i c l e .  The in t e r -  

ac t ion  of t h e  p a r t i c l e s  with t h e  in t e r f ace ,  which is responsible  f o r  t h e i r  

r e j ec t ion  from the  growing s o l i d ,  csn be represented i n  terms of a short-  

range repulsion which e x i s t s  between the  p a r t i c l e  and the  so l id .  The 

p a r t i c l e  becomes incorporated i n t o  the  s o l i d  when l i q u i d  cannot d i f fuse  

s u f f i c i e n t l y  rapidly t o  the growing s o l i d  behind the  p a r t i c l e .  

The present  inves t iga t ion  was concerned broadly with developing 

improved understanding of the i n t e r a c t i o n  between second-phase p a r t i c l e s  

and an advancing s o l i d i f i c a t i o n  f ron t ,  and with developing c r i t e r i a  f o r  

the s o l i d i f i c a t i o n  processing of many two-phase composite mater ia l s  i n  

space. The elimination i n  space of the e f f e c t s  of densi ty  d i f fe rences  

between p a r t i c l e s  and mat r i r  - f fered the  opportunity f o r  systematical ly  

determining the f ac to r s  which a r e  important t o  t he  phenomenon of p a r t i c l e  



I n  addit ion t o  obtaining appropriate experimental data, the  inves- 

h t iga t ion  was a l s o  coneerned with developing a sa t i s fac to ry  theore t ica l  

i descript ion of the  behavior of second phase p a r t i c l e s  a t  a s o l i d i f i c a t i o n  

C 
front.  In  t h i s  Work, the  forces of in terac t ion  between p a r t i c l e s  and 

1 in ter faces  have been computed from the  re f rac t ive  indices, cha rac te r i s t i c  
I ; 
I absorption frequencies and s t a t i c  d i e l e c t r i c  constants following the 

approach suggested by L i f sh i t z  (6). This descr ip t ion  of the  in terac t ion  

was combined with a descript ion of  the relevant t ransport  phenomena t o  

obtain theore t ica l  predictions of the  c r i t i c a l  ve loci t ies .  

With t h i s  background, l e t  us consider the  SPAR 5 experiment and 

the  r e s u l t s  of the  ground-based studies.  



11. GROL'ND-BASED STUDIES, CRITICAL VELOCITY 

The s i n g l e  most important parameter used t o  eva lua te  the  i n t e r a c t i o n  

of second-phase p a r t i c l e s  wi th  a  s o l i d i f i c a t i o n  f r o n t  is the c r i t i c a l  

velocity. As indica ted  above, t h e  c r i t i c a l  ve loc i ty  is the  s o l i d i f i c a t i o n  

rate below which t h e  p a r t i c l e s  are re j ec t ed  by the advancing i n t e r f a c e  and 

above which they are incorporated i n t o  t h e  growing c r y s t a l .  The c r i t i c a l  

ve loc i ty  can conveniently be measured on e a r t h  by car ry ing  out  s o l i d i f i c a -  

t i o n  i n  e i t h e r  of two geometries: (1) a hor izonta l  geometry i n  which the  

sample is contained within a t h i n  chamber, with the p a r t i c l e s  r e s t i n g  

(because of grav i ty)  on the  bottom support of t he  chanber, and the  

s o l i d i f i c a t i o n  behavior observed through a  nticroscope as t he  i n t e r f a c e  

advances hor izonta l ly ;  and (2) a  v e r t i c a l  geometry i n  which the  p a r t i c l e s  

rest on the i n t e r f a c e  (because of  grav i ty)  as the  i n t e r f a c e  advances 

v e r t i c a l l y  upward. In  t h i s  case,  the  behavior has usual ly been charac- 

t e r i zed  by measuring the d i s t r i b u r i o n  of p a r t i c l e s  a f t e r  s o l i d i f i c a t i o n  

r a t h e r  than by d i r e c t  observation during the s o l i d i f i c a t i o n .  I n  both 

cases ,  the  e f f e c t s  of g rav i ty  introduce a s i g n i f i c a n t  complication i n t o  

the  measurement . 
In  the majority of the work car r ied  out  t o  da t a  i n  our laboratory,  

the horizontal  s o l i d i f i c a t i o n  geometry w a s  employed. Selected p a r t i c l e s  

were mixed i n t o  a  molten sample contained between a  g l a s s  support and a  

cover g las ;  and the  sample was cooled and c r y s t a l l i z e d  rapidly.  The 

r e s u l t i n g  sample was typ ica l ly  i n  the range of 50-200 microns i n  thickness ,  

and was confined between two g l a s s  p la tes .  The samplc was then located 

i n  a cont ro l led  temperature gradient  and was t raversed through the  

temperature gradient  by a notor-driven screw to provide the desired r a t e  
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of s o l i d i f  icet ion.  When viewed through a microscope a t  magnif icat ions 

i n  t h e  range of 100 X, p a r t i c l e s  as small as 2-5 microns i n  diameter could 

e a s i l y  be seen, and t h e i r  behavior could be  followed ind iv idua l ly  as 

s o l i d i f i c a t i o n  proceeds. By varying the  s o l i d i f i c a t i o n  r a t e ,  t h e  c r i t i c a l  

i ve loc i ty  f o r  each type (and s i z e )  of p a r t i c l e  could be measured. 

1 While t h i s  geometry has t h e  disadvantage t h a t  t h e  p a r t i c l e s  rest on 
i 
F t h e  bottom supporting g l a s s  p l a t e  and are subjec ted  t o  unspecif ied 
i 

f r i c t i o n a l  forces ,  t h e  t h i n  hor izonta l  geometry has  t h e  advantage of 
I 

s imp l i c i t y  and ease o f  viewing t h e  sample a t  high magnif icat ion over  a 
. . 

range of read i ly  con t ro l l ed  growth r a t e s .  

The apparatus used f o r  t he  measurements wi th  a v e r t i c a l  geometry was 

t h e  s i n g l e  c e l l  vers ion  of t he  f l i g h t  apparatus ,  uhichwas discussed i n  

d e t a i l  i n  our SPAR 4 r epo r t -  The s i n g l e  cell apparatus  was used 

v i t h  a microscope t o  permit v i s u a l  observat ion of t he  p a r t i c l e s  during 

t h e  experiment. Hence the  observat ional  technique was t h e  same as 

t h a t  employed wi th  t he  hor izonta l  geometry apparatus.  

Previous measurements of c r i t i c a l  v e l o c i t i e s  have been ca r r i ed  

ou t  f o r  a number of par t ic le-matr ix  combinations. I n  a l l  cases ,  the 

matr ix  mater ia l s  have been character ized by en t rop ies  of fusion which 

a r e  l a r g e  i n  Jackson's sense (7) .  Since the entropy of  fusion has  been 

demonstrated t o  have s i g n i f i c a n t  e f f e c t  on t h e  c rys ta l - l iqu id  i n t e r f a c e  

morphology a s  wel l  a s  upon many c h a r a c t e r i s t i c s  of t he  c r y s t a l l i z a t i o n  

process,  i t  seemed highly des i r ab l e  t o  explore  t he  behavior of second- 

2hase p a r t i z l e s  i n  matr ix  mater ia l s  charac te r ized  by low en t rop i e s  

of fusio.1. ?n add i t i on  t o  the i!:trinsic i n t e r e s t  i n  such behavior, our 

concern i n  t h i s  regard was prompted by t h e  f a c t  t h a t  metals a r e  



character ized by small ent ropies  of fusion. For t h i s  reason, carbon 

tetrabromide (Car4), vhich has a small entropy of fusion,  w a s  chosen 

8s t h e  f i r s t  matrix material f o r  t h e  SPAR 1 f l i g h t .  Ground-based 

measurements of t h e  c r i t i c a l  ve loc i ty  f o r  var ious p a r t i c l e s  i n  CBr4 

were ca r r i ed  out.  The p a r t i c l e s  which were invest.gated included zinc,  

tungsten, oxide g l a s ses  of 1x3 ~ . r  ~pos i t i ons ,  aluminum oxide, f e r r i c  

oxiae, and zinc su l f ide .  No p a r t i c l e  was observed to be pushed a& the  

lowest growth rate measurable on our  equipment (0.1 micron s e c l ) .  CBr4 

could therefore  not  be used i n  subsequent experiments. 

For t h i s  reason, a survey of  t h e  c r i t i c a l  v e l o c i t i e s  of low entropy 

of  fusion organic  mater ia l s  w a s  undertaken. The r e s u l t s  a r e  given i n  

Table I along v i t h  a few of  the  high entropy of fus ion  organic mater ia l s  

which were a l s o  s tudied.  The o ther  low entropy of fusion mater ia l s  

i d e n t i f i e d  by Jackson (8) were not  ava i l ab l e  i n  s u f f i c i e n t  pu r i ty  to be 

usable. 

A s  seen i n  Table I, d-camphor is t h e  only low entropy of fusion 

mater ia l  which exh ib i t s  p a r t i c l e  pushing a t  reasonable s o l i d i f i c a t i o n  

ra tes .  The c r i t i c a l  v e l o c i t i e s  f o r  p a r t i c l e  pushing were measured f o r  

camphor with a v a r i e t y  of second-phase p a r t i c l e s .  Some of the r e s u l t s  

are surumarized i n  Table 11. 

Besides the  in t e rac t ion  between the  p a r t i c l e  and the  s o l i d i f i c a t i o n  

in te r face ,  the  drag fo rce  on the  p a r t i c l e  ?.s a l so  important i n  determin- 

ing  the c r i t i c a l  veloci ty .  The drag f o r r e  a r i s e s  from the d i f f i c u l t y  

of feeding f l u i d  behind the p a r t i c l e  t o  t he  growing in te r face .  The 

drag fo rce  can be approximately ca lcu la ted  i f  the  shape of the in t e r f ace  

near the p a r t i c l e  is known. The shape of t he  i n t e r f a c e  behind the 
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Table I1 

Critical Velocities in Camphor 

Particles 

Glass 

Ge 

Mica 



p a r t i c l e  may be s t rongly  a f f ec t ed  by the r e l a t i v e  thermal proper t ies  of 

matrix and p a r t i c l e .  I f  t he  p a r t i c l e  is much more conductive than the 

matrix, a s  is most o f t e n  t h e  case  f o r  organic matrix mater ia l s ,  the f r o n t  

w i l l  curve behind the  p a r t i c l e ,  and the  drag force  w i l l  be considerably 

increased. To study t h i s  problem i n  more d e t a i l ,  we ca r r i ed  out  an 

ana lys i s  of the shape of t he  i n t e r f a c e  i n  t h e  v i c i n i t y  of the  p a r t i c l e  

using f i n i t e  element methods. The r e s u l t s  w i l l  be described i n  t he  

f i n a l  report.  

I n  summary, we made extensive ground based measurements of the  

c r i t i c a l  v e l o c i t i e s  of p a r t i c l e s  of d i f f e r e n t  thermal conduct iv i t ies ,  

s i z e ,  roughness, e tc .  i n  a va r i e ty  of organic m t r i x  mater ials .  We 

sought t o  understand the  r e s u l t s  of these  measurements by formulating 

a new treatment of the phenomenon based on the  L i f s h i t z  treatment of 

the  pa r t i c l e - in t e r f ace  i n t e r a c t i o n  coupled with a more accurate  des- 

c r i p t i o n  of the drag force  based on a knowledge of t he  shape of the  

s o l i d i f i c a t i o n  front .  



111. FLIGHT EXPERIMENT 

It was necessary  t o  d e s i g n  a s c i e n t i f i c a l l y  v a l u a b l e  experiment 

which would meet t h e  des ign  requirements  o f  t h e  sounding r o c k e t  en- 

vironment: (1) h i g h  a c c e l e r a t i o n  and v i b r a t i o n  l e v e l s ;  (2 )  only a 

s h o r t  microgravi ty  experiment pe r iod ;  and (3)  power, s i z e ,  and weight 

l i m i t a t i o n s .  A s  d e t a i l e d  above, d-camphor was chosen as t h e  o rgan ic  

m a t r i x  m a t e r i a l .  Unfor tunate ly  camphor i s  a d i f f i c u l t  m a t e r i a l  wi th  

which t o  work; i t  h a s  a me l t ing  p o i n t  o f  178OC, a narrow l i q u i d  tem- 

p e r a t u r e  range, and a h igh vapor p ressure .  

The ground based exper imenta t ion coupled wi th  t h e  r e s u l t s  o f  t h e  

SPAR 1 experiment d e t a i l e d  t h e  fo l lowing  des ign  c o n s i d e r a t i o n s  f u r  t h e  

appara tus  flown on SPAR 4 and SPAR 5. 

(1) It was necessary  t o  c o n t r o l  c a r e f u l l y  t h e  shape and speed of 

t h e  s o l i d i f i c a t i o n  f r o n t  t o  ach ieve  a u s e f u l  experiment. Since  t h e  

t e l emet ry  was no t  s u f f i c i e n t l y  a c c u r a t e  t o  measure t h e  p o s i t i o n  and 

speed of  t h e  f r o n t ,  i t  was necessary  t o  b u i l d  an appara tus  which would 

p r e c i s e l y  repea t  t h e  same c y c l e  f o r  each experiment. The t e l emet ry  

was used only  t o  d e t e c t  malfunct ions  i n  t h e  appara tus .  

(2)  The s o l i d i f i c a t i o n  p rocess  should  a t  l e a s t  i n  some c a s e s  be 

photographed a t  s u f f i c i e n t l y  h igh magni f i ca t ion  such t h a t  i n d i v i d u a l  

p a r t i c l e s  can be  seen  a t  t h e  i n t e r f a c e .  

(3) The sample chamber m u s t b e  t r a n s p a r e n t  w i t h  f l a t  walls t o  

permit  e f f e c t i v e  photographic  recording.  Extensive  f i n i t e  element 

thermal c a l c u l a t i o n s  i n d i c a t e d  t h a t  c o n t r o l  of  t h e  s o l i d i f i c a t i o n  

c o n d i t i o n s  and t h e  i n t e r f a c e  shape can be b e s t  achieved wi th  a t h i n  



sample (but  t h i c k  r e l a t i v e  t o  t h e  diameter  o f  t h e  l a r g e s t  p a r t i c l e s  

being s t u d i e d ) .  Th i s  cho ice  was a l s o  requ i red  t o  o b t a i n  s h o r t  thermal 

time c o n s t a n t s  f o r  s e l t i n g  and s o l i d i f i c a t i o n ,  

(4) The sample must on ly  be melted i n  t h e  microgravi ty  environment 

t o  avoid t h e  p a r t i c l e s  s e t t l i n g  o u t  of t h e i r  i n i t i a l  d i spers ion .  

Based on t h e  above des ign  c r i t e r i a ,  fused s i l i c a  (quar tz )  was 

chosen as t h e  sample c e l l  m a t e r i a l .  It might be noted t h a t  p l a s t i c s  could 

no t  be used because of t h e  temperature a t  which caaphor mel t s ,  178'C, 

and i ts c o r r o s i v e  c h a r a c t e r .  

The sample c e l l  assembly is  shown schemat ica l ly  i n  Figure  1. The 

q u a r t z  sample c e l l  i s  3.4 cm high wi th  a 5 mn: long f i l l  tube extending 

from i t .  The sample th ickness  is  0.008 inch  (200 urn). The w a l l  

th ickness  of t h e  q u a r t z  c e l l  is 1.5 mm. The c e l l  i s  1.3 cm wide. 

Separa te ly  c o n t r o l l e d  aluminum h e a t e r  b locks  a t  each end of t h e  c e l l  

c o n t r o l  the  temperature p r o f i l e  i n  t h e  c e l l .  An expansion r e s e r v o i r  

wi th  a Teflon diaphragm compensates f o r  volume changes i n  t h e  camphor 

upon s o l i d i f i c a t i o n  o r  melt ing.  The sample c e l l  is sea led  t o  t h e  

volume compensating chamber wi th  a f i l l e d  Tef lon o-ring machined wi th  

a square  c r o s s  s e c t i o n  from Rulon H257. The e n t i r e  sample c e l l  assembly 

is enclosed i n  a gold p l a t e d  copper can which r e  ':es t h e  temperature 

of t h e  bottom h e a t e r  block.  The gold p l a t e d  can reduces t h e  r a d i a t i o n a l  

cool ing o f  the  exposed q u a r t z  c e l l  and i s o l a t e s  each sample c e l l  from 

its surroundings.  The p l a t e d  can f o r  t h e  photographed sample has 

i n f r a r e d  r e f l e c t i v e  windows manufactured by Corion Corporation.  
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A sample c e l l  assembly a s  shown i n  F igure  1 was a l s o  used i n  t h e  

"s ingle  c e l l  appara tus"  f o r  t h e  ground based t e s t i n g  arid measurement of  

the  c r i t i c a l  v e l o c i t i e s .  

The appro..;-mate experiment c y c l e  f o t  each c e l l  i s  shoxm i n  F igure  2. 

A t  f o u r  minutes b e f o r e  launch,  t h e  h e a t e r s  a r e  tu rned  on t o  b r i n g  t h e  

c e l l s  t o  t h e i r  p rehea t  temperaturs  of 175OC a t  t h e  top and bottom h e a t e r  

b l o l k .  A t  89 seconds a f t e r  launch when the  mic rograv i ty  p o r t i o n  of  t h e  

f l i g h t  h a s  been reached,  the  sample i s  melted by r a i s i n g  t h e  temperature  

of t h e  top h e a t e r  b lock t o  193OC and lowering t h e  temperature  of  t h e  

bottom h e a t e r  b lock  t o  163OC. Thus a s t a b l e  s o l i d i f i c a t i o n  i n t e r f a c e  is  

-1 
c r e a t e d  i n  a temperature  g r a d i e n t  of about 55°C cm . A t  140 seconds,  

t h e  slow c o n t r o l l e d  s o l i d i f i c a t i o n  of  t h e  sample beg ins  by changing t h e  

set p o i n t  of  bo th  t h e  top and bottom temperature  c o n t r o l l e r s  a t  a  

cons tan t  r a t e .  This  r a t e  is, oi course ,  s e t  by t h e  d e s i r e d  growth r a t e  

o f  t h e  s o l i d  b u t  is about  1°C min-l. A t  300 seconds,  t h e  experiment 

is over  and t h e  h e a t e r s  a r e  turned o f f  t o  s o l i d i f y  t h e  sample b e f o r e  

r e e n t r y  occurs .  

The f l i g h t  appara tus  c o n s i s t s  of seven sample c e l l  a s sembl ies ,  a  

temperature  c o n t r o l l e r  f o r  both  top and bottom of  each of t h e  seven 

c e l l s ,  t h e  necessary  c o n t r o l  e l e c t r o n i c s ,  and a camera and l e n s  

assembly t o  photograph one o f  t h e  seven c e l l s .  A N i k m  camera wi th  

a 250 exposure back is used t o  photograph one c e l l  a t  17.7 X us ing  a 

- 1 19 mm Nikkor l e n s  a t  approximately 50 frames minute . 





IV. W F A C T L ' R E  OF CLASS CELLS AND FILLING PROCEDURE 

Because of the  f r ac tu re  of the  c e l l  being photographed i n  t h e  SPAR 

b f l i g h t ,  p a r t i c u l a r  a t t e n t i o n  was d i r ec t ed  t o  the f ab r i ca t ion  of g l a s s  

c e l l s  f o r  t he  SPAR 5 f l i g h t .  After  much experimentatlor,  the  fo l lowi i~g  

procedure was adopted. 

1. TWO p l a t e s  of fused s i l i c a ,  0.4 x 1.22 x 0.0e inch were h e l i  

i n  a f i x t u r e  on a glass l a the ;  and a fused s i l i c a  tube was fused coaxi ly 

onto one end of the  p la tes .  

2. The l a t h e  f i x t u r e  was removed; t he  cell w a s  supported by the  

tube; and fusion of the  p l a t e s  along the bottom, s i d e s  and top  (where 

the  tube was at tached)  was affected.  

3. The c e l l  was then ground j u s t  enough t h a t  the  width of the c e l l  

was 0.500 inch (-1-0.005, - 0.010), s o  i t  would f i t  i n t o  t he  next  l a t h e  

f i x t u r e  . 
4. The bottom of the  cel l  was heated i n  t he  center  with a small 

torch,  and a 2imple was blown out  and broken o f f .  The fused s i l i c a  

tube t h a t  would be the  sample neck was fused t o  t he  hole  i n  the  bottom 

of the  c e l l .  

5 .  The o r i g i n a l  tube was snapped o f f  from the c e l l ,  and the  hole 

was closed. This r a t h e r  complicated procedure reduced the  necking of 

the  tube which would make the c e l l  impossible t o  s e a l  with the  o-ring. 

6 .  The c e l l  was then placed i n  another l a t h e  f i x t u r e  t o  center  t h e  

neck and make su re  t h a t  the cy l ind r i ca l  axes of the neck coincided with 



t h e  center  l i n e  of the  cell. If t h i s  were not done, t h e  neck would break 

vhen the  c e l l  was assembled. The neck w a s  l e f t  about 1 - 1.5 inches long 

a t  t h i s  s t a t e .  

7. The c e l l  was then ground by hand with a sharpening s tone  t o  remove 

the r idges  at the  edge of the  c e l l  s o  it could be f i t t e d  t o  t he  aluminun! 

hea ter  blocks. The t a r g e t  c learance w a s  0.001 inch; but i n  some cases  

t he  ac tua l  c learance w a s  about 0.002 inch. The neck was covered with 

masking tape  t o  keep dus t  and water out  of t h e  c e l l  during t h i s  operation. 

8. The c e l l  was then f i r e  polished. 

9 .  The neck was cu t  t o  length using a scrfbe-and-break tt ;lnique. 

A s p e c i a l  j i g  was used t o  measure the  length  p r i o r  t o  cu t t ing .  

10. The c e l l  vas  then ready f o r  i n s t a l l a t i o n  i n  the  sample assembly. 

The procedure f o r  assembling the  c e l l  i n  the  samp1.e assembly was as 

follows : 

1. The i n s i d e  of the sample assembly hea ter  blocks was l i b e r a l y  

coated with thermal grease. 

2. The top  o-ring assembly was at tached t o  the  sample c e l l .  For 

the  SPAR 5 f l i g h t ,  the  o-ring was machined from Rulon 257, a f i l l e d  

T e f l o ~ .  This attachment provided an in te r fe rence  of about 0.301 inch. 

The o - r i ~ ~ g  was in se r t ed  i n t o  the o-ring groove, and the  lower p l a t e  was 

screwed down. The in s ide  opening on the  o-ring was enlarged with a 

tapered too l  f r o s  both s i d e s  u n t i l  the  neck of the c e l l  c o d d  be 

inser ted.  The c e l l  was then inser ted  and the screws t ightened,  thereby 



compressing the  o-ring. Since the  f i l l e d  Teflon used here  ( for  thermal 

reasons) does not  s e a l  wel l ,  t h e  o-ring required t igh ten ing  a f t e r  

every thermal cycle. 

3. Holding the  s e a l  by the  top assembpj, the  s e a l  was coated with 

t h e m 1  grease and in se r t ed  i n t o  the c e l l  .-.isembly. Special  a t t e n t i o n  

w a s  d i r ec t ed  t o  providing thermal grease around the  neck near the  o-ring. 

4. The bottom of the  c e l l  w a s  shiumed with Teflon pieces s o  t h a t  a  

small l e a f  spr ing  ac t ion  forced the  c e l l  up aga ins t  t he  top cover and 

o-ring assembly. 

5. The c e l l  was then pressure t e s t ed  and v ib ra t ion  tes ted .  A non- 

leaking c e l l  was defined a s  one with a neg l ig ib l e  or extremely slow leak  

rate fro= 15 p s i  with j u s t  the  c e l l  and 1/8 inch I D  coilnecting tube 

volume. Viton tubing was used so  t h a t  the  c e l l  could be operated hot 

during the  v ib ra t ion  tes t ing .  

The c e l l s  were f i l l e d  tising the following procedure: 

1. The camphor was cleaned by vacuum sublimation a t  100°C i n  a 

f ix tu re .  

2. The p a r t i c l e s  were put i n t o  the c e l l  using the  corner of a  

jeweller ' s  screw dr iver .  

3. The pu r i f i ed  camphor was placed ins ide  the f i l l i n g  f i x t u r e ,  and 

the  f i x t u r e  was assembled i n t o  the c e l l .  

4. The f i x t u r e  was brought t o  190cC, with the  top and bcttom hea ter  

blocks a t  18S°C, using the  s i n g l e  c e l l  apparatus t o  cont ro l  manuaily the  

hea t e r  blocks and a Variac t o  con t ro l  t h e  temperature of the f i l l i n g  

f ix tu re .  

I1 -18 



5. After the  c e l l  was f i l l e d ,  the  camphor was fu r the r  degassed 

by melting and rec rys ta l l i za t ion  four times. 

6. The expansion reservoir  Teflon diaphgram, spring load piston,  

and cover were ins ta l led .  The nuts  were torqued t o  58 in-oz. 

7. The camphor was again conpletely remelted with spec ia l  care 

taken t o  ensure the  sample being ae l t ed  from the top down ( t o  avoid c e l l  

breakage). 

8. While the  sample was being continuously inverted back and fo r th ,  

the  power was tcrned off  snd the center  of the c e l l  was quenched with a 

jet of a i r  t o  ensure tha t  the  p a r t i c l e s  were dispersed. 



V. CALIBRATION PROCEDURE AND PRE-FLIGHT TESTING 

Mter much experimentation, it was found that the most accurate and 

reliable calibration technique employed fourteen thermocouples attached 

to an external data logger to monitor the temperature of both heater 

blocks. By calibrating the system in its flight configuration in a 

vacuum, problems associated with transfer of the calibration conditions 

between the single cell apparatus and the flight apparatus could be 

avoided. The temperature set points and cooling rates were determined 

by fixed resistors soldered into the controller boards. Hence the 

calibration procedure specified the replacement of these resistors to 

achieve the desired experimental conditions. 

The samples in positions 6 and 7 were designed to have the same 

experimental conditions. Hence should the sample or temperature con- 

troller i l l  position 7 fail, the sample and its associated controller 

from position 6 could be shifted to position 7 without requiring that 

the system be recalibrated. This flexibility was in fact required for 

the SPAR 5 flight due to a cell failure caused by mechanica? misalignment 

during the fill procedure. 

Two cell failures were observed during the fillisg of the cells for 

the SPAR 5 flight (one of which was intended for position 7). In both 

cases, the failure took the form of the neck snapping off as a result 

of mechanical misalignment. Two spare cells were available to replace 

the two broken cells. Unfortunately, one of the spare cells apparently 

had a very small crack, as a very small leak was observed after the cell 

was filled with camphor. Since no additional replacement cell was 



available, the cell with the very small crack was flown (in position 1). 

The interchange of the cells in positions 6 and 7 and their 

associated temperature controllers invalidated the telemetry data for 

these cells. It was planned to obtain the appropriate telemetry cali- 

bration data after the flight during post-flight testing; but a voltage 
j 

[ reference in the telemetry circuits was damaged on impact, which 

invalidated the telenetry data obtained during post-flight testing. 

In any case, the telemetry was designed to point out gross malfunctions, 

rather than to verify correct calibration--for which it was not sufficient- 

ly accurate. The absence of telemetry calibration data for positions 6 

and 7 was not a significant handicap, since the temperatures of the cells 

were reproduced within 1°C between the calibration tests and the 

post-flight tests. The 1°C variation is a product of both the inaccuracy 

of the system and the measuring technique. 

As a result of difficulties observed during integration testing, 

some concern was expressed about the ability of the system to achieve 

reproducibly the correct interface location for the photographed cell 

(cell No. 7). The program manager at Marshall requested that a dummy 

sample be installed for the horizontal test at the White Sands missile 

range, so that the calibration procedures could be checked. 

In the calibration testing at MIT/Draper Laboratories, carried out 

using dunmy cells, the apparatus functioned as programmec!. Following 

this calibration, the apparatus was hand-carried to White Sands. The 

apparatus functioned as prograra~ed during the horizontal test with +he 

dummy cells. The photogr2phed cell used in these horizontal tests was 



the same as that used in the integration test sequence. A problem was 

encountered with a light source in the horizontal test, which required 

an emergency installation of new lamps and photographic testing. 

The flight samples were installed for the vertical test, with a 

thermal shift cable employed to prevent the samples melting. The tele- 

metry output for position 7 was somewhat low, but the lack of exact 

calibration data made interpretation of the discrepancy difficult. A 

set of thermocouples was installed on the cell in position 7 to verify 

the preheat temperature set-point; but the resulting data were in- 

conclusive. Sdnce the apparatus was functioning properly, the decision 

was made to accept that the temperature controllers were operating 

correctly and assign the discrepancy to the telemetry channel. This 

decision was consistent with the overall design philosophy of the 

experiment, the accuracy of the telemetry data, and the results of many 

calibration tests run at MIT/Draper Laboratories. 



V I .  SPAR 5 EXPERIMENT AND RESULTS 

The experiments flown on SPAR 5 a r e  shown i n  Table 111. Each 

experiment was chosen with a s o l i d i f i c a t i o n  r a t e  and a range of p a r t i c l e  

diameters such t h a t  tire l a r g e s t  p a r t i c l e s  are not  pushed i n  t he  <round 

based experiments bu t  t h e  smaller p a r t i c l e s  a r e  pushed. The f i n a l  

d i s t r i b u t i o n  of p a r t i c l e s  is then examined a f t e r  recovery of t he  

apparatus and analyzed t o  est imate the  c r i t i c a l  ve loc i ty .  

The growth r a t e s  shown i n  Table 111 a r e  average growth r a t e s  during 

the  middle of t h e  cont ro l led  growth. S ign i f i can t  devia t ions  from t h i s  

growth r a t e  can occur during the  i n i t i a l  por t ion  of t he  growth a s  w i l l  

be  discussed i n  d e t a i l  i n  connection with the  f l i g h t  fi lm. The accuracy 

of t h i s  growth r a t e  is approximately 5 10%. 

The g l a s s  p a r t i c l e s  a r e  fused g l a s s  spheres obtained from P o t t e r s  

Indus t r ies ;  t he  n i cke l  p a r t i c l e s  a r e  "5  Dm spheres" obtained from Ventron- 

Alfa Products. The p a r t i c l e s  were s ized  with s i eves ,  and the  diameters 

were measured wi th  a microscope and ca l ib ra t ed  eyepiece. 

The d-camphor used i n  both the ground based experiments and the  f l i g h t  

experiments was pur i f ied  by vacuum sublimation a t  100°C th ree  times. 

The telemetry indicated t h a t  the  apparatus functioned co r rec t ly  

during f l i g h t .  Pos t - f l igh t  t e s t i n g  of the  apparatus ,  c a r r i e d  out  under 

i d e n t i c a l  condi t ions employed i n  t h e  p r e f l i g h t  t e s t i n g  with the  same s e t  

of thermocouples, indicated t h a t  t he  apparatus repeated i ts  temperature 

cycle  d i t h i n  1°C. The 1°C v a r i a t i o n  represents  the  ove ra l l  accuracy of 

both apparatus and the  t e s t  procedure. The design philosophy of t h i s  

experiment d i c t a t ed  J r e l i ance  on t h i s  r e p e a t a b i l i t y  of the  apparatus 



Cell No. 

1 

2 

3 

4 

5 

6 

? 

Table I11 

Experiment Set-up (SPAR 5 )  

Particles 

glass (0-20 vm! 

glass (10-30 urn) 

glass (0-10 pm) 

Ni (0-30 pm) 

Ni (0-30 urn) 

glass (0-20 pm) 

glass (0-20 urn) 

Growth rate 

in m/s 



to control the experimental conditions during the flight, since the 

telemetry was not sufficiently accurate to measure the experimental 

conditions. Based on this series of tests in vacuum at roon temperature, 

i 
i the experimental conditions listed in Table I11 were verified. Un- 

fortunately, as noted in the previous section, a voltage reference 

within the telemetry circuits was damaged on impact so that preflight 

and postflight telemtry could not be compared. 

The results obtained on the samples in the various cells may be 

summarized as follows: 

1. Cell No. 7 

This cell was photographed during flight. It contained glass spheres 

and was solidified in the microgravity environment at growth rates between 

4 and 2 urn sec-l doring the period of crystallization recorded photo- 

graphically. From the flight photographs, the following information 

was noted: 

1. The sample was not melted before launch; hence this sample-- 

and inferentially the others as well--retained the initial dispersion 

of particles prior to melting and recrystall.ization in the microgravity 

environment. 

2. The matrix material (camphor) was successfully melted in the 

microgravity environment, leaving the particles dispersed in the liquid. 

3. Although the intt.rface melted back to a position in the field 

of view, it did not melt back as far as desired (and programed). In 

particular, the interface melted back to a position about 27% of the 

frame lengtit into field of view, whereas it was prcgranmed to melt back 



t o  a position in the middle of the field of view. 

The difference between the observed melt-back position and the 

programmed position could be accounted for by either a nechanical mis- 

placement of about 0.022 inch or a shift in temperature of about 3OC. 

A mechanical misplacement anywhere near as large as 0.022 inch is 

exceedingly unlikely; and the repeatability and accuracy of the tem- 

perature measurements--based on a sizable number of laboratory cali- 

brations--is unlikely to be greater than about 1°C. For this reason, 

we remain uncertain as to the precise cause of the discrepancy bstweec 

the observed melt-back position and the programmed position. It is 

apparent, however, that the top heater heated at a faster rate than 

the bottom heater cooled--behavior which was not observed in the ground- 

based work. 

Because the interface did not melt back as far as programed during 

the melting cjcle, a large portion of the recrystallization which was 

photographed corresponded to the per-~d of relatively rapid growth 

- 1 (3-4 pm sec ) This is seen as the interface starts to advance in 

recrystallization following melt-back. During this period of relative- 

ly rapid crystallization, the particles were incorporated in the growing 

crystal rather than pushed ahead by the interface. Near the end of 

- 1 
the flight film, the growth rates slowed to values about 2 pm sec -. 
In this rcnge of slower growth, rejection of some of the particles at 

the advancing interface was observed. 

From these measurements, a critical velocity of about 2 pm sec - 1 
is estimated for a particle size of approximately 5 urn. Considering 



the limited number of particles which were examined and the limited 

crystal growth which was observed under near-programmed conditions 

(before the interface grew out of the field of view), we can simply 

suggest that the critical velocity for the glass spheres in this sample 

was approximately equal to the critical velocity measured in the vertical 

geometry ic the ground-based experiments. It can also be stated that 

particles are entrapped in the growing crystal in the absence of external 

forces with the container walls. 

Figures 3-8, taken from the flight film (frames G65, 657, 653, 650, 

647 and 646 respectively) show the advance of the interface during the 

final stages of observed growth (where the growth rate was in the range 

of 2 urn sec-I). Directing particular attention to the particles in the 

top left portion of the photographs, rejection of particles at the crystal- 

liquid interface is seen. At the same time, entrapment of other particles 

and particularly groups of particles is also seen. Rejection-entrapment 

behavior of the type seen here was frequently seen in our ground-based 

studies at growth rates near the critical velocity. That is, some of 

the particles are pushed while other particles are rejected at the 

interface. 

Postflight examination of sample No. 7 supported this finding. No 

lines of high particulate density parallel t a  the interface position 

during growth were seen in the solidified sample. App7-ently, the growth 

rate did not get quite as low as programned--very likely for reasons 

similar to those responsible for the incomplete melt-back of the 

interface--.and at the somewhat higher growth rate, only a modest portion 















of the particles are pushed by the interface; and these are qot pushed 

indefinitely. 

Also observed in the flight film, e.g., in the top left region of 

Figures 6-8, is themmigration of bubbles in the solid. As expected, 

the bubbles move through the temperature gradient toward the hot end of 

the sample. 

i .  Cell No. 1 

This cell, which also contained glass spheres, was empty of camphor 

when returned to MIT. As indicated in the discussion in the preceding 

Section, a possible leak ill the cell was detected before launch; but 

an appropriate, calibrated replacement cell was not available (the two 

spare cells were already in use). It w;s hoped that rate of leakage 

would be sufficiently slow that information could be obtained from the 

sample; but this was not the case. 

3. Cell No. 2 

This sample also contained glass spheres and was crystallized in 

-1 the microgravity environment at an average rate of about 1.2 Ern sec . 
The post-flight examination indicated the presence of two large bubbles 

in the sample. These are shown in the overall view of the cell shown 

in Figure 9. The bubble to the left in the figure was observed in 

the left-central region of the zone which crystallized slowly in 

microgravity. The larger bubble in Figure 9 was observed near the 

end of the controlled-solidification region and in the region of sub- 

sequent quench-induced growth. The region of the first bubble is 



Fipure 9 - Overall view, Cell t10.2, post - f l ight .  
Cell width is 0.5 imh.  



shown in more detail in Figure 10. 

Detailed examination of this sample showed no evidence of large- 

scale rejection of the glass spheres at the interface. The occurrence 

of the bubbles, particularly the first bubble, and the convection cells 

in the liquid associated with such bubbles in a temperature gradient, 

could wipe out any rejection that night have been observed. Such 

convection cells were sometimes noted in the ground-based experiments; 

and the rejection-incorporation behavior near the bubbles was found 

not to be characteristic of behavior elsewhere in the samples. In any 

case, the programmed growth rate for this cell is only somewhat smaller 

than that in the photographed cell, where only some of the particles 

were rejected at the interface, and were pushed only short distances 

before being inccrporated ic the solid. 

4. Cell N o . 3  

This cell also contained glass spheres, and was programmed to 

- 1 
solidify at an average rage of 3.2 urn sec . As showr. in the overview 

of the full cell shown in Figures 11 and 12, the soli8ified zone in this 

sample lacked the clarity seen in the other samples. The camphor 

appeared dirty, despite the fact that it vas purified like that in the 

other cells. Detailed post-flight examination of the sample showed no 

evidence for rejection of particles at the interface during the controlled 

nicrogravity solidification. This finding is consistent with the 

observations made on the photographed sample in Cell No. 7, where all 

particles were seen to be incorporated in the solid (no rejection at 





Figure 11 - Overall vieu, C e l l  Fo. 1 ,  post-f 1 i g l ~ t .  
Cel l  w i d t h  is 0.5 incll. 





-1 the in t e r f ace )  a t  growth r a t e s  of 3 urn s ec  . 

5. Cel l  N o d  

This sample contained n i cke l  p a r t i c l e s  and was programed t o  s o l i d i f y  

- 1 
a t  an average rate of 5.2 urn sec  . A s i zab le  bubble was seen i n  t ha  

post-f l ight  ana lys is ,  a s  noted i n  t he  o v e r a l l  view of the  c e l l  shown 

i n  Figure 13. It is  not c l e a r  i f  t h i s  bubble was present  during s o l i d i -  

f i c a t i o n  i n  microgravity,  or  whether it formed subsequently by agglomeration 

of smaller bubbles (perhaps by thennomigration). The d i s t r i b u t i o n  of 

p a r t i c l e s i n  the  c e l l  seems t o  i nd ica t e  t h a t  a t  l e a s t  p a r t i a l  r e j e c t i o n  

of p a r t i c l e s  occurred during s o l i d i f i c a t i o n  i n  microgravity (see Figure 14). 

Clumps of p a r t i c l e s  or ien ted  perpendicular t o  the  s o l i d i f i c a t i o n  d i r e c t i o n  

were seen, a s  were s i zab le  regions devoid of p a r t i c l e s .  

6. Cel l  No. 5 

I'his c e l l  a l so  contained n i cke l  p a r t i c l e s ,  and was programmed t o  

s o l i d i f y  a t  an average r a t e  of 4.6 um sec-l .  The region s o l i d i f i e d  

under microgravity condit ions i s  seen c l e a r l y  i n  the ove ra l l  view of 

the c e l l  shown i n  Figure 15. Pos t - f l igh t  examination indicated t h a t  

the region s o l i d i f i e d  under microgravity condit ions was much cleaner  of 

individual  randomly d i s t r i bu ted  p a r t i c l e s  than the  r e s t  of the c e l l ;  and 

the incidence of c l u s t e r s  of p a r t i c l e s  or ien ted  perpendicular t o  the 

growth d i r ec t ion  is g rea t e r  than i n  the r e s t  of the c e l l .  These f ea tu re s  

a r e  seen i n  Figure 16. J t  i s  concluded therefore  t h a t  many of the  

individual p a r t i c l e s  i n  t h i s  sample were pushed a t  the spec i f ied  growth r a t e .  



Figure 13 - f lvctn l l  v iew.  (:ell  h'n. 4 ,  p o s t - f l i ~ l ~ t .  
Cell w i d t l l  is (1.5 inc !~ .  





Fiprirc 1 5  - *era1 l ~ t i p ~ ,  C z 1 1  NF. 5 ,  pas t - f  l iglit (:cl i t r i d t l l  
is 0.5 inch 



Fisure 16 - Post-flight view of a portion of recrystallized region 
in Cell No. 5 .  Magnification %I35 S. 



7. C e l l  No. 6 

This c e l l  contained g l a s s  p a r t i c l e s  and was programmed t o  s o l i d i f y  

- 1 
a t  an average r a t e  of 1.3 un s e c  . The region s o l i d i f i e d  under micro- 

g rav i ty  condi t ions i n  t h i s  sample was not  c l e a r l y  v i s i b l e  (see t he  

o v e r a l l  view of the  c e l l  i n  Figure 17 and the  higher magnification 

view i n  Figure 18). Detailed exmina t ion  of the  c e l l  showed no 

pos i t i ve  evidence of large-scale  r e j e c t i o n  of t he  p a r t i c l e s .  It is  

not possible ,  however, t o  r u l e  ou t  t he  l o c a l  r e j e c t i o n  of p a r t i c l e s  

(pushing f o r  a sho r t  d i s t ance  and then t rapping)  of the  type observed 

f o r  t he  g l a s s  p a r t i c l e s  i n  t h e  photographed c e l l  (Cel l  No. 7 ) .  



Figure 17 - Overall view, Cell No. 6 .  post-flight. 
Cell w i d t h  is 0.5 inch. 



Figure 18 - Post-flight view of recrystallized re; in Cell No. 6 .  
Magnification %15 X. 
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1 1  CONCLUSIONS 

The most important objective of this experiment was to ascertain 

whether redistribution of particles would occur in a microgravity 

environment, and whether such redistribution could be a significant 

problem for the solidification of two-phase materials in space, in 

cases where one of the phases occurs as discrete second phase particles. 

While difficulties were encountered with several aspects of the 

flight experiments, most notably difficulties associated with the 

interface in the photographed cell not melting back to the programed 

position, the results indicate that particle pushing by a crystal- 

liquid interface does occur under microgravity conditions. The 

results also indicate that particle pushing in microgravity occurs 

with similar characteristics to those found by solidifying the same 

combinations of materials in 1-g. 

Tile SPAR 5 experiment was therefore successful with respect to its 

principal objectives. Our principal disappointment was the less-than- 

programed time photograpbed so3 idif ication in Cell So. 7. While 

specific problems were fo~nd with some of the unphotograp!led cells, 

sufficient data were obtained from the cells without problems to 

provide the desired insight. 
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The NASA Space Processing Program is investigating the application 

of the low gravity space flight environment to the advancement of materials 

science and technology. This objective can be met by positive research 

results which contrmte to improving processes on the ground by studying 

materials processing in space. 

The Space Processing Applications Rocket (SPAR) Project offers the 

investigator conditions of low gravity (10-5 g, where g i s  defined as 980 crn/s2) 

i 
for periods up to five minutes. An earlier publication presented the results of 

a SPAR casting experiment of bidirectional solidification. This experiment 

was designed to observe the growth of dendrites in the columnar solidification 

region and to determine the influence of gravity driven flow on the formation 

of the equiaxed zone. Solidification in low gravity resulted in four nuclei 

that formed a completely columnar casting. Obviously, the absence of gravity 

related flow severely altered the final growth morphology. To further study 

the columnar solidification region, a second experiment was flown that incorporated 

three -sided solidification, (designated 74-21/3R). 

The unidirectional solidification series experiments (designated 74-21/2R) 

were designed to observe the dendrite and interface growth during unidirectional 



solidification and to ascertain the influence of gravity flow on dendrite 

remelting and hence the occurrence of frecklfng-type phenomena. 

H20-h'::4Cl was selected a s  the transparent metal-model material 

for the experiment. This system has been used extensively a s  a metal- 
2 -4 

model material in t h  investigation of solidification phenomena, and was used in 

1 
the previous SPAR bidirectional solidification study. Experimentation has 

5 6 
included such areas a s  growth morphology, dendrite remelting and coarsening, 

7 
and the origin of freckles. The present experiments added to our knowledge 

of solidification phenomena and in particular further enhanced the earlier 

space processing studies on metal and me tal-model systems. 

Experimental Procedures 

A solution of NH4C1 was prepared for the experiments by saturation in 

H f l  at  22'~. The resultant saturated solution was determined from the phase 

7 
diagram to be 28.4 pct NH4Cl. 

For experiment 74-21/2R, the solution was then encapsulated in a completely 

filled quartz cuvette and sealed with a teflon cor!; and a flat silicone washer. 

The cuvette was mounted into a cuvette assembly (Figure 1) consisting of one 

thermoelectric cuc!ing unit, three thermistors, and the mounting bracketry 

which also provided the heat sink for the thermoelectric device. 

In experiment 7 4 - 2 1 / 3 ~  the solution was encapsulated in a plexiglass 

cuvette and sealed byglueing a small piece of plexiglass over the fill hole. 

The cuvette was mounted in a cuvette assembly (Figure 2) consisting of three 



thermoelectric units, four thermistors, and tne mounting bracketry. 

Power was suppliea by a 28V DC battery regulated to mnstant 4 amperes. 

The assemblies we= backlighted by tungsten filament lamps. The solidifi- 

cation process was photographed from the front of the cuvette with a 35mm 

Nikon F2 camera. A total of 240 frames per  experiment were taken with a 

motorized back a t  1 fps. 

The two experiments were housed in the sounding rocket in the orien- 

tations shown in Figure 3. The cooling devices were actuated a t  60 sec  

into the flight for #2 and 30 sec for #3. During the launch phase of the 

flight, the rocket was spin-stabilized with a spin rate of about 240 rpm. At 

about 70 sec, the rocket underwent de-spin, and a t  90 sec, powered flight 

ended and the low gravity period begun. The low gravity portion of the flight 

continued until about 360 sec flight time. 

Thermistor temperature measuring devices were attached to the out- 

side of the containers a t  s e v e r d  locations to permit an analysis of heat 

transfer throughout the containers and the ammonium chloride solution in 

the containers. The temperature histories thus determined along the fluid 

boundaries were then used as boundary conditions for an analysis to determine 

convective fluid motions. Figure 4 shows the experiment configurations and 

the locations of the temperature measurements on both the 74-21/2R and 

74-21/3R experiments. 



The gravity levels during flight as measured by on-.board accele:l.ometers 

are shown in Figure 5 for the ccmponents in the vehicle X, Y, Z coordinate 

directions (see Figure 1 for orientation of experiments with respect k ..hese 

directions). Zero flight t h e  was taken a t  15:59:10 (hrs, min, sec) on the day 

of launch. 

A series of ground based tests (GBT) was made for comparison with the 

low g experiment. All GBT were run in the flight hardware within s vacuum 

chamber having a thermally controlled shroud. The gravity vector was 

oriented perpendicular to the cooled surface, and hence the growing interface. 

The cuvette temperature versus time curves for GBT and flight are shown in 

Figures 6 and 7. The cooling rates of 74-21/2R for the two cases were 

comparable and it should be noted that the flight experiment began below the 
1 

saturation temperature. A s  shown in the previous experiment, differences in 

temperature during the two tests are attributable to the respective presence 

or absence of convective fluid flow. The temperature profiles for 74-21/3R 

indicate that this flight experiment also began below the saturation temperature. 

The cooling rate appears to be less than that of the ground based tests. 

Thermal analyses were performed to simulate heat transfer in the 

74-21/2R and 74-21/3R experiment configurations during both flight and 

ground test. A Lockheed-Huntsville developed thermal analyzer computer code 

was used in these simulations. The experiment configurations, including both 
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container and enclosed ammonium chloride solution. were modeled on the 

thermal analyzer program. Then the cooling z?tes where the thermoelectric 

devices contact the container surfaces were systematically adjusted until 

the temperatures a t  the thermistor locations satisfactorily matched the 

measured temperatures, The computed temperatures a t  the interface between 

the container and enclosed liquid were then used in an analysis of coupled 

thermal conduction and convection within the liquid. 

Thermal analyzer computed temperatures in the quartz container walls 

and in the enclosed liquid a re  shown in Figure 8 for a section of container 

near the cooled face a t  various flight times for experiment 7 2-21/2R. Note 

that the container wall is SL ,stantially cooler than the enclosed liquid during the 

transient cool-down period. This is due to the higher thermal conductivity of 

the quartz material (3.3 x cal/cm sec C) compared to the ammonium 

chloride ~olution (1.2 x 10'~ cal/cm sec  C). The effect of the cooler walls will 

be to induce some side wall cooling of the liquid in addition to the expected 

longitudinal conduction toward the cooling surface. 

The v. all temperatures computed over the interior surface of the container 

by  the thermal analyzer program were used a s  boundary conditions for the LOCAP 

two-climensional coupled thermal conduction and cor~vection analyzer code. 

Using the temperature boundary conditions obtained from the thermal 

analyzer program and the gravity conditions calculated from telemetry data, 

I 11-5 



temperature, density and velocity distributions were computed throughout 

the liquid a s  a function of flight time. As expected for the very low gravity 

conditions, the computed convective velocities were very low, the largest 

being on the order of cm/sec. Heat transfer within the liquid, therefore, 

was essentially by conduction only. Computer generated plots of isotherms, 

anri velocities are  given in Figure 9 a t  different time periods after initiation 

of cooling at 60 sec flight time. The X and Y dimensions on the computer 

plots are  the short and long container dimensions, respectively. These 

plots show contours a t  irktervals of one-tenth the difference between extreme 

values and are  intended for a broad indication of gradients and flow patterns. 

Note that the isotherms are curved near the side walls to indicate side wall 

cooling a s  previously shown in Figure 8. The streamline and velocity 

plots show an initial flow toward the cooling surface, probably due to thermal 

contraction of the liquid. Later on, circular flow patterns begin to develop 

and, a t  the very low velocities computed, the convective flow results probably 

become me;u~i~gless .  

A plot of centerline temperatures is shown in Figure 10 a s  a function of 

distance from the cooling surface a t  various flight times. Note that the 

cooled r e g i ~ n  is confined to about 2 cm from the cwling surface, with the 

strongest variation in the reghn less than about 0.6 cm. The lateral varia- 

tion in 'emperatures along : section 0.6 cm from the cooling surface is shcwn 



in Figure 11 for various flight times. The strongest lateral gradients 

and, hence, sidewall cooling i s  indicated in the initial cool-down period 

between about 80 and 180 sec flight time. The longitildinal component of 

gravity i s  directed away from the cooling sui face, and, therefore, is :.i 

tht; direction opposite the density gradient. For sufficiently high gravity 

levels, this would he urstable. From Figure 10, the temperature gradient near 

the surface is seen to be nearly constant at about 10 C/cm durinq the f i r s t  

100 sec of cool down. This corresponds to a near!y constant surfrce heat 

2 flux of about -. 012 cal/cm sec. Temperature penetration by pure conduction 
10 

for a constant surface heat flux c *  be given by: 

T ( Y ,  t) =T,- .L&LL- ierfc Y 
k 

with the surface temperature being 
2 q a z -  

where T i s  temperature, y is distance from the surface, t is time, q is surface 

heat flux, ( u  is thermal diffusivity and k i s  thermal conductivity. From the 

shape of the ierfc function, a characteristic temperature penet~ ation depth is 

From Eq,  (6), the difference between the surface temperature and the 

undisturbed temperature a t  depth i s  



The effective thermal Rayleigh numbers RaT for this experiment configuration 

can then be defined as: 

where g is gravity level, flT is the thermal expansion coefficient, v is 

kinematic viscosity, p is imsity and C is epecific heat. Using g = 2 x l o 5  
2 2 

g~ (.@2 cm/sec ), 6 , .  ..95 x 1o4/c, q =  .Ol2 cal/cm sec. V =  9.3 x loJ  
2 cm /sec, p = 1.08 g/cm3 and C = .74 cai/g C, this becomes 

The Rayleigh number i s  seen to be only 1.5 at t - 100 sec after initiation of 

cooling (160 sec flight time) and 14 at t - 300 sec (360 sec £light time;. Con- 

vective flow should !lot be initiated for Rayleigh numbers less than about 1000. 

The 74-21/2R flight test experiment, therefore, should be stable from the stand- 

point of 'krmal ly  driven conv~:+ion. 

A similar analysis was done for experiment 74-21/3B as shown in 

Sigure p .  The tempersture measurements a t  T T , and T7 were located 
4' 5 

adiacent to thermoelectric cooling devices o t  faces being cooled. The thermal 

analyxer simulation therefore entailed adjusting the surface cooling rates until 

temperatures ;c ,juted a t  the Tq, T5, and T7 locations satisfactorily matched 



I 

[ the measurements. The T6 measurement was located midway between the 
t 
B two cooled surfaces on which the T and T measurements were made. The 

3 5 

thermal analyzer simulation indicated that a considerable lag should have been 

noted in the cooling at  T compared to that at T4 and T5. Unforbmately, the T 
6 6 

measurement closely followed the T4 and T measurements and failed to 
5 

compare well with the thermal analyzer simulation. No explanation is available 

a t  this time. Possibilities include a thermal o r  electrical short between the T 
6 

and T o r  T measurements. 
4 5 

As with the 74-21/2R flight test data, the thermal analyzer computed 

interior container wall surfaces were used as boundaly conditions in the IDCAP 

program. The X-component accelerometer data are in the direction of the long 

(4 cm) container dimension (positive in the direction toward the cooled 1 cm x 1 cm 

surface) and the Y-component are in the direction of the container axis between 

thc two cooled 1 cm x 4 cm surfaces. The resulting LOCAP generated plots of 

isotherms, and velocities are shown in Figure 11. The X and Y experiment 

coordinates shown in Figure 11 correspond to the Y and -X vehicle coordinates, 

respectively. The temperature measurements shown in Figures 12, 13, and 15 

indicate that the T surface started cooling somewhat prior to the T and T 
7 4 5 

surfaces. This is reflect .d also in the isotherms shown in Figure 11. As 

with the 74-21/2R experiment, the computed convective velocities were on the 

order of cm/scc, indicating heat transfer essentially by pure conduction. 



Using analyses s imilar  to 74-21/28. the surface temperature gradient i s  

seen to be about 30 C/crn, corresponding to a surface heat flux of -. 036 cali'cm2 

sec. The longitudinal component of gravity is away from the cooled surface with a 

2 magnitude of around 2 x gE (. 02 crn/sec , . The Hayleigh number is 

where t is in sec. As previously f ~ u n d  in the 74-21/2R flight test, the Xayleigh 

numl~ers  are seen to be very low over the low gravity flight pericbd, and, there- 

fore, convective flow is not likely to be f~ i t i a t ed  by the density gradients at the 

cooled enti. Fo r  side cooling, the appropriate parameter fo r  convective flow is 

the Grashof number: 

where,  in this case,  A T is the temperature difference from the center to an 

outside surface, and 6 is one-half the width of the cwntainer. From calculations, 

2 ATisabou t7C .  a n d 6 i s 0 . 5 e m .  ~ o r ~ = 2 x 1 0 - ~ ~ ~  (.02cm/sec ), the 

Grashof number is .009. The maximum veiocity in the boundary layer  f o r  

11 
iree convection on a vertical plate is given by: 

- - 
1/2 1/2 

G r  
1/2 

IJ '66 (. 952 + +) 
may 6 cx-) 

6 

Assuming x equal to 2 cm, (the cooled distaace on the side wail) the ma;\imum 

velocity would be about .0026 cm/sec, compared to velocities on the order  o: 



10'~ cm/sec calculated by the LOCAP pmgram. Apparently, the equation over- 

estimates the convective velocities by up to two orders of magnitude. In either 

case, the thermal convective velocities for the flight test are very small. 

In attempting to simulate chemical diffusion effects using the LQCAP program, 

we found that the extremely low chemical diffusivity limited significant diffusion 

cffects to a very thin layer adjacent to the solidifying interface.  us, the 

IDCAY program would require an extremely fine grid b adequately simulate 

diffusion within this thin layer. For this reason, we elected b investigate 

the soiutal effects in the thin layer using closed form, rather than numerical, 

analytical methods. 

Mass flow diffusion of a particular species in a moving fluid is described 

by - p = ~ k -  D g r a d C  

- 
where 6 is the mass flux of the particular species, C is concentraiion, vc is 

fluid velocity and D is chemical diffusivity. At the interface, the mass  flux 

q, is: 

90 = ps vs 

where ps is the density of the rrystal and vs is crystal growth raie. From 

photographs taken during ;light test, the crystal was observed to grow at an 

overall rate of about 1.28 x cm/aec. Based on a density of I. 527 g/cm 3 

For the NH4C 1 crystal, this corresponds to a mass flux a t  the ink :iacc of 

.0195 g/cm2 sec. Neglecting fluid motion, the diffusion equation For a constant 

m-i i 



10 
flux at  thc interface is: 

wherc x is distance from the interface, t is time from the initiation of solid- 

ification and C i s  the initial concentration. The behavior is such that the 
0 

concentration C (0, t) at the interface will decrease down to zero, and beyond 

that time the relationship is no longer applicable. At the interface (x = O), 

the equation becomes 

and the time to required for the concentration to reach zero is 

3 For an initial concentration Co of 0.302 g/cm (29 percent mass fractioz), 

2 chemical diffusivlty D of 1.8 x lod cm /sec and mass flux q, of .0195 

2 g/cm see, to i~ ,003 see. Thus. the concentration at the interface drops 

down to zero almost immediately. Tl~ereafter, the concentration i- given hv 

The diffi~sion distance 6 from the interface is indicated by 



I 
f 

3 
C Thus, the diffusion distance is only 0.08 cm after 100 s e c  and 0.14 cm after 

The solutal Rayleigh number Ras is defined as: 

where 0,  is the solute expansion coefficient and AC is the concentration 

differesce over the distance 6 . 
During the 74-21/2R flight test, the gravity vector is directed away from 

the solidification interface. F o r  the ammonium chloride solution, the solutal 

expansion coefficient p is negative ( p = -0.281 per  unit m a s s  fraction), and 
s 

the decrease in concentration near the interface results in a decreased density. 

This i s  equivalent to heating from above and is thus a hydrostatically s table  

configuration. Even if the gravity were directed toward the solidifying interface, 

-5 2 assuming g = 2 x 10 g~ (. 02 cm/sec ) AC = 0.28 m a s s  fraction and 6 = 0.14 cm, 

the Rayleigh number would be only about 25, which is well within the stable range. 

For  the ground test, however, gravity is directed toward the solidifying interface 

and, for sufficiently high Rayleigh numbers, canvective motion may be induced. 

Assuming PC - 0.28 mass  fraction and 6= 0.14 cm, the solutal Rayleigh number 

is 1.25 x lo6, definitely unstable. A solutal Grashof number Grs can be defined 



The Schmidt number SC for  the ammonium chloride solution is 516. The 

solutal Grashof number for the 74-21/2R ground test, therefore, is about 

2422. Using the solutal equivalent for Umax, with x being the width of the 

bottom surface, 1 cm, the estimated convective velocity is about 0.3 cm/sec, 

about the same as the thermal convective velocity. 

For  the 74-21/3R flight experiment, solidification on the side walls 

can result in some solutal convection. The solutal Rayleigh and Grashof 

numbers for  the 74-21/3R experiment should be about the same as for  74-21/2H. 

Again using TJmax, with x be@ the length of the cooled surface on the side 

walls, 2 cm, the convective velocity i s  O.0b . cm/sec, which is about half 

that due to thermal convection from the coolins surfaces. The solutal 

convection is a l ~ o  confined to a much thinner layer than the thermal convection. 

Using the same equations, the solutal convection velocities f o r  the 

74-21/3R ground test a r e  estimated to be ahout 0.4 cm/sec, about the same 

a s  the estimated ttiermal convection velocity. 

Experiment Results - 

The solidification was photographed during the low g portion of the 

rocket flight and since the camera focus was fixed a t  the center of the cuvette 

with a depth of field of 1 mm, some degradation is inhe ren t  in  the quality of the 



photographs. Selected photographs from e x p e r h e n t  74-21/28 a re  shown in 

Figur-es 12 through 15 together with photographs of ground based solidification 

taken during the same time frame. Comparisons of dendrite characteristics 

and overall growth morphology were made between the two solidification 

conditions. Figure 16 shows photographs taken during experiment 74-21/3R. 

Some of the fluid appears to have leaked out of the cuvette prior to flight. The 

solidification is also severely limited. Since very little information could be 

obtained from these photographs, the remainder of the discussion is therefore 

limited to experiment 74-21/3R. 

Length versus time measurements of secondary dendrite arms and 

dend~ite array "interfaces" for low g and 1 g growth were taken during the 

same time period for comparison purpojes, and were restricted to those 

crystals within the plane of focus. The growth rste  and orientations are  

listed in Table I. 

The starting dendrites in each environment appeared to have the [114 

growth orientation wittl . ;,owth rates r a n g i ~ g  from 0.94 to 1.0 cm/min. This 

corresponds to earl ier  results which suggest that the 110 orientation is [ 1 
preferred during the more rapid growth rates. Subsequent crystals that 

appeared ahead of the irterface ("Free Floaters-FF"; exhibited 100 growth [ I 
orientation. 



There was a diffcrence in the growth rates of the interfaces (interface 

refers to the unresolved ar ray  advancing behind the protruding dendrites and 

the FF crystals for the two experiment conditions). The low g crystals and 

intertiice gtew aL s i o w s  rates than their 1 g counterparts. The 1 g experi- 

ment contained sufficient fluid flow to supply fresh solute to the growing 

interface; hence, the controlling factor for growth rate in 1 g is crystdlographic 

orientation and cooling rate. 

Although the orientation of FF crystals appears to be 100 in both enviran- [ I 
ments, there is a significant difference I ~ A  growth rates. The low g crystals 

are stationary and grow a t  a rate commensurate with their orientation. In 

contrast, 1 g crystals are in constant movement and grow at twice the low g 

rate. Since the nuclei for the 1 g crystals a re  secondary 100 arms which [ I 
have broken off from the interface 110 dendrites, their initial orientation is [ I 
expected to be 100 . Careful review of the photographs indicated that given L J  
sufiicient time (the duration of existence of these crystals is generally less  

than 10 seconds before they fall into the interface) some crystals do exhibit 

9 
a tendency to branch into the orientation in the manner reported for more 

rapid growth rates. 

The measured spacings for dendrite arms for 1 g and low g FF crystals 

are given in Table 11. The low g arms spacing is greater than that of the 1 g 

material. This is contrary to expected results in view of the anticipated 



stagnmt layer of fluid around the low g crystals. However, this effect 

would occur if the spacings were determined by growth rate (fasier growth 

6 
rate producing smaller spacings) rather than by availability of solute. It is 

therefore suspected that the role of fluid flow on the arm spacings is seen 

only by its second order determination of the growth rates. There is no 

direct influence on the dendrite arm spacings. 

The standard deviation lor  the a m  spacings is larger in the 1 g case, 

indicating that gravity driven fluid flow is breaking off arms. In some 

instances, where plumes were visible, i t  was possible to see the fragmentation 

o r  breaking off of arms. Remelting was not observed due to the short duration 

of the experiment. 

An obvious difference between the 1 g and low g solidification is the 

number of crystallites ahead of the interface. Tfie 1 g photographs show the 

constant movement of numerous crystals. After separating from the dendrites, 

the a rms  continue to grow, rising with the fluid until either the change in flow 

direction o r  their increasing weight pulls them back to the interface. 

In the low g case, several crystals q p e a r  ahead of the interface, and 

continue to grow in their stationary positions. This phenomenon did not occur 

in the earlier flight experiment., i .e . ;  no crystals I'ormed ahead of the interface. 

Ln order to determine the cause of these crystals, several possibilities were 

considered: (1) They nucleated at their observed location either due to a flaw 



on the cuvette wall o r  constitutional supercooling (due to the high temperatures, 

homogeneous nucleatio;~ was not considered), (2) Some form of fluid flow 

carried crystallites into the liquid where they began to grow a s  the surrounding 

temperature decreased. 

Since the camera was focussed at the center of the cuvette with a depth of 

field of 1 mm, i t  i s  conclcded that they are free floating in the liquid and a re  not 

attached to the cuvette surface. Calculations were made to determine the 

characteristic distance (D/R where D is diffusion coefficient and R i s  growth rate) 

for the consitutional supercooled region ahead of the interface. Due to the rapid 

growth rates of this experiment, the characteristic distance is very small, on 

the order of l x 1 0 - ~  cm. It is therefore improbable that constitutional super- 

cooling o r  nucleation on the cuvette wall could account for the presence of the 

crystals. 

5 Since the convective velocities during solidification in low g were -10- cm/sec 

(thermal) and 0.002 cm/sec (solutal), there was inadequate force o r  time for  

these flows to carry crystals into the liquid. It is possible however that crystal 

nuclei were carried into the fluld by residual flows resulting from the spin- 

stabilized mode of rocket flight. Although the apparati undergo ttde-spin" a t  

70 sec flight time. the velocities decay slowly over a period of time due to 

dissipative viscous forces. 



A number of upin-up and spin-down studieb have been made for cylindrical 

containers, either full o r  with a free surface. A comprehensive review of 
1 2  1 3  

studies prior to 1974 is given by Benkn arid Clark. McLeod studied l m i n a r  

flow spin-up and spin-down in c i ~ x l a r  cylinders during which the effects of 
12, 13 

the end walls o r  free surfaces ~wuld be neglected. A recent analysis and 

comparison with the experben t  for spin-up and sphl-,down in circular 

cyliriders included the effsc4b of end walls. In any event, the application of 

these studies to our r.+c~angular contains will be useful for order-of-magnittide 

estimates only. 

The dimensionless parameters of primary interest to spin-up and spin- 

down in circular cylinders are  the Ekman and Reynolds numbers defined by: 

where v is the kinematic viscosity, Q is the rotational velocity, a is cylinder 

radius and h is cylinder height. We assumcd that both a .md h (effective 

cylinder dimensions) for our rectangular containers are t- ..rder 1 cm. For 

2 an initial spin-rate Q =240 rpm and kinematic viscosity v =9.3x10-~ cm /sec for  

the ammorlium chloride solution, the Ekman and Reynolds numbers E and Re, 

respectively, are found to be E = 3 . 8 8 ~ 1 0 ' ~  and R, = 50. 



Weidman1s analysis is valid only for very small Ekman numbers 

sccording to a recent klephone conversation with Weidman). 

Also, the side walls dominate for E'/~-J 1. In our case, E ~ / ~  = 0.14, 

which is  in the range where siae walls should either be dominant o r  play 

a major role, and the McLeod analysis should be used. The Reynolds 
14 

number i s  low enough in o-:r case that the flow is laminar; thus, McLeodls 

analysis st~ould be valid. 

iiesidual velocities based on McLeodls theory are plotted in Fig) . e  17 a s  a 

function of flight time. The velocity lqas computed at a radial distance of 

one-half the cylinder radius. Although the decay i s  extremely rapid, residual 

velocities greater thar. 0.01 cm/sec may be present until about 120 ec flight 

time, which is the time at which the f irs t  free floating (FF) crystals became 

visible in the photographs. The subsequent crystals appeared at 131, 136, and 

150 seconds into the flight. Since the entire solstioil was below saturation 

temperature a t  launch, a*,y crystals which floated into the center would not 

remelt. 

The low g FF crystals exhibited two interesting asymmetry characteristics: 

secondary arms tended to grow toward the cooler walls and i n  a direction away 

from the interface. The latter effect i s  due to the influence of the 

thermal field from the advancing interface. Calculations ' c  the t?-ermal 

diffusion characteristic ,,iistance were well within the range of the f irs t  crystals 

to appear ar~d the ~dvancing interface. 

m-20 



Cnnclusions . - 
Saturalcd solutions of NH4C1-H20 w e n  .-~olidified on Eafth a t  1 g arid 

in a suborbital rocket a t  ioe5 g. Tha un.lirectional solidification experirneut 

was successful. The tri-directional solidification experiment failed due to 

leakage of the fluid. In the 1 g 74-21/2R experirnent, extensive fluid flow was 

apparent, creating plumes which car ry  numerous cyrstallites vertically above 

the interface in a manner usually attributed with causing frecklilg in caztings. 

During growth the single inkrface grew into the 1iqr;id a t  the same rate a s  the 

individual dendrites, Ln some instances dendrites which protruded ahead of the 

interface were seen to bc asymmetric, exhibitJlht; growth of secondary a r m s  on 

the side where no ilow was apparent. l i t  times, arms in the flow path were 

broken off o r  remelted. The crysthls which were Carrie11 ahead of the interface 

grew rapidly in the f resh  supply of liquid. Several crystals attempted to alter 

their growth orientation to accornmadak the inore rapid growth rates.  

When solidified in low g the interface grew a t  a slower rate than the individual 

dendrites. In general, the jn te r fac~  dendrites grew symmetrically. No plumes of 

liquid carrying crystals were seen, b ~ t  several c ~ y s t ~ l s  did appear and grow ahead 

of the interface.. 'i'nese were carr21?d into thr +upt~r-sabArswl fluid by residual 

flows from the rocket do-spin. Ti,s growth rates  were slot. si than the 1 g FF 

crystals,  giving a correspondingly greater arm spacing. Total g r o ~  tk was dendrific 

with no occurrence of freckling-type phenorneria. Some effect o! ~ h s  ;nflue~.ce oi 

~verlapping thermal grow~h fields w?s noted in the asyrnmetr v of the P F  crvr: tals. 
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TABLE - II. DENDRITE ARM SPACINGS 

X + U m m  - (J Pct 

F LlC HT 0.85 + 0.011 - 13.2 

(;ItOCND BASE 0.38 - + 0.0'2 42.4 
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FIGURE 3: ORIENTATION OF EXPERIMENTS 74-2112R AND 
74-21/3R I N  SOUNDING ROCKET 
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Figure I6 : Photograph of Experiment 74-21/3R Cuvette During SPAR Flight 
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ABSTRACT 

This repor t  describes a research e f f o r t ,  the  overa l l  object ive 

of which is t o  understand the  influence of gravity, cooling r a t e ,  and 

composition on the  macro- and microstructure of liquid-phase immiscible 

alloys. A1-In a l loys  of campositions 30, 40, 70, and 90 weight percent 

i 
r 
t 

i n d i m  idbe been processed aboard two sounding rocket f l i g h t s ,  SPAR XI, 
* 
g and SPAR V. The SPAR I1 f l i g h t  experiment capsule included the  40 and 70 
1 weight percent indium al loys  and was processed by heating t o  970 C, 
F: 
i holding a t  t h i s  temperature f o r  15 minutes, and then rapdily cooling 

.: t 
i through the  misc ib i l i ty  gap and so l id i f i ca t ion  temperatures while i n  the  

microgravity enviromnent. Comparative ground-base samples were s imi lar ly  

processed. 

Radiographic and metallographic examination of the  SPAR I1 

f l i g h t  and ground-base samples showed the  expected separation a t  1-g of the 

ground-base a l loys  i n t o  indium-rich and a1 vminum-rich layers.  The 

f l i g h t  al loys,  however, produced unexpected resu l t s .  Instead of the  f i n e  

uniform s t ruc tures  expected, an aluminvm-rich core surrounded by indium- 

r i c h  metal was found. 

A number of possible mechanisms were suggested t o  explain the  

o r ig in  of the massive separation. One of these, namely the  poss ib i l i ty  

tha t  the  a l loys  were not homogeneous a t  the  s t a r t  of the cool-down, was 

made the  subject  of an extensive ground-base program and the prime motiva- 

t ion  f o r  the  SPA3 V experiments. 

The Post-SPAR I1 ground-base experiments included spin-up/ 

despin simulations and liquid-phase in terdi f fus ion measurements and analyses. 

The spin-upldespin t e s t s  demonstrated the  ineffect iveness of t h i s  motion 

i? providing measureable mixing and thus supported the inhomogeneity 

hypothesis. The liquid-phase diffusion measurements and analyses indicated 

tha t  i f  diffusion were the only mechanism available f o r  homogenization, the 

holding t i m e  of 15  minutes used i n  the SPAR I1 experiment was insuff ic ient .  

The SPAR V experiment was primarily design t o  determine whether 

suspected inhomogeneity i n  the  l iquid phase contributed t o  the observed 



segregation. SPAR V was conducted in a manner similar to SPAR I1 but in- 

corporated a hold-time of 16 hours at the homogenizing temperature. Four 

A1-In alloys; 30, 40, 70, and 90 weight percent indium, were processing in 

this flight and on the ground but with a somewhat slower cooling rate. The 

results obtained from the SPAR V 40 and 70 weight percent indium alloys 

were essentially identical to those from SPAR 11. The 30 and 90 weight 

percent indium alloys also showed massive separation into configuration 

similar to the 40 and 70 weight percent indium alloys. The 90 weight 

percent indium alloy showed additional important evidence that surface- 

tension induced droplet migration had occurred in this alloy which could 
* 

at least in part account for the observed structures. 

Because of the similarity between the SPAR I1 and SPAR V results, 

it was concluded that the SPAR I1 specimens must have been homogeneous at 

the start of cool-down. This conclusion, coupled with observation of wave- 

like structures and oscillatory convection occurring during DTA experiments, 

indicate that surface-tension drive fluid motion was .robably present during 

the processing of these alloys. Recommendations for further work to con- 

firm some of the suggested mechanisms are included in the report. 
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INTRODUCTION AND SUWARY 

Background 

Immiscible l i q u i d  systems a s  defined i n  t h i s  study are those 

mater ia l  systems containing a liquid-phase m i s i c i b i l i t y  gap, i -e . ,  a f i e l d  

i n  the  phase diagram represent ing an  equilibrium between two l i q u i d s  of 

d i f f e r e n t  composition. A t  a s u f f i c i e n t l y  Sigh temperature, t he  two-phase 

equilibrium is replaced by a single-phase l i qu id  f i e l d .  The present  study 

is primari ly  devoted t o  metallic l i q u i d  immiscible systems and in p a r t i c u l a r  

t o  a model system, A1-In. 

The Al-in phase diagram a s  determined by  rede el") and checked 

i n  t h e  present study is shown i n  Figure 1. The m i s c i b i l i t y  gap extends 

from above the  monotectic temperature of 640 C t o  t h e  upner consolute 

temperature of M 2 0  C. The composition extremes range from the  monotectic 

composition of 17.5 t o  96.8 weight peVnent indium. 

There a r e  a l a rge  number o i  liquid-phase immiscible mater ia l s .  

Reger(2), for  example, has  l i s t e d  over 500 systems which contain o r  were 

suspected of containing liquid-phase m i s c i b i l i t y  gaps. A number of these 
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systems are presently being used in such applications as electrical 

contacts, permanent magnets, and bearings. There are many other potential 

applications, for example, superconductors, superplastic materials, and 

catalysts. These applications and the role of processing these materials 

in space have been the subject of NASA sponsored programs at Battelle's 

Columbus Laboratories. ( 3 , 4 )  

If the coexisting liquids present within the miscibility gap 

have measurable density differences, there will be a great tendency for 

the materials to segregate and coalesce. Since Stoke's flow and convection 

are minimized in the absence of gravity, it was anticipated that drop- 

let coalescence and segregation resulting fran these movements would 

be virtually eliminated at low g. (" This fact should, at least in 

theory, allow the production of materials containing a fine dfstribu- 

tion of one phase contained within a matrix of a second phase. 

The low-gravity environment also offers an opportunity to study 

the phase separation process without a major influence from gravitational 

effects. Thus, effects that may be masked by gravity on earth can likely 

be studied more efficiently at lov g. 

Overall Objective 

The overall objective of this study is to gain an understanding 

of the influence of gravity, cooling, rate, and composition on tire 

slructure of liquid-phase immiscible systems. 

Program Outline 

Experiments involvfng four alloy compositions in the Al-In 

system were conducted on Sounding Rocket Flights SPAR 11 and SPAR V. A 

detailed description of the SPAR I1 flight and ground hase experiments 

has been previously published (6'7) and is summarized in the present 

report for the sake of completeness and for the purposes of comparison 

with the SPAR V results. During the experiments, all of the flight and 

ground-base specimens were subjected to a homogenizing treatment at 970 C 

and were then rapidlv cooled to room temperature. 



The SPAR T I  experiments provided unexpected r e s u l t .  i n  t h e  form 

of massive s e p a r a t i o n  of  t h e  aluminum-rich and indium-rich phases.  A f t e r  

c a r e f u l  a n a l y s i s  of t h e  SPAR I1 experiments,  i t  was concluded t h a t  i n  a l l  

l i k e l i h o o d ,  t h e  a l l o y s  were n o t  homogeneous a t  t h e  start of cool-down. 

The susp ic ion  prompted a d e t a i l e d  ground-base s tudy  d e a l i n g  wi th  such 

s u b j e c t s  a s  t h e  degree  of  mixing t o  be expected from r o c k e t  spin-up and 

desp in  and t h e  l iquid-phase  d i f f u s i o n  c h a r a c t e r i s t i c s  of  Al-In al l-oys.  

The r e s u l t s  of  t h e s e  ground-base i n v e s t i g a t i o n s  have shown t h a t  l i t t l e  

mixing is expected from r o c k e t  spin-up and despin.  Furthermore, i t  was 

determined t h a t  t h e  homogenizing t ime used i n  SPAR I1 was i n s u f f i c i e n t  t o  

produce a uniform composit ion i f  i t  is assume< t h a t  t h e  on ly  mechanism f o r  

a v a i l a b l e  homogenization is d i f f u s i c c .  Accordingly, t h e  SPAR V experiment 

w a s  designed t o  i n s u r e  t h a t  the  a l l o y s  were homogeneous b e f o r e  cool-down 

by i n c r e a s i n g  t h e  holding time a t  970 C. A summary of  t h e  SPAR I1 and 

SPAR V experiments a s  w e l l  a s  t h e  i n t e r m e d i a t e  ground-base r e s e a r c h  fol lows 

Review of t h e  SPAR I1 Experiment 

The s p e c i f i c  o b j e c t i v e  of t h i s  experiment was t o  determine t h e  

e f f e c t  o f  g r a v i t a t i o n a l  a c c e l e r a t i o n  on t h e  macro- and m i c r o s t r u c t u r e  of 

a n  A1-40 and A1-70 I n  a l l o v  cooled through t h e  m i s c i b i l i t y  gap a t  a r a t e  

of approximately 15  Clsecond. 

The f l i g h t  experiment, which was processed ?fay 17, 1976, incor-  

porated both  a l l o y  samples conta inea  i n  s e p a r a t e  c r u c i b l e s  w i t h i n  a s i n g l e  

c a r t r i d g e .  The s a r p l e s  were held  a t  970 C f o r  1 5  minutes on t h e  ground 

p r i o r  t o  launch. Approximately 154 secondc a f t e r  launch,  t h e  f l i g h t  samples 

were cooled a t  a r a t e  of  s14.7 C/second. A comyarative ground-based samrle  

ras processed i n  a s i m i l a r  way bu t  wi th  a n  average coo l ing  r a t e  of 17.9 C/ 

second. The f l i g h t  sample was s o l i d i f i e d  completely whi le  s t i l l  a t  low g .  

P o s t - f l i g h t  a n a l y s i s  o f  t h e  macro- and m i c r o s t r u c t u r e s  of t h e  

A1-40 and -70 I n  a l l o y s  showed r a t h e r  unexpected r e s u l t s .  Ins tead  of t h e  

expected f i n e  d i s p e r s i o n  o f  indium-rich p a r t i c l e s  w i t h i n  e n  aluininuin-rich 

mat r ix ,  ~ h c  s t r u c t u r e s  c o n s i s t e d  of a massive aluminum-rich c o r e  surrounded 

by indium-rich nletal.  I n  t h e  case  of t h e  -40 I n  a l l o v ,  t h e  shape of t h e  

aluminum-rich phase was cons t ra ined  by t h e  c r u c i b l e  dimensions. However, 



i n  t h e  -78 I n  a l l o y ,  t h e  aluminum-rich c o r e  assumed a roughly s p h e r i c a l  
% 
s - 
it geometry. The micros t ruc tu re  of t h e  aluminum-rich p o r t i o n  of t h e  a l l o y s  r- 
& c o r ~ s i s t e d  o f  l a r g e  drops  of indium-rich metal contained i n  t h e  aluminum- $ 
d 

r i ch  h o s t  a s  w e l l  as a f i n e  d i s t r i b u t i o n  of indium-rich p a r t i c l e s  

(presumably t h e  r e s u l t  o f  t h e  monotectic decomposit ion).  I n  t h e  indium- 

r i c h  leaterial, two types  of aluminum-rich phases were found; aluminum- 

r i c h  spheres  which r e s u l t  from d r o p l e t  p r e c i p i t a t i o n  w i t h i r  t h e  m i s c i b i i i t y  

gap and aluninum-rich d e n d r i t e s  uhic5 r e s u l t  from t h e  p r e c i p i t a t i o n  of 

s o l i d  alcmin~un w i t h i n  an  indium-rich l i q u i d ,  

A number o f  mechanisms were suggested and sone analyzed t o  ex- 

plat,,  t?ou t h e  massive s e p a r a t i o n  might have occurred.  Among these  were 

r e s i d u a l  f l u i d  motion, cgnvent ional  convection,  s u r f a c e  t ens ion  d r i v e n  

flows and non-homogeneous s t a r t i n s  m a t e r i a l .  The l a s t  of these  i t e m s  

appeared t o  be  h igh ly  probable,  and w a s  thus  made t h e  s u b j e c t  of ex tens ive  

ground-base resea rch  and t h e  SPAR V f l i g h t  experiment. 

Post-SPAR I1 Ground-Base E x ~ e r i m e n t s  --- - - -  L ----- 

Three types  of experiments were c a r r i e d  o u t  f o r  t h e  purpose of 

a s s e s s i n g  t h e  degree of mixing and homogenization t h a t  might be expected 

a f t e r  a 15-minute hold a t  970 C and t h e  spin-up/despin motion occur r ing  

dur ing rocke t  f l i g h t .  The following experiments were conducted: 

(1) Spin-upldespin experiments 

(2)  D i f f e r e n t i a l  thermal a n a l y s i s  (DTA) measurements of 

equi l ibr ium k i n e t i c s  

( 3 )  Direc t  measurements of i n t e r d i f  f us ion c o e f f i c i e n t s  

i n  l i q u i d  A1-In a l l o y s .  

Spin-lrp/Despin Experiments 

The spin-up/despin experiments simulated t h e  a c t i o n  of t h e  rocket  

on a s i n g l e  phase l i q u i d  having a sharp concen t ra t ion  g rad ien t  above t h e  

consolute  temperature.  A l a y e r  of watcr s a t u r a t e d  wi th  co?per su lpha te  s e t  

below a l a y e r  of pure water contained i n  a t r ansparen t  v i a l  made u? t h e  



svstem used t o  s imula te  t h e  s i n g l e  phase l i q u i d  A1-In a l l o y s .  The samples 

were spun-up on a t u r n t a b l e  t o  speeds of 246 RPM (s imulat ing t h e  spin-up 

to 240 RPM of t h e  rocket  while being photographed. The composi t ional  

changes occur r ing  dur ing t h i s  motion were q u a l i t a t i v e l y  followed by t h e  

c o l o r  v a r i a t i o n  imparted by t h e  b lue  copper s u l f a t e  s o l u t i o u .  The para- 

meters v a r i e d  i n  t h e  experiments were (1) t h e  r e l a t i v e  amounts of copper 

s u l f a t e  s o l u t i o n  and water,  and (2) t h e  presence o r  absence of an a i r  gap 

o r  we t t ing  agent.  

A major conclus ion from t h e  spin-upldespin s i m u l a t i o n  is  t h a t  

l i t t l e  i n  t h e  way of mixing occurs  a s  a  r e s u l t  of t h i s  motion. The major 

d i s tu rbance  is confined t o  t h e  reg ion  of h i g h e s t  concen t ra t ion  g r a d i e n t  

ad jacen t  t o  t h e  o r i g i n a l  i n t e r f a c e  between t h e  copDer s u l f a t e  s o l u t i o n  and 

water.  

DTA Experiments - Approach t o  Equil ibrium 

D i f f e r e n t i a l  thermal a n a l y s i s  was used t o  determine t h e  r a t e  of 

homogenization of l i q u i d  Al-In a l l o y s  by measurement of t h e  apparent  con- 

s o l u t e  temperature as a f u n c t i o n  of holding time a t  970 C. These s t u d i e s  

were c a r r i e d  o u t  on t h r e e  a l l o y s ,  A1-40.1, -70.1, and -76.0 In.  The most 

ex tens ive  series of measurements w a s  conducted on t h e  A 1  -40.1 I n  a l l o y .  

The r e s u l t s  show t h a t  a holding per iod of 8 hours is  requ i red  t o  produce 

an  equi l ibr ium va lue  of t h e  consolute  temperature. This  obse rva t ion  
2 

corresponds t o  n va lue  f o r  t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t  of 8 x cm I 
second. Equil ibrium va lues  of t h e  consolute  temperatures were obta ined 

f o r  t h e  A l -  40.1 and - 76.0 I n  a l l o y s  and were found t o  agree  reasonably 

w e l l  wi th  t h e  va lues  obta ined by Predel .  (1) I t  should be noted t h a t  some 

of  t h e  DTA curves  obtained f o r  t h e s e  a l l o y s  displayed o s c i l l a t o r y  behavior 

which has  been a t t r i b u t e d  t o  t h e  presence of o s c i l l a t o r y  convect ive  flows 

i n  t h e  melt. 

Liquid Phase I n t e r d i f f u s i o n  Considerat ions  - 

A s e r i e s  of computations have been made of t h e  product of i n t e r -  

d i f f u s i o n  c o e f f i c i e n t ,  D, and time, t ,  t o  produce a  uniform composition foi- 



the geometrical configuration of the SPAR alloys. These calculations are 

based upon a solution of Fick's diffusion equations for the applicable 

boundary co?ditions.(8) Values of Dt equal to 0.5 have been computed for 

producing homogeneity within 1 percent (absolute) of the intended composi- 

tions in the 40 and 70 weight percent indium alloys. 

A series of direct measurements of the interdiffusion coefficients 

of liquid Al-In alloys have been carried out at 970 C in 1 mm inside diameter 

capillary tubes. Samples have been held at this temperature for 1 or 4 hours 

and then rapidly cooled. They have then been metallographically polished a- 

long a central longitudinal plane and subjected to electron beam microprobe 

analysis in order to obtain composition as a function of distance along the 

length of the diffusion couple. The interdif:usion coefficients have been 

determined from a least-square fit of the data with computed composition- 

distance curves for various values of D. The coaputer codes used account 

for the changes in dimension on cooling from 970 C, where the diffusion occurs, 

to room temperature, where the electron beam probe measurements are made. 
-5 2 The average obtained from these measurements is 8.1 x 10 cm / 

second. This compares reasonably well with the average values of 4 . 8  x 
2 cm /second calculated from the in situ measurements made by Dr. L. 

Lacy of Marshall Space Flight Center by a radiographic technique 2nd with the 
2 

% 8  x 10" cm /second value obtained from DTA measurements. Based on an 
2 average value for the diffusion coefficiznt of 6 . 4  x cm /second 

(average value of present measurements and those of Lacy) and the calculated 

value for Dt equal to 0.5, a time period of 2.2 hours is anticipated as 

the required duration for producing homogeniety in the SPAR A1-In alloy 

samples assuming diffusion is the only process by which homogenization 

can take place. Hence, it was concluded that an insufficient hold time was 

used on the SPAR I I  experiment. 

SPAR V Flight Experiment 74-30 

The objective of this experiment was to determine whether the con- 

centration gradients thought to be present in the SPAR I1 samples at the 

start of cool-down were the cause of the observed massive separation. The 

hold time of 16 hours at 970 C was chosen as a reasonable homogenizing 



time. Th is  r e p r e s e n t s  a s a f e t y  f a c t o r  of ~7 over t h e  2.2 hour t ime per io* 

c a l c u l a t e d  on t h e  b a s i s  of t h e  measured d i f f u s i o n  c o e f f i c i e n t  and t h e  

s o l u t i o n s  t o  Fick 's  equat ions .  

Beside t h e  40 and 70 weight pe rcen t  I n a l l o y s , w h i c h  were t h e  

same composition as used i n  t h e  SPAR I1 experiment,  two o t h e r  a l l o y  - 
compositions were processed; 30 and 90 weight pe rcen t  In.  The 30 weight 

percent  I n  a l l o y  was chosen i n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  of lower 

indium d r o p l e t  concen t ra t ions  on phase s e p a r a t i o n  whereas t h e  90 weight 

percent  I n  a l l o y  was s e l e c t e d  t o  i n v e s t i g a t e  t h e  p ropens i ty  of t h e  primary 

phase t o  p r e c i p i t a t e  a t  t h e  c r u c i b l e  wa l l s .  

The c a r t r i d g e  des ign  used i n  t h e  SPAR V samples was b a s i c a l l y  

t h e  same as t h a t  used i n  SPAR 11. The 40 and 70 weight pe rcen t  I n  a l l o y s  

were contained i n  one capsule  whi le  t h e  30 and 90 weight pe rcen t  I n  a l l o y s  

were contained i n  a second one. The only  d e v i a t i o n  i n  t h e  des ign  was t h e  

absence o f  an  i n t e r n a l  thermocouple w i t h i n  t h e  capsu le  con ta in ing  t h e  30 

and 90 weight pe rcen t  I n  a l l o y s .  

The SPAR V f l i g h t  samples were processed on September 11, 1978, 

bu t  no t  wi thout  some d e v i a t i o n s  from t h e  o r i g i n a l  p l a n  i n  t h e  form of a 

f a i l e d  i n t e r n a l  thermocouple i n  t h e  capsule  con ta in ing  t h e  40 and 70 

weight pe rcen t  I n  a l l o y s  and i n  a somewhat lower cool ing rate (10 C/sec 

ve rsus  t h e  des i red15Clsec) .  The l a t t e r  d e v i a t i o n  provided t h e  compli- 

c a t i o n  t h a t  the  a l l o y s  were n o t  completely s o l i d i f i e d  w i t h i n  t h e  lower 

g r a v i t y  time per iod.  

Af te r  process ing,  t h e  f l i g h t  and comparably prepared ground c o n t r o l  

samples were examined rad iograph ica l ly  and by o p t i c a l  microscopy. The 

r e s u l t s  obta ined f o r  t h e  40 and 70 weight pe rcen t  I n  a l l o y s  were ve ry  

s i m i l a r  t o  those  previously  obta ined i n  t h e  SPAR I1 experiments.  The 

f l i g h t  samples, once again ,  have a s t r u c t u r e  c o n s i s t i n g  o f  a macroscopical ly  

s i zed  aluminum-rich c o r e  surrounded by a n  indfum-rich a l l o y .  Likewise, 

t h e  ground c o n t r o l  samples had t y p i c a l  layered s t r u c t u r e s .  Some s u b t l e  

d i f f e r e n c e s  i n  t h e  mic ros t ruc tu res  of t h e  SPAR I1 and SPAR V ground 

c o n t r o l  samples could be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  coo l ing  r a t e .  



The s t r u c t u r e s  of t h e  30 weight percent In  a l l oys  were qu i t e  
i' s imi l a r  t o  those of t h e  40 weight percent I n  a l l o y s  and thus provided 

l i t t l e  fu r the r  understanding of the phase separa t ion  process. The 

90 weight percent I n  a l l o y ,  however, did provide some new i n s i s h t  i n t o  the 

mechanisms t h a t  may be cont r ibu t ing  t o  massive phase separat ion.  Most 

notable  among the  observat ions made on the  a l l oy  is  the presence of an 

annular zone denuded of aluminum-rich spheres around the  massively 

separated aluminum-rich core. This observation, coupled with the f a c t  

t h a t  there  is an increasing concentrat ion of aluminum-rich spheres c lo se  

t o  the c e n t r a l  core ,  has  provided evidence supporting the  theory t h a t  

the  aluminum-rich spheres have migrated from the ou te r  regions of the 

a l l oy  i n t o  the  i n t e r i o r ,  p resmably  under the  ac t ion  of sur face  tension 

gradients .  These observations have been analyzed according t o  a formu- 

l a t i o n  previously used by ~ e w e r s d o r f f ( ~ )  and found t o  be cons is ten t  with 

thatmechanism. An a l t e r n a t i v e  i n t e rp re t a t i on ,  t h a t  of p a r t i c l e  pushing 

by an advancing indium s o l i d i f i c a t i o n  f ron t ,  has been ruled out  on the  

grounds t h a t  the  observed coalescence of the  aluminum-rich spheres would 

not be expected f o r  s o l i d  aluminum spheres a t  the melting poin t  of indium 

(% 155 C) .  Evidence f o r  p a r t i c l e  pushing, however, has been observed 

elsewhere i n  the SPAR samples. In  t h i s  case,  agglomeration of the p a r t i c l e s  

has been observed but not  coalescence. The p a r t i c l e  pushing mechanism 

does not  appear t o  have contr ibuted s i g n i f i c a n t l y  t o  the  massive coalescence 

t h a t  has been observed i n  a l l  the  A1-In SPAR I1 and SPAR V samples. 

In  addi t ion  t o  t he  sur face  tension dr iven migration of the  

aluminum-rich spheres,  there  is  mounting evidence t o  i nd i ca t e  t h a t  

sur face  tension dr iven f l u i d  flows a r i s i n g  a t  the  l iquid-gas o r  l i qu id -  

l i qu id  i n t e r f aces  induce appreciable  convection cur ren ts  within the a l l oys  

during the homogenization and phase separa t ion  processes.  Such flows can 

o r ig ina t e  from temperature o r  concentrat ion grad ien ts  and would cont r ibu te  

s i g n i f i c a n t l y  t o  t he  observed massive separat ion.  Evidence fo r  t h i s  

behavior has been obtained i n  the  following forms. 

(1) A number of wave-like s t r u c t u r e s  have been observed 

both i n  the  f l i g h t  and ground base samples. 



(2) Oscillatory temperature fluctuations have been 

observed in DTA samples undergoing phase separation. 

(3) The SPAR I1 samples appear to have been homogenized 

after a 15-minute hold time even though the theoreti- 

cal hold time necessary as calculated from diffusion 

considerations is 2.2 hours. 

A number of experivents have been suggested to follow-up on 

these suggested mechanisms. 

DETAILED PROGRAM DESCRIPTION 

Review of the SPAR I1 Experiment 

The SPAR I1 experiment which was flown May 17, 1976, has been 

described in detail in a Post Plight Summary ~e~ort(~) and in on AIAA 

publication(7). For the sake of completion, we will include here a 

brief description of the SPAR I1 flight and ground-base experiments 

and a summary of the results. 

The specific objective of the SPAR I1 experiment was to de- 

termine the effect of gravitational acceleration on the macro- and 

microstructure of an A1-40 and an A1-70 weight percent In alloy cooled 

through the miscibility gap at a rate of % 15 C per second. 

Sample Configuration 

The sam?!e configuration used in the SPAR I1 experiments (and 

later used in one of the SPAR V samples) is schematically shown in Figure 2.  

The alloy components in proper proportion were contained in separate alumi- 

nun oxide crucibles especially machined for a close fit with the internal 

dimensions of the stainless steel cartridge. The samples were carefully 

prepared by initially melting the components in high vacuum and then by 

sealing them in the cartridge under a partial pressure of helium. The 
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FIGURE 2. SCHEMATIC DIAGRAM OF EXPERIMENT CARTRIDGE 
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helium pressure  l e v e l  was chosen s o  t h a t  t h e  c a r t r i d g e  conta ined s l i g h t l y  
2 

l e s s  than  one atmosphere (0.1 MN/m ) of p r e s s u r e  a t  the  maximum temperature,  

970 C. Provis ion was made f o r  measurement of t h e  sample temperature 

through i n t r o d u c t i o n  of a n  i n t e r n a l  incone l  sheathed chromel-alumel 

thermocouple i n t o  t h e  capsule .  

F l i g h t  Procedure 

The s t a i n l e ~ s  s t e e l  c a r t r i d g e  con ta in ing  t h e  two a l l o y s  was heated 

t o ~ 9 5 C  C i n  the  rocke t  f o r  15  minutes be fo re  launch.  This ten:tel-riture 

corresponds t o  p o s i t i o n s  i n  t h e  A1-In equ i l ib r ium diagram wit:hlr rl:e 

homogeneous s i n g l e  phase l i q u i d  f i e l d  above t h e  m i s c i b i l i t y  yan 

(See Figure  1 ) .  The a l l o y s  were allowed t o  remain a t  t h i s  temperature 

dur ing launch and f o r  % 154 seconds a f t e r  launch.  Acce le ra t ions  decreased 

t o  < 4 x lo5 g % 9 1  seconds a f t e r  launch s o  t h a t  a t ime pe r iod  of r d  63 

seconds was a v a i l a b l e  f o r  t h e  damping of any r e s i d u a l  f l u i d  motion i n  

t h e  specimen. A t  t he  end of t h i s  s t a b i l i z a t i o n  pe r iod ,  the  samples 

were r a p i d l y  cooled by means of helium gas  which was allowed t o  f low 

around t h e  per iphery  of the  s t a i n l e s s  s t e e l  c a r t r i d g e .  A complete 

cool ing curve was successful . ly te lemetered from t h e  rocke t  and i n d i c a t e d  

t h a t  t h e  average cool ing r a t e  through t h e  m i s c i b i l i t y  gas  was 14.7 Clsecond. 

A thermal a r r e s t  of approximately 9-second d u r a t i o n  corresponding t o  the  

monotectic t ransformat ion was c l e a r l y  v i s i b l e  on t h e  cool ing curve.  

Complete s o l i d i f i c a t i o n  a t  % 1 5 6 C , a s  ind ica ted  by t h e  i n t e r n a l  tempera- 

t u r e  of  t h e  a l l o y ,  took p lace  w e l l  w i t h i n  t h e  microgravi ty  t ime frzme. 

A l l  i n  a l l ,  t h e  experiment appears  t o  have been conducted s u c c e s s f u l l y  

and according t o  t h e  o r i g i n a l  p lan .  

Ground Base Samples 

P r i o r  t o  t h e  SPAR I1 f l i g h t ,  two ground base  samples had been 

processed i n  the  General Purpose Rocket Furntice f o r  t h e  puypose of ob- 

t a i n i n g  t e r r e s t r i a l  s t andards  f o r  c3mparison wi th  t h e  f l i g h t  samples. 

One of t h e  samples was run  i n  e x a c t l y  t h e  same way a s  the  f l i g h t  
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sample and had an average conl ing r a t e  through the  m i s c i b i l i t y  gap of 

17.9 Clsecond, reasonably c l o s e  t o  t h a t  of the  f l i g h t  sample. The 

o t h e r  ground-base snmple which i, s considered t o  be a secondary s t an -  

dard was a c t u a l l y  sub!:cted t o  t h e  thermal c y c l e  twice and _.. an 

o r i e n t a t i o n  a n t i - p a r a l l  I t o  t h a t  of t h e  o t h e r  two samples. Average 

cool ing r a t e s  through t h e  m i s c i b i l i t y  f o r  t h e  two c;cles conducted on 

t h i s  sample were 12.2 and 12.9 Clsecond. 

The f l i g h t  and ground base  samples were exainined by X-radiography 

and by metal 'ographic techniques on a macroscopic and microscopic l e v e l .  

Resu l t s  of t h e  SPAR I1 Experiments 

A s  previously  d e l i n e a t e d ,  we expected t h a t  the  40 weight 

percent  I n  a l l o y  f l i g h t  sample would show a f i n e  d i s p e r s i o n  of indium- 

r i c h  d r o p l e t s  wit;,in a n  aluminum-rich mat r ix .  The expected s t r u c t u r e  

of the  70 weight pe rcen t  I n  a l l o y  f l i g h t  sample was n o t  a s  c l e a r l y  de- 

f ined .  One p o s s i b i l i t y  was a n  i n t e r l a c i n g  network of aluminum-rich 

and indium-rich phases on a microscopic l e v e l .  A l t e r n a t i v e l y ,  t h e  

expected s t r u c t u r e  of t h i s  a l l o y  might be t h a t  r e s u l t i n g  from t I ~ e  

sp inoda l  decomposition of t h e  homogeneous l i q u i d .  I f  t h i s  l a t t e r  

s t r u c t u r e  was r ~ t a i n e d  d u r i ~ g  s o l i d i f i c a t i o n ,  the  sample would be ex- 

pected t o  have modulated s t r u c t u r e  c o n s i s t i n g  of composition f luc tua -  

t i o n s  having a wavelength on t h e  o rde r  of 0.01 t o  0 .1  u. The sp inoda l  

s t r u c t u r e s ,  however, may be extremely u n s t a b l e  i n  the  l i q u i d  owing t o  

t h e  r e l a t i v e l y  high l i q u i d  phase d i f f u s i o n  c o e f f i c i e n t s .  

A s  shown i n  Figure  3 ,  the  expected macro- and m i c r o s t r u c t u r e s  

were TK?? observed on the  f l i g h t  snmple. Ins tead t h e  s t r u c t u r e  of t h e  

space processed a l l o y s  a s  determined by X-radiography and macro-examination 

cons i s t ed  of a n  aluminum-rich c o r e  surrounded by indium-rich meta l .  For 

the  A1-70 weight percent  In  a l l o y ,  the  aluminum-rich c o r e  was a p p r o x i ~ a t e l y  

s p h e r i c a l ;  whereas, i n  t h e  A1-40 weight percent  a l l o y ,  t h e  aluminum-rich 

core  occupied a l a r g e r  f r a c t i o n  of t h e  con ta ine r  volume and was roughly 

the  shape of the  con ta ine r .  There was a g r e a t  tendency f o r  the indium- 

r i c h  m a t e r i a l  t o  wet the  aluminum c o n t a i n e r  w a l l s .  

The expected l aye r ing  of the  indium-rich and aluminum-rich 

m a t e r i a l s  i n  the  a l l o y s  processed t e r r e s t r i a l l y  was observed.  
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The m i c r o s t r u c t u r a l  f e a t u r e s  o f  a l l  t h e  samples were s i m i l a r  

k and c o n s i s t e d  o f  t h e  fol lowing phases: 

I 
i (1) Indium-rich d r o p l e t s  i n  a n  aluminum-rich mat r ix  
": 

i (2) Aluminum-rich spheres  shoving evidence of t h e  
5 

$ monotectic t ransformat ion and aluminum-rich 
e 
?. d e n d r i t e s  3.n a n  indium-rich mat r ix  

A g r e a t  d i f f e r e n c e  i n  t h e  d i s t r i b u t i o n  of t h e  d i spersed  phases 
h 
$ 

was seen between t h e  samples processed a t  1-g and those  processed i n  space.  

I n  t h e  1-g processed samples, t h e  e f f e c t  of g r a v i t y  could be e a s i l y  seen  

by t h e  s e t t l i n g  of t h e  indium-rich d r o p l e t s  i n  t h e  aluminum-rich mat r ix  

and by t h e  f l o a t i n g  of t h e  aluminum-rich spheres  and d e n d r i t e s  i n  t h e  

indium-rich matrix.  The same type of p a r t i c l e s  were seen i n  t h e  f l i g h t  

sample, and although they were r e l a t i v e l y  coarse ,  t h e i r  d i s t r i b u t i o n  was 

much more uniform than i t  was i n  t h e  samples processed on t h e  e a r t h .  

I n t e r p r e t a t i o n  of SPAR 11 Resu l t s  ----.----- 

The unusual d i s t r i b u t i o n  of phases i n  the  SPAR I1 Zl igh t  sample 

was considered t o  have r e s u l t e d  from two causes:  

(I) The tendency t o  form t h e  conf igura t ion  which has 

t h e  lowest combination of s u r f a c e  and i n t e r f a c i a l  

energ ies  

(2)  Fluid  flow mechanisms t h a t  provide t h e  means t o  

achieve t h e  lower energy conf igura t ions .  

A s  p a r t  of the  SPAR 11 a n a l y s i s .  c a l c u l a t i o n s  were made t o  de- 

termine t h e  conf igura t ions  expected a t  low g r a v i t y  f o r  mixtures  of molten 

a l u m i n u ~  and indium a s  a func t ion  of t h e  volume f r a c t i o n  of aluminum. The 

two l i q u i d s  a r e  assumed t o  be of s p h e r i c a l  geometry and a r e  i n  a conta iner-  

l e s s  conf igura t ion .  The r e s u l t s  show an overwhelming tendency f o r  t h e  

l i q u i d  indium t o  surround t h e  l i q u i d  aluminum when t h e  i n t e r f a c i a l  energy 

between t h e  alum.num and indium is < 350 ergs/crn2 a s  expected. 

I n s i g h t  i n t o  the  case  i n  which a con ta ine r  is  involved was a l s o  

obtained from published ana lyses  and experiments conducted on l iquid-gas  

mixtures a t  low g ( 1 0 , l l ) .  Based on these  r e s u l t s ,  t h e  otserved macro- 
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s t ruc ture  of a wetting indium-rich material surrounding an aluminum-rich 

core is expected. 

During the  analysis  of the  SPAR I1 results, a number of 

possible mechanisms by which massive separation might occur vere 

suggested. These a r e  sumaarized i n  Table 1. Host of them involve f l u i d  

motion leading t o  droplet  co l l i s ions  and subsequent coalescence. Only 

the  f i r s t  three mechanisms l i s t e d  i n  Table 1 were  analyzed i n  eny d e t a i l  

and a re  summarized i n  the following discussion. 

Calculations dealing with residual  motion from the rocket spin 

and despin have shown t h a t  the time available a t  micro-g levels  before 

the quenching operation (94seconds)is  appreciably longer than t h a t  re- 

quired t o  dampen the residual  motion t o  a very small l eve l  (30 seconds 

fo r  the 40 w i g h t  percent In al loy,  55secondsfor 70 weight percent 

alloy). I t  w a s  concluded tha t  t h i s  source of potent ia l  f l u i d  motion can 

be neglected. 

Analysis of conventional convection a t  low* a r i s ing  from 

density differences i n  the  s ingle  phase a l loy  led t o  the conclusion tha t  

f lu id  ve loc i t i e s  on the order of 0.1 cm/second a re  possible. Thus, i n  the 

10-second period between initial phase separation and monotectic s o l i d i f i -  

cation, f a i r l y  subs tant ia l  f lu id  flows a t e  possible. Although t h i s  was a 
I* worse case" computation since the  density differences assumed were those 

between pure aluminum and pure indium, it was concluded t h a t  t h i s  

mechanism is a probable contributor t o  the  observed massive separation. 

An estimate of the likelihood fo r  thermocapillary flow (surf ace 

tension drive f lu id  motion a r i s ing  from temperature gradients) was obtained 

through calculat ion of Marangoni numbers f o r  the  A1-In a l loys  studied. The 

high values of the  Marangoni numbers (Ma = 229 for  A1-40 weight percent In, 

Ma = 500 fo r  A1-70 weight percent In) indicated tha t  a t  a cooling r a t e  of 

15 C/second and with the resul t ing  temperature gradient of 10 Cjcm, f lu id  

motion due t o  surface tension gradients a re  l ikely.  Another manifestation 

of the Xarangoni e f fec t ,  the migration of droplets  under a thermal o r  

so lu ta l  gradient was not considered i n  the SPAR I1 post-flight analysis.  

However, some evidence tha t  t h i s  e f fec t  may be present i n  t h i s  system is 

presented i n  the second of the report  "SPAR V Flight Experiment 74-30". 



TABLE 1. POSSIBLE MECHANISNS FOR MASSIVE PHASE SEPARATION 

-- - .  ---.--- =-- 

Residual Fluid Motion 

Surf ace Tension Drive Flow (Marangoni effect ) 

Conventional Convection 

Capillarity (spreading) 

Transformation Segregation 

Transformation Volume changes 

Nonuniform Starting Com?ositi on 
------ 



Another suggested source of t h e  observed massive separa t ion ,  

t h e  spreading of a l i q u i d  onto a s o l i d  o r  another l i q u i d  su r f ace  was 

no t  analyzed. Droplet spreading is usua l ly  rap id  and thus,  could also 

play a major r o l e  i n  t h e  evolut ion of  the observed s t r u c t u r e  of SPAR I1 

f l i g h t  samples. 

Another cont r ibu tor  t o  t he  observed macrostructure w a s  

hypothesised i n  terms of d i r e c t i o n a l  cmling e f f e c t s  during specimen 

quenching and t h e i r  r e l a t i o n  t o  phase s.-paration. I n  t h i s  mechanism, t he  

separa t ing  phase (indium, i n  t he  SPAR I1 samples) would i n i t i a l l y  pre- 

c i p i t a t e  p r e f e r e n t i a l l y  a t  t he  container  w a l l s  s i nce  t h i s  p a r t  of t he  m e l t  

is the  f i r s t  t o  reach theconsolute  temperature during cool-down. The 

l o c a l  p r e c i p i t a t i o n  may be coupled with t he  spreading phenomenon described 

above and could, i n  addi t ion,  be associated with the r e j e c t i o n  of aluminum 

i n t o  t h e  specimen i n t e r i o r .  This  mechanism, houever, was not a p a r t  of 

the SPAR I1 pos t - f l igh t  ana lys i s .  

S t i l l  another source of f l u i d  motion w a s  considered but  not  

analyzed; namely transformational volume changes as a r e s u l t  of the  

l iquidqiquid phase separa t ion  o r  due t o  t h e  monotec t i c  transformation. 

It is poss ib le  t h a t  these v o l m e  changes could lead t o  f l u i d  motion 

s u f f i c i e n t l y  l a rge  t o  e f f e c t  d rop le t  coalescence. Some evidence of volume 

changes accompanying phase separa t ion  has recent ly  been presented by 
(12) Potard . 

The agglomeration process i t s e l f ,  wherein two c o l l i d i n g  

d rop le t s  u n i t e  t o  become one l a rge r  d rop le t  could a l s o  lead t o  l oca l i ze3  

f l u i d  motions due t o  t h e  expulsion of host  l i qu id  from between the  

d rop le t s  and due t o  the  shape change from dumb-bell t o  spher ica l .  I t  

is expected t h a t  t he  more rapid t h i s  coalescence process is the more 

wide-spread w i l l  be the f l u i d  motion. 

A t  t he  conclusion of t he  SPAR 11 experimental analyses ,  the  most 

suspicious source of the  unant ic ipated s t r u c t u r e s  observed was the  

poss ib le  lack  of homogeneity i n  the s i n g l e  phase l i qu id  a l l o y  a t  t h e  

s t a r t  of cool-down a f t e r  t he  r e l a t i v e l y  sho r t  15-minute hold a t  950 C. 

Accordingly, an extensive ground-base program was i n i t i a t e d  t o  analyze 

t h i s  p o s s i b i l i t y .  The ana lys i s  culminated i n  the  design and execution 

of the  SPAR V experiment. 



Post-SPAR I1 Ground Based Ekperiments 

Purpose a d  Overall Description 

In order t o  explore the p o s s i b i l i t y  t h a t  t h e  SPAR T I  f l i g h t  

and g d  base samples were not homogeneous a t  t h e  tire of t he  cool- 

down ( a f t e r  t he  15-minute hold time), th ree  types of experiments were 

conducted f o r  t he  purpose of assess ing  the  degree of mixing t h a t  might 

have occcrred during rocket  spin-up and despin and t o  determine the  rate 

of homogenization of t h e  l i qu id  a l l o y  assuming t h a t  t h i s  process is con- 

t r o l l e d  s t r i c t l y  by diffusion.  A simple ground base s imulat ion of  the  

rocket spin-up and despin w a s  conducted t o  determine the  degree of mixing 

expected from t h i s  motion. I n  addi t ion,  two types of experiments were 

conducted t o  determine the  d i f fus ion  c h a r a c t e r i s t i c s  of l i q u i d  phase A l -  

I n  al loys.  The f i r s t  used a d i f f e r e n t i a l  thermal ana lys i s  (DTA) 

technique t o  assess the  rate of homogenization of a l i qu id  m e l t  a t  a 

temperature above the  m i s c i b i l i t y  gap by monitoring the  apparent consolute 

temperature as a funct ion of hold time. The second s e t  of experiments 

was designed t o  provide a d i r e c t  measurement of t he  in t e rd i f fus ion  

coe f f i c i en t s  i n  the  l i qu id  A1-In a l l o y s  a t  970°C, the approximate hold 

temperature used on SPAR I1 and l a t e r  used on SPAR V. 

Spin-up and Despin Experimeng 

Tn order t o  simulate the ac t ion  of spin-up and despin i n  

a s ing le  phase l i qu id  containing a concentration gradient ,  the apparatus 

shown i n  Figures 4 and 5 was fabricated.  This equipment consis ted of 

a 61  c m  diameter l u c i t e  "spin" platform mounted on a two-speed (163 and 

246 RF'M) polishing wheel. The apparatus included a f i x t u r e  f o r  holding 

a sample v i a l  13-m ins ide  diameter (see Figure 5 )  and a bracket 

f o r  mounting an 8-mm movie camera perpendicular t o  a l i n e  between the 

sp in  a x i s  and the  v i a l .  

The a x i s  of t he  v i a l  was displaced % 41 arm from t h e  s p i n  a x i s  

reproducing the  pos i t ion  of the sample r e l a t i v e  t o  the rocket sp in  a x i s  

i n  SPAR 11. 



FIGURE 4. PAOTOGRI\PH OF SPIN PWTFOR! L'SED TO 
SIHLUTE THE EFFECT OF ROCSTT SPIY-C? 
AXD DESPIN ON LIQUID YI9IYC. THE V U L  
COBTAININC THE LIQUID SAXPLE 15 DESIGSATm 
" S "  A l l  THE Bnnn ?IQVIE C A W  I5 ?URKED "c". 
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An aqueous s o l u t i o n  of copper s u l f a t e  was chosen a s  t h e  system 

to s imula te  t h e  l i q u i d  Al-In a l l o y s .  The choice  was hased on cons ide r s -  

t l o n  of  v i s c o s i t y  l e v e l  (% 1 cp) and e a s e  of photography ( t h e  b l u e  

colored copper s u l f a t e  provides  e x c e l l e n t  c o n t r a s t  w i t h  t h e  c o l o r l e s s  

water) .  

I n  a t y p i c a l  experiment. t h e  bottom of t h e  v i a l  was f i l l e d  

wi th  t h e  s a t u r a t e d  aqueous s o l u t j o n  of copper s u l f a t e  ( c a l c u l a t e d  s p e c i f i c  

g r a v i t y  1.17) and a top  l a y e r  of pure  water  was c a r e f u l l y  added. A 

rubber s t o p p e r  s e a l e d  t h e  l i q u i d  i n t o  t h e  v i a l  e i t h e r  w i t h  o r  wi thout  a 

l a y e r  of a i r  a t  t h e  top of  t h e  l i q u i d  s u r f a c e .  The specimen was 

a c c e l e r a t e d  e i t h e r  d i r e c t l y  t o  a speed of 246 RPM o r  a c c e l e r a t e d  t o  t h a t  

speed a f t e r  f i r s t  pausing a t  t h e  in te rmedia te  speed of 163 RPM. The 

specimen was cont inuously  photographed a t  1 8  o r  36 frames/second dur ing  

t h e  process.  

Among t h e  i n v e s t i g a t e d  v a r i a b l e s  were t h e  r e l a t i v e  p ropor t ion  

of t h e  o v e r a l l  h e i g h t  of t h e  l i q u i d  occupied by t h e  copper s u l f a t e  solu-  

t i o n  (0.25 and 0.5), t h e  presence or absence of a n  a i r  gap t o  s i m u l a t e  

t h e  presence of helium g a s  i n  t h e  SPAR I1 experiment and t h e  presence o r  

absence of  a we t t ing  a g e n t  ( 1  drop of Kodak photoflow).  A summaq7 of  

t h e  parameters used i n  t h e  spin-up desp in  experiments i s  provided 'n 

Table 2. 

Frames from Film Rol l  No. 2 a r e  shown i n  Figure  6 .  They 

i l l u s t r a t e  the  p o s i t i o n  of t h e  l i q u i d  and g a s  l a y e r s  a t  the  s t a r t  of the  

experiment (Figure  6a),  a f t e r  a c c e l e r a t i o n  t o  t h e  i c t e r m e d i a t e  speed of 

163 RPM (Figure  6b), a f t e r  a c c e l e r a t i o n  t o  t h e  maximum speed of 246 RPM 

(Figure  6c) and a f t e r  d e c e l e r a t i o n  t o  a r e s t  p o s i t i o n  (Figure  6 d ) .  A t  

t h e  in te rmedia te  and h i g h e s t  r o t a t i o n a l  speeds.  the  h igher  s p e c i f i c  

g r a v i t y  copper s u l f a t e  is forced up t h e  v i a l  w a l l  t o  a h e i g h t  which 

i n c r e a s e s  wi th  t h e  r o t a t i o n a l  speed.  The f l u i d  mocion produces a 

pa rabo lo ida l  gas pocket a t  t h e  top of t h e  Liquid a d j a c e n t  to the  v i a l  

s u r f a c e  c l o s e s t  t o  t h e  s p i n  a x i s .  

The major p o i n t  t o  be noted from t h e s e  f i l m  s t r i p s  is  t h a t  

a f t e r  t h e  spin-up and desp in  sequence i s  completed, the f i n a l  c o n f i g u r a t i o n  

is  a l t e r e d  l i t t l e  from t h e  s t a r t i n g  c o n f i g t ~ r a t i o n .  This delnonstrates 



TABLE 2. SUMMARY OF SPIN-UPIDESPIN EXPERIMENTS 

Approximate Ratio 
Film Roll of CuS04 Solution 
Number Height to Total Other Conditions 

1 .25 Air gap. No wetting 
agent. 

Air gap. No wetting 
agent. 

No air gap. Wetting 
agent present. 

Air gap. Wetting 
agent present. 

Air gap. Wetting 
agent present. 

Air gap. No wetting 
agent present. 

6 .50 Air gap. No wetting 
agent. 



FTCLXE 6. SELECTED FRAMES FROM FILM NO. 2 .  (a) A t  
Start (b) Rotating a t  163 RPM (c)  Rotating 
at 246 RPM, and (d l  A t  rest after spin-up 
and despin. 
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the  major conclusion of the  experiment, t h a t  there  is l i t t l e  mixing 

associated with the  spin-up and despin of the rocket .  (This conclusion 

neglects  any mixing which may be induced by v ib ra t i on  during the  

various phases of t he  rocket f l i g h t .  ) 

The following general  comments can be made on the  b a s i s  

of a l l  t he  f i lms  taken and analyzed. 

(1) Although the  l i qu id  is  a s i n g l e  phase, the  

region r i c h  i n  copper s u l f a t e  behaves s imi l a r ly  

t o  t h a t  expected i n  a multiphase mater ia l  and 

is cen t r i fuga l ly  accelerated up the  v i a l  on t h e  

s i d e  opposite the  sp in  ax i s .  The f a s t e r  t h e  

i r o t a t i o n a l  speed, the  higher up the  v i a l  wal l  

the  copper s u l f a t e  i s  forced. This behavior 

appears t o  be independent of whether an a i r  

gap is present o r  not.  

(2) When an a i r  gap is present ,  i t  assumes a s ec t i ona l  

shape which is approximately parabolic a t  the 

top surface neares t  the  sp in  ax is .  This is due 

t o  the acce le ra t ion  of the  heavier  l i qu ids  

t o  the ou ts ide  of the  v i a l .  In  t he  absence 

of a wetting agent,  the  configurat ion is  

s t a b l e  (except f o r  minor shape changes) even 

a f t e r  motion has stopped. The presence of a 

wetting agent promotes the  r e tu rn  of the  a i r  

gap t o  i ts o r i g i n a l  configuration. 

(3)  The presenceof the wetting agent appears t o  

acce l e r a t e  t he  movement of copper s u l f a t e  

i n t o  the  pure water port ion of t he  sample 

e i t h e r  by enhanced d i f fu s jona l  o r  con- 

vect+? e processes. 

(4) The major turbulent  dis turbance of the  l i qu id  

sample occurs during the r o t a t i o n a l  speed 

changes occurring during spin-up o r  despin 

and appears t o  be concentrated a t  the  f r e e  



surface and in the area where the concentra- 

tion gradient is the steepest. 

Kinetics of Homogenization 

Two methods were used to assess the rate at which homogeniza- 

tion of the pure aluminum and indium components took place at a tempera- 

ture of 970 C, the target hold temperature for the SPAR I1 and SPAR V 

experiments. The first method, which was somewhat indirect, used 

differential thermal analysis (DTA) to measure the kinetic approach to 

homogenization by determining the time necessary to obtain a constant and 

reproducible measure of the consolute tempc-:ature for a given A1-In 

alloy. This technique also had the advantage of providing a check on the 

published results for the Al-In miscibility gap. The second method 

provided a direct measure of the interdiffusion coefficient in liquid 

A1-In alloys above the miscibility gap. Both methods provided suffi- 

ciently accurate, self-consistent data to select a hold time which would 

insure prequench melt homogeneity in the SPAR V experiment. 

DTA Measurements 

The DTA equipment used in the kinetic measurements is 

schematically shown in Figure 7. The heart of the apparatus consists of 

an alumina crucible capped with an alumina lid and containing the aluminum 

and indium components in the desired proportions. The crucible and its 

contents are in turn contained in an OFHC copper block which serves 

primarily as an untransforming standard with which the aluminum-indium 

alloys are compared. The copper block which has a heat capacity close to 

that of the alloys also serves to smooth out any non-uniformities in 

thermal conditions seen by the alloy samples. 

The sample temperature and the differential temperature be- 

tween the sample and the standard are measured by means of 1 mm outside 

diameter inconel sheathed chromel-alumel thermocouples. The sample 

thermocouple is positioned in an alumina well fabricated from tubing 

1.2 mm ID x 1.9 mm OD cemented in the center of the crucible base and 

sealed at the top end with an alumina slurry. The crucible containing the 
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FIGURE 7 .  SCHEMATIC DRAWIKG OF 1 H E W L  ANALYSIS EQUIPMENr 



thermocouple w e l l  is f i r e d  a t  1200 C b e f o r e  use.  "he "standard" 

thermocouple is  pos i t ioned  i n  a b l i n d  h o l e  a t  t h e  base  of t h e  copver 

block,  Thermocouple c a l i b r a t i o r .  h a s  been c a r r i e d  ou t  a t  t h e  mel t ing 

po in t  of pt.re aluminum, 660 C. 

The d i r e c t  and d i f  f e . - en t sa l  s f g n a l s  from t h e  thertnocoupl e s  

a r e  recorded on a two-channel millivoJ.: r. :order a t  a s e n s i t i v i t y  of 

e i t h e r  10  o r  4 mV/in, (3.94 o r  1.57 mVjcm) f o r  t h e  d i r e c t  s i g n a l  and 

0.02 mV/in. (0.0079 mVIcm) f o r  t h e  d i f f e r e n t i a l  s i g n s l .  

The sample and copper b lock supported by a tantalum d i s c  and 

by the  thermocouples conta ined i n  a n  alumina tube a r e  s e a l e d  i n  a fused 

s i l i c a  tube capable  of vacua of b e t t e r  than 1 x 10'~ Torr.  Provisiotl  

f o r  t h e  i n t r o d u c t i o n  of helium is  a l s o  made. P r e s i s t a n c e - h e a t e d  furnace  

can be  lowered around t h e  fused s i l i c a  tube and sample t o  provide  h e a t i n g  

and coo l ing  r a t e s  i n  t h e  temperature range of interest of approximately 

7 and 6 Clminute, r o s p e c t i v e l v .  

I n  a t y p i c a l  experiment, the  alumina c r u c i b l e  is loaded 

wi th  pure  aluminum and indium components i n  t h e  proper  p ropor t ions .  

The weights  of t h e  comoonents a r e  a l s o  chosen s o  a s  t o  f i l l  

approximately 75 percen t  of t h e  c r u c i b l e  volume. Af te r  i n s e r t i o n  of 

t h e  alumina c r u c i b l e  and i t s  conter.ts i n t o  che appara tus ,  t h e  fased 

s i l i c a  tube is evacuated t o  , . l , l  x Torr and t h e  furnace  i s  lowered 

around the  fused s i l i c a  tube and sample. FIeaiing is carrie:: .?ut u n t i l  

t h e  sample is completely molten (660 C) and any res idua?  d i s s r l , ~ r d  gas 

e l imina ted .  A t  t h i s  p o i n t ,  helium a t  j u s t  below atmospheric p ressure  

is in t roduced i n t o  t h e  system i n  o rde r  t o  prevent  excess ive  evapora t ion  

of the  a l l o y  components. When t h e  sample reaches  979 C ,  i t  ik allowed 

t o  remain a t  t h i s  temperature f o r  a c o n t r o l l e d  t ime and then is  cooled 

t o  below t h e  monotectic temperature ( t .  640) whi le  the  d i r e c t  and 

d i f f e r e n t i a l  temperatures a r e  recorded.  The sample is  then ~ ~ s u a l l v  

reheated t o  970 C a n d , a f t e r  ano the r  hold per iod,  is cooled aga in  whi le  

t h e  d i r e c t  and d i f f e r e n t i a l  temperatures  a r e  recorded a s  a functi-on of  

time. The procedure is repeated In order  t o  c o l l e c t  d a t a  f o r  a number 

of hold- t imes.  



The DTA s tud i e s  were ca r r i ed  ou t  on th ree  a l l oys ,  40.n9. 

70.06, and 76.02 weight percent In. The r e s u l t s  of these s t u d i e s  

are summarized i n  Table 3 and Figure 8. A t yp i ca l  d i f f e r e n t i a l  

temperature trace is shown i n  Figure 9. 

Figure 8 shows the  v a r i a t i o n  of the  indicated m i s c i b i l i t y  

gap boundary with hold t i m e  f o r  t h e  40 weight percent I n  a l l oy .  The 

da ta  i nd i ca t e s  t h a t  approximately 8 hours a t  970 C is needed t o  produce 

a r e l i a b l e  value of t h e  cansolute  temperature. Values f o r  sho r t e r  lrold 

times a r e  presumed t o  be i n  e r r o r  because of a lack of homogeneity i n  t he  

a l l o y  a t  t h e  start of t h e  DTA cooling experiment. 

DTA d a t a  f o r  a l l  t he  a l l o y s  studied is presented i n  Table 

3. A l l  t he  measurements of consolute temperatures, have been made 

during cooling. However, measurements of the  monotectic temperature 

have been made both during hea t ing  and cooling s ince  t h i s  parameter is 

in sens i t i ve  t o  compositional inhomogeneities. A bes t  value f o r  t h e  

monotectic temperature based on the  present  r e s u l t s  i s  640 C and is the  

average of the mean value obtained on heat ing and t h a t  obtained on 

cooling. The da ta  f o r  t he  40 weight percent I n  a l l o y s  is  by f a r  the  

most s e n s i t i v e  of t he  th ree  t o  hold t i m e .  The indicated m i s c i b i l i t y  

gap boundary f o r  t he  70 weight percent In  a l l o y  s t i l l  appears t o  be 

increasing up t o  four  hours, while the  da ta  f o r  the  76 weight percent I n  

a l l oy  does not  appear t o  be a t  a l l  s e n s i t i v e  t o  hold t i m e .  I t  should 

a l s o  be noted from Table 3 t h a t  there  is a tendency f o r  undercocling 

t o  occur a t  t he  monotectic temperature. 

Consolute temperatures measured a f t e r  16 hours a t  970 C f o r  

the  40 and 76 weight percent I n  a l l oys  agree reasonably wel l  with t he  

equilibrium Al-In phase diagram published by  rede el"). The d a t a  from 

the present  inves t iga t ion  a r e  compared with Predel ' s  da ta  i n  Table 4. 

The DTA t r ace  presented i n  Figure 9 f o r  the  76 weight qercent  

I n  a l l o y  held a t  970 C and cooled a t  a r a t e  of 4 C/minute c l e a r i y  shows 

the monotectic transformatfon a t  637 C. Curiously, t he  i n i t i a l  hea t  

e f f e c t  is followed by teinperature o s c i l l a t i o n s  having an amplitude on 

the order  o r  0.05 C and a period of s 20 seconds, The o s c i l l a t i o n s  a r e  

presumably due t o  o s c i l l a t o r y  convection cur ren ts  which a l t e rna t ive l j j  

bring hot  and cold f l u i d  i n t o  the  neighborhood of t he  measuring thermo- 



TABLE 3. SUMMARY OF DTA RESULTS 

Cooling Data Heating Data 

Miscibility Degree of 
Gap Mono tee t i c  Undercooling, AT, Monotectic 

Hold Boundary, Temperature , OC a t  Monotectic Temperature, 
Time (hr) C O C  Temperature O C  -- 

A1-40.09 Weight Percent - 

A1-70.06 Weight Percent In 

A1-70.02 Weight Percent In 

0 811 638 4 642 
0 -- 638 8 641 
0.5 812 636 9 -- 
1.0 814 638 3 -- 
2.1 >812 637 8 64 1 
4.0 8 1  3 636 9 -- 

16.0 811 637 13 644 -- --.-- - ------ --- -- ---a- ----- 



FIGURE 8. THE VARIATION OF INDICATED M I S C I B I L I T Y  
GAP BOUNDARY TEMPERATURE WITH HOLDING 
TIME A T  970 C 
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FIGURE 9. DTA TRACE FOR A1-76 WETCHT PERCENT In ALLOY HELD 
16 HRS AT 970 C AND COOLED AT 5C /MIN 

Note cyclic differential signal at A having a 
maximum amplitude of % 0.002 mv (0.05 C)  acd 
o f  frequency 3 cycles/min. 



Table 4. COMPARISON OF DTA DATA FROM PRESENT 
WORK WITH PUBLISHED DATA OF PREDEL(~) 

Prede-l Data Present Investigation 

Consolu te Consolu te 
Composition, Temperature, Composition, Temperature, 
~ t .  rct. oc wt. P C ~ .  o c 

39.91 7 75 40.09 761 

75.12 830 76.02 811 

Monotectic Temperature, OC 

637 640 
-- _ E  



couple. Osc i l l a t i ons  i n  l i qu id  volume have recent ly  been observed 

by Potard (I2) during the  cooling of A1-In a l l o y s  i n t o  t he  m i s c i b i l i t y  

gap. H i s  cooling r a t e  was about one-tenth t ha t  used i n  the  present  

inves t iga t ion  and the  o s c i l l a t i o n  period was 600 seconds. Although 

the  two o s c i l l a t o r y  e f f e c t s  are possibly r e l a t ed ,  t he  r e l a t i onsh ip  

between them is not  obvious. Osc i l l a to ry  convection cu r r en t s  have 

a l s o  been observed t o  r e s u l t  from sur face  tension g rad i en t s  a r i s i n g  

from temperature va r i a t i ons  i n  a l i q u i d  containing a f r e e  surface.  

Much more work is required i n  t h i s  a r ea  f o r  a f u l l e r  understanding 

of these  phenomena. 

The conclusion t o  be drawn from the  DTA experiments is 

t h a t  a hold t i m e  of a t  l e a s t  8 hours is necessary t o  y i e ld  a re- 

producible and equilibrium va lue  of t he  consolute temperature. It 

is presumed t h a t  t h i s  t i m e  period is associated with the  homogeniza- 

t i o n  of the  a l l oy  above the  m i s c i b i l i t y  gap. It should be noted t h a t  

the  homogenization time period f o r  the  DTA geometry would be 

appreciably longer than f o r  the  SPAR configurat ion owing t o  the longer 

d i f fu s ion  d is tances  i n  t he  DTA configurations.  These f a c t o r s  w i l l  be 

discussed a t  length i n  the  next sec t ion .  

Diffusion Analysis 

? .n t roduc t io~ .  I n  order  t o  a s se s s  t he  r e s u l t s  of SPAR I1 - 

with regard t o  poss ib le  lack  of homogeneity i n  t he  m e l t  j u s t  before 

the  cool-down and t o  provide design da t a  f o r  the  SPAR V experiment, 

the  d i f fu s iona l  c h a r a c t e r i s t i c  of l i qu id  Al-In a l l oys  above the 

m i s c i b i l i t y  gap were assessed a n a l y t i c a l l y  and experimentally. 

Analyt ical  Calculat ions.  The a n a l y t i c a l  ca l cu l a t i ons  con- 

s idered a simple one dimensional boundary-value problem based on Fick 's  

formulation. 



a ( x ,  2% (x.t) 

a t  ax 2 
Equation 1 

Co f o r  Wx<h 
C (x.0) = Equation 2 

0 fo r  h<x<l, l > h  

r. Here, C (x,t) is the  cmposit lon a t  posi t ion x and time t, and D is the & 
t i in terd i f  fusion coeff ic ient  . 

The solu t ion  of t h i s  boundary-value problem has been shown by 
r 

Barrer") t o  be given by 

Equation 3 

This expression has been used t o  describe the k inet ics  of homogenization, 

neglecting such e f fec t s  as the  possible concentratiul.  dependence of the 
d 

interdiffusion coeff ic ient  and the  somewhat undefined boundary conditions 

. actual ly exist ing a t  t = 0. 

I l lus t r a t ed  i n  Figure 10 is the  manner i n  which C ( I I ,  t ) ,  the 

composition a t  posi t ion II, increases a s  a function of D t  from its i n i t i a l  

value of zero and approaches its equilibrium level ,  Ceq = Coh/R. The cases 

i l l u s t r a t e d  i n  t h i s  f igure correspond to  the three a l loys  run i n  the  DTA 

and the two al loys run i n  the SPAR Rocket Fl ight  configuration. 

The principal  fea ture  of i n t e r e s t  i3 t h i s  f igure l i e s  i n  the 

r e l a t ive ly  strong dependence of C (E, t )  upon the value of R i t s e l f .  De- 

creasing L from values a l i t t l e  over 2 cm f o r  the DTA configuration t o  

values j u s t  under 1 cm f o r  the SPAR configuration r e s u l t s  i n  a pronounced 

decrease i n  the time required t o  a t t a i n  equilibrium. To fur ther  i l l u s t r a t e  

t h i s  fac t ,  Table 5 presents the D t  values required t o  bring C (R, t)/C t o  
eq 

; within 1 percent of the asymptotic value of unity and the corresponding 
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times assuming a value of D = 8 x l~ '~cm~/ second* .  The more than 8 hours 

required t o  a t t a i n  equi l ibr ium i n  t he  DTA configurat ion is cons i s t en t  

with t he  experimental r e s u l t s  presented i n  Figure 8. On t h i s  ba s i s ,  

% 1.7 hou r sa re requ i r ed  t o  homogenize the  Al-In a l l oys  i n  t h e  SPAR 

configurat ion (see Table 5).  

TABLE 5. VALUES FOP. D t  REQUIRED TO BRING C (4 t )  TO 
WITHIN 1 PERCENT OF ITS EQUILIBRIUM VALUE 

-- 

Composition Weight 
Case Configuration Percent I n  D t  t ( a )  (hr)  

1 DTA 70 2.6 9.03 

2 DTA 

3 DTA 

4 SPAR 

5 SPAR 7 0 0.5 1.74 
- -- - - 

(a) Based on an assumed value of D = 8 x 10'~cm~/second. 

F ina l ly ,  i n  Figure 11, we have presented the  concentrat ion 

grad ien ts  ca lcu la ted  f o r  var ious values  of D t  from 0.07 (t = 15 minutes, 
2 D = 8 x crn /second) t o  t h a t  required t o  a t t a i n  near uniform compo- 

s i ~ i o n  far  t h e  40 and 70 weight percent I n  a l l o y s  i n  the approximate 

SPAR ar1.i DTA configurat ions.  Based on these ca lcu la t ions  and the 

ground bas2 spin-up and despin s tud i e s ,  it was concluded t h a t  the 

SPAR I1 a l loys  were f a r  from homogeneous a f t e r  the  15-minute hold 

time assuming t h a t  f l u i d  flow had not  been induced by rocket v ibra t ion ,  e t c .  

* This value of D was chosen before measurements of D were made i n  t 4 e 
present  stvdy (see next sec t ion) .  The assumed value of 8 x 10-'cm /second 
based on measurements reported i n  the  l i t e r a t u r e  on the  s e l f  d i f fu s ion  of 
indium i n  an In-5 weight percent a l loy(13)  is somewhat higher than the  
value measured i n  t h e  present  ~ t u d y ,  6.4 x 10-~cm~/second.  However, the 

conclusions based on our ca lcu la t ions  using the  assumed value of D 
a r e  s t i l l  va l id .  





Direc t  Measurement of the In te rd i f fus ion  Coeff ic ient ,  D. 111~ 

purpose of t h i s  s e t  of experi.ments is t o  determine the  value of the  i n t e r -  

d i f f u s i o n  c o e f f i c i e n t  i n  l i q u i d  aluminum-indium a l l o y s  a t  a temperature 

of 970 C ,  i n  the  homogeneous l i q u i d  region above the  m i s c i b i l i t y  gap. 

Illese measureinents were made t o  check the  v a l i d i t y  of the  conclusions 

made i n  the  previous s e c t i o n  on the  b a s i s  of an  assumed value  of D I 

8 x 10'~cm21second. 

The r e s u l t s  obtained thus f a r  a r e  s t i l l  considered t e n t a t i v e  

s ince  the re  a r e  s t i l l  some unsolved experimental d i f f i c u l t i e s  associa ted  

wit11 the technique. We f e e l ,  however, t h a t  when the  method has been 

perfected,  i t  w i l l  a l low us  t o  determine d i f f u s i o n  c o e f f i c i e n t s  a s  

a function of composition i n  l i q u i d  phase a l lovs .  The technique has the  

rrtlded advantage t h a t  the  micros t ructure  of a continuous s e r i e s  of 

a l l o y s  can be conveniently prepared, examined and r e l a t e d  t o  composition, 

Three s e t s  of experiments have been conducted thus f a r .  In  a l l  

cases two samples were involved, one f o r  a d i f f u s i o n  time of 1 hour and 

the second f o r  4 hours. 

The specimen design used i n  these  experiments is  showti i n  Figure 

12. An alumina c a p i l l a r y  tube, one end of which is  sealed with a s l u r r y  

made up of f i n e  alumina i n  an H PO /H 0 so lu t ion ,  was u t i l i z e d .  The 3 4 2  
other  end of the c a p i l l a r y  incorporated a r a d i a l  hole  f o r  suspending 

the sample i n  the  furnace. These tubes were then f i r e d  by slowly heat ing 

i n  a i r  t o  1200 C* i n  order  t o  d r i v e  o f f  moisture and s i n t e r  the  s l u r r y .  

lligh pur i ty  I n  and A 1  wire,  both of which were % 1 mm i n  diameter and 

3 cm long, were c a r e f u l l y  inse r t ed  i n t o  the  alumina tube a f t e r  chemical 

cleaning of the  indium and aluminum components i n  concentrated HCl and a 

20 percent aqueous so lu t ion  of NaOH respect ively .  After  the  c a p i l l a r i e s  

were f i l l e d ,  they were suspended i n  a fused s i l i c a  tube contained i n  a 

furnace a s  shown i n  Figure 13. The chamber was then evacuated t o  1 x 10- 5 

t o r r  and the  samples heated t o  800 - 900 C i n  approximately 30 minutes. 

A t  t h i s  temperature, helium was introduced i n t o  the system u n t i l  a 

Ilrcssure l e v e l  of s l i g h t l y  l e s s  than 1 atmosphere (0.1 )Pa)  was reached 

* Tire tubes used i n  the  f i r s t  experiment were f i r e d  t o  only 700 C. S o w  

jios evolution during the  d i f f u s i o n  experiment is  suspected , SCC t c x r *  
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FIGURE 12. SPECIMEN DESIGN FOR Al/In LIQUID 
PHASE DIFFJSION EXPERIMENTS 
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FIGURE 13. SCHEMATIC DRAWING OF APPARATUS USED IN 
LIQUID PHASE DIFFUSION EXPERIMENTS 



while hei ing was continued t o  a  tem2erature of 970 C. After  the 

desired time a t  970 C, the  sample o3s dropped i n t o  a  watez-cooled 

sfliconeoil  quench bath where i t  was cooled t o  <20 C i n  a 1 second. 

Table 6 summarizes soae of the  experimental parameters used 

i n  the  two d i f fu s ion  experiments. It sllould be noted t h a t  the calcu- 

l a t ed  length of the  d i f fu s ion  cou-,'e at - 979 C ( ~ 4 . 9  cm) is  

appreciably less than the  6 cm of o r iq fna l  wire length because the  

wire diameter is somewhat smaller thsn the ins ide  diameter of the 

cap i l la ry .  

After the t h e m s l  treatment,  the  d i f fu s ion  samples, while 

s t i l l  i n  t he  A 1  0 c a p i l l a r i e s ,  were metallographically pol :hcl down 
2 3 

t o  the  c e n t r a l  longi tud ina l  plane. Some d i f f i c u l t y  was e.:countered i n  

t h i s  procedure due t o  t he  presence of void regions an3 pull-out of 

port ions of t he  specimen during polishinp;. So-w m a c r o ~ t r u c t u r a l  

agglomeration was a l s o  observed which tends t o  complicate the composition 

analyses,  Porosi ty  and pull-out were so  se r ious  i n  Samples 1 and 2 

t ha t  they were not  analyzed. 

The s i t u a t i o n  improved i n  the ~ e c o n d  experiment !DC 2) ,  owing 

t o  a  higher f i r i n g  temperature (1200 versus 700 C )  of t he  c a p i l l a r y  and 

the maintenance of t he  vacuum environment t o  a  higher temperature before 

introducing the  i n e r t  gas. These procedures presumably allowed a g rea t e r  

proportion of t he  r e s idua l  gases t o  be removed fram the c a p i l l a r i e s .  Im-  

pregnation of t he  metallographic mounts with add i t i ona l  epoxy a f t e r  the  

i n i t i a l  grinding was a l s o  found t o  be bene f i c i a l  i n  r e t a in ing  the bulk 

of the  sample i n  the  mount. However, even with these precautions,  there  

were s t i l l  some regions t h a t  suffered from pull-uvt. I n  addi t ion ,  i n  

the top port ion of the  specimen ( the  higher aluminum content pcr t ion)  

the  metal only f i l l e d  the  cap i l l a ry  i n  i so la ted  regions.  The lack  of 

complete f i l l i n g  is probably due t o  a  combination of s o l i d i f i c a t i o n  

shrinkage and the  poss ib le  presence of gas bubbles. 

S t i l l  another problem was encountered i n  the  metallographic 

pol ishing of Samples 6 and 7. The presence of the  alumina cap i l i a ry  tube 

i n t e r f e r ed  with the pol ishing of the  appreciably s o f t e r  metal and 

resu l ted  i n  poorly prepared metallographic sur faces  with t he  metal l e v e l  

subs t an t i a l l y  below the  l e v e l  of t he  ceramic. 



TABLE 6. SUMMARY OF P m  USED I N  A1-In 
LIQUID PHASE DIFFUSION EXPERIMENTS 

Experiment Sample 
No. No. 

-- * fc 
D i f f u s i o n  W t .  of Wt. cf 

LIn 
T i m e ( h r )  I n ( g m )  A l ( g m )  (cm) h ~ )  

.- 

DC- 1 1 4 0.1727 0.0603 2.401 2.349 

DC- 2 6 1 0.1815 0.0584 2.523 2.275 

DC- 3 8 1 0.1812 0.0636 2.519 2.477 

" Lln and L A ~  a r e  t h e  l e n g t h s  of I n  and A 1  a t  970 C c a l c u l a t e d  on 
t h e  assumption t h a t  t h e  components f i l l  t h e  i n s i d e  d i ame te r  of  
t h e  c a p i l l a r y  tube .  



The p r e p a r a t i o n  method desc r ibed  above was successf  u l l v  

app l i ed  t o  Samples 8 and 9. .;owever, t h e  pol ished s e c t i o n s  revealed 

the presence of  bubble-shaped void  a r e a s  presumablv due t o  g a s  bubbles.  

The composit ion as a f u n c t i o n  o f  p o s i t i o n  i n  t h e  d i f f u s i c n  

couples  w a s  deduced f o r  Samples 6, 7 ,  8, and 9 a t  1.5 inm increments 

c n  a n  e l e c t r o n  beam microprobe. The c o n d i t i o n s  used f o r  t h e s e  a n a l y s e s  

a r e  d e l i m a t e d  i n  Table 7. Each of t h e  d i f f u s i o n  couples  was c u t  a long 

its l e n g t h  i n t o  t h r e e  approximately equal  s e c t i o n s  f o r  t h e s e  ana lyses .  

Pure a l u m i n ~ . ~  and pure  indium were used as s tandards .  I n  a t y p i c a l  

a ~ a l y s i s  o f  one o f  t h e  s e c t i o n ,  t h e  i n t e n s i t i e s  from t h e  aluminum and 

lndium s tandards  were f i r s t  measured toge the r  wi th  t h e  background in-  

t e n s i t i e s  determined on both  s i d e s  of t h e s e  peaks. The aluminum and 

indium peak and background i n t e r s i t i e s  from p o s i t i o n s  a long t h e  d i f f u s i o n  

couple s e c t i o n  were then measured and f i n a l l y  a second s e t  of i n t e n s i t y  

r ead ings  were taken on t h e  aluminum and indium s tandards .  

TABLE 7. PARAMETERS USED I N  THE ELECTRON MTCROPROBE 
ANALYSIS OF Al-In DTFFCSIOK COUPLES 

Sample --- 
Parameter 6 7 8 9 

Approximate Spot Siz,, mrn 0.13 0.13 

Acce le ra t ing  P o t e n t i a l ,  KV 25 25 

Take-off Angle, deg. 20" 20" 

C r y s t a l  Ffica Mica 

A 1  Line  Kc Ka 

Tn Line Lcr La  
- -  -- - - -  - - -  - --- - - ~  - --- -- - - -- - - - - - - - ------ - - - -  - - - - - - - - -  

Hica Mica 

Ka Ka 

Lrc La 
- - - - - - - - - . - - . - - - - . - - - - - -. - - - 



The raw intensity data after background subtraction were 
(14) converted to values of composition by means of MAGIC - Version 3 , 

a computer program for quantitative electron microprobe analysis. 

This program calculates the values of k = IA/IA,. the background sub- 

tracted intensity of the peak for element A in the sample divided by 

the corresponding peak intensity in the pure metal standard. The k 

B values which represent a first approximation of the concentration of 
5 
E the element in the sample are then corrected for atomic number (Z ) ,  ab- 

E sorption (A), and fluorescence (F) effects to yield an independent aluminum 
B 
5 and indium concentration for each position analyzed along the diffusion 

- P couple. The concentrati~n-position relationships evaluated in the manner 
i 

' 1 described above were used to determine the interdiffusion coefficients, 
1 

5 D by the computer methods discussed belola. 
I 

Computation of Interdiffusion Coefficients. .4 numerical procedure 

was constructed with which to determine the interdiffusion coefficients for 

liquid aluminum-indium alloys from the measured composition-distance data. 
f 

A basic assumption of the analysis is that the spatial and time dependence 

of the concentration cpn be described by a solution of the one-dimensic*-:a1., 

time-dependent diffusion equation, using an "effective" coucentration- 

independent diffusion coefficient, and subject to the approximate initial 

and boundary condicions (see Equationslthrough 3). Since the experimental 

data were taken from solidified ,\l-In metal, account had to be taken of a 

number of factors, including shrinkage of the alumina container and net 

volume decrease of the A1-In liquid alloy upon cooling and solidification. 

An outline, in which the algorithm is summarized, is presented belov. 

Preliminary Cteps. 

A .  Ch~2se values for pertinent input parameters. 

E. Choose an array of diffusion coefficients, relatively 

widely spaced, within which the "true" value is certain 

to be. 

C. Read in experimental data for the weight-fraction of 

aluminum as a function of distance along the diffusion 

couple and the diffusion time. Convert the aluminum 

weight-fraction to indium weight fraction. 



D. Compute the d e n s i t y  o f  pure  l i q u i d  aluminum and o f  

pure l i q u i d  Indium as w e l l  as t h e  number o f  atms p e r  

cubic  centimeter i n  pure  l i q u i d  indium, a l l  

corresponding to t h e  temperature a t  which t h e  

d i f f u s i o n  experintent was performed. 

2. Consider t h e  l iquid-metal  system, which is shaped 

as a c i r c u l a r  c y l i n d e r  by t h e  surrounding alumina 

c r u c i b l e ,  t o  be  d iv ided  ( i n  a mathematical sense)  

i n t o  N "slices" (with N taken t o  be 100 i n  t h e s e  

computations), by "cutt ing" t h e  c y l i n d r i c a l  system 

along e q u a l l y  spaced p lanes  perpendicular  t o  t h e  

c y l i n d e r  a x i s .  T h i s  subd iv i s ion  is assumed t o  

r e p r e s e n t  t h e  l i q u i d  metal a t  t h e  d i f f u s i o n  

temperature. 

Computations. 

A. Compute t h e  tkermal c o n t r a c t i o n  upon cool ing,  o f  

t h e  i n n e r  c ross - sec t iona l  a r e a  of t h e  alumina 

cy l inder ,  w i t h i n  which t h e  l i q u i d  metal  is con- 

t a ined .  

B. For a given v a l u e  of D and t h e  d i f f u s i o n  t i m e  

used i n  t h e  experiment, compute t h e  indium con- 

c e n t r a t i o n  a t  t h e  c e n t e r  of each slice (assuming 

high-temperature cond i t ions )  us ing t h e  s o l u t  

of t h e  d i f f u s i o n  equat ion (Equation 3).  

It should be noted t h a t  t h e  Barrer  

so lu  t ion(8)  involves  eva lua t ion  of an  i n f i n i t e  

series; we r e t a i n  up t o  some s p e c i f i e d  number 

(100) of terms i n  t h i s  series, bu t  terminate  t h e  

series before  t h i s  po in t  i f  t h e  magnitude of t h e  

ind iv idua l  terms becomes very smal l .  

C. Convert t h e  concen t ra t ion  of indium c a l c u l a t e d  a t  

t h e  c e n t e r  of each s l i c e  t o  weight- f ract ion indium. 

This conversion no t  on ly  makes t h e  u n i t s  of indium 

concentra t ion t h e  same a s  those  f o r  the  exper imental  



d a t a ,  b u t  it a l s o  makes t h e  c a l c u l a t e d  indium con- 

t e n t  of t h e  slice i n v a r i a n t  t o  t h e  volume change 

undergone by t h e  slice dur ing cool ing.  

D. Compute t h e  new th ickness  of each s l i c e  which 

exists a f t e r  coo l ing  from t h e  test temperature 

(970 C) t o  room temperature.  

1. Include t h e  c o n t r i b u t i o n  due t o  c o n t r a c t i o n  of 

alumina con ta iner .  

2. Include a l s o  t h e  volume c o n t r a c t i o n  o f  t h e  

metal w i t h i n  each slice, c a l c u l a t e d  by simply 

sunnning t h e  c o n t r a c t i o n s  t h a t  t h e  c o n s t i t u e n t  

aluminum and indium would have undergone i n  

t h e  pure s t a t e .  Assume t h a t  t h e  n e t  volume 

change of each s l i c e  is unaffected by i n t e r -  

a c t i o n s  wi th  any ad jacen t  m a t e r i a l  ( t h e i r  

s l i c e s  o r  t h e  c o n t a i n e r ) .  

3. Note: t h e  s l i c e s  do not ,  i n  genera l ,  a l l  h a v e t h e  same 

th ickness  a f t e r  coo l ing ,  s i n c e  t h e  r e l a t i v e  

amounts of aluminum and indium t h a t  each s l i c e  

c o n t a i n s  v a r i e s  from s l i c e  t o  s l i c e .  

E. Carry o u t  a s t a t i s t i c a l  a n a l y s i s  of t h e  d a t a .  

1. Compute t h e  sum of squares  of t h e  d e v i a t i o n s  

of a l l  va lues  of indium concen t ra t ion ,  

measured on s o l i d i f i e d  m a t e r i a l  a t  room 

temperature,  from t h e  corresponding calcsl- 

l a t e d  indium concen t ra t ions .  Each calcu- 

l a t e d  va lue  is obtained a t  t h e  same s p a t i a l  

l o c a t i o n  a s  t h e  corresponding d a t a  po in t .  

Each c a l c u l a t e d  value  is determfned by l i n e a r  

i n t e r p o l a t i o n  of v a l u e s  computed a t  midpoints 

of a d j s c e n t  s l i c e s  (with shr inkage due t o  

coo l ing  accounted f o r )  such t h a t  s p a t i a l  

coord ina te  of t h e  corresponding d a t a  po in t  

l i e s  w i t h i n  t h e  range of d i s t a n c e  def ined by 

these  two midpoints.  



2. Note: only data points lying within the spatial 

range from the midpoint of the first slice to 

the midpojnt of the last slice are included in 

the analysis. 

F. Repeat the previous computations for all diffusion 

coefficients in the "coarse" array chosen under B 

of "Preliminary Steps" described above. 

G. Prom t!~c results, determine the interdiffusion co- 

efficient, D min, in the "coarse" array for which the 

calculated sum of square of deviations has the 

smallest value, and hence which constitutes t5e best 

estimate, obtained thus far at least, of the "true" 

diffusion coefficient. 

H. Choose a more "finely" spaced array of diffusion co- 

efficients about the value Dmin 

I. Repeat the previ~ils c :mputation with the "fine" array 

of diffusion coefficients. In this manner, a more 

refined estimate of Dmin, and hence of the "true" 

interdiffusion coefficient, is obtained. 

Graphics Programming. 

A. Carrv out all procedures necessary to plot the experimental 

data as well as the theoretical concentration curve 

corresponding to the refined estimate of Dmin. 

Results. As described earlier, difficulties have been encountered - .- -.-- 
in obtaining accurate values of the interdiffusion coefficient in liquid 

A1-In allovs above the miscibility gap (970 C) . These impediments can 

be delineated as follows: 

(1) Difficulties in the metallographic preparation of 

the diffusion couples (Samples 6 and 7) 

(2) Less than optimum selection of the parameters used 

in the electron microbeam probe analysis (Samples 6 

and 7) 



(3) Problems associated with gas-bubble formation in the 

capillaries. Static bubbles would be expected to 

affect mass transfer in the liquid whereas moving 

bubbles may cause fluid flows and a disturbance of 

the diffusion induced concentration gradients 

(Samples 8 and 9). The formation of gas bubbles 

may be due to improper out-gassing of the capillary 

tubes . 
Four diffusion couples, Samples 6, 7, 8, ana 9 were subjected to 

electron microprobe analysis i.~cluding the MAGIC corrections. The results 
a 

fro.; Samples 8 and 9 appear to be reasonably self consistent in terms of 

the independent determinations of aluminum and indium concentrations. 

i However, the results from Samples 6 and 7 were very inconsistent pre- 
i sumably due to the combination of the poor metallographic polish and 
1 

the less than optimum selection of electron probe parameters. Further 1 diffusfon analysis of these latter specimens does not appear to be 

warranted at this time. 

I Through use of the computer code described above, the concentra- 
t 
i 
I tion-position data from Samples 8 and 9 were compared with the theoretical 
1 
I diffusion relations corrected for solidification shrinkage and thermal 

/ contraction and the value of D providing the best fit with the data was 

determined for each couple. These values are summarized in Table 8, 

and the experimental data points are compared with the "best fit" 

theoretical curves in Figures 14 and 15 for Samples 8 and 9 respectively. 

In an independent study with a similar objective, Dr. Lewis 

Lacy of MSFC (I5) has conducted in sit" diffusion experiments by an X- 

radiographic technique on samples in the SPAR configuration. His ob- 

servations on  he interdiffusion of aluminum and indium in the weight 

proportion 30:70 at 920 C indicated a concentration difference between 

the top and bottom of the sample amounting to 10 atomic percent after 1.4 

hours and 6 atomic percent after 2.2 hours. Calculations of the interdiffusion 

coefficients have been made based on these observations and on the assumption 

that compositional differences correspond to concentrations at the extreme 

top and bottom of the alloy. 
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TABLE 8. SUMMARY OF LEAST SQUARE DETERMINATION OF 
INTERDIFNSION COEFFICIENTS. 

- 
. . 

- - 
- 7 I - = . 1 - - - .  - -. 

Diffusion Diffusion Time, 
Sample No. Temp, C Hour 2 D, cm /sec 

Application of the solution of Fick's diffusion relations for 

the applicable boundary conditions (see Equation 3) provided a relationship 

between the concentration difference, AC, at the sample extremes and 

Dt. Table 9 lists the results of these calculations. 

TABLE 9. CALCULATED DIFFUSION COEFFICIENT AS A FUNCTION 
OF COMPOSITIONAL DIFFERENCES AT THE SPECIMEN 
EXTREMES (a) 

AC , t , Dt4 D, 
Atomic percent second cut- cm2/second 

(a) SPAR configuration. Overall composition 
A1-70 weight percent In. Diffusion temperature 
920 C. 

Discussion and  conclusion^. The technique utilized to evaluate 

diffusion in liquid Al-In alloys above the miscibility gap, in spite 

of the experimental difficulties which are expected t- be eased with 

further developmert,has great potential as an experimental tool for 

characterizing liquid metal systems and their solid alloys. Two obvious 

attractions are as follows. 



(1) The method allows the interdiffusion coefficient 

and its compositional variation to be determined 

by the same method (Matano-Bol tzmann) as commonly 

used to characterize interdiffusion in the solid 

state. 

(2) The technique produces a continuous series of 

rapidly cooled alloys whose microstructures 

can be related to composition. The method could 

also be applied to liquid phase miscibility gap 

systems cooled at slower rates but the processing 

would have to be conducted at low gravity to 

avoid segregation effects due to buoyancy. 

An example of the metallographic potential of the technique is 

found in Figure 16, where the microstructure of a portion of Sample 7 is 

displayed. The photomicrograph shows that the separation process occurs 

extremely rapidly in this system as evidenced by the presence of well- 

developed droplets especially in the region of the critical composition. 

What is more, Figure 16a also shows a curious effect. In this low 

magnification photomicrograph, the size of the precipitating aluminum-rich 

droplets appears to vary in an almost continuous manner with composition. 

This effect will be discussed further in a later section dealing with 

interpretation of the SPAR V results. 

The dJfficulties encountered with this method of determining the 

interdiffusion characteristics of liquids (electron probe analysis method, 

metallographic polishing technique, presence of gas bubbles) have largely 

been eliminated except for the presence of gas bubbles. These bubbles can 

probably be eliminated by outgassing the capillary tubes at high- 

temperature and in high vacuum prior to filling. (The capillaries in the 

experiments to date have been baked in air rather than vacuum prior to the 

diffusion experiments.) 

Two additional factors contributing to the uncertafnty in the 

diffusion results to date are as follows: 
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(1) Diffusion occurring during the period of heating 

to the diffusion temperature 

(2) The partial sinking of the solid aluminum wire 

into the molten indium at temperatures 155 C < T < 660 C. 

Both of these factors lead to a deviation from the boundary conditions 

assumed in the solution of Fick's diffusion equation (Equations 1 and 2). 

With regard to the diffusion occurring during the heat-up period, 

an estimate can La inade for the contribution from this source by calculating 

., 1 a time-average ince&-dif fusion coefficient that can be adsigned to the 

period of heat-itp from the monotectic temperature (640 C) to the desired 
s 

I diffusion temperature (970 C ) .  This calculation assumes a value of 

4.0 k~al/mole('~) for AH, the activation enthalpy which appears in the 

usual formulationdescribing the temperature dependence of interdiffusion 

coefficient : 

i D = Do exp [ - AH/RT] 

where 

Equation 4 

Do is a constant 

R is the gas constaut 

and T is the temperature in O K  ; 

and ignores the change In boundary conditions that occur in this tempera- 

ture regime. 

The temporal variation of temperature during the % 38-minute 

heat-up period has been approximated by an analytical expression which 
1. 

t closely fits the observed variation: 

T - 913 + A27 exp {-9.82/t)  Equation 5 

i where 2 

1 is the temperature in O K  
i 

ana t is the time in t~~nutes 



By combining Equations 4 and 5, an expression is obtained for the average 

valr-e of the interdiffusion coefficient during heating* 

exp {-4000/[(R)(913 + 427 exp (-9.82/t)]) dt Equation 6 

where 

t ib the heat-up time in minutes. H 

By numerical integration, ir is then found that 
- 
D 3 0.179 Do , Equation 7 

The corrected value of interdiffusion coefficients, Dc at 970 C 

is then found by applying the following relationship: 
- 

D ~ ~ ~ t 9  = Dtll + Dctn Equation 8 

where DLSF is the least square fit .-.:lue of interdiffusion coeffictent 

calculatec? from the computer codes previously described and tD is the 

diffusion time at 970 C. 

The values of D, are compared with the respective values of 

DLSF in Table 10 and show the corrections accounting for diffusion during 

heat-up are sn,all and certainly do not account for the major difference 

between the meas1:rements. 

TABLE 10. COMPARISON OF CORRECTED AND LEAST 
SQUARE FIT DIFFUSION COEFFICIENTS 

Sample Diffusion Temp, Time ;t D$SF 
Number O C  Diffusion Temp cm /see cm 2Dc Isec 

8 970 1 1.8 x 1.0 x 



The change i n  boundary cond i t ions  due t o  t h e  p a r t i a l  s i n k i n g  of 

t h e  s o l i d  aluminum i n t o  t h e  molten i n d i u a  dur ing  t h e  heat-up per iod ~t 

temperatures betveen 155 C and 640 C arr orobably r a t h e r  small and due 

: l a r g e l y  t o  t h e d i s s o l u ~ i o n o f  t h e  s o l i d  aluminum i n  t h e  molten indium. 
' I t  is a n t i c i p a t e d  t h a t  when t h e  aluminum melts, a r e d i s t r i b u t i u n  o f  t h e  

/ l i q u i d  phases w i l l  t a k e  p lace  which w i l l  tend t o  restore t h e  o r i g i n a l  
) 

boundary cond i t ions .  It is n o t  clear whether any of t h e  d i f f u s i o n  couples  
i 

t h a t  have been r u n  have a c t u a l l y  encountered t h i s  problem. It would be 

r a t h e r  easy  f o r  t h e  s o l i d  aluminum w i r e  t o  be he ld  from moving down 
I 

t h e  c a p i l l a r y  by f r i c t i o n .  We intend t o  avoid t h i s  experimental  compli- 

c a t i o n  i n  t h e  f u t u r e  by crimping t h e  aluminum w i r e  t o  prevent  i ts moving 

! u n t i l  i t  is molten. 
g 

Rased on t h e s e  p r e l i m i n ~ r y  measurements and those  o f  Lacy 

f cor rec ted  t o  970 C, our b e s t  . ~ t e  of t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t  
t -5 2 n i n  l i q u i d  Al-In al l .oys a t  970 C is 6.4 + 3.1 x 1 0  cm /second. Th is  va lue  
f 

- 
! agrees  q u i t e  w e l l  with t h e  S x 1 0 - ~ c r n ~ / s e c r d  va lue  whizh hhs been f o ~ n d  

C 
i: t o  be c o n s i s t e n t  wi th  t h e  DTA measrlrements. The va lue  of D t  = 0.5 

i c a l c u l a t e 3  as necessary t o  homogenize t h e  SPAR a l l o y s  ( see  Table 5) a l l ~ ~ s  

f u s  t o  c a l c u l a t e  a va lue  of t h e  necessary  homogenization t i m e  as 2.2 hours.  
f 

'i-rese t i f f u s i o r l  measurements i n d i c a t e  t h a t  tlle SPAR I1 a l l o y s  

I were n o t  homogenized s u f f i c i e n t J y  assuming t h a t  t h e r e  are no o t h e r  processes  

. invoived except  d i f f u s i o n .  

It is recomnended t h a t  a d d i t i o n a l  work be conducted t o  p e r f e c t  

. t h i s  technique which is w e l l  on its way toward f u l l  development. An im-  

proved method should a l low more p r e c i s e  determinat ion of t h e  d i f f u s i o n  

c o e f f i c i e n t  and a l low t h e  v a r i a t i o n  o f  D wi th  compositir.r t o  be c h w a c t e r i z e d .  

SPAR V F l i g h t  Experiment 7C-30 - 

_O_biective 

The r e a l i z a t i o n  t h a t  the  e r ~ e r i m e n t a l  a l l o y s  processed on SPAR T I  

may no t  have been comr!ece : homogenized a t  t h e  s t a r t  of the  cool-down 

pertorl and t h a t  t h i s  f a c t o r  might have ead t o  the  massive s e p a r a t i o n  



< 

observed on SPAR I1 prompted the  decision t o  repeat the SPAR I1 experi- 

ment but with a longer hold time a t  the 970 C homogenization temperature. 

A hold time of 16 hours was chosen providing a safe ty  fac tor  of 

approximately 7. The large  safe ty  f ac to r  was  selected i n  l i g h t  of some - 
uncertainty i n  the value of the  in terdi f fus ion coeff ic ient  i n  the 

l iquid  A1-In alloys. 

The speci f ic  object ive of the SPAR V experiment was t o  

determine whether the  concettrat ion gradients probably present i n  the 

SPAR 11 samples a t  cool-down were the cause of the observed massive 

separation. A secondary object ive which developed a s  a r e s u l t  of an i 

opportunity t o  f l y  an addit ional  two a l loys  w a s  t o  determine whether 

al loy compositions i n  addit ion t o  those flown on SPAR I1 wculd a l so  show 

the massive separation. One of the  a l loys  had a high indium content and 

was a l s o  chosen i n  order t o  determine whether there is a tendency during 

cool-down fo r  the prec ip i ta t ing  phase ( in  t h i s  case aluminum) t o  

separate preferent ia l ly  a t  the  crucible walls. 

Alloy Composition 

Four A1-In al loy compositions, 30. 40. 70. and 90 weinht percent In 

were chosen fo r  the SPAR V experiment. The 40 and 70 w e i ~ h t  percent 

In a l loys  were the  same compositions as processed i n  SPAR 11. me 30 

weight percent In  a l loy  was chosen t o  determine the e f f e c t  of a smaller 

concen'ration of indiurr droplets  on the tendency t w a r d  massive 

separation. The 90 weight percent In al loy was selected fo r  two reasons. 

(1) This a l loy  should a l s o  produce a low concentration 

of prec ip i ta t ing  phase and, i n  t h i s  respect ,  was 

chosen fo r  the same reasons a s  the 30 weight per- 

cent In al loy.  

(2) Aluninum draple ts  a r e  expected t o  be the precipi- 

t a t ing  phase within the misc ib i l i ty  gap of t h i s  a l loy .  

It is af i n t e r e s t  t o  determine whether aluminum tends 

t o  prec ip i ta te  przferent ia l ly  a t  the crucible walls i n  

a manner analagous to  the prec ip i ta t ion  of indium i n  

the high aluminum concentration al loys.  



Cartr idge Design and Fabricat ion 

The c a r t r i d g e s  containing the  components f o r  t he  40 and 70 

w i g h t  percent I n  a l l o y s  were of  t h e  same design as used i n  t h e  SPAR I1 

f l i g h t  and were fabr ica ted  I n  t he  same manner (see Figure 2). The 

capsules conts ininp  be component: f o r  the  30 and 90 weight percent I n  

a l l o y s  were of s i m i l a r  design; t he  only changes being t h a t  no provis ion 

w a s  made f o r  an  i n t e r n a l  thermocouple t o  monitor the  sample temperature 

and the  aluminum components were fabr ica ted  from a d i f f e r e n t  l o t  of 

99.999 percent pure aluminum. The former change w a s  prompted by a lack  

of capaci ty  t o  accmodate  another  thermocouple whereas the  l a t t e r  

change w a s  due t o  the  deple t ion  of t he  o r i g i n a l  l o t  of aluminum. I t  was 

not  expected t h a t  these  changes would impact the  exzeriment s ign i f i can t ly .  

The c a r t r i d g e  containing the  30 and 90 weight percent In a l l oys  had the 

90 weight percent a l l o y  positioned a t  the bottom of the  ca r t r i dge  (see 

Figure 17). I n  a l l  cases, the  indium components were positioned above 

the  aluminum. 

The f ab r i ca t i on  of t h e  ca r t r i dges  containing these a l l o y s  was 

performed i n  t he  same manner a s  t he  SPAP. 11 capsule  (6'7) with the 

exception t h a t  t he  c a p s . ~ l e s  without i n t e r n a l  thermocouples did na t  

~ n d e r g o  the  brazing operation. A l i s t i n g  of t he  component weights 

f o r  the  f l i g h t  and grounz-samples is presented i n  Table 11. 

Samples Frocessing 

F l igh t  Sa-ples 74-30-36 containing the  40 and 70 weight percent 

I n  a l l o y s  and 74-30-48 containing t h e  30 and 90 weight percent In  

a l l oys  were processed on September 11, 1978, aboard SPAR V. Capsule 74-30- 

36 was equipped with a thermocouple deslgned t o  measure t he  i n t e r n a l  

temperature af th, .to weight percent I n  a l loy .  Unfortunately, the thermo-- 

couple f a i l e d  by f r ac tu r ing  a t  the  base of t h e  c a r t r i d g e  during preparat ion 

f o r  the f l i g h t .  .'ic: noted above, capsule 74-30-48 d id  not  conta'n an in- 

t e r n a l  thermocouple. Although the  information ob tginable  from the  

i n t e r n a l  thermocouple is of g r e a t  value,  a reasonable es t imate  cf the  

thermal h i s to ry  of each of the  ca r t r i dges  is ava i l ab l e  based on the 
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FIGURE 17. SCHEMATIC DTAGRAM SHCWING THE LAYOUT OF 
ALLOY COMPOFENTS FOR A1-30 AND -90 WEIGHT 
PERCENT In ALLOYS FOR SPAR V LYPERIMENT 
CARTRIDGE (See Figure 2) 



TABLE 11. WEIGHT AND COMPOSITION DATA FOR SPAR V 
FLIGHT AND GROUND BASE CARTRIDGES 

---- -- -- - - - - -- -- . - - - - - - - - -- - - - - . - - 
- Bottom Alloy Top Alloy 

Component Wt . ,g;ms Component Wt . , gms 
Cartridge Composition Composition 
Number A1 In Wt. Pct. in A1 In Wt. Pct. In 

74-30-27GB 1.4234 0.9496 40.02 1.0083 2.3546 70.02 



d a t a  from t h e  furnace temperature thermocouple and p a s t  f l i g h t  and ground 

base  experiments. This  d a t a  i s  summarized i n  Table 12. 

I n  t h e  SPAQ V experiments,  t h e  samples were he ld  a t  a tem?era- 

t u r e  of % 980 C (goal temperature of 970 C) f o r  1 6  hours  on t h e  ground 

before  t h e  f l i g h t .  The rocke t  was launched a f t e r  t h i s  ho ld  per iod whi le  

t h e  temperature was maintained a t  980 C. Approximately 84 seconds a f t e r  

launch, t h e  rocke t  en te red  a per iod of low g ( 1 x 1 0  and 1 76 seconds 

l a t e r  the  samples were r a p i d l y  cooled.  Table 1 3  summarizes t h e  sequence 

of even t s  from t h e  start of t h e  hold per iod on t h e  ground u n t i l  t h e  end 

of t h e  low-g per iod.  A p l o t  of t h e  fu rnace  c a v i t y  temperatures  and 

a c c e l e r a t i o n  d a t a  a s  a func t ion  of time is shown i n  F igure  18. 

I t  should be noted from Table 12 t h a t  tile coo l ing  rates experienced 

dur ing SPIR V were somewhat lower than  d e s i r e d  (%lo C/second v s .  t h e  goa l  

of 14 Clsecond). A s  may be seen from Table 1 2  and Figure  18, t h i s  f a c t o r  

has  l e a d  t o  t h e  l i k e l i h o o d  t h a t  t h e  indium-rich phase was s t i l l  l i q u i d  a t  

t h e  end of t h e  low-g ( < 1 :: 1 0 ~ ~ ~ )  per iod.  (a) A 1  though t h i s  f a c t o r  i s  no t  

expected t o  a l t e r  t h e  genera l  conclus ions  of the  s tudy,  i t  does i n t r o -  

duce some u n c e r t a i n t y  i n  t h e  r e s u l t s .  The absence of a thermocouple 

i n t e r n a l  t o  t h e  mel t  adds f u r t h e r  t o  t h e  degree of u n c e r t a i n t y  i n  t h e  

r e s u l t s .  I n  o t h e r  r e s p e c t s ,  t h e  process ing of t h e  f l i g h t  samples proceeded 

a s  planned. 

Specimen Charac te r iza t ion  -- - Pfethod and Resu l t s  ---- 

The two f l i g h t  samples, 74-30-36 and 74-30-43, as w e l l  a s  two 

ground c o n t r o l  samples,74-30-29 and 74-30-49 were charac te r ized  by 

radiography and metallography. I n  a d d i t i o n ,  ground base  sample 74-30-38 

which had been he ld  t o r  16 hours  a t  970 C and cooled through t h e  misci-  

b i l i t y  gap a t  a r a t e  cf  3.5 Clsecond was examined nreta l lographical ly  and 

provided some understanding of the  e f f e c t  of cool ing r a t e  on t h e  evolu- 

t i o n  of microst r*lc ture  i n  t h e  40 and 70 weight pe rcen t  I n  a l l o y s .  

( a )  This  conclusion is based on t h e  assumption t h a t  when t h e  fu rnace  
temperature t eaches  120 C ,  t h e  sample has  completely s o l i d i f i e d .  
The r e l a t i o n s h i p  Setween furnace temperature and specimens temperature 
is approximate and is  based on previous  c o m p a r i s o ~ s  of t h e  two 
temperatures.  



TABLE 12. FLIGHT AND GROUND CONTROL SAMPLE 
PROCESSING CONDITIONS 

F l i g h t  F l i g h t  Ground Base Ground Base 
Sample Sample Sample Sample 

74-30-36 74-30-48 74-30-24 74-30-49 

Hold Texperature ,  C 

Furnace 1036 1040 1061 1060 

Spec imen 973 (a)  g80(b) 982 9 ~ 3 ' ~ )  

Hold Time, hours  16 16 16 16 

Cooling Rate !c)C/Ser 

Furnace 12 13.2 15.4 12.8 

Specimen 10.0 (a)  10.6 10.0 10.4 (b (b) 
- -- ------- -. - ---- - - . - -- - 

(a )  Specimen thermocouple f a i l e d .  Value is es t ima ted .  

(b) Specimen d i d  n o t  have a n  i n t e r n a l  thermocouple. Value is es t ima ted .  

(c)  Average coo l ing  r a t e  from hold temperature t o  monotectic temperature.  



TABLE 13. SPAR V LAUNCH COUNTDOWN 

Time Event 
- 

T - % 1 6  hours  Specimens a t  hold temperature 

'r = 0 Launch 

T + 66 Sec Nose t i p  e j e c t  

T + 68 Sec Motor desp in  

T + 70 Sec Payload s e p a r a t i o n  and RCS enable  

T + 71 Sec RCS enable  (Back-up) 

T + 84 Sec Estimated low-g per iod start 

T + 160 Sec S t a r t  of cool do^,^ 

T + 329 Sec E s  t irnated low-g per iod end (10"~)  

T + 352 Sec Estimated complete s o l i d i f i c a t i o n  i n  74-30-48 

T + 392 Sec Estimated complete s o l i d i f i c a t i o n  i n  74-30-36 
-- -- --- 
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Radiography. Radiographs were taken of the  two ground con t ro l  

samples and the two f l i g h t  samples a t  k i lovol tages  ranging from 80 t o  

245 and a t  var ious sample o r i en t a t i ons  r e l a t i v e  t o  the  beam. The k i lo-  

vo l tage  w a s  var ied i n  order  t o  study var ious  f e a t u r e s  of the sample. 

For example, 80 KV radiographs were u t i l i z e d  t o  examine the  per fec t ion  

of the alumina conta iners ,  whereas t he  higher k i lovol tages  were used t o  

examine the  macro-distribution of phases wi th in  t h e  a l loys .  The h ighes t  

k i lovol tage  (245 KV) was used i n  order  t o  pene t ra te  t h e  a l l o y  containing 

the highest  indium content.  The radiographs ind ica ted  t h a t  t he  samples 

were f r e e  of major flaws a f t e r  thermal processing and demonstrated phase 

layer ing i n  t he  1-g processed samples and massive separa t ion  i n  some of 

the f l i g h t  samples. Some of the radiographs a r e  presented i n  Figuies  19 

and 20 f o r  the  ground cont ro l  and f l i g h t  samples respec t ive ly .  

Metallographic Examination. The two f l i g h t  and two ground 

cont ro l  samples a f t e r  remolral from the  s t a i n l e s s  s t e e l  container  were 

sectioned along a longi tud ina l  d iamet r ica l  plane by f i r s t  -1.i t t ing the  

aluiiina c ruc ib les  with a diamond cut-off wheel and then ca re fu l ly  cu t t i ng  

through the  a l l o y s  with a jeweler 's  saw. This technique avoids the 

usage of a SIC cut-off wheel and the  assoc ia ted  problem of s i l i c o n  

carbide embedment i n  the  s o f t  a l loy .  Af te r  metallographic pol ishing,  

the samples were examined on both a macroscopic and microscopic l eve l .  

Figures 21 through 28 show the  macroviews as wel l  a s  t yp i ca l  microstructures  

r e l a t ed  t o  t h e i r  pos i t ions  i n  the macroview. 

Aluminum-30 Weight Percent I n  Alloy. The macroviews and photo- 

micrographs of t h i s  a l l oy  processed a t  1-g and In the  microgravity environ- 

ment a r e  shown respec t ive ly  i n  Figures 21 and 22. The macrograph of the 

1-g processed a l l o y  cons i s t s  of a layered s t r u c t u r e  made up predominantly 

of the l e s s  dense aluminum-rich l aye r  above a t h i n  indium-rich layer .  

The s e t t l i n g  of indium-rich d rop le t s  i n  the aluminum-rich layer  i s  c l e a r l y  

observable i n  Figurc 21 a-f. The top of t h i s  a l l oy  i s  made up of an 

extremely f i n e  d i s t r i b u t i o n  of indium d rop le t s  i n  the aluminum-rich matrix 

(Figure 214-c) but a s  the  i n t e r f ace  between the  aluminuni-rich and indium- 

r i c h  mater ia l s  i s  approached, coarsening of the  indium-rich d rop le t r  t o  
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FIGURE 19 .  CONTACT PRI'NTS OF 200 KV RADIOGRAPHS OF GROUND CONTROL 
SAMPLES 74-30-2s AND 74-30-49 
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FIGURE 21. WCROV'IRJ SLW YICROST!?~CTU>.E OF X1- '30 ?*'EIGHT PEXCSXT In 
ALLOY FROM GROLYT CLINEOL CXPSLTE 7 ;-30-49 

Note : fho  tomicrographs l a b e l l e d  la )  rh ro i~gh  ( f  ) 
corrcsprnd t o  t h e  re3ions similarly marked on 
macroview above. 





FIGURE 22, MA.cROVIm AND mCROSTRUCTURE OF 
A1-30 WEIGHT PERCENT In ALLOY 
FRLlM FLIGHT SAMPLE 74-30-48 

Note : Photomicrographs labelled (a) 
through (f) correspond to the regions 
similarly marked on mac- ,view a t w e .  





sizes on the  order  of 1 mm is evident (Figures 21d-f). The s t r u c t u r e  

of the  indium-rich phase cons i s t s  pr imari ly  of aluminum-rich dendr i tes  

i n  an  indium-rich matrix. There is l i t t le  evidence f o r  the  presence of 

aluminum-rich spheres a s  seen i n  a l l o y s  of t h i s  system with higher 

indium concentration. 

The macroview of the  30 weight percent I n  f l i g h t  sample shows 

a predominant aluminum-rich phase surounded by a very t h in  l aye r  of 

indium-rich a l l o y  (see Figures 22a-d). It should be noted t h a t  the 

i n t e r f ace  between the  aluminum-rich core  and the  surrounding indium-rich 

mater ia l  is somewhat wavy. The aluminum-rich core contains  i n  add i t i on  

t o  a f i n e  d i s t r i b u t i o n  of indium drople t s ,  a d i s t r i b u t i o n  of coarse 

(5 0.4 nun diameter) indium d rop le t s  which appears t o  be concentrated i n  

t he  region extending from the  upper l e f t  t o  t he  lower r i g h t  of t he  

macroview. The shrinkage cav i ty  i n  the  upper r i g h t  por t ion  of t he  

macroview presumably is the l a s t  port ion of the  a l l oy  t o  s o l i d i f y  because 

of the  presence nearby of the  low conduct ivi ty  helium gas phase. The 

indium-rich phase surrounding the  aluminum-rich core  appears t o  be devoid 

of second phase aluminum. 

Aluminum-40 Weight Percent In  Alloy. The macroviews and micro- 

s t r u c t u r a l  f ea tu re s  of the  40 weight percent I n  a l l oys  processed on the  

ground and i n  the micro-gravity environment a r e  shown respec t ive ly  i n  

Figures 23 and 24. 

The macroview of the  sample processed a t  l-g possesses a layered 

s t r u c t u r e  t yp i ca l  of t h i s  type of a l loy .  The major d i f fe rences  between 

t h i s  a l l o y  and 30 weight percent In a l l oy  previously described a r e  t he  

r e l a t i v e  thickness of the  indium and aluminum-rich l aye r s ,  the  presence 

i n  the indium-rich layer  of second phase aluminum-rich dendr i tes  and 

droplets  and the f i n e r  s i z e  of the  indium-rich d rop le t s  s e t t l i n g  within 

the aluminum-rich host .  

The photomicrographs presented i n  Figures 23 a-d of the aluminum- 

r i c h  port ion of the  a l l oy  reveal  a microstructure  s imi l a r  t o  t ha t  of the 

30 weight percent I n  a l loy .  The photomicrographs of t he  indium-rich 

port ion,  Figure 23 d-f, show a r e l a t i v e l y  narrow region near the i n t e r -  

face  between the aluminum-rich and indium-rich port ions of the a l l o y  
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FIGURE 23. MACROVIEW AND Mf CROSTRUCTLIRE OF Al-40 
WEIGHT PERCE??T In ALLOY FROM CROUNI) COWTROL CAPSULE 

Note: Photdcrographa labelled (a) through 
( f )  correspond t o  the regions simtlarly marked 
in the macrevl@w shown at the top. 
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FIGURE 24. MACROVIEW iWD MICROSTRUCTURE OF dl-40 WEIGHT 
PERCENT In ALLOY FIZOM FLIGHT SAHPLE 74-30-48 

Note: Photomicrographs labe l led  (a) through I f )  
correspond to  region^ rnilarly designated in 
macroview above 



FIGURE 24. (Continued) 



that contain aluminum-rich spheres. Some aluminum-rich spheres have 

also been found at the bottom crucible wall (Figure 23f). The major 

portion of the indium-rich region has a microstructure consisting of 

an indium-rich matrix containing a high volume fraction of aluminum-rich 

dendrites. 

The 40 weight percent In flight sample shown in Figure 24 has 

a macrostructure consisting of an aluminum-rich core region surrounded by 

an indium-rich region of much greater thickness than observed in the 30 

weight percent In flight sample. The microstructures of the aluminum- 

rich regions are quite similar. lbwever, the 40 weight percent In alloy 

appears to contain a somewhat more homogeneously distributed indium-rich 

phase. On the other hand, the microstructure of the indium-rich region 

differs significantly from its counter-part in the 30 weight percent In 

alloy in that aluminum-rich spheres and dendrites are present in this 

alloy and absent in the 30 weight percent In alloy. The aluminum-rich 

spheres appear to be concentrated near the aluminum-rich core in most 

cases. However, a region shown in Figure 24d shows larger aluminum-rich 

spheres surrounded by concentrations of smaller spheres. 

Aluminum-70 Weight Percent In. Macroviews and photomicrographs 

of the ground control and flight samples are shown respectively in Figures 

25 and 26. The ground control samples is very similar to the 40 weight 

percent In ground control sample with the following exceptions. 

(1) The proportion of indium-rich to aluminum-rich 

material is larger. 

(2) A larger number of aluminum-rich spheres are 

present along the interface between the indium- 

rich phase and alumina crucible (see Figure 25 f ) .  

(3) A number of larger aluminum-rich spheres 

(% 0.2-mm in diameter) are present at the inter- 

face between the aluminum-rich and indium-rich 

phases in addition to a concentration of 

relatively small spheres. 
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FIGURE 25. MACROVIEW AND HICROSTRUCTURE OF A1-70 WEXSHT PERCENT 
In A U O Y  FROM GROUND CONTROL CAPSULE 74-30-29 

Note: Photomicrographs labe l led  (a) through (f) 
correspond to  the regions stmilarly marked in the 
macroview shown a t  top  



FfGURE 25. (Continued) 
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FIGURE 26. MACROVIEW AND MICROSTRUCTURE OF A1-70 
WEIGHT PERCENT In ALLOY FROM FLIGHT 
SAMPLE 74-30-36 

Note: i'hotomlcrogr~.phs labelled (a) through 
Cf) cor- lspond to reglons similarly marked in 
the mic:.miews shown a t  top 
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FIGURE 26, (Continued) 



The 70 weight percent  I n  a l l o y  f l i g h t  sample h a s  a macrost ructure  

very s i m i l a r  t o  t h a t  of i ts SPAR I1 coun te rpa r t .  Since t h e  volume of t h e  

aluminum-rich phase is now smal l  enough n o t  t o  be  r e s t r i c t e d  by t h e  

c r u c i b l e ,  t h i s  phase is a b l e  t o  assume a roughly s p h e r i r a l  shape whi le  

being surrounded by t h e  indium-rich metal. The indium-rich d r o p l e t s  

contained w i t h i n  t h e  aluminum-rich c o r e  appear t o  be  of approximately t h e  

same s i z e  d f s ~ r i b u t i o n  as ~n t h e  70 wei.pht percent  I n  ground c o n t r o l  

sample and i n  the  40 weight pe rcen t  I n  a l l o y s  a:td is much more homo- 

geneously d i s t r i b u t e d  than i n  t h e  ground c o n t r o l  samples. 

A s  may be seen from photomacroviews shown i n  Figure  26 and 

t h e  photomicrograph of Figure  26f ,  t h e r e  i s  a g r e a t  tendency f o r  t h e  

aluminum-rich spheres  i n  t h e  indium-rich a l l o y  t o  concen t ra te  a t  t h e  

c r u c i b l e  wa l l s .  I n  a d d i t i o n ,  a s  map be seen i n  F igure  26e, t h e r e  is  

ad jacen t  t o  t h e  aluminum-rich core  a concen t ra t ion  of smal l  aluminum- 

r i c h  sphe les  which appear,  i n  some cases ,  t o  be i n  t h e  process  of heing 

absorbed a t  t h e  per iphery  of the  c e n t r a l  co re .  Aluminum-rich spheres  

of somewhat l a r g e r  s i z e a n d ,  i n  s0n.t: cases ,  seemingly f rozen  whi le  i n  

the  process  of coalescence were a l s o  found i n  i s o l a t e d  reg ions  w i t h i n  

t h e  indium-rich region ( see  Figure  26a). A s  prev5ously observed i n  t h e  

40 weight percent  I n  a l l o y s  and i n  t h e  SPAR I1 samples, aluninum-rich 

d e n d r i t e s  have a l s o  formed i n  t h i s  sample. 

Aluminum-90 Weight Percent  In .  Macroviews and photomicrographs 

of the  93 weight percent  I n  ground c o n t r o l  and f l i g h t  samples a r e  shown 

i n  Figures  27 and 28. 

The groand c o n t r o l  spmple shows s iayered s t r u c t u r e  c o n s i s t i n g  

of a r e l a t i v e l y  sniall l e n t i c u l a r  shaped a lumi~~um-r ich  phase above the  

indium-rich l a y e r  ( see  macroview, Figure  27) .  The indium d r o p l e t s  a r e  

f a i r l y  uniformly d i s t r i b u t e d  i n  t h e  aluminum-rich hos t  phase and appear  

t o  have a s i z e  d i s t r i b u t i o n  which is  somewhat smal le r  tha11 :hat observed 

i n  t h e  previous  a l l o y s .  The s e t t l i - l g  a c t i o n  of t h e  i,ldium d r o p l e t s  due 

t o  g r a v i t y  is  not  ev iden t  i n  t h e  macrovieh of Figure  2 7 -  



F I a  27. MACROVIEW AND MICROSTRCrCTURE OF A1-90 WEfGRl' PERCEXT In 
ALLOY FROM GROUND CONTROL CAPSVLE 74-30-49 

Note: Photomierogxaphs labelled (a) through (f) correspond 
to regfans similarly marked on macroview above. 



FIGURE 27. (Continued) 
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FIGURE 28. MACROVIEW AND MICROSTRUCTURE OF AI-90 LTIGFIT PmCm I n  
ALLOY FFtCM FLIGHT SAMPLE 74-30-36 

Note: Photomicrographs label l e d  (a) through (f) 
correspond t o  the regions similarly marked on 
macroview above. 
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FIGURE 28. (Continued) 



The indium-rich portion of the 90 weight percent In ground 

base alloy consists of an indium-rich matrix containing a fairly 

uniform distribution of aluminum dendrites. The aluminum-rich spheres 

also present in this portion of the alloy appear to be concentrated 

alaag the crucible walls at the bottom of the sample and near the inter- 

face between the aluminum-rich and indium-rich portj--3 of the alloy. 

The 90 weight percent In flight alloy shown in Figure 28 

was by far the most informative of the samples. As may be seen from the 

macroview shown in this figure, the structure consists of two aluminum 

rich regions (&k colored) surrounded by indium-rich metal. The 

aluminum-rich portion of the alloy shows features which are similar to 

those in the other alloys previously described (see Figure 28 a). The 

indium-rich portion, hawver, did reveal rather unusual macro- and 

microstructures. The region immediately surrounding the aluminum-rich 

phase (see macroview in Figure 28 and Figare 28b-d) contains a high 

concentration of aluminum spheres which appear to increase in size by a 

coalescence process as they approach the massive aluminum-rich phase. 

This process can be clearly seen in Figure 28c and 28d. (Note the 

macroscopic aluminum-rich phase is at the top right of Ftgure 28 and above 

Figure 7 . . )  This annular region containing a high concentration of 

aluminunt-rich spheres and surrounding the massively agglomerated 

aluminum-rich core is in itself surrounded by a region devoid of 

aluminum-rich spheres. The microstructure of this region,shown in Figure 

28 consists of an indium-rich matrix containing aluminum dendrites. 

Aluminum-rich spheres are also found to be concentrated in the indium- 

rich regio;; at the crucible bottom and walls (see macroview of Figure 

28 an-' I Lgure 29). 

Discussion of SPAR V Results 

Comparison rith the Results of Spar I1 

The major differences in the processing of SPAR I1 versus 

SPAR V samples were in the homogenization time (0.25 vs. 16 hours), 

cooling rate (17.9 Clsecond vs. 10.4 ~Isecond for the ground control 
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samples, 14.7 vs. 10.0 C/second f o r  t h e  f l i g h t  samples) and the  l ikel ihood 

t h a t  the  indium-rich port ions of t he  SPAR V f l i g h t  samples had not com- 

p le te ly  s o l i d i f i e d  while i n  t he  microgravity environment. 

I n  s p i t e  of these seemingly la rge  d i f fe rences  i n  processing 

conditions,  the macro and microstructures  of the 40 and 70 weight 

percent In ground cont ro l  and f l i g h t  samples from SPAR I1 and SPAR V 

were surpr i s ingly  s imilar .  The only d i f fe rences  noted =are r a t h e r  

subt le  and can be a t t r i b u t e d  pr imari ly  t o  d i f fe rences  i n  cooling r a t e .  

Some of these microstructural  va r i a t i ons  a r e  discussed below. 

In  t h e  ground base 40 weight percent In  a l loys ,  t he  degree t o  

which the  indium-rich drople t s  have s e t t l e d  i n  the  aluminum-ricn hos t  phase 

appears t o  be appreciably less i n  the  SPAR I1 sample a s  evidenced by a 

wider band of coarse indium-rich drople t s  near t he  in t e r f ace  between t h e  

bulk phases. Likewise, the  band containing aluminum-rich spheres 

appears t o  be wider i n  t h e  SPAR I1 70 weight percent I n  ground base 

sample than i n  i t s  SPAR V counterpart .  There a r e  comparatively fewer 

aluminum-rich dendr i tes  i n  both SPAR I1 ground base a l loys .  The wider 

extent of t he  indium-rich p a r t i c l e s  and aluminum-rich spheres i n  t he  

SPAR I1 ground a l loys  may be a t t r i b u t e d  t o  the f a s t e r  cooling r a t e s  and 

thus, the  shor te r  times allowed f o r  buoyancy forces  t o  f l o a t  o r  s e t t l e  

out the prec ip i ta ted  drople t s .  The more rapid cooling r a t e  a l s o  r e s t r i c t s  

the time during which the aluminum dendr i tes  can p rec ip i t a t e  i n  t h e  

indium-rich phase of these samples. 

The SPAR I1 and SPAR V f l i g h t  samples were found t o  have very 

s imilar  macro- and microstructures.  There were some sub t l e  d i f fe rences  

seen however. For example, the  indium-rich drople t s  i n  the  alumin~im- 

r i ch  core of t he  SPAR I1 70 weight percent In a l l oy  appeared t o  be more 

highly coalesced. (Compare the  macroview of Figure 26 with t h a t  of t he  

SPAR I1 70 weight percent In  a l l oy  shown i n  Figure 2 9 . )  These micro.- 

s t r u c t u r a l  d i f fe rences  which may be i n  the  realm of s t a t i s t i c a l  va r i a t i ons  

cannot be readi ly  in te rpre ted  a t  t h i s  time. 

The c lose  s imi l a r i t y  between the s t ruc tu re s  of the  SPAR I1 and 

SPAR V ground cont ro l  and f l i g h t  samples and the  f a c t  t h a t  most 

differences could be a t t r i bu ted  to  d i f fe rences  i n  cooling r a t e s  lead t o  

the following possible  conclusions. 



(1) The SPAR I1 samples were more homogeneous a t  t he  

start of cool-down than would be t heo re t i ca l l y  

predicted based s o l e l y  on d i f fu s ion  considerat ions.  

(2) The s t r u c t u r e s  a r e  i n senb i t i ve  t o  t he  degree of 

homogeneity, o r  

(3) Both the  SPAR V samples were inhomogeneous a t  

t he  s t a r t  of cool-down. 

On the  b a s i s  of t h e  d i f fu s ion  experiments previously descr ibed,  

we would r u l e  ou t  t he  t h i r d  p o s s i b i l i t y .  The second p o s s i b i l i t y  a l s o  does 

not  appear v i ab l e  s ince  v a r i a t i o n s  i n  s t r u c t u r e  associated with co.posi- 

t i o n a l v a r i a t i o n s  would be  expected. For example, t n  t h e  SPAR I1 40 

weight percent I n  a l l oys ,  hypomonotectic compositions (C/Co < C .a7 

corresponding t o  compositions < 17 weight percent In) and s t r u c t u r e s  would 

be expected a t  t h e  top  of the  ground con t ro l  sample (see Figure 11) and 

wi th in  the  aluminum-rich por t ion  of the  f l i g h t  sample. Since no evidence 

of hypomonotectic s t r u c t u r e s  (primary aluminum plus  monotectic) has been 

observed i n  t h e  SPAR I1 40 weight percent I n  samples, i t  would i nd i ca t e  

t h a t  t h e  f i r s t  p o s s i b i l i t y  is most probable and t h a t  convection cu r r en t s  

appear t o  have played a s u b s t a n t i a l  r o l e  i n  homogenizing the a l l oys .  Sincr 

conventional convection i s  not  expected t o  cont r ibu te  s i g n i f i c a n t l y  i n  

t h i s  process owing t o  t he  compositionally s t a b i l i z e d  configurat ion a t  

1-g, sur face  tension dr iven convection due t o  thermal o r  s o l u t a l  

g rad ien ts  is  suspected. 

No d i f fe rences  i n  the  macro- o r  microstructures  between the  

SPAR XI and SPAR V samples could be a t t r i b u t e d  t o  the l ike l ihood  t h a t  

s o l i d i f i c a t i o n  of t he  indium-rich port ions o f t h e  SPAR V a l l oys  was not 

completed while i n  the  micro-gravity environment. The 90 weight percent 

I n  a l l o y  processed on SPAR V is the  one expected t o  be most a f fec ted  

by t h i s  complication, but  none of i ts s t r u c t u r a l  f ea tu re s  could be 

a t t r i b u t e d  t o  t h i s  e f f e c t .  Further ana lys i s ,  however, i s  necessary 

concerning the magnitude and d i r ec t i on  of the  acce le ra t ion  present  during 

the s o l i d i f i c a t i o n  of the  indium-rich l i qu id .  Some thermal ana lys i s  is 

a l s o  required t o  determine the ex ten t  of the s o l i d i f i c a t i o n  a t  t he  end of 

the low-g period. It should be noted t h a t  a l l  of t h e  aluminum-rich por t ion  

of t h i s  a l l o v  had s o l i d i f i e d  under microgravity conditions.  



Mechanisms of Massive Separation 

A s  discussed i n  the review of the SPAR I1 experirent  and 

del ineated i n  Table 1, a number of mechanisms leading t o  f l u i d  flow and 

drople t  coalescence a r e  possible .  Additional observations made on 

SPAR V samples have added support f o r  some of the suggested mechanisms. 

Thermocapillary Convection. A s  previously discussed, t he  

r e l a t i v e l y  l a rge  values  f o r  t he  Marangoni number, Ma, ca lcu la ted  on the  

b a s i s  of t he  thermal envi romsnt  present  during cool-do;- and the  

estimated v a r i a t i o n  of t he  liquid-vapor i n t e r f a c i a l  energy with 

temperature (-0.15 dyneslcm-deg c) ,  has  suggested t ha t  extensive f l u i d  

flows could r e s u l t  from t h i s  e f f e c r .  

Since t he  time of the  o r i p i n a l  ana lys i s ,  here has been 

mounting evidence t o  suggest the presence of sur face  tension dr iven 

convection. I n  another NASA sponsored i t  has  been calculated 

t ha t  t he  i n t e r f a c i a l  energy between t h e  equilfbrium aluminum-rich and 

indium-rich l i q u i d  phases has a v a r i a t i o n  with temperature of LO. 2 dyne/ 

cm-deg C ,  somewhat l a rge r  than the  gas-liquid i n t e r f a c i a l  tension va r i a t i on  

with temperature. Thus, it  is expected t h a t  thermocapillary flows might 

o r ig ina t e  a t  l iquid- l iquid i n t e r f aces .  Moreover, i t  is l i k e l y  t h a t  such 

sur face  tension d r ive  f l u i d  flows might develop a s  a r e s u l t  of s o l u t a l  

g rad ien ts  i n  the  region of l iqu id- l iqu id  i n t e r f aces .  The change i n  l iqu id-  

l i qu id  i n t e r f a c i a l  energy with composition, dy12 , i s  expected t o  be 
7' - - 

r e l a t i v e l y  l a rge  i n  the A1-In system s ince  the liquid-vapor sur face  energies  
2 (17) f o r  aluminum and indium a r e  qu i t e  d i f f e r e n t  (850 vs .  490 ergs/cm ). 

These considerat ions hold equally wel l  f o r  s o l u t a l  c a p i l l a r y  flows due t o  

liquid-vapor i n t e r f aces .  Further analyses a r e  necessary t o  quant i fy  these 

e f f e c t s .  

Additional evidence t o  support t he  supposi t ion t h a t  sur face  ten- 

s ion  d r ive  convection s i g n i f i c a n t l y  cont r ibu tes  t o  f l u i d  flows i n  t h i s  

system is  del ineated below. 

(1) Wave-like s t r u c t u r e s  a t  former l iqu id- l iqu id  i n t e r -  

faces  have o f t en  been observed i n  the  A1-In system. 



This e f f e c t  i e  r ead i ly  seen i n  t h e  SPAR I1 40 

weight percent I n  f l i g h t  sample and i n  the  70 

weight percent I n  ground sample shown respec t ive ly  

i n  Figures 3 and 30. Such behavior has  a l s o  been 

previously noted i n  the photomicrographs of 

Figures 22a and b. 

(2) As  noted i n  Figure 9, temperature o s c i l l a t i o n s  

occur i n  DTA samples uuring cooling from a s i n g l e  

phase l i qu id  f i e l d  i n t o  the  l iquid-l iquid 

m i s c i b i l i t y  gap. Such o s c i l l a t i o n s  could be 

produced as a r e s u l t  of thermal o r  s o l u t a l  sur- 

face  tensio? dr iven convection c e l l  formation. 

However, t he re  is some evidence t h a t  they may be 

due t o  transformational volume changes. (12) 

(3) The presence of convection cur ren ts  induced by 

sur face  tension gradien ts  can a l s o  explain the  

apparent homogeniety of t he  SPAR I1 a l loys  p r i o r  

t o  cool-down i n  s p i t e  of the  expectat ion t o  the 

contrary based purely on d i f fus iona l  considerat ions.  

Droplet and P a r t i c l e  Movement. We have found evidence i n  t he  

90 weight percent I n  f l i g h t  sample (see Figures 28c and d? t h a t  there  has  

been a movement of aluminum-rich l i qu id  drople t s  i n  the  indium-rich 

l i qu id  hos t  phase during the cool-down process. The f a c t  t h a t  these drop- 

l e t s  appear t o  have r ead i ly  coalesced supports t he  hypothesis t h a t  they 

were molten a t  the  time of migration. This observation precludes the 

p o s s i b i l i t y  t h a t  t h i s  e f f e c t  r e s u l t s  from so l id  aluminum p a r t i c l e s  being 

pushed by an advancing indium-rich s o l i d i f i c a t i o n  f ron t  a t  %I55 C.  

The hypothesis t h a t  the  aluminum-rich spheres were molten during 

t h e i r  migration and the observation t h a t  migration appears t o  be toward 

the  h o t t e s t  port ion of the melt  ind ica te  t h a t  these drople t s  have migrated 

a s  a rea t i l t  of thermocapillary forces .  

A treatment of thermocapillary migration has been reported by 

~ e w e r s d o r f f ( ~ ) f o r  A1-In a l l ays .  We repeat  here h i s  ca lcu la t ions ,  but with 

the  introduct ion of some ref ined values f o r  the  appl icable  physical 

parameters. 



Bright l i g h t  

FIGURE 30. MACROVIEW OF SSAR II GRWND CONTROL SAMPLE 74-30-18 

Note: Highly wavy interface between the aluminum- 
rich and indium-rich phases in the 73 weight percent 
In a l loy .  



f The r e l a t i o n s h i p  f o r  thermocapi l lar .  migra t ion  v e l o c i t y ,  V 

5 has been formulated as follows: 
5 

Equation 9 

f 
i where : 

1 R is t h e  d r o p l e t  r a d i u s ,  
I dy12!dT i s  t h e  change i n  i n t e r f a c i a l  energy w i t h  

temperature,  

1 

j 
dT - is t h e  temperature  g r a d i e n t ,  and 
dx 

pM and I.I a r e  t h e  k inemat ic  v i s c o s i t i e s  of m a t r i x  P 
and d r o p l e t  f l u i d s  , r e s p e c t i v e l y .  

Values of t h e s e  parameters a r e  g iven i n  Tahle 14 assuming t h a t  

t h e  l i q u i d s  a r e  pure  aluminum and pure indium a t  800 C. The r e s u l t s  of t h e  

! c a l c u l a t i o n  p r e d i c t  t h e  fo l lowing d r o p l e t  migra t ion  v e l o c i t i e s :  

I 
Indium Drople ts  i n  an  Aluminum Matr ix  

Aluminum Drople ts  i n  an  Indium Matrix 

v ~ l  
= 19.1  s second. 

Equation 1 0  

Equation 11 

On t h e  b a s i s  of Equation 11, t h e  e x t e n t  of d r o p l e t  migra t ion  i n  

10 seconds (corresponding t o  the  approximate t ime Tn t h e  m i s c i b i l i t y  gap 

f o r  t h e  SPAR V a l l o y s )  f o r  d i f f e r e n t  s i z e  d r o p l e t s  has  been c a l c u l a t e d  and 

is  summarized i n  Table 15. 

The aluminum-rich d r o p l e t s  shown i n  Figure  28d have r a d i i  ranging 

i n  s i z e  from approximately 101.1 t o  more than 501.1. The corresponding ex- 

pected movements a r e  r e s p e c t i v e l y  0.19 and > 0.96 cm. From t h e  macroview 

of Figure  28, i t  may be seen t h a t  t h e  zone r e l ~ t i v e l y  f r e e  of aluminum- 

r i c h  d r o p l e t s  i s  approximately 0.31.1 wide, a va lue  which i s  c o n s i s t e n t  w i t h  

the  proposed mechanism. Thus, it appears  t o  be h igh ly  probably t h a t  

thermocapi l lary  migrat ion of aluminum-rich d r o p l e t s  i n  an  indium-rich 

h o s t  f l l ~ i d  has  occurred dur ing  t h e  SPAR V experiments.  Control led  ground 



TABLE 14. VALUES OF PHYSICAL PARAMETERS AT 800 C USED IN 
THERYOCAPILLARY DROPLET MIGRATION CALCULATIONS 

-- - . - -- - 

" AI 1 . 1  x 10-2 poise 

5.6 x 10-3 Poise 

7 CICM 

TAELE 15. MIGRATION DISTANCE FOR VARIOUS SIZE 
ALUMINUM DROPLETS IN AN INDIUM HOST 
FLUID 

Droplet Radius, Movement i n  10 seconds, 
"m cm 



I! base  experiments aimed a t  s tudying t h i s  e f f e c t  i n  Al-In a l l o y s  w i l l  h e l p  

t o  f u r t h e r  e l u c i d a t e  t h i s  phenomenon. 

It i s  i n t e r e s t i n g  t o  no te  t h a t  a l though expected,  t h e r e  was 

l i t t l e  evidence t o  suppor t  t h e  analagous movemen. of indium-rich drcp- 

l e t s  toward t h e  warmer reg ions  of t h e  aluminum-rich h o s t  f l u i d .  

Localized p r e c i p i t a t i o n  accompanied by spreading of  indiun-r ich  f l u i d  

along t h e  c r u c i b l e  walls may i n  p a r t  have i n t e r f e r e d  wi th  indium-rich 

d r o p l e t  migra t ion.  

Some of t h e  macro- and m i c r o s t ~ u c t u r e s  of t h e  SPAR 11 and 

SPAR V f l i g h t  samples provided evidence t h a t  some of tl-5 agg1omerat.s 

of aluminum-rich spheres  may be  t h e  r e s u l t  of p a r t i c l e  pushing by the  , 
advancing indium-rich s o l i d i . f i c a t i c ~ r l  f r o n t .  These p a r t i c l e s  would De 

s o l i d  a t  t h e  s o l i d i f i c a t i o n  temperature of t n e  j.qdium-rich meta l .  Evi- 

dence f o r  p a r t i c l e  pushing is e s p e c i a l l y  c l e a r  i n  the  macroview of t h e  

70 weight pe rcen t  I n  a l l o y  f l i g h t  sample shown a t  t h e  top  of F igure  29. 

Concentrat ions of f i n e  pa r t i c l6 . s  (marked A i n  Figure  29) may be seen i n  

the  indium-rich regions .  I n  c o n t r a s t  t o  t h e  coalesced agglomerates 

descr ibed e a r l i e r ,  these  p a r t i c l e s ,  al though i n  c l o s e  proximity ,  show 

much l e s s  tendency t o  coarsen ( see  Figure  26c and e ) .  Control led  exper i -  

ments on t h e  pushing of s o l i d  a;~tainum-rich p a r t i c l e s  by an advancing 

s o l i d i f i c a t i o n  f r o n t  and the  subsequent coarsening process  should she2 

a d d i t i o n a l  l i g h t  on t h i s  process .  

Di f fus iona l  Growth of Liquid Drople ts  

A t  t h e  suggest ion of D r .  L. Lacy cf MSFC, a c a l c u l a t i o n  wzs made 

t o  determine t h e  d r o p l e t  s i z e  a t  t h e  end of t h e  d i f f u s i o n  growth per iod 

f o r  aluminum-indium a l l o y s  of v a r i o u s  composi:!.ons. Previous c a l c u l a t i o n s  

have shown t h a t  t h e  d i f f u s i o n a l  growth per iod is  extremely s h o r t  (on the  

o rde r  of lo-* t o  10-I seconds,  ,epending on t h e  number of p a r t i c l e s  pe r  

u n i t  volume). (6) Thus, d i f f u s i o n a l  g r ~ w t h  is  complete e a r l y  i n  t 5 e  

phase s e p a r a t i o n  process.  

We have ca lcu la ted  t h e  d r o p l e t  r a d i u n  of the  p r e c i p i t a t i n g  

phase f o r  v a r i o u s  A1-In a l l o y s  a t  t h e  end of t h e  d i f f u s i o n a l  growth 

period us ing a r a t h e r  simple approach, l'he c a l c u l a t i o n  s t a r t s  wi th  a 



determination of t he  volume f r a c t i o n  of the  p rec ip i t a t i ng  phase a t  the  

monotectic temperature a s  a funct ion of a l l oy  composition on the  b a s i s  

of t he  phase r u l e  and equilibrium diagram. The ca l cu la t ion  is cam- 

pleted by dividing the  volume f r c c t f a n  by the  number of p a t t i c l e s  per 

u n i t  volume and converting t h e  r e s u l t a n t  average p a r t i c l e  volume t o  an  

average p a r t i c l e  radius.  Results of t h i s  ca l cu la t ion  f o r  t he  a l l oys  

of i n t e r e s t  i n  t h i s  study a r e  presented i n  Table 16. The p a r t i c l e  rad ius  
3 is based on an assumed concentration of 2 x lo7  par t ic les lcm . This 

l a t t e r  =igure has been obtained from measurements made on Figure 16b, a 

photomicrograph of a port ion of an aluminum-indium d i f fus ion  couple which 

had been cooled a t  a rate of approximately 1000 Clsecond. 

TI1SLE 16. EQUILIBRIUM PARTICLE SIZE AND SPACING 
RESULTING FROM DIFFUSIQNAL GROWTH 

- - 
Volume Fract ion 

Alloy Composition of Droplets, P a r t i c l e  Radius (a) ~ n t e r p a r t i c l e  
Weight Percent i n  percent Pm Spacing &I 

90 17.9 A 1  12.9 1.21R 
- - - - 

7 (a) Based on a drople t  concentration of 2 x 10 droplets/cm 3 

(b) Based on c lose  packing of spher ica l  drops 

The dis tance between p a r t i c l e s ,  d,  is a l s o  l i s t e d  i n  Table 16. 

This parameter has been calculated assuming t h a t  the cen te r s  of the drople t s  

l i e  on a close-packed cubic gr id o f spac inga .  It then follows tha t  

d = - 2 2 r ,  Equation 12 

where 

rp is the  drople t  radius .  



a and r a r e  r e l a t e d  t o  t h e  volume f r a c t i o n  of d rople t s ,  

Vf by t h e  r e l a t i on :  

vf - 9 Equation 1 3  

By combining Equations 1 2  and 1 3  i n  such a way a s  t o  e l imina te  

a, it  follows t h a t  t h e  r a t i o ,  d/rp,  is r e l a t e d  t o  Vf by t h e  equation: 

d -6 161~ 113 - P ~(3)  - 2 .  Equation 14 
r 

P 

It should be noted t h a t  Equation 14 is  independent of t h e  number of drop- 
* a 

I lets per  u n i t  volume. 

i The e f f e c t  of composition may be c l e a r l y  seen from Table 16. 
t For a given assumed drople t  densi ty ,  and f o r  t h e  compositions t r ea t ed ,  

1 t h e  p a r t i c l e  rad ius  at t h e  end of t h e  d i f f u s i o n a l  growth process is 

f 
l a r g e s t  f o r  t h e  70 weight percent I n  a l loy .  What is more important is 

i 
f t h a t  t h e  spacing between d rop le t s  a t  t h i s  composition is extremely 
I 
I small  being only 0.35 r P ' The small d i s tance  between drople t s ,  e spec i a l l y  
i 
t i f  t h e  d rop le t s  are very f i ne ,  can lead t o  gross  i n s t a b i l i t y  of t h e  drop- 

i let  d i spers ion  s ince  only small movements a r e  required f o r  two d rop le t s  : 
t o  c o l l i d e  and coalesce.  Based on these considerat ion,  i t  is not  

supr i s ing  t h a t  a l l oys  of approximately t h i s  composition show massive 

separa t ion  even i f  they a r e  i n  t h e  m i s c i b i l i t y  gap f o r  only a f r a c t i o n  
i 
b of a second. 

CONCLUSIONS 

t 
i The following conclusions a r e  based on our SPAR TI and 
$ 
L SPAR V f l i g h t  s t u d i e s  and the  supporting ground base experimentation: 



(1) The r e s u l t s  of SPAR V have established t h a t  the  

massive phase separation observed i n  both SPAR I1 

and SPAR V was not caused by a lack of homogeneity 

i n  the  molten l iquid  a t  the  s t a r t  of the  cool-down 

portion of the experiments. 

(2) It is highly probable tha t  surface tension dr ive  flows 

a r e  ac t ive  and s igni f icant ly  contr ibute t o  the  ob- 

served s t ruc tures  i n  the SPAR 11 and SPAR V samples. 

This is evidenced by the presence of wavy in ter faces  

between the  aluminum-rich and indium-rich phases, the  

homogeneity of the SPAR I1 al loys  a t  the  s t a r t  of 

cool-down and the presence of osc i l l a to ry  flows i n  

DTA experiments. 

(3) It is highly l ike ly  tha t  thennocapillary migration 

of alminum-rich droplets  has occurred i n  the  

i n d i m r i c h  f l i g h t  samples. The observation of 

p a r t i c l e  coalescence dist inguishes thermocapillaqr 

migration from p a r t i c l e  pushing by an advancing 

liquid-solid interface.  Some evidence is a l s o  

presented f o r  t h i s  l a t t e r  mechanism, but i t  con- 

t r ibu tes  l i t t l e  t o  the observed massive separation. 

(4) The SPAR V f l i g h t  samples had not completely 

so l id i f t ed  a t  the end of the low-g period (< 1 0 ' ~ ~ ) .  

However, no macrostructural o r  microstructural 

features have been found tha t  can be a t t r ibuted  t o  

t h i s  e f fec t .  

( 5 )  Ground-based experiments conducted on rapidly cooled 

aluminum-indtum al loys  have shown the phase 

separation t o  be extremely sens i t ive  t o  composition 

with regions near the c r i t i c a l  composi+ion pro- 

viding massively separated phases which nucleated 

and grew i n  much less than a second. A high volume 

f rac t ion  of second phase and the c lose  proximity of 

neighboring drcple ts  i n  t h i s  composition range has 

been used t o  explain the basic i n s t a b i l i t y  of th t se  

s t ruc tures .  

N-100 
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(6) We have found evidence t o  support the  hypothesis 

t h a t  i n  t he  aluminum-rich region of the  misci- 

b i l i t y  gap, t h e  indium-rich phase nucleates  at t h e  

c ruc ib l e  valls during cool-down and because of its 

wetting proper t ies ,  spreads out  along t h e  w a l l s .  

As t h e  indium-rich content of t h e  m i s c i b i l i t y  

gap a l l o y s  increases ,  t he re  is a g rea t e r  

tendency f o r  aluminum-rich spheres t o  nuc lea te  

at  t h e  c ruc ib l e  wal ls .  

(7) Additional work is required t o  corroborate  and 

confirm some of t he  mechanisms thought t o  be 

important i n  t h e  phase separat ion process. 

Additional ana lys is  is a l s o  required t o  assess  the  

possible  r o l e  o ther  mechanisms may play i n  t h e  

phase separat ion of the  aluminum-indium a l loys  and 

o the r  m i s c i b i l i t y  gap systems. 

RECOMEENDATIONS FOR mPrURE WORK 

Based on t h e  r e s u l t s  of our SPAR I1 and SPAR V ground base and 

[ f l i g h t  experiments, we would recommend t h e  following areas  f o r  fu ther  

6 invest igat ion:  
I 
$. 
S (1) Conduct confirming ground base work on the  thermo- 

cap i l l a ry  migration of aluminum drople ts .  This work 

r should include themocapi l la ry  migration experiments 

t 
i 

p a r a l l e l  and an t i -pa ra l l e l  t o  g r t ~ i t y  and s tud ie s  

aimed a t  providing an understanding of the  r o l e  of 

l iquid-l iquid i n t e r f a c i a l  energy on t h i s  behavior. 

It w i l l  a l s o  be necessary t o  obta in  measurements of 

these  energies  t o  compare with the t h e o r e t i c a l  

ca lcu la t ions  and f o r  use i n  checking t h e  thermo- 

c a p i l l a r y  migration predictions.  

(2)  Conduct fu r the r  work on sur face  tension d r ive  con- 

vecation cur ren ts  induced e i t h e r  by temperature 



gradients o r  concentration gradients. Analysis 

and measurement of the  change of surface energy 

f o r  both liquid-gas and liquid-liquid in ter faces  

with temperature and composition are necessary. 

Direct observations of surface deformation and 

flow duriag the  phase separation process should 

provide same ins idkt  ..nto the presence of surface 

tension dr ive  flows andlor spreading. A sW.ce 

experiment i n  which the  gas-liquid ir;tcr-Eace is 

eliminated would provide information on the 

r e l a t i v e  ro les  played by the gas-liquid vs. 

l iquid-liquid in ter faces  on surface tension 

driven f l u i d  flows. 

(3) Perform research work on transparent misc ib i l i ty  

gap systems having various i n t e r f a c i a l  energies 

and physical propert ies  i n  order t o  d i rec t ly  

observe f lu id  flow phenomena tha t  might be leading 

t o  massive separation. Extensive ground base 

study should be conducted i n i t i a l l y  and then 

extended t o  the  low gravity environment. 

(4) Perform p a r t i c l e  pushing experiments on aluminum- 

r i ch  sol id  spheres i n  an indium-rich host l iquid  

i n  order t o  confirm the in terpre ta t ion  of various 

aspects of the microstructure a t t r ibuted  to  the 

in terac t ion  of the solid-liquid indium in ter face  

with the sol id  aluminum-rich spheres. 

( 5 )  Conduct experimental work on other metal l ic  

misc ib i l i ty  gap systems i n  order t o  obtain a 

range of physical parameters so  a s  t o  provide 

insight  in to  t h e i r  e f fec t  on the  phase 

separation process. Theoretical analyses on the 

i n t e r f a c i a l  behavior of these systems should 

be conducted t o  a id  i n  t h e i r  select ion.  Both ground 

base and f l i g h t  s tudies  w i l l  be necessary. 



(6) Determine the influence of container-liquid inter- 

actions on the evolution of the final micro- and 

macrostructures. A containerless experiment will 

provide one extreme of behavior while other con- 

tainers of various wetting characteristics will 

provide additional information. 

(7) Continue the work on the diffusion behavior above 

the miscibility gap in order to both obtain 

accurate measurement of the diffusion coefficients 

in the aluminum-indium system as well as in other 

metallic miscibility gap systems. In addition, the 

close examination of the microstructures thus produced 

will provide insight into the initial stages of the 

phase separation for the different systems as a function 

of composition. 
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ABSTRACT 

The e f f e c t  of g r a v i t y  on t h e  columnar-to-equiaxed m i c r o s t r u c t u r a l  t r a n s i t i o n  

was s tud ied  i n  smal l  samples of NH4C1-H20. The behavior of t h e  samples dur ing lab- 

o ra to ry  (one-gravity) s imulat ions  was con t ras ted  with t h e i r  behavior during the  

SPAR V (low g r a v i t y )  sounding rocket  f l i g h t .  I n  one g r a v i t y ,  t h e  columnar zone ac- 

counted f o r  25 t o  100% of the  s t r u c t u r e ,  depending on t h e  superheat  and o r i e n t a t i o n  

of t h e  c h i l l .  Grain a u l t i p l i c a t i o n  occurred by showering and by convection induced 

dendr i t e  arm remelting. Convection was caused by both thermal g rad ien t s  and s o l u t a l  

g rad ien t s .  I n  low g r a v i t y ,  completely columnar s t r u c t u r e s  were obtained;  a l l  g r a i n  

m u l t i p l i c a t i o n  mechanisms were e n t i r e l y  supressed.  The absence of gia-.Lty a l s o  

modified the  thermal condi t ions  and caused the  l i q u i d  t o  cool  more slowly. Th is  

r e s u l t e d  i n  a s t e e p e r  temperature g rad ien t  i n  t h e  l i q u i d  ahead of the  s o l i d i f i c a t i o n  

i n t e r f a c e .  The growth r a t e  of the  s o l i d  was no t  a f f e c t e d .  A spring-loaded expan- 

s i o n  p i s t o n  jammed, causing "big bang" nuc lea t ion  i n  two chambers and d i s t r i b u t i n g  

n u c l e i  throughout t h e  l i q u i d .  Despite t h i s  occurrence, an equiaxed zone did not  

form, i n d i c a t i n g  t h a t  t h e  most s i g n i f i c a n t  e f f e c t  of low g r a v i t y  on t h i s  experiment 

was the  modif icat ion of the  thermal condi t ions .  This r e s u l t e d  i n  a s i t u a t i o n  i n  

which the  equiaxed g r a i n s  could not  grow and rendered the  columnar-to-equiaxed t ran-  

s i t i o n  impossible.  
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INTRODUCTION 

A zone of equiaxed (roughly s p h e r i c a l )  g r a i n  s t r u c t u r e  w i l l  form i n  a c a s t i t ~ g  

only  m e n  n u c l e i  f o r  equlaxed g r a i n s  a r e  p resen t  i n  t h e  me l t  and growth of t h e  equi-  

axed g r a i n s  is more rap id  than  growth of t h e  columnar g r a i n s  (Ref.  1 ) .  Both condi- 

1 t i o n ~  a r e  necessary  and both  s t e p s  car be in f luenced  by g r a v i t a t i o n .  

I Nuclei  can appear  i n  t h e  melt i n  va r ious  ways. Inocu lan t s  may be p r e s e n t ,  mak- 

' 1 i n g  n u c l e a t i o n  easy (Ref. 2 ) .  At low mel t  superhea t ,  a l a r g e  number of n u c l e i  l a y  

1 form dur ing pouring and be d i s t r i b u t e d  through t h e  l i q u i d  according t o  l o c a l  f l u i d  
1 s flow p a t t e r n s  ("big bang" n u c l e a t i o n  (Ref. 3 ) ) .  Convection, caused by thermal gra- 
I 

d i e n t s ,  can induce ie.411elting and break-off of d e n d r i t e  a n l s  from t t e  grol,,ing den- 

d r i r i c  i n t e r f a c e .  These arms a r e  then  t r anspor ted  t c  t h e  r e n t e r  of the  c e s t i n g  and 

a c t  a s  n u c l e i  f o r  t h e  f o r n a t i o n  clf t h e  equiaxed g r a i n s  (Ref. 3). Convectior. may 

a l s o  be  caused by t h e  presence of composition g r a d i e n t s  which a r i s e  from r c j e c c i o n  

of s o l u t e ,  even i n  a non?onvective thermal f i c l d .  This procesp h.:.. '--en s h ~ t ; ~  t o  

i be respons ib le  f o r  t h e  formation of f r e c k l e s ,  r eg ions  of : ; I # .  . g r a i n s  i n  a 

d i r e c t i o n a l l y  s o l i d i f i e d  columnar g r a i n  s t r u c t u r e  (Refs . 4 ,  5 )  . .Also, Sx ich in  has 
i 

demonstrated (Ref. 6) t h a t  fragments of d e n d r i t e s  can grow a t  t h e  open s u r f a c e  v i  
; 
! t h e  s o l i d i f y i n g  ingo t ,  "shower" down thrdugh the  me l t ,  s e t t l e -  on the  ; td~.ancing co- 

lumnar i n t e r f a c e ,  and form ey:i.axed g r a i n s .  Fit-all;, c o n s t i t u t i o n a l  s ~ l p e r c o o l j n g  of 

t h e  melt  ahead of t h e  i n t e r f a c t  zan, i n  p r i n c i p l e ,  cause nuc lea t ion  (Ref.  7 ) ,  a].- 

though t h i s  i s  r a r e l y  observea.  

A l l  of t h e  above mechanisms a r e  inf luenced by g r a v i t a t i o n a l  a c c c l e r a t i b n .  Re- 

duced g r a v i t y  w i l l  slc.: dowt o r  s u r p r e s s  those  mechanisms t h a t  depend on dens'.ty d i f -  

ference,  namely t h e r n a l  convect ions ,  s o l u t a l  convect ion,  and showering. I n  t h ~  case  

of heterogeneous n u c l e a t i o n  reduced g r a v i t y  could enhance nuc lea t ion  by p rese rv ing  

a more uniform d i s t r i b u t i o n  of i n o c u l a n t s ,  because of r educ t ion  of the  Stokes '  s e t -  

t l i n g  o r  f l o a t i n g  f o r c e .  A s  f o r  c o n s t i t u t i o n a l  supercool ing,  reduced k r a v i t y  may 

change t h e  s o l u t a l  and thermal g r a d i e n t s  nea r  t h e  i n t e r f a c e  by a i t e r i n g  thermal and 

mass t r a n s p o r t  i n  the  me l t .  The p r e c i s e  e f f e c t  of a r educ t ion  i n  g r a v i t y  on each 

olle of t h e s e  g r a d i e n t s  i s  not  obvious;  bo th  might be expected t o  be 

s t e e p e r ,  wi th  t h e  thermal g r a d i e n t  being modified more than t h e  s o l u t a l  g r a d i e n t  



(Ref. 8). Barever, valid guidelinas f o r  a p r i o r i  predictions of the e f fec t s  of r e  

duced gravity on these gradients at  the sol id i f ica t ion inrerface have not yet  been 

developed. 

Likewise, i t  is i i f f i c u l t  t o  predict h w  reduced gravitat ional  acceleration w i l l  

a f f ec t  g r w t h  of equiaxed re la t ive  t o  colurrar grains. I n  the only model which di- 

rec t ly  cmsiders grwth ,  Burden and tIunt assure t h a t  the r a t e  of growth of the co- 

1-r interface decreases continuously thereby causing the temperature a t  the 

g r w t h  interface t o  go through a maximum (Refs. 9,lO). As the  growth ra te  of the co- 

l a ~  grah continues to  f a l l  the interface temperature decreases, thereby iscreas- 

ing the rate of heat transport out of the relt and increasing the g r w t h  r a t e  of 

equiaxed grains, causing the columrar-to-equiaxed t rans i t ion (CET). They do not 

consider convective ef fects ;  and an increased temperature gradient can lead t o  an 

increased o r  decreased growth r a t e  depending upon which side of the maximum i n  the 

growth r a t e  versus interface temperature curve one is located. 

In  a c l ea r  cut  low gravity experiment using NH4C1 solutions,  Johnstsn and 

Griner (Ref. 11) showed that  dendrite arm remelting caused by thermal inversion 

driven convection did not occur, and a cmplete ly  columnar s t ructure  was obtained. 

Other low gravity experiments have resulted i n  the formation of equiaxed structures 

instead of the ehcected columnar structures (Refs. 12, 13), but these observations 

rewjaed largely unexplained. The s ignif icant  e f f e c t s  of grain s t ructure  on some 

mechanical properties have ~rompted the current investigation. The main objective 

of t h i s  study was to  d i rec t ly  observe the e f fec t  of a reduction i n  gravity on the 

CET (Ref. 14). It was thought tha t  the experiment should be designed so that  the 

occurrence of the CET varied i n  a systematic fashion i n  the ground base simulations; 

i t  was thus expected that  the primary effect  of reduced gravity on CET could be es- 

tablished. 



EXPERIMENTAL PROCEDURE 

This experiment vas performed i n  a spec i a l l y  b u i l t  apparatus which was designed 

f o r  the  payload of a Black Brandt sounding rocket.  During the  rocket f l i g h t ,  a free-  

f a l l  i n t e rva l  of approxiaately 250s occurs i n  vhich a l l  acce lera t ions  are l e s s  than 

(&, = 980 cm/s2). This "low-gravity" i n t e r v a l  begins a t  approximately 80s 

a f t e r  l i f t -o f f .  The apparatus was programmed t o  perform a s o l i d i f i c a t i o n  experiment 

during t h a t  in te rva l .  The progress of the  low-gravity experiment w a s  recorded by a 

35 l p ~ l  camera which took 230 photographs a t  a r a t e  of one frame per second. The appa- 

r a t u s  has been described i n  de:ail elsewhere (Ref. 15), thus only a br ie f  descrip- 

t i o n  w i l l  be given here. The hear t  of the apparatus is the  s o l i d i f i c a t i o  :hamber, 

shown schematic all^ i n  Fig. 1. It cons i s t s  of a semicylindrical  c h i l l  block, made 

of copper, brazed t o  a top p l a t e  of s t a i n l e s s  s t e e l .  The f ron t  and r e a r  faces  a r e  

of plexiglass  and a r e  sealed with "0" r ings.  This geometry was chosen t o  provide 

r a d i a l  heat  ex t rac t ion  from the  samples t o  s imulate  weld bead s o l i d i f i c a t i o n  and t o  

allow d i r e c t  observation of the experiment. Four such chambers a r e  arranged syrn- 

met r ica l ly  a s  shown i n  Fig. 2. A l l  of the c h i l l  blocks were machined from a s ing l e  

piece of ccpper. The copper web which jo ins  t h e  four  c e l l s  serves t o  transmit heat  

t o  and from t h e  c e l l s  during prelaunch soaking anc! during the quench. Before launch 

the four-sample assembly is heated t o  and cont ro l led  a t  a uniform temperature of 

80°C. A t  launch, power t o  the hea ters  is cut  of f  and a t  100s a f t e r  l f f t  off a timer 

opens a solenoid valve which allows l i qu id  freon-12 t o  spray on the copper web, 

cooling tlre samples. So l id i f i ca t i on  takes place during the following 200s and is 

recorded by the camzra. Simultaneously, readings a r e  taken from thermistors which 

measure t h e  temperature of t h e  sample mater ia l  i n  chamber I. The thermistors  a r e  

located i n  the f ront  and back p lex ig lass  faces a t  equal  i n t e rva l s  of 1/4 of the 

radius s t - V i n p  a t  the apex of the  chamber. Two addi t iona l  t l~ermis tors  record the 

temperature of the c h i l l  block. Other d e t a i l s  of the sample chambers a r e  i l l u s -  

crated by tbe f igures  i n  the Results and Discussion sec t ion .  

Two H20;NHbCl hypereutectic alloys were used; 325 grams of m4C1 per l i t r e  

sf so lu t ion  (solut ion A) and 362.5 gm/ l i t re ,  so lu t ion  B. The NH4C1 was reagent 

grade and the  so lu t ions  were f i l t e r e d  a f t e r  preparation. The l iqu idus  temperatures 



m 35 and 55'~. m p e e t i n l y .  me solidus is given u -15'~ by l p l e y ,  e t  a1. 

(Ref. 5). T!m soak tcqcrature w a s  80°c, thus the superheats were 45 and 25'~. 

respectively. 
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RESULTS AND DISCUSSION 

LABORATORY (GNE-GRAVITY) EXPERIMENTS 

Repeated laboratory simulations were performed with the  f l i g h t  apparatus i n  

order  t o  a r r i v e  at  an optimum combination of t he  three  experimentally var iab le  

parameters: so lu t ion  concentrations, soak temperature, and cooling r a t e .  The values 

f i n a l l y  chosen were such tha t ,  during one run, t he  s o l i d i f i e d  micro-structures var ied  

from 25 t o  100% columnar and three  gravity-dependent g ra in  mul t ip l ica t ion  mechanisms 

occurred. The r e s u l t s  of these t yp i ca l  laboratory simulations a r e  described i n  t h i s  

sect ion.  

Figure 3 shows one of t he  lower chambers a t  150s a f t e r  simulated l i f t - o f f .  No 

s o l i d  has formed yet .  Since t he  semicylindrical  wall  of t he  sample chamber w a s  the  

c h i l l ,  a thermal inversion was present i n  t h i s  or ien ta t ion .  This gave rise t o  vig- 

orous convection which was made v i s i 5 l e  by a simple Schlieren technique ; a ruled 

g r id  had been i n s t a l l e d  on the rear face  of each chamber. Also v i s i b l e  i n  Fig. 3 

are  three holes  i n  the r ea r  face of the  sample chamber. The two small holes  i n  the 

comers  a r e  f o r  f i l l i n g  and emptying, and the  l a rge r  hole communicates with the  ex- 

pansion chamber. The expansion chamber is a 12.5 mm diameter hole i n  the 12.5 mm 

thick p lex ig lass  back p l a t e .  It contains a spring-loaded p is ton  and was required t o  

allow f o r  expansion and contract ion of t h e  sample during heat ing and cooling. It 

provided a constant hydros ta t ic  pressure i n  the  sample chamber. Par t  of the  "0" 

r i ng  of the pis ton is v i s i b l e  a s  a black semicircular fea ture  behind the  hole. 

Figure 4 shows a l l  four  chambers a t  243s a f t e r  simulated l i f t - o f f .  White NH4C1 

c rys t a l s  a r e  present i n  each one. Chambers I and 111 contain so lu t ion  A and chambers 

I1 and I V  contain so lu t ion  B. Chambers I and 11 had a completely columnar s t ruc tu re  

at t h i s  point whereas chambers 111 and I V  had already developed a subs t an t i a l  equi- 

axed zone, i n  addit ion t o  the columnar growth which or ig ina ted  a t  the  c h i l l .  A s  the 

experiment proceeded, columnar growth continued i n  I1 u n t i l  s o l i d i f i c a t i o n  was com- 

p l e t e  whereas gra in  mul t ip l ica t ion  began i n  I and a subs t an t i a l  equiaxed zone formed. 

A t  the end of the experiment, columnar growth acccunted f o r  40% of I ,  100% of 11, 

25% of 111 and 50% of I V ,  with the remainders equiaxed. Grain mul t ip l ica t ion  oc- 

curred i n  111 and I V  v i a  dendri te  remelting caused by convection currents .  The 
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convection c u r r e n t s  were dr iven by thermal invers ion  induced dens i ty  d i f f e r e n c e s .  

The numerous c r y s t a l s  v i s i b l e  i n  111 and I V  were mel ted o f f  t h e  columnar i n t e r f a c e  

by these  convection c u r r e n t s  and subsequently f e l l  t o  the  bottom of t h e  chamber. 

I n  I, g r a i n  m u l t i p l i c a t i o n  was mainly caused by showering and, t o  a l i m i t e d  e x t e n t ,  

by convection induced d e n d r i t e  arm remel t ing.  Figure 5 shows a t y p i c a l ,  smal l ,  

g r a i n  m u l t i p l i c a t i o n  convection c e l l  i n  I. Since the  c h i l l  i n  I was on the  bottom 

the re  was no thermal invers ion  and t h u s  t h i s  was a compositionally induced convec- 

t i o n  c e l l .  As t h e  NH C1:H 0 s o l i d i f i e s  i n  a columnar fash ion ,  water  is r e j e c t e d  i n  4 2 
the  i n t e r d e n d r i t i c  r eg ions  and the  l i q u i d  t h e r e i n  becomes enr iched i n  water  and 

l i g h t e r  than  the  l i q u i d  ahead of t h e  d e n d r i t e  t i p s .  I n  the  absence of complete 

mixing, t h i s  g ives  rise t o  a dens i ty  invers ion  and hence, convection. The l i q u i d  

which rises between the  columnar d e n d r i t e s  a c c e l e r a t e s  d e n d r i t e  arm remel t ing.  

Dendr i t i c  d e b r i s  rises above t h e  d e n d r i t e  t i p s ,  l ead ing  t o  format ion of equiaxed 

g r a i n s  (Fig.  5 ) .  These r e s u l t s  i l l u s t r a t z  t h e  e f f e c t s  of s o l u t e  concen t ra t ion  and 

o r i e n t a t i o n  of t h e  c h i l l  ( c h i l l  on top ve rsus  c h i l l  on bottom) on t h e  e x t e n t  of t h e  

columnar zone. 

Figure 6 shows the  r e s u l t s  of a s imula t ion  i n  which the  appara tus  was r o t a t e d  

?0@ s o  t h a t  the  c h i l l  b locks  were on the  s i d e s  of t h e  chambers. This  o r i e n t a t i o n  

r e s u l t e d  i n  a h igh ly  nonuniform i n t e r f a c e  shape. Chambers I1 and I V  were mainly 

columnar while I and 111 were mainly equiaxed. Grain m u l t i p l i c a t i o n  o c c u r r e i  by 

convection and by showering. 

LOW-GRAVITY EXPERIMENT, GENERAL OBSERVATIONS 

The experiarent was flown on NASA's sounding rocket  f l i g h t ,  SPAR V .  The appa- 

r a t u s  s u c c e s s f u l l y  performed t h e  experiment and the  fol lowing d a t a  were ob ta ined .  

I n t e r p r e t a t i o n  was f a c i l i t a t e d  by making the  one frame per  second f l i g h c  f i l m  i n t o  

a 16 mm c ine  f i l m  which could be p ro jec ted  a t  va r ious  r a t e s .  A copy of t h e  c i n e  

f i l m  has been submitted t o  the  program o f f i c e  a t  IISFC. 

Figure 7 shows nuc lea t ion  and i n i t i a l  growth of s o l i d  i n  I V . *  F ine  n u c l e i  

formed w i t h i n  seventeen seconds of each o t h e r  a t  s e v e r a l  l o c a t i o n s  a long the  c h i l l .  

These c r y s t a l s  r a p i d l y  grew s idewise  and even tua l ly  jo ined t o  form a macroscopical ly  

i r r e g u l a r  s o l i d - l i q u i d  i n t e r f a c e .  No evidence of Sch l ie ren  e f f e c t s  can Le d e t e c t e d ,  

* A l l  of t h e  photographs taken dur ing SPAR V have a pronounced s c r a t c h  which was 
caused by a de fec t  i n  the  f l i g h t  camera. 
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t hus ,  reduced g r a v i t y  has  supressed t h e  vigorous  convection observed i n  t h e  labora-  

to ry  s imula t ion  (Fig.  3 ) ,  a s  expected.  The i r r e g u l a r  i n t e r f a c e  evened o u t  a s  

growth cantinued : .ld, a s  seen i n  Fig.  8 ,  a  macroscopical ly  smooth s o l i d - l i q u i d  ill- 

t e r f a c e  evolved. Comparison among Figs .  4 ,  6 ,  and 8 shows t h e  s t r i k i n g  e f f e c t  of 

g r a v i t a t i o n  on macroscopic i n t e r f a c e  shape.  I n  Fig.  8 t h e r e  i s ,  of course ,  no d i f -  

f e rence  between ch i l l -up  and chill-down p o s i t i o n s ,  b u t ,  i n  a d d i t i o n ,  t h e  s o l i d -  

l i q u i d  i n t e r f a c e  f a i ; h f u l l y  reproduces t h e  shape of t h e  c h i l l .  The shape of t h e  

s o l i d - l i q u i d  i n t e r f a c e  i n  t h e  l abora to ry  s imula t ions  (Figs .  4  and 6) was obviously 

inf luenced t o  a  l a r g e  e x t e n t  by convection i n  t h e  l i q u i d ,  The primary d e n d r i t e  

spacing a l s o  appears  t o  have been s i g n i f i c a n t l y  more uniform i n  t h e  low-gravity ex- 

periment (compare Figs .  4,  ti, and 8) .  

Figure  9 shows t h e  low-gravity experiment a t  270s. S o l i d i f i c a t i o n  i n  chambers 

I1 and I V  i s  almost complete. A l l  f ou r  samples s o l i d i f i e d  wi th  a  completely colum- 

n a r  m i c r o s t r u c t u r e ,  no columnar-to-equiaxed t r a n s i t i o n  occurred,  and no g r a i n  mul- 

t i p l i c a t i o n  mechanisms were observed. No d e n d r i t e s  were observed t o  grow f a s t e r  

than t h e  macroscopic i n t e r f a c e ,  a s  had been repor ted  i n  another  low-gravity exper i -  

ment (Ref. 11) .  Severa l  p e c u l i a r  events  occurred which w i l l  be d i scussed  i n  t h e  

f i l i a l  s e c t i o n .  However, i n  o rde r  t o  f a c i l i t a t e  i n t e r p r e t a t i o n ,  t h e  thermal d a t a  

w i l l  be  presented now. 

LOW-GRAVITY EXPERIMENT, THI 'AL DATA 

Thermistors had been i n s t a l l e d  i n  t h e  p l e x i g l a s s  f a c e s  of chamber I such t h a t  

t h e i r  sens ing  elements were i n  i n t i m a t e  c o n t a c t  wi th  the  sample m a t e r i a l .  Two were 

loca ted  on t h e  back f a c e  and two on t h e  f r o n t ,  a s  i l l u s t r a t e d  i n  Fig .  4 ,  Add i t iona l  

the rmis to r s  were i n  I1 and on the  c h i l l .  A cont inuous  record  of t h e  temperature a s  

a  func t ion  of time was te lemetered t o  t h e  t r a c k i n g  s t a t i o n  dur ing t h e  rocke t  exper i -  

ment. Figure  10 shows d a t a  from two of t h e  the rmis to r s  f o r  the  f l i g h t  exps r inen t  

and f o r  t h r e e  d i f f e r e n t  o r i e n t a t i o n  ground base  s imula t ions .  The c h i l l  cooled a t  

p r a c t i c a l l y  the  same r a t e  i n  a l l  four  t e s t s  ( d a t a  from t h e  top c h i l l  t e s t  were per- 

tu .bed by d i r e c t  i~npingment of freon-12 on t h e  c h i l l - b l o c k  t h e r m i s t o r ) ,  and t h e  

c e n t e r  of t h e  samples cooled a t  almost i d e n t i c a l  r a t e s  I n  t h e  t n r e e  i abora to ry  simu.. 

l a t i o n s .  However, the  c e n t e r  of the  sample cooled a t  a  s i g n i f i c a n t l y  slower r a t e  i n  

t h e  f l i g h t  experiment.  This b e i ~ a v i o r  i n d i c a t e s  t h a t  convection i n  the  l i q u i d  ac- 

counts f o r  a  s i g n i f i c a n t  p o r t i o n  of the  thermal t r a n s p o r t  i n  a l l  of t h e  l a b o r a t o r y  

s imula t ions .  This  was t r u e  i r r e s p e c t i v e  of the  o r i e n t a t i o n  of the  c h i l l .  I t  i s  
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thought t h a t  the rJerfcylindrica1 shape of  the  c h i l l  was a contr ibutory f ac to r  i n  

t h i s  behavior; i.e., the densi ty s t r a t i f i c a t i m  was never purely horizontal ,  it was 

always coaducive t o  na turp l  convectioa. 

The slower cooling of the  center  of the sample i n  low-gravity resu l ted  i n  the  

presence of a s teeper  thermal gradient .  This is il1us:rated i n  Fig. 11. I t  can be 

seten tha t ,  on s macro-scale, the  thermal gradient  h e a d  of the solid-liquid. in te r -  

face was s ign i f i can t ly  g rea t e r  during the  1-gravity experiment. I t  is  thought 

t h a t  t h i s  behavior w i l l  be a general  f ea tu re  of l o r g r a v i t y  s o l i d i f i c a t i o n  opera- 

Lions i n  which the  thermal gradient  i n  t h e  l i qu id  is not imposed by the  apparatus 

and heat  ex t rac t ion  occurs through the  so l id .  

The rate of growth of the s o l i d  was, however, not  influenced by the  gravity- 

f r e e  enviroraent.  Figure 12 shows the  length of the s o l i d  measured along the  center  

l i n e  of t he  f r o a t  face of the  sample chamber f o r  so lu t ion  A. Within experimental 

e r r o r  a l l  three samples grew at the same r a t e .  The da ta  from so lu t ion  B led  t o  a 

similar conclusion. Data from the s ide-chi l l  experiments a r e  ao t  included because 

of t he  extremely nonuniform shape of the  growth f ront .  These r e s u l t s  a r e  t o  be ex- 

pected s ince  t he  r a t e  of growth is control led by thermal t ransport  of the  l a t e n t  

heat  from the growth in t e r f ace  t o  the c h i l l .  This occurs through the s o l i d  NH4C1 

and is independent of g rav i t a t i ona l  e f f e c t s ,  

It is the opinion of the authors t ha t  these thermal da ta  a r e  of pa r t i cu l a r  im- 

portance i n  understanding the e f f e c t s  of g rav i t a t i on  on t h i s  experiment. I n  par- 

t i c u l a r ,  the  thermal data  s h w  tha t  because of reduced convective t ransport  of :lest, 

the  l i qu id  portion of the  saaple was s ign i f i can t ly  warmer. This led t o  a s teeper  

thermal gradient  i n  the l iqu id ,  but  more s ign i f i can t ly ,  t h i s  d id  not  allow f a r  the 

growth of any equiaxed gra ins  ahead of t he  columnar in te r face .  No gravi ty  driven 

convective mLchanisms occurred t o  t ransport  nuc le i  i n t o  the l i qu id ,  but t h i s  is 

thought t o  be of secondary s ignif icance.  Even i f  nuc le i  had been present the  ther- 

m l  conditions would not  have allowed them i o  grar .  I n  order  f o r  an equiaxed zone 

t o  form, growth of the equiaxed gra ins  must occur f a s t e r  than growth of the colum- 

nar  grains.  This was not  possible  i n  the reduced gravi ty  experiment. Support f o r  

t h i s  viewpoint can be found i n  severa l  snexpected events which occurred during the  

f l i g h t  experiment. 
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UHJ-GRAVITY EXPERIMENT, PECULIAR EVENTS 

An a i r  bubble was present  i n  chamber 11. This bubble is presumed t o  have been 

caused by incomplete f i l l i n g  of t he  sample chamber. During s o l i d i f i c a t i o n  the bub- 

b l e  grew i n  s i z e  due t o  shrinkage, ind ica t ing  t h a t  the expansion pisLon i n  c e l l  II 

vas not  functioning properly. A t  1739, NH4C1 c r y s t a l s  appeared on the surface of 

tire bubble. Figure 13  shows t h i s  event and subsequent growth. This seems t o  hava 

bean a nucleat ion event,  but  i t  is possible  t h a t  s o l i d  simply grew along the r e a r  

sur face  of the bubble from ex i s t i ng  so l id .  I n  e i t h e r  case, t h i s  ind ica tes  t ha t  the 

1 i q u ; i  near the surface of the bubble was cooler  than l i qu id  i n  the bulk. This 

thermal shor t  c i r c u i t  through the  bubble must have been the r e s u l t  of an evaporation/ 

condensation mechanism s icce  simple gaseous conductivity should have been s ign i f i -  

can t ly  l e s s  than the conductivity of the l i qu id  o r  so l id .  

About 20 seconds l a t e r ,  another peculiar  event occurred i n  11. Figure 14 

shows t h i s  chamber a t  195s and the rea f t e r .  A t  195s bubbles bere  v i s i b l e  i n  the  ex- 

pansion chamber, they had been growing s t ead i ly  i n  the 10 preceeding seconds. A t  

196s these bubbles disappeared and the  hole i n  the r ea r  face of the c e l l  which com- 

municates with the expansion c h a ~ b c r  was f i l l e d  with a cloud of small,  opaque ob- 

j ec t s  presumed t o  be NH C 1  c rys t a l s .  Subsequently these c r y s t a l s  grew s l i g h t l y  and 4 
were shot  out i n t o  the center  of the chamber. By 200s they had arranged themselves 

i n t o  a saddle-shaped configuration. From then on the  c r y s t a l s  hardly grew and the 

ove ra l l  shape of the f ea tu re  changed only s l i g h t l y  i f  a t  a l l .  A s  s o l i d i f i c a t i o n  

continued the columnar growth f ron t  simply grew pas t  the small c r y s t a l s  u n t i i  the 

f ea tu re  w a s  ob l i t e r a t ed  a t  about 275s. A t  196s, j u s t  a f t e r  the  bubbles i n  the  ex- 

pansion p is ton  collapsed, a small  bubble can be seen i n  the center  of the NH4C1 

which had grown on the 4 mm bubble previously i l l u s t r a t e d  i n  Fig. 13. This f ea tu re  

is located a t  the  tap of the chamber i n  Fig. 14. Simultaneously, fragments of 

W4C1 appeared i n  the l i qu id  j u s t  ahead of the NH C 1  which had formed on the bubble 
4 

surface.  These observations, and repeated viewing of the c ine  f i lm,  led t o  t he  

following reconstruct ion of the event.  

It is presumed t h a t  the spring-loaded expansion p is ton  was jammed, thereby 

a l l a r i n q  the pressure i n  the chamber co decrease and leading t o  bubble growth a s  

s o l i d i f i c a t i o n  proceeded. Jus t  a f t e r  195s the pis ton must have come unstuck, sud- 

denly increasing the pressure i n  the chamber and causing the bubbles t o  col lapse.  

Copious, shock induced, nucleation occurred i n  the expansion chamber and these 

nuc le i  were t ransported i n t o  the center  of the chamber by f l u i d  motion caused by 
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the motion of the expansion pis ton.  The increased pressure reduced the s i z e  of the  

la rge  bubble i n  the upper corner of the sample chamber from 4 t o  0.7 mm. The re- 

f l ec t ed  shock wave a l so  punched out  some NH4Cl  dendr i tes  from the sur face  of the  

cavi ty  which contained t h i s  bubble and pushed them i n t o  t he  l i qu id .  The sequence 

\ of events a t  t he  expendon chamber can be ap t ly  described a s  "big bang" nucleat ion.  \ 
Crystals  were nucleated by a shock and t ransported i n t o  the  l i qu id  by f l u i d  flow. 

1 For t h i s  experiment, however, the  most important aspect of t h i s  event i s  the  obser- 

vat ion tha t  although copious nuc le i  were formed and t ransported i n t o  the  center  of 

: the  chamber, a subs t an t i a l  equiaxed zone never formed. The equiaxed nuc l e i  d id  not 

: grow and did not  h a l t  the  advance of the  columnar i n t e r f ace .  The columnar gra ins  

simpljj grew pas t  t he  equiaxed ones and entrapped them. It is thought t h a t  t h i s  

: : growth was a r e s u l t  of the thermal conditions ex i s t i ng  i n  the low-gravity environ- 

ment. This observation supports the hypothesis t ha t ,  f o r  t h i s  experiment, the  pr i -  

mary e f f e c t  of the l o r g r a v i t y  environment was no t  the supression of g rav i ty  r e l a t ed  

grain-multiplication mechanisms but ,  r r t h e r ,  t he  a l t e r a t i o n  of the  thermal condi- 

t ions  by the el iminat ion of convective thermal t ranspor t  i n  the  l i qu id .  

Figure 15 shows a s imi l a r  sequence of events  ~ h i c h  occurred i n  chamber I.  A t  

214s bubbles were present i n  the expansion chamber. P r io r  frames show tha t  they had 

been growing s t ead i ly .  A t  215s t he  bubbles had collapsed and a fi lmy, i n d i s t i n c t  

f ea tu re  had appeared a t  the bottom of the  chamber. One second l a t e r  the  filmy 

fea ture  was more d i s t i n c t ;  subsequent frames show t h a t  i t  consis ted of small  NH C 1  
4 

c r y s t a l s  which grew s l i g h t l y .  I n  addi t ion ,  some small  NH C 1  c r y s t a l s  which nucleated 4 
i n  the expansion chamber d r i f t e d  out i n t o  the cen te r  of t he  s o l i d i f i c a t i o n  chamber 

(215-240s) They a l s o  grew only s l i g h t l y ,  and even seem t o  have been shr inking a t  

l a t e r  times (275s). Their s p a t i a l  arrangement did not  change, again i l l u s t r a t i n g  

the absence of a Stokes s e t t l i n g  force  and of convection. The explanation f o r  t h i s  

sequence is thought t o  be s imi l a r  t o  t h a t  postulated f o r  chamber 11; a jammed ex- 

pansion pis ton suddenly released,  causing a pressure pulse  and a small amount of 

c i r cu l a t i on  of the  melt .  The pressure pul-se e i t h e r  caused nucleation i n  an appar- 

en t ly  f ea tu re l e s s  region of the melt ahead of t he  s o l i d i f i c a t i o n  in t e r f ace  or simply 

transported some very small  dendri te  fragments from the i n t e r f ace  i n t o  the  melt .  

Again, the most important aspect  of t h i s  observation i s  the i n a b i l i t y  of t he  small  

equiaxed nuc le i  t o  grow, and t o  h a l t  the growth of the  columnar i n t e r f ace .  The low- 

gravi ty  induced modificatioa of the thermal conditions rendered a columnar-to-equi- 

axed t r ans i t i on  impossible. 
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The last peculiar observatirn is shown in Fig. 16. This occurred in chamber 

IIf and i n v o l v ~ d  the appearawe af r r d l  c r y s t a l s  i n  an apparently featureless re- 

gion ef the melt (t=Z231). the appearance of bubbles (r=189), snme small motion of 

bubbles, and the  growth of the columnar interface past the bubbles w i t h  no apparent 

interaction. No complete explanation fo r  these events i s  immediately obvious. but 

the growth of the columnar ir,terface past these features is identical t o  t h e  obser- 

vations discussed previously (F igs .  14 and 151, and the lack of interaction between 

the dendritic interface and rhe bubbles is similar t o  previously reported low-gravity 

I 
observations (Ref. 16). 
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SUMMARY 

An experimental study of the effect of a reduced gravity environment on the 

columnar-to-equiaxed transition in samples of 325 and 362.5 gmllitre NH C1 in H 0 4 2 
has shown that in reduced gravity: 

Vigorous thermal inversion driven convection is absent 

No grain multiplication by showering occurs 

No thermal inversion driven grain multiplication cells occur 

No compositional inversion driven grain multiplication cells occur 

Completely columnar structures are obtained 

The liquid cools significantly slower than in one-grlvity 

The thermal gradient in the liquid is steeper than in one-gravity 

The growth rate of the solid is not changed 

A bubble can act as a thermal short circuit 

Induced big bang nucleation did not give rise to an equiaxed Etructure 

Bubbles were not pushed by the dendritic interface 

It is thought that the most significant effect of the reduced gravity environ- 

ment on this experiment was the modification of the thermal conditions in the melt, 

The lack of convective thermal transport in the liquid resulted in conditions under 

which equiaxed grains could not grow and could not halt the growth of the columnar 

interface. The columnar-to-equiaxed transition was rendered impossible despite the 

presence of sufficient nuclei, 
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enviraareat of SPAR V s ign i f i can t ly  rodif id  t h e  thermal condit ions in  t h e  

l i q u i d  port ion of t he  samples. nis rras p r e s d  t o  be due t o  the  elimination 

of  na tu ra l  convection as a hea t  t ransport  rechanisa.  Simple ca lcu la t ions  

can be mde which support t h i s  view, as f o l l w s .  The proportion of heat 

transported by convection is expressed as the Nusselt n u b e r  

6 
Nu = 

Qcowi. + Qconv. 

Q c o d  * 

1 
1 where Qcond. is t h e  amount of heat transported by conduction and C! conv. is 

i t he  aaount of heat t ransported by coxvec t ion .  

In Fig. 4 of Ref. 1, Cole presents  a c a r r e l s t i o n  between the Nusselt 

number and the  Raleigh number, Ra, f o r  heat t r ans fe r  i n  horizontal  cyl inders .  

Using t h i s  cor re la t ion  as a rough guide we can est imate the N u s s c ~ t  number 

fo r  the  condit ions t h a t  exis ted a t  the  beginning of our experiment. Values 
i 

of the  Raleigh number fo r  t he  s o l i d i f i c a t i o n  chamber were f i r s t  calculated 

from the  expression 

where g is the  acce lera t ion  of gravi ty,  o is the l i qu id  densi ty ,  8 is  the 

thermal coef f ic ien t  of volume expansion, AT the  temperature difference,  H the  

height,  u the  v iscos i ty ,  and a the  thermal d i f f u s i v i t y .  Typical values of 

the  experimental parameters were taken a s  H = 15mmand AT = 45K, (Ref. 2 ) .  

The Raleigh numbers and the  corresponding Nusselt numbers so obtained. are 
2 -4 given i n  the Table fo r  g = go (9.8 m / s  ), and fo r  g = 10 go. The Raleigh 

-4 
number is d i r e c t l y  proportional t o  g, thus values for  g = 10 g a r e  not 

0 

l i s t e d .  Also shown i n  the  Table a r e  values of these numbers for  four other  

materials:  succ inon i t r i l e  (C4H4N2), iron, lead and copper. Final ly ,  the  

Prandtl  numbers for  each l iquid a r e  l i s t e d  in  the same Table. It can be 

seen t h a t  fo r  water o r  succ inoni t r i le ,  i n  the  sample configuration of t h i s  

experiment, the Nusselt number is reduced by almost a f x t o r  of ten when going 



from normal g r a v ~ t y  t o  idb go. s ince  Q , , ~ .  is the same in  both one-gravity 

.nd l a w - m v i t y ,  t b i s  r e s u l t  is consistent  with our observations of s ign i f i -  

cant ly  reduced heat transport i n  the  low gravity experiment. 

This behavior is expected t o  be typica l  of other  high Prandtl number liquids. 

Metals, which typica l ly  have much lower Prandtl numbers, behave i n  a 

qual i ta t ive ly  similar  manner, i. e.. t h e i r  Nusselt numbers a r e  reduced, but 

the  differences between one gravity and reduced gravity a r e  must l e s s  

pronounced. The Nusselt numbers in iron and lead u ~ u l d  drop by a factor  of 

three; but i n  copper, the  heat transport would be prac t ica l ly  unchanged by 

the elimination of convection. Thus, an experiment s imilar  t o  t h i s  one, but 

using copper a s  the  sample material,  might yield s igni f icant ly  d i f ferent  

resul t s .  

The subs tant ia l  reduction i n  heat transport i n  high Prandtl number 

f lu ids  observed in  the  tow gravity experiment and i l l u s t r a t e d  by the above 

calculat ion suggests an explanation for  the  r e s u l t s  of our SPAR I 

experiment (Ref. 2). In  that  experiment a quartz cuvette containing 

cyclohexanolwas so l id i f i ed  by cooling the bottom of the  cuvette. Sol id i f i -  

cat ion in  one-gravity always proceeded i n  an aligned columnar manner; but in  

the  low-gravity experiment, repeated nucleation ahead of the interface 

was observed and an  equiaxed s t ruc ture  resulted.  The Raleigh 
6 number for tha t  geometry was roughly 10 i n  one-gravity, thus the Nusselt 



number changed from about 22 i n  one-gravity t o  2.5 i n  low-gravity . This 

reduct ion of thermal t ranspor t  i n  the  l i qu id  i n  low-gravity resu l ted  i n  a 

s i t u a t i o n  i n  vhich t h e  thernral t ranspor t  i n  t he  quartz  wall. of t h e  cuve t te  

(K = 1.3 W/mK) -as grea t e r  than t h a t  of t he  cyclohexanol, l iqu id  or  so l id .  

(K = 0.1 W/mK). Thus, t h e  wal l  became a preferred path f o r  conduction of 

hea t  out of the solut ion,  cooling the  l i q u i d  near  the wal l  of the  cuve t te  

ahead of t he  sol id- l iquid i n t e r f ace  t o  below its l iqu idus  and causing 

nucleation. I n  t h i s  case,  therefore ,  the reduced heat  t ranspor t  i n  low- 

grav i ty  caused t h e  al igned,  columnar, one-gravity s t r u c t u r e  t o  change t o  

an equiaxed s t r u c t u r e  i n  low-gravity. This is exact ly  t he  opposi te  of the 

SPAR V r e s u l t ;  but both changes i n  microstructure  appear t o  have been caused 

by t h e  grav i ty  r e l a t ed  reduction i n  thermal t ranspor t  i n  the  l i ~ a i d .  The 

cont ras t ing  r e s u l t s  emphasize t he  importance attached to  de t a i l ed  

considerat  ion of the  experimental condi t ions and r e in fo rce  the conclusion 

tha t  modification of t he  thermal conditions i n  the  l i qu id  was the most 

important e f f e c t  of reduced grav i ty  on t h i s  experiment. 

A comparable, equiaxed, result appears to have been obtained i n  the 

SPAR V f l i g h t  of experiment 74-21 i n  which an NH4C1:H 0 so lu t ion  was 2 
s o l i d i f i e d  i n  a quartz  cuve t te  assembly tha t  w a s  very similar t-, $-.hat of 

our SPAR I experiment (Ref. 3). 
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