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This repo r t  describes technical  work accompl i shed i n  the second 

po r t i on  o f  the study work performed under Contract NAS 8-28267. The 

i n i  ti a1 work i s  described i n  TRW Systems Report 14725-6010-RU-00, e n t i t l e d  

"Study on Processing Imn isc ib le  Mater ia ls  i n  Zero Gravity," May 1973. 

An experimental i nves t i ga t i on  was conducted t o  evaluate m i  x i  ng 

immiscible metal conlbinations under several process condit ions . Under 

one-gravi ty,  these included thermal processing, thermal p l  us electromag- 

n e t i c  mixing and thermal plus acoust ic mixing. Subsequently, the  same 

process methods were appl ied during f ree  f a l l  on the MSFC drop tower 

f a c i l i t y .  

This phase included design of  drop tower apparatus t o  provide the 

electromagnetic and acoust ic mixing equipment. Also, a thermal model was 

prepared t o  design the specimen and cool i n g  procedure. 

Mater ials systems studied during t h i s  po r t i on  o f  the e f f o r t  were 

Ca-La, Cd-Ga and Al-Bi. Evaluat ion o f  t:re processed samples included the 

morphology and e lec t ron ic  p r ~ ~ c r t y  measurements. The morphology was de- 

veloped using o p t i c a l  and scanning e lec t ron  mic:roscopy and microprobe 

analyses. Elect ronic  property character izat ior l  o f  the s uperconduc ti ng 

t r a n s i t i o n  temperatures were made using an impedance change-tuned c o i l  

method. 

While b e t t e r  dispersions were obtained under reduced gravi  t y  Frocess- 

i r g  than under one grav i ty ,  a wide range o f  p a r t i c l e  d i s t r i b u t i o n  sizes 

occurred, i n d i  c a t i  ng f u r t h e r  process contro l  w i  11 be necessary t o  produce 

both i ncreased uni formi ty  and s i z e  contro l  . Superconducti ng proper t ies 

again conf i  rmed h igher  t r a n s i t i o n  temperatures f o r  some imnisc i  b l  e com- 

posi t ions;  however, b e t t e r  sample uni formi t y  and fundamental work on a 

theore t ica l  basis are essent i  a1 to  fu r the r  ' this avenue. 

The subsequent sections and appendices d e t a i l  the experimental, 

mater ials charac ter iza t ion  and analysis work. 

- v i i i -  



Previous i nves t i ga t i ons  on processing imn i sc i b l e  systems i r a low 

g r a v i t y  environment have t .rduced mater ia ls  having unique s t r u c t u r a l  and 

e l e c t r o n i c  features [References 1 and 21. The d e f i n i t i o n  o f  immisc ib le  

systems, as used i n  t h i s  repor t ,  a re  those combinations o f  mater ia ls ,  p r i -  

m a r i l y  metals, which e x h i b i t  a m i s c i b i l i t y  (two-phase) gap i n  the l i q u i d  

regime. Processing these ma te r i a l s  frn:n the l i q u i d  s t a t e  and a l l ow ing  

them t o  cool  i n  the Ear th 's  g r a v i t a t i m a l  f i e l d  f o r  r e l a t i v e l y  long  

per iods o f  t ime enhances g r a v i t y  induced segregation. Other metal l u r g i c a l  

connotations f c r  these types o f  m t e r i  a l s  are rnonotectic o r  metastable 

a l l o y s  ( o r  phases). 

I f  t h i s  c lass o f  mater ia ls ,  which have shown unusual behavior, a r e  

t o  be implemented f o r  S h u t t l e  and t he  associated Space processing Program, 

a l a r g e  amount o f  add i t i ona l  i n v e s t i g a t i o n  and exper imentat ion i s  requ i red  

t o  de f ine  the processing, p o t e n t i a l  app l i ca t ions  and p roper t ies  of imnis- 

c i b l e  systems. The pr imary purpose o f  t h i s  program, then, was t o  p rov ide  

p re l im ina ry  in fo rmat ion  i n  terms o f  a l i t e r a t u r e  survey o f  immisc ib le  

sys tern,  t h e i r  po ten t i  a1 app l i ca t ions ,  expe r iw  7 t a l  processing techniques 

w i t h  respect t o  t h e i r  known o r  surmised phase re l a t i onsh ips  and t o  process 

candidate immisc ib le  systems i n  o rder  t o  determine the e f f i c a c y  o f  the  

processing method:. F i n a l l y ,  the  s t r u c t u r a l  and t ~ e c t r o n i  c p roper t ies  o f  

the processed mater ia ls  were evaluated i n  o rder  t o  assess any di f ferences 

betweet-, one and low g r a v i t y  processed specimens. 

The i n v e s t i g a t i o n a l  and expe r i r en ta l  e f f o r t  o f  the p o r t i o n  o f  the  

progr lm covered by t h i s  r e p o r t  i s  concerned w i t h  the development and 

f a b r i c a t i o n  o f  an acoust ic  and an e l  ectromagr~et ic mixer, processing o f  

f o u r  i m i s c i b l e  formulat ions; th ree  i n  the acoust ic  mixer  and one i n  the  

electromagnet ic mixer  and eval  t iat ior l  o f  t h e i r  metal lographic  s t r uc tu res  

and e l e c t r o n i c  behavior. I n  add i t ion ,  a computerized thermal ana lys is  

program p lus  a -;t o f  bismuth-gal l ium experimental capsules which had been 

thermal ly  p r o f i l i ,  ' a re  inc luded  i n  t h i  s repor t ,  as we l l  as add i t i ona l  

bismuth-gal l  ium and lead-zin:. capsules which were sent  t o  MSFC. 



The literature surve.y of imniscible systems, ar, analysis of their 

potenti a1 applications and four str ict ly thermal ly processed systems a1 ong 
w i  t h  thei r metal lurgi cal and electronic properti es are contained in the 

Interim Report, TRW Systems Document No. 14725-f;010-RU-00, dated flay 1973 

and published under the subject contract number and t tle.  



2.0 PROCESC rG METHODS 

The processing methods f o r  producing specimens mater ia ls  depends upon 

f ou r  major aspects: (1 )  The type o f  low g r a v i t y  f a c i l i t y  t o  be u t i l i z e d ;  

(2) the des i red thermal h ~ ~ t o r y ,  bc th  on heat ing and cool ing; (3 )  the 

e l e c t r i c a l  o r  magnetic cha rac te r i s t i c s  o f  the system i n  e i  ther  the so1 i d 

o r  l i q u i d  s ta i e ;  and (4 )  processing i n  e i t h e r  a s i n g l e  o r  two-phase l i q u i d  

s ta te .  

The type o f  low g r a v i t y  f a c i l i t v  d ic ta tes  the s i z e  o f  the sample +!I be 

processed. For the r e l a t i v e l y  sho r t  dura t ion  f a c i l i t i e s ,  such as drop 

towers and KC-135 research a i r c r a f t ,  the sample s izes w i  11 be small due t o  

the s h o r t  t:ix ava i l ab le  f o r  cool ing.  The hea t ing  t ime requi  ?went f o r  

the samples on these f a c i l i t i e s  i s  no t  p a r t i c u l a r l y  c r i t i c a l  s ince the  

ava i l ab le  power i s  h igh and they can be i n i t i a l l y  heated i n  a ons g r a v i t y  

mode u n t i  1 the ues i red temperature i s  reached, then processed and cooled 

dur ing  the drop o r  low g r a v i t y  maneuver. The sample sizes f o r  the longer  

du ra t i on  f a c i  l i t i e s  such as scunding rockets can probably be 1 arger, s i nce  

longer  coo l ing  times a re  ava i lab le ,  a1 though t o t a l  payload weight f o r  bo th  

the  sample and processing apparatus must be taken i n t o  considerat ion. 

The des i red thermal h i s t o r y  o f  the mater ia ls  t o  be processed depends 

on th ree  main considerat ions: (1)  The processing temperature, ( 2 )  r e a c t i -  

v i t y  o f  the  mater ia ls  and ( 3 )  coo l i ng  t o  the primary monotectic o r  o ther  

micros t r u c t u r a l  r e t a i  n i  ng te ipera tu res  . For temperatures t o  1530° C, d i  r e c t  

thermal hea t ing  i s  the p re fe r red  process method. For- temperatares above 

1500°C, electi-on beam, i nduc t i on  heat ing , p l  asma beam o r  an elect .ro- 

magnetic technique could be u t i  l i zed .  

Tbase processing methods a1 sc depend upon the e l e c t r i c a l  p roper t ies  

o f  the mater ia ls  t o  be processed. ;or d i e l e c t r i c s  such as glasses o r  

ceramics, ava i l ab le  technology f o r  use i n  low g r a v i t y  f a c i l  i t i e s  precludes 

use o f  methods such as d i r e c t  plasma e lec t ron  beam heat inc~.  A conbinat ion 

o f  thermal hea t ing  " 3  an acceptable e l e c t r i c a l  conduc t i v i t y  f o r  i nduc t i on  

hea t ing  could be u t i l i z e d ,  b u t  i t  i s  f e l t  t h a t  such equipment would be 

both cumbe-rsome and complex. E l e c t r i c a l l y  conduct ing mater i  a1 s such as 

the semi-metals and metals do n o t  have such r e s t r i c t i o n s .  



Processing 3bove the consol u te  temperature, a1 1 other parameters 

sa t is f ied ,  poses no pn%-,ems i n  terms of processing techniques. This has 

been the p r i r a r y  method u t i l i z e d  on previous programs [References 2 and 

3 3 except f o r  the o r tg ina l  Apollo 14 experiments [Reference 1 1 where 

mechanical ag i ta t i on  was u t i l i z e d  t o  obta in dispersion o f  the immi sc ib le  

system. However, when excessi ve processi nq temperatures, compati b i  1 i t y  

and unknown consolute temperatures may pose problems, other processing 

methods must be considered. 

During :he course o f  t h i s  program, four  processing methods e r e  iden- 

t i f i e d  and used. The processing methods were: (1  ) Thermal heating above 

the consolute temperature, (2) e lectron beam melt ing and (3) acoustic 

ag i ta t i on  and (4 )  electromagnetic s t i r r i n g .  ' ~ k ~ m a l  processing was perfumed 

or, drop tower samples and the e lectron beam mel t ing used 011 the KC 135 

f l i gh ts .  The main th rus t  3f t h i s  por t ion  o f  the prograi:; was t o  design, 

bui ld,  debug and demnstrate acoustic ag i ta t i on  and electromagnetic s t i r -  

ri ng . 
2.1 ACOUSTIC PROCESSING 

2.1.1 Prel i m i  nary Experiments 

In order t o  determine the e f fec ts  o f  various acoustic mixing processes 

which could be u t i l i z e d  i n  dispersing imnisc ib le l i q u i d  mixtures, a neutra l  

bouyancy tank was constructed using Freon TF-hexane as the neutral  bouy- 

ancy medium w i t h  water as the neu t ra l l y  bouyant materia: . Three process- 

ing methods were t r i e d :  bulk ul  t r i s o n i c  ag i ta t ion ,  focused u l t rason ic  

agi t a t i o n  and mechanical agi tat ion,  Considerable d i f f i c u l t y  was encoun- 

tered i n  obtaining the cor rec t  operating conditions. Reproducible resu l t s  

were f i n a l l y  obtained by baking s i l i c o n e  grease on the  vessel i n t e r i o r ,  

and by maintainil ig constant temperature w i th  an a i r  bath surrounding the 

container. 

Gnly the focused 111 t rasonic ag i ta t i on  successful ly dispel sed the 

water. Bul k u l t rason ic  ag i ta t i on  coalesced the water drop1 ets , and 

mechanical ag i ta t i on  was succesrful on ly  ~ b e n  an a i r  sap was l e f t  i n  the 

system so t h a t  bcth f l u i d s  could move. Figures 2-1 thrcugh 2-4 show the d is-  

persion obtained f r o m  a parabo l ica l ly  focused u l t rason ic  i r r a d i a t i o n  u n i t  

operating a t  40 watts, 76.5 kHz i n  the neu t ra l l y  bouyant tank. Figures2-2 



arcd 2-3 were taken appmximateiy 0.25 seconds apart. Figure 2-4 was taken 

approximately one minute a f t e r  u l  t rasoni c i r r a d i a t i o n  was stopped t o  

i l l u s t r a t e  the s t a b i l i t y  o f  the emulsion formed. The primary feature of 

t h i s  experiment was t o  show t h a t  u l t rason ic  ag i ta t i on  could produce ex- 

tremely f i n e  dispersions of i m n i s i i b l e  materials i n  a two phase regime, 

which would be encountered w i t h  ceramics/glasses and meta l l i c  systems 

having consol ute temperatxes d i f f  i c u l  t t o  achieve by thermal processes 

alone. One feature found was tha t  the parabol ic how and the material  t o  

be dispersed must be c losely coupled. Figures 2-2 and 2-3 show the extraneous 

dissipated energy dispersed f r o m  the horn due t o  i n e f f i c i e n t  coupling. 

There are focusing systems which can overcome t h i s  d i f f i c u l t y ,  bu t  t h i s  

requires examination o f  the system t o  be processed [Reference 5 1. Thus 

by proper mechani ,a1 and acoustic coupl i ng, t h i s  method could prove a 

va? uable adjunct t o  processing e l e c t r i c a l  l y  i n e r t  materials i n  t h e i r  two 

phase 1 i q u i d  region. 

2.1.2 Acoustic Mixer Design 

Based upon the pre l iminary experiment described i n  2.1.1 , a design 

f o r  a mixer f o r  immiscible systems was prepared. Figure 2-5 i s  an engineer- 
ing  drawing cf  the mixer and Figure 2-6 shows the  experimental setup and 

an enlayged view o f  the mixer and an experimental glass cartr idge. Appen- 

d i x  A presents a more deta i led  analysis o f  the acoustic mixer i n  i t s  drop 

tower conf igurat ion as we l l  as the ins t ruc t ions  probided f o r  i t s  operation. 

The mixer was designed f o r  27 kHz f o r  a var iable car t r idge weight o f  

between 3 t o  10 grams approximately. The m s t  e f f i c i e n t  mixing frequency, 

however, was found b be 31 t o  32 kHz. I t  was found t h a t  the mixing f re -  

quency was car t r idge s ize  ra ther  than weight dependent. 

2.1.3 Desiqn Demonstration 

Using the acoustic mixer, a ser ies o f  tests w ~ r e  conducted w i t h  a 

var ie ty  o f  glass car t r idges contai n i  ng d i f f e r e n t  gal 1 i um-mercury mixtures 

i n  order t o  determine optimum mixing frequency, coupl ing  eff ic iency, sono- 

ra t i on  o r  mixing time, the e f f e c t  o f  car t r idge (sample) s i ze  and the e f fec t  

o f  sample composition and weight. 



F i g u ~ 2 - 1 * ~ u f e s c e n t D ~ p l e t ~ n  Fiqure2-2 .Agf ta t ionaf te~0 .25  
Neutral Bouyant Tank Seconds, 40 Watts a t  

26.5 KHz. 

d. 

~i~~~ 2-3. Droplet Dispersal after Fiaure 2-4. Emulsion Stab i l i t y  after 
0.5 Secouds. Cessation of Ultrasonic 

Agi tat ion.  

Fi q l l ~ s  2-1 thmuph 2-4 Ul trasoni c Pmcess f ng o f  Imni sc i  b l  e 
Mater-Freon TF JHexane Mixture.  





a. Experimental Apparatus Arrangement 

b. Transducer Arrangement w i t h i n  Mixer 

F i  qwre 2-6. Acoustic Mixer 

-8- 



The sonoration o r  mixing ac t ion  was v i s i b l y  not iceable i n  the glass 

car t r idge end, a f t e r  approximately 10 seconds, the m i  x i  ng was essent ia l l y  

complete and na fu r the r  mixing was noted a f t e r  30 seconds. It was noted 

t h a t  the coup1 i n g  between the car t r idge and the mixer was c r i t i c a l  and, 

since the experimental glass cartr idges were connected t o  the horn by a 

screw which was epoxy bonded, 1 i t t l e  torque could be applied. Thus, on 

several occasions during test ing,  the capsule 1 wsened and the mixing was 

noticeably reduced or, i n  some cases, ceased completely. 

F'gure 2-7 presents photomicrographs o f  an 80/20 a10 Ga-Hg mixture 

whicn was mixed for 30 seconds and cooled w i t h  i c e  wh i le  being mixed. 

From the photomicrographs i t  may be seen tha t  t h i s  imnisc ib le couple i s  

reasonably we l l  dispersed w i t h  the major i ty  o f  the mercury present being 

i n  the rorm o f  spheres 1 t o  2 um i n  diameter. 

A f te r  successful t es t i ng  and rework o f  the acoustic mixer, the pack- 

age was re inforced f o r  i n teg ra t i on  i n t o  the drop tower package, using the 

associated components detai  l e d  i n  Appendi x A. 

A descr ipt ion o f  the materials selected and the drop tower tes t i ng  

and analyses are presented i n  Section 3.0 below. 

2.2 ELECTROMAGNETIC MIXER 

2.2.1 Background 

Or ig inal ly ,  the concept o f  electromagnetic processing was involved 

i n  inducifig eddy currents i n  the molten metal , s i m i l a r  t o  one of the pro- 

cesses used by the AEC [Reference 4 ]. Examination o f  the t o t a l  process 

requirement, however, leads t o  the f o l l w i n g  analysis. The model system 

chosen was lead-gallium, since i t  has a wide m i s c i b i l i t y  gap and represents 

re1 a t i  vely widely d i  vergent physi cs l  properties. The sys tem propert ies 

t o  be known are: physical propert ies o f  the system, magnetic f i e l d ,  cur- 

ren t  densi t y  and experiment container. 

Then : 
-+ -+ + 
F = I a . y B  



Ragni f 1 cation : 501 Magnification: 1 OOX 

Magnification: lOOX 

- 

Ffgure 2-7. Photomi cmgraphs o f  Ultrasonically Dispersed Gal 1 i urn-Mercury 
Imni sci bl e System 



where: 
+ 
F = force i n  dynes 
-+ 
I = current  i n  abamperes 
+ 
B = magnetic f i e . 4  s t rength i n  gauss ( f o r  nonmagnetic mater ia ls)  

e = length i n  cent imete~s 

Assune a one cm cube o f  mater ial  a t  r e s t  carry ing a current density of 
+ + +  

1A c K 2  i n  a magnetic f i e l d  o f  one gauss. Then F = I x B = 0.1 dyne. 

For a current  density o f  10' A c i 2  and a magnetic f i e l d  s t rength o f  

B = 2 KG, F = 2 x l o 4  dynes. For an a l l o y  o f  50 c l o  Ga-Pb, 

Ga = 69.7 atomic weight 

density p = 5.7 g (molten) 

Pb = 207.2 atomic weight 

density p = 10.6 g c i 3  (ml ten) 

p a l l o y  = 8.15 g cm- 3 

Then the accelerat ion of a cubic centimeter o f  a l l o y  i n  a mag  tic f i e l d  
F normal t o  the e l e c t r i c  f i e l d  i s  a ; = 2.45 x l o 3  c m / s e ~ ' ~  o r  about 2.5 

grav i  t ies .  This should be enough bccel e ra t i on  f o r  rap id  m i  xing. 

Ignor'ng viscous d r q ,  the ve loc i t y  o f  the a1 l o x  a f t e r  undergoing 

5 cm o f  i x accelerat ion w i l l  be: 

2 
D (distance) = 112 A (accelerat ion)  T ( t ime) 

so v ( ve loc i t y )  = (~DA) ' "  

v = (2  x 5 x 2.45 x 103) 2 = ; .56 x 10 d s e c - l  

This ve loc i ty ,  near 1.6 meters sec-I, should be adequate f o r  mixing. 

Consider the power consumption o f  an a l l o y  accelerator channel 5 un 
long w i t h  a cross sect ion o f  1 cm x 1 cm: 

I t o t a l  - 500 amps 

The r e s i s t i v i t y  of ga l l ium i s  25.8 ~n un. The r e s i s t i v i t y  of lead i s  

95 pn. Ignor ing i n t e r f a c i a l  problems, the r e s i s t i v i t y  o f  the a l l o y  s h o ~ i l d  

be about 60,4 ~n cm. 

The voltage drop across the channel E = 6.04 x low5 x l o 2  = 6.04 x 

I 0-3 VOI ts . 



The t o t a l  r e s i s t i v e  power d iss ipated i n  the channel i s  about 

5 x l o 2  x 6.04 x 10-3 = 3.2 watts 

Both the voltage d m )  E and the power consumption w i l l  be much h igher  

i n  p rac t ice  because large amounts o f  power w i l l  be converted t o  i'l u i d  mo- 

t i r rn and t h i s  motion degraded t o  heat. The above f igures show tha t  t h i s  

i s  a very e f f i c i e n t  mixing scheme, e l e c t r i c a l  r e s i s t i v e  losses being small. 

I t  i s  read i l y  seen t h a t  the current  density can be increased to  l o 3  
amp cm" without overheating since the r e s i s t i v e  e l e c t r i c a l  heat ing i n  

the 5 cm long channel would then t o t a l  only  320 watts. With a KG f i e l d ,  

the ve loc i t y  (without viscous drag) would be about 32 meters per  second 

a t  the e x i t  end o f  tk- channel. 

The above calculat ions are based on a channel o f  constant 1 cm2 cross 

section, I n  pract ice, a great deal o f  arc ing w i  11 occur i n  a channel of 

t h i s  design s ince the f l u i d  enters a t  a low ve loc i ty ,  leaves a t  a high 

ve loc i t y  and cannot expand i n  volume. 

To minimize arcing, w i t h  i t s  attendant electrode erosion and a l l o y  

contamination, the channel should be o f  var iable cross section, the cross 

being var ied inversely w i t h  the  ve loc i ty .  

Another so lu t i on  t o  t h i s  problem i s  t o  design the a1 l o y  pump/mixing 

u n i t  t o  operate a t  a constant f l u i d  ve loc i ty ,  the pump impart ing a pressure 

head ra the r  than a ve loc i t y  head. 

I n  summary, very reasonable current  densi t ies,  accelerator channel 

lengths and magnetic f i e l d s  y i e l d  ample a l l o y  f l u i d  ve loc i t i es  ( o r  pres- 

sure heads) for mixing w i t h  good conversion e f f i c i ency  o f  e l e c t r i c a l  p w e r  

i npu t  i n t o  f l u i d  motion. 

This process method a lso has the advantage o f  applying the I*R heat- 

i n g  t o  the a1 l oy  f o r  i n i t i a l  me1 t i n g  o f  the a l l o y  as we l l  as supplying 
-+ -+ 

the current  component o f  the B x I force f i e l d .  I n  addi t i cn ,  a f t e r  the 

current  i s  removed, the s t a t i c  magnetic f i e l d  e f fec t i ve l y  "frec_tesU thc 

mol ten dispersion and suppresses thermal motion durdng cool i ng. 

2.2.2 Prel iminary Electromagneti~: Mixing Demonstration 

Using a previously developed low me1 t i n g  a l l o y  (12.3 w/o Ga, 45.2 

w/o B i ,  35.2 w/o ~ b ,  7.1 W / O  cd)[Reference S J ,  a ser ies of pre l iminary 

-1 2- 



experiments were performed us ing a simple rectangular  capsule dcsi  gn. 

Glass spheres were mixed i n t o  the a l l o y  t o  observe the mixing. The a l l o y  

was heated above i t s  me1 t i n y  p o i n t  (~100°C) before appl i c a t i o n  o f  the  

current.  The sample was then placed i n  a magnetic f i e l d  o f  2400 gauss, 

w i t h  a DC cur ren t  o f  30 amps. F igure 2-0 through 2-11 show the processins 

sequence. A f t e r  3 p p l i c a t i o n  o f  the c u r w n t ,  the a l l o y  was observed t o  be 

v i o l e n t l y  ag i t a ted  i n  the container.  As was p red ic ted  by the mat l~ematicai  

analys is ,  the a l l o y  separated f r o m  one o f  the e lect rodes and arcir ,g occurr -  

ed. Examination of tne contents o f  t i le  capsule i nd i ca ted  t h a t  t h i s  method 

i s  su i t i r b l e  f o r  mixing, p - t r t i c u l a r l y  f o r  metals i n  the 2-phase l i q u i d  regime. 

2.2.3 Electromaqnetic Mixer Desiqn 

Based on the p re l im inary  experiments, i t  became obvious t h a t  an 

annular t e s t  chamber would reduce a rc ing  and should prov ide an optimum 

des i gn. 

A very s imple constant v e l o c i t y  system i s  shown i n  Figure 2-12 belo\,: 

VORTEX GENERATORS 

O O E R  ELECTRODE 

INNER ELECTRODE 

INSULATED ELECTRODE SPACERS 

ALLOY I N  ANNULUS 

Sm-Co or. Otlle 
Tyces o f  !'ern~avent 

TOP VIEW 1'3gcets SIDE VIEW 

Figure 2-12. Schematic View o f  Electromagnetic Mixing Device 

Sm-Co o r  o the r  permanent magnets could be used above and below the  

a l l o y  chamber. A U-shaped p iece o f  sheet i r o n  ( n o t  shown) wouid p rov ide  

a f l u x  r e t u r n  path f o r  t he  two magnets. Cool ing a f t e r  processing would be 
1 

accomplished by d i r e c t i n g  a water  flow across the  i n n e r  znd o u t e r  e lect rodes.  



Figure 2-8, Jnitial Set-up o f  Electro- Figure 2-9. 0.2 Second After DC 
magnetic S t i  rrino Apparatus. Current Energized. 

' 7  a * 

Ff sure 2-1 0. A p ~ m x l m a t e l ~  One Second Figure 2-1 1. Appmxirnatel y 5 Seconds 
During Process i ng . After  I n i t i a t i o n  o f  

Experiment 

Fml gums 2-8 through 2-1 1. E l  e c t m a g n e t i  c S t i r r i n g  Experiment. 



Materials o f  construct ion o f  the t e s t  capsules were Kovar inner  and 

outer  electrodes separated by 1 ow expansion 'yrex, a 316 SS Pi1 1 tube 

and nick51 vortex generators. 

The fab r i ca t i on  sequence used was (1) rounding o f  the Kovar elec- 

trodes t o  minimize the occurrence o f  s t ress r i s e r s  which would ef fect  the 

glass, (2 )  the 316 SS f i l l  tube was brazed t o  the outer  electrode using 

a 1200°C braze, (3) n icke l  vortex generators wre then spot welded t o  the 

outer  electrode, (4)  the e n t i r e  assembly was then wet hydrogen f i r e d  a t  

1 100°C t o  form the n i cke l  oxide required t o  form the glass seal. The 

f i n a i  s tep was t o  seal the inner  and outer electrodes together using the 

low expansion Pyrex. The t e s t  capsules were leak checked and repai red 

as necessary. Figure 2-13 presents a photograph o f  a completed capsule. 

A de ta i led  discussion o f  the t e s t  capsules, the experimental package 

and the operat ion of the electromagnetic mixer i s  presented i n  Appendix B. 

A f t e r  substant ia l  t e s t i n g  and rework o f  the electromagnetic mixer, 

the system was b u i l t  i n t o  a drop tower package. A descr ipt ion o f  the 

materials selected fo r  the low g rav i t y  tes ts  and the t e s t  resu l t s  are pre- 

sented i n  Section 3.0 o f  t h i s  report .  



Fi gure 2-1 3 . Cowleted Electmmagneti c M i  xer Capsule 
Showing Coinponent P a r t s  (Approx. 1 X )  

I )  Outer electrode 
2) Innet electrode 
3) Pyrex 51 ass 

4)  N i  eke1 vortex generator 
5)  316 SS f i l l  tube 



3.0 SELECTION, PROCESSING AND EVALUATION OF Ih'4ISCIBLE 
BINARY ALLOY COMPOSIf IONS 

3.1 SELECTION BASIS 

The se lec t ion  o f  systems containing an i m m i s c i b i l i t y  gap i n  the 

l i q u i d  s t a t e  was based on three main considerations: (1) process tempera- 

ture, (2) process apparatus (acous ti c o r  electromagnetic) and (3) po ten t i a l  

appl i c a t i o n  o f  the system. 

Both the acoustic and electromagnetic ~ i x e r s  are l i m i t e d  t o  process 

temperatures achievable e i t h e r  by the c lad hea t i r  1 elements o r  container1 

experiment compatibi 1 i t y  considerations. With the present designs, t h i s  

temperature l i m i t a t i o n  i s  approximately 1000 C, and the containers fo r  
the electromagt~et ic mixer are f u r t h e r  l i m i t e d  t o  approximately 500 C due 

t o  the Kovar-Corning 7052 glass construct ion. Table 3-1 l i s t s  the b inary  

c9uples which appcat-ed t o  s a t i s f y  the above c r i t e r i o n .  

The couples i d e n t i f i e d  i n  Table 3-1 were categarized i n i t i a l l y  i n  

terms o f  process method as a funct ion o f  temperature; thlis, the  primary 

candidates f o r  the electromagnetic mixer were Cd/Ga and GsIPb, although 

they could j u s t  as easi l y  be processed acoust ica l ly .  I n i  ti a1 1 aboratory 

experiments ind icated t h a t  the W/20 a10 GdIPb system would be extremely 

d i f f i c u l t  t o  handle; therefore, the  systan Cd/Ga was chosen fo r  the elac- 

tromagnetic mixer experiment. The system a1 uminum-i ndium was not  con- 

sidered f u r t h e r  s ince i t  i s  being invest igated elsewhere. fhus, the three 

couples, a1 umi num-bismuth, ca l  c i  um-1 aathanum and cadmium-gal 1 i um, were 

invest igated i n  f u r t h e r  de ta i l .  

The o r i b ' i a l  i nves t i ga t i on  o f  the c?.drnium gal 1 ium couple was performed 

on a 50150 a/o composition, but, ss w i t h  the gal l ium-lead couple, the 

gal 1 i um concentrat ion was toa h'gh fo r  convenient hand1 i ng. Irasmuch as 

the primary purpose of se lec t i ng  t h i s  couple was t o  cctnpare the bebavior 

o f  the  ga l l ium w i t h  t h a t  o f  the previously processed b ismuth-gal l i  um 

couple [Reference 2 1, a compromise composition o f  65/35 a/o Ci13a was 

chosen. The same ra t i ona le  was appl ied t o  the 50150 a/o A l IB i  i n  t h a t  

bismuth should a lso be the mat r ix  metal as w i t h  the BiIGa couple. I n  t h i s  

manner, a co r re la t i on  between bismuth and ga l l ium ma) be made f x m  three 



Table 3-1. L i s t  o f  Candik te  Inmiscible Binary 
Coup1 es f o r  Processi ~g 

Suggested Suggested Suggested 
Consol u te  Process . Elemental of Type 

Couple Temp., O C ~  Tea.. O C  Ratio, a/o P rocessi n g  

A l I I n  875 800 80120 Acous ti c 

A1 /B i 1220 850 50150 Acous ti c 

Al/Bi 1050 850 25/45 Acoustic 

CaILa 880 S O  a0120 Acous ti c 

cd/ Ga 290 285 65/35 Electrctmagneti c 
o r  acoustic 

GaIPb 5 70 370 t?0/20 Electromagnetic 
or acouctic 

%onsol ute temperature a t  sugges t2d elemental rat io.  This temperatllre 
varies w i  th compcsi t ion. 



separate imniscibl e binary systearr . 
Assuming that e x t m l y  f ine  (approaching stcunic) dispersions can be 

obtained with the acoustic mixer, then a 25/75 a/o Al/Bi mixture would 

have an electron t o  atcm r a t i o  (e/a) o f  4.5, which corresponds t o  one o f  

the empirical e/a rat ios that has showil an enhancement of the superconduct- 

i ng  transi t ion temperature [Reference 6 1. 
The calci un-lanthanun was chosen because lanthanun i s  the only rare 

earth element that superconducts without applied pressure [Refemnce 7 1, 
has txo transi ti cn tenperatures depending on the crystal 1 ographi c habi t 

[Reference 6 1 and i t  has been postulated that the superconducting be- 

havior arises from the f-band arrangement of the element [Reference 8 ]. 
Thus, i t  was a logical candidate fo r  prccessing t o  determine i f  i t s  super- 

conducting behavior could be a1 tered by processing i n  a l o w  gravity en- 

vironment. Figures 3-1, 3-2 and 3-3 show the phase diagram o f  the three 

couples chosen. 

Figure 3-1. Phase Diagram o f  the Cal c i  un- 
Lanthanum System 



Figure 3-2. Phase Diagram of the Aluminun- 
Bismuth System 

WEIGHT PER CENT GALLIUM 

Figure S 3 ,  Phase Diagram o f  the Cadmi un- 
Gallium System 



3.3 FABRICAT ION AND PROCESSING OF THE SELECTED SYSTEl6 

3.3.1 Fabr icat ion 

A .  mentioned previously, the a1 uminum-bismuth and ca l c i  um-: ant lanum 

systems were chosen t o  be processed acoust ica l l y  and the cadmium-~all ium 

system t o  be processed i n  the  electromagnetic mixer. The electromagnetic 

experimental car t r idge was shown i n  Section 2. Inasmuch as the a c ~ ~ ; t i c  

mixer w i l l  accept a var ie ty  o f  car t r idge shapes, provided they ccnform 

w i t h i n  the weight/volume constra ints  o f  the acoust ic horn, d f i n a l  decis ion 

was made t o  fab r i ca te  r i g h t  c i r c u l a r  cy l ind i - i ca l  cartr idges. 

Since aluminum i s  r e l a t i v e l y  agressive w i t h  respect t o  mater ia ls  com- 

p a t i b i l i t y  a t  elevated temperatures, a two-part car t r iage was fabricated.. 

The outer  container was 316 s ta in less  steel ,  w i t h  an inner  container c 

ATJ Star  graphite, which i s  compatible \-ti th al.~t~inu;il. Figure 3-4 il lus-  

t ra tes  the car t r idge conf isurat ian. 

Fabr icat ion o f  the experimentai car t r idges was f a i r l y  s t ra ight forward.  

Weighed amounts o f  the elements were placsd i n  the precleaned, vacuum 

f i  red (1 000°C) graphi t e  contai ners and me1 ted under argon by i nduction 

heating. The h igher  me1 t i n g  element was me1 ted  i n i t i a l l y ,  fo l lowed by the  
3 lower mel t ing companent. The experiment volume was approximately 0.2 cm , 

o f  which 80 percent was u t i l i z e d  t o  a1 lot: f o r  thermal expansion a t  the 

process temperature. A f t e r  f i  11 inq, the graphite ~ o n t a i i l e r  was capped, 

placed i n  the s ta in less  ou ter  container and the end cap containing the 

f i l l  tube was T IG welded i n  place. The e n t i  r e  u n i t  was then h e l i  urn leak 

checked artd wh i l e  under vacuum, the f i l l  tube was crimped and spot welded 

i n  place. 

The electromagnetic mixer experiment car t r idges were processed somp- 

what d i f f e ren t l y .  Loth the container 2nd the cadmium were mated i n  zn 

oven ins ide  o f  a dry box. When the cadmium was me1 ted, i t  was poured i n t o  

a funnel containing a b a l l  and socket j o i n t  and the molten cadmium forced 

i n t o  the car t r idge w i t h  an overpressure o f  argon. The cart.-'dges were 

then cooled and weighed t o  determine tha t  the cor rec t  amount of cadmium 

had been transferred. The weights were cor rec t  t o  w i t h i n  2 one percent. 

Since gal l ium i s  a law me1 te r ,  the car t r idges were no t  heated bu t  othem- 

wise the same procedure was followed. I n  s p i t e  o f  precautions (e.9. shak- 
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ing wni le cooling), the Pyrex cracked s l i g h t l y  when the g a l l i  um s o l i d i f i e d  

and expanded. These cracks were repai red w i  t h  Autos t i ck ,  an a1 umina-based 

ceramic cement, and were leak t i gh t .  The same closure procedure as used 

w i th  the acoustic car t r idges was emplayed. 

3.3.2 Processinp 

The car t r idges were processed a t  the USFC drop tower i n  accordance 

wi th  the sequences del ineated i n  Appendices A and B. Tab:es 3-2 through 

3-5 l i s t  the telemetered data as received f r o m  SFC. 

The t e l  emetered data traces For the cadmi um-gall i urn showed anomalous 

behavior which prevented extensive data reduction. It appears t h a t  when 

the current re lay was act ivated t o  s t a r t  the mixing, the dra in  on the 

bat te r ies  was so la rge t h a t  the telemetry output was offset.  As an 

example, there appears tu bc an imnedi ate 10C°C termerature drop, and a 

s h i f t  i n  the low-g accelerometer output. Conversatio3s w i t h  the MSFC 

data acquisi t i o n  personnel tend t o  corroborate t h i s  hy;?thesis ; thus, 

about 2 seconds o f  data during mixing are suspect, as i s  the data j u s t  

p r i o r  t o  the mixing s ince i t  does so t  corre?ate w i t h  the measurements 

made a t  the drop tower blockhouse, independent o f  the telemetered data. 

However, the data i s  very consistent between the three runs (a one-g and 

two law-g experiments) ; thus i t  i s  presented as received f r o m  EFC. 

3.4 EVALUATION OF PROCESSED SPECIMENS 

3.4.1 Metal 1 urg i  ca l  Eva1 uat ion 

The three imnisc ib le systems, comprising four  formulations, were 

examined metal 1 urg i  cal l y  i n  order t o  determi ne the degree of norpnologi cal 

s im i l i t ude  w i th  respect t o  previous experiments and a lso t o  evaluate the 

e f f i  7acy o f  the two types o f  mixing processes u t i l i z e d  i n  t h i s  po r t i on  of 

the program. 

A f te r  rece ip t  o f  the specimens f r o m  MSFC and removal from the experi- 

mental cartridges, i t  was disco'rered that,  i n  the case o f  the acoust ica l ly  

mixed samples, the major i ty  o f  the specimens were d i s to r ted  and/or d is-  

in tegrated t o  the extent  t h a t  meaningful analyses could no t  be obtained. 

A very s l i g h t  cor re la t ion  might e x i s t  between the i n i t i a l  degree o f  cool- 

i n g  and specimen i n t e g r i t y .  This co r re la t i on  could no t  be car r ied  fg r the r  

since both the sample populat ion and telemetry accuracy were 1 i m i  t e j  i n  



Table 3-2. Telemetered Drop Tower Results f o r  
the 50/50 a/o A l / B i  Experiment 

AB- 5 - AB-4 - AB- 1 - 
I n i t i a l  Drop 
Temperature, O C  885 900 885 

Final Drop 
Temperature. O C ~  31 0 300 305 

Indicated I n i  ti a1 
Temperature Rate 
o f  Change, OC/Sec 7000 1750 7750 

Indicated Total 
Temperature Rate of 
Change, OC/Sec 669 882 1115 

Gravi t.v Level 
During Drop, 
Ge 1 - .0@5 - .005 

Bottom ca l ibra t ion curve f o r  t e l  e m t r y  data. 

Table 3-3. Telemetered Drop Tower Results for 
the 25/75 a10 Al/Bi Experiment 

I n i t i a l  Drop 
Temp., O C  870 900 880 

Final Drop, 
Temp., O C  - 
Indicated I n i t i a l  
Temperature Rdt i0 
o f  Change, OC/Sec 4214 350 1450 

Indicated Total 
Temperature Rate o f  
Change, OC/Sec 1676 233 233 

Gravity Level 
During Dmp, 
Ge 

d Bottom ca l ibra t ion curve f o r  t e l  cmetry data. 

AB- 1 0 

875 

300 



Table 3-4. Teiemetered Drop Tower Results for 
the 80120 a10 Ca/La Experiment 

CL- 1 - CL-4 - a-2 - CL- 5 - CL- 3 - 
I n i t i a l  Drop 
Temp., O C  910 865 850 840 870 

Final Dropa 
Temp. , O C  - 300 30C 300 300 320 

Indicated I n i t i a l  
Temperature Rate of 
Change, OCISec 483 444 525 1265 2000 

Indicated Total 
Temperature Rate o f  
Change, OC/Sec 117 233 1 84 540 27 5 

Gravity Level 
During Drop, 
Ge 

h Bottom ca l fbra t ion curve f a r  telemetry data. 

Tab1 e 3-5. Tel emtered Drop Tower Res u l  ts afar 
the 65/35 a/o Cd/Ga Experiment- 

I n i t i a l  Drop 
Temp., O C  

Final Drop 
Tmp., O C  

Indicated Total 
Temperature Rate 
o f  Change, OCISec 53 53 4? 

Grab; ty Level 
a t  End o f  Drop, 
=€ 

2 Assuming minimal ca l ib ra t ion sh i f t .  



scope. Thus, only  the ground (one-g) specimen and a low g r a v i t y  specimen 

from the a c o u s t i r ~ l l y  processed specimen were analyzed i n  depth t o  deter- 

mine morphological character is t i c s .  A1 1 o f  the electromagnetical ly m i  xed 

specimens were analyzed i n  t h a t  two independent data samples were obtained 

and the var ia t ions  ( e i t h e r  from telemetry o r  from personal observation) 

tended t o  be reconci led w i t h i n  the data base u t i  1 ized. 

3.4.1 .I 50150 a10 Al/Bi Specimens 

F i  yures 3-5 through 3-10 are scanning e lec t ron  and e lec t ron  micro- 

probe photomicrographs o f  the one and low g rav i t y  processed specimens. 

As can be seen, a more uniform dispersion o f  aluminum i n  bismuth i s  ev i -  

dent i n  the low g r a v i t y  specimen than i n  the one g r a v i t y  contro l ,  although 

some dispersion o f  bismuth i n  aluminum and vice-versa occurs near the 

i n te r face  o f  the specimen. The rose t te - l i ke  feature of a r e l a t i v e l y  l a rge  

amount of the dispersed aluminum i s  present i n  both specinens, a1 though t o  

a greater  extent  i n  the 1 ow gravi t y  processed one. I f  the a1 umi num i s  

so l  i d i  f y i  ng dendri ti cal l y  , then as the b i  smuth sol  i dus 1 i ne i s  approached, 

the energy imparted t o  the system from the acoustic mixture could cause 

dendr i te  arm breakage and d i s to r t i on ,  which could expla in the i r r e g u l a r  

shapes w i t h i n  the matr ix.  This i s  r e l a t i v e l y  c l e a r l y  shown i n  Figure 3-7 

o f  the one g rav i t y  contro l  specimen. 

3.4.1.2 25/75 a/o Al/Bi Specimens 

Figures 3-11 through 3-14 are the scanning e lect ron and e lect ron 

mi croprobe photomicrographs of these specimens. I n  contrast  t o  the 50/50 

a/o Al/Bi specimens, both the one and low g rav i t y  processed specimens are 

r e l a t i v e l y  we1 1 dispdrsed. I n  addit ion, the r o s e t t e - l i  ke s t ruc tu re  i s  

much more prevalent i n  the one g r a v i t y  contro l  specimen than i n  the low 

g rav i t y  processed one i n  contrast  t o  the 5P/50 a/o P l /B i  specimens. There 

may have been a more extensive breakup and dispersion o f  d e n d r i t i c a l l y  

s o l i d i f i e d  aluniinum i n  the low g r a v i t y  specimen, as evidenced by the 

i r r e g u l a r  shapes o f  the aluminum i n  the bismuth matr ix.  

3.4.1.3 80/20 a/o Ca/La Specimens 

Figures 3- 15 through 3-19 show the scanning e lect ron and e lec t ron  

m i  croprobe photomi crographs of the one and 1 ow g rav i t y  processed cal  c i  um- 
1 anthanurn specimens. Due t o  the r e a c t i v i  t y  o f  these elements, the speci- 

- 26- 
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++ Figure 3-5. Scanning E l  ectmn Photomicrographs of 50/50 a/o A1 / B i  

Specimen No. AB-5 (I-g) 



Figure  3-6. Scanning E l e c t r o n  Photomicrographs o f  56/ 5C) a / o  A 1  / S i  
Speciven ;:a. AD-: (I-g) 



I OOOX 3000X 

I O O O X  330021 

Figure 3-7. Scanning Electron Pho toa i c rog rap l . i  of  50/5iJ a / O  A! /i:i 
Specimen No. AB-3 (1-9) 



Figure 3- 

Backscatter 
Electrons 

m8. Electron M i  croprobe Photomicrographs o f  50/J a/o P I  / B i  
Specimen No. AB-5 (1-9) Magni f icat ion:  300X 
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Figure 3-9. S c a n n i n ~  Electron 3hotomi cra raphs of 50/50 a/c. 
A:/Bi Specimen Nn. AB-1 ( o - ~ !  



Figure 3-1 0. Elect ron lli crop mbe Photami crographs of 50/50 a/o A1 / C i  
Sp:hcimen 0 .  A -  (0-g) Vagni f i  cat ion: 300X 

! 
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a Fi gum 3-1 1. Scanning Electron Photuni crographs o f  25/75 a/o A1 /6 i  
I Specimen No. M-6 ( .-g) 



Backscat ter 
E l  ectmns 

Figure 3-1 2. Electron I-licroprobe Photomi crograoils o f  25/75 1i0 A1 / B i  
Soxi:nt.n :in. AB-6 ( 1 - g )  Imlagni fi c a t i  on: 350% 



- .  500X Rosette Area - 59Gi  

A 
Fi gure 3-1 3. Scanning Electmn Photomi crographs o f  25/75 a/o A1 15 t 

Specimen 140. AB-7 (0-g) 





Segregation Calcium-Rich Side 

Lanthznm-Ri ch Side 

Figure 3-15. Scanni nq Electron Pkotani cro raphs o f  Calcium- 
Lanthanum Specimen No. CL-1 1 -g) h g n i  f i c a t i  on: 
300X 

9 



Cal c i  um-Rial  - 1 OOOX ta~thanm-Ri  ch - 1 OOOX 

Cantharun-Ri c+ - 3JOOX 

Figure 3-I€.  Scanni n3 ilectrnn Photomic roqrap !~~  3 f  Cal ciun-Lantnanur, 
Specimen 140. CL-1 (1-g) Kagn i f i ca t ion :  30'3); 



Ff gum 3-1 7. El ectron Hi cmpmbe Photml crugraphs o f  Gal cf ~ - L a n t h a n ~  
Specimen 140, CL-I (I-g) Mzgnif'catlon: 300X 



1 OOOX 3300X 

Figure 3-1 8. Scanning Electron Photomicrographs o f  tal  c i  urn-lanthanm 
SpecSmen No. CL-3 (0-9) 



Backscat ter 
i l  ectrons 

'Figure 3-19- Elec t ron  Microprobe Pbotomicrogranhs o f  Cal cim-Lanthanur-  
S p e c i ~ i e n  ;;o. CL-3 (0-g) 1 lagn i f i ca t ;on :  3 3 l x  



mens were stored under o i  1 between analyses ; however, there s t i  1 1 was 

some surface react ion as i s  evident from the  s -arming e lec t ron  photomicro- 

graphs. The one g rav i t y  cont ro l  specimen exh ib i ted  a f a i r  amount o f  segre- 

gation, although there was some dispersion of the elements. The low gra- 

v i t y  processed specimen was we l l  dispersed except f o r  one small area 

(Figure 3-18) near the c y l i n d r i c a l  wa l l  o f  the specimen. Some agglomera- 

t i o n  had been not iced from t ime t o  time during the fab r i ca t i on  and t e s t i n g  

o f  the acousti c u n i t  using g l  ass c a r t r i  dges and mercury-gal 1 i um m i  xtures , 
b u t  i t  was not  consistent and has no t  been evident i n  the o ther  specimens. 

3.4.1.4 65/35 a/o Cd/Ga Specimens 

The electromagnetical ly m i  xed cadmi um-gal 1 i urn specimens exhi b i  t ed  

some ~f the most i n te res t i ng  metal1 urg i  cal  features o f  a l l  o f  the pro- 

cessed imn isc ib le  couples. Both the one g rav i t y  and the two low g r a v i t y  

processed specimens were dispersed, although the dispersion i n  the one 

g rav i t y  contro l  specimen was coarser than t h a t  o f  the low g rav i t y  processed 

specimens, as shown i n  the scanning e lec t ron  and e lec t ron  microprobe photo- 

micrographs , Figures 3-20 thmugh 3-25. I n  addi t ion,  specimen CG-4 shows 

the duplex dispersion whi ch has been ev-i denced i n  low g r a v i t y  pro1;essed 

specimens o f  paraff in-sodi um acetate tri hydrate [Reference 1 1 and 50150 

a/o Pb/Zn [Reference 2 1. The cause o f  t h i s  type o f  s t ruc tu re  i s  as p e t  

no t  11nder-s tood, a1 though t h i s  phenomenon has been demonstrated on Earth 

~i t h  o i  1-water emulsions during reversion [Reference 9 1. 

3.4.2 Elect ronic  Examination 

Superconducti v i  t y  measurements were made on a1 1 o f  the specimens. 

Because o f  the l a rge  number o f  specimens o f  d i f f e r e n t  sizes t h a t  were 

measured, a method s i m i l a r  t o  t ha t  o f  Merriam and Von Herzen [Reference 

10 ] was u t i l i z e d  i n  t h a t  each specimen was i n d i v i d u a l l y  placed i n  a 

tuned (16 kHz) induct ion c o i l  and a 33 ohm carbcn r e s i s t o r  mounted i n  

thermal contact w i t h  the coi  1. Figure 3- 26 schemati cal  l y  i 11 us t ra tes  the 

instrumentat ion u t i l i z e d .  Each r e s i s t o r  was ind iv idua l  l y  ca l i b ra ted  using 

a S c i e n t i f i c  Instruments' Model 2D germani um thermometer and v e r i f i e d  by 

using 1 ead and tan ta l  urn standards w i  t h i  n the cryos t a t  dur i  ng the tes t .  

When the specimen becomes superconducting, the r e j e c t i o n  of the magnetic 

f i e l d  changes the impedance o f  the c o i l  which i s  detected by the vector 



F i  gure 3- 23. Scannf ng E l  ectron Photomi crographs o f  i a d m i  urn-Gal 1 i urn 
Specimen No. CG-2 (1-g)  



backscatter 
Electrons 

Figure 3-21. E l  ectmn M i  croprobe Photomi cro raphs o f  C a d ~ i  urn- 
Gallium Specimen 140, CG-2 (1-9 3 Magn i f i ca t ion :  800X 
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Fjgure 3-22. Scanning E l  ectron Photomi crographs o f  Cadmi urn- 
Gal 1;um Specimen i40. CG-3 ( 0 - g )  



Gac kscatter 
E 1 ectmns 

3. Electron M i  croprobe Photomicrographs o f  Cadmi urn-Gal 1 i ~n 
Specimen No, CG-3 (0-3) t fagni f icat ion:  800X 
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Figure 3-24. Scanning Electron Ph 
Specimen tlo. 56-4 (0 

otomi crographs of Cadmi urn-Gal ; i ur.1 

-9) 



Figure 3-25. Electron Micropsobe P!;etomi crographs o f  Cadriutl-Gal I i u r  
Specimen 20. CG-4 (0-g) : : a g n i f i c a t i m :  ;O0:1. 

- -1 3- 



F
ig

u
re

 3
-2
6 

. 
Sc

he
m

at
ic

 R
ep

re
se

nt
at

io
n 

o
f 

S
up

er
co

nd
uc

tl
vl

 ty
 

M
ea

su
ri

ng
 A

pp
ar

at
us

. 

I 
I 

SA
M

PL
E 

CO
IL

 
iiE

W
LI

TT
-P

AC
KA

RD
 

48
00

A
 

VE
CT

OR
 

IM
PE

DE
NC

E 
M

ET
ER

 
1 

r 
9
 

J 
L

 
HE

W
LI

TT
-P

AC
KA

RD
 

FIO
SE

LE
Y 

70
05

A 
X-

Y 
RE

CO
RD

ER
 

33
n 

CA
RB

ON
 

RE
SI

ST
AN

CE
 

TH
ER

M
OM

ET
ER

 

b
 

, 

* 
HE

W
1 I

TT
-P

AC
KA

RD
 

M
)D

EL
 4

13
A 

DC
 

NU
LL

 V
OL

TM
ET

ER
 



inpedance br idge and the output voltage s h i f t  i s  p l o t t e d  on an X-Y re- 
corder along w i t h  the tenperature. The tenperature o f  each specimen was 

measured by recording the voi tage drop across the res is tor ,  generated by 

a constant current  th-mugh the res is tor .  The average t r a n s i t i o n  tompera- 

tures are considered t o  be accurate t o  t 0.2K. 

The temperature sweep from 4.2K and above was obtained by r a i s i n g  

and loweri3g the sample p l a t f o m  containing the samples i n  the c o i l s  

tl,rough the temperature gradient ~ b o v e  the he1 ium level ,  i n  a MVE model 

ALSM-60 cryostat. Thc resu l ts  are shown i n  Table 3-6 and are discussed 

below. 

As mentioned previously , 1 anthanum has two superconducting t r a n s i t i o n  

tenperatures; 5.3K f o r  the low temperature hexagonal s t ruc ture  and 6.3K 

f o r  the h igher temperature cubic s t ruc ture  [Reference 61. 30th o f  these 

t rans i t i ons  were detected, as we l l  as a higher t r a n s i t i o n  a t  7.2K. The 

inductance change ( i  .e. Tc) versus temperature p l o t  was very broad, re- 

sembling the broad-downward s h i f t  observed previously fo r  lead [Reference 

21. Due t o  t h i s  phenomenon, the calculated volume percent of the supercon- 

ducting por t ion  i s  considered t o  have an accuracy of only 5 25%. 

I t  i s  f e l t  t h a t  a l l  o f  the superconductivity i s  derived f r o m  the 

lanthaaun: since the two lower t r a n s i t i o n  temperatures correspond t o  lan- 

thanum. The h ign  temperature 6-La phase could have been frozen i n  by 

quenching and the h igher than "normal" t r a n s i t i o n  temperature measured 

has been accompl ished previously i n  ce r ta in  imnisc i  b l  e metal systems having 

a t  l e a s t  one superconducting element present [References 2 and 3). 

3.4.2.2 C a d ~ i  urn-Gal li um 

The high (7.8K) TZ o f  t h i s  couple as contrasted to the low Tc's o f  

the separate elements (0.56K f o r  Cd, 1.09K f o r  normal Ga) corroborate the 

f indings fo r  the Bi-Ga couple [Reference 21. I t  would now appear t o  be 

conclusive tha t  the gal l ium plays the dominating r o l e  i n  r a i s i n g  the t ran-  

s i  t i o n  temperature, a1 though the amel i o r a t i  ng e f f e c t  of the second element 

as mentioned i n  the In te r im  Report may p lay  an important ro le.  Due t o  the 

i r r e g u l a r  shapes o f  the Cd-Ga specimens, again the calculated volume per- 

cent change i s  considered t o  be accurate on ly  t o  + 25%. 



3.4.2.3 Aluninun-Bismuth - 
Neither the 50150 o r  the 25/75 a/o Al/Bi specimens superconducted 

down t o  3.OK. This corroborates a t  l eas t  p a r t i a l l y  tha t  the matr ix metal 

does not  appear t o  play a domimtfng factor i n  enhancement of the super- 

conducting t ransi  ti on temperature, a1 though the pmcessi ng parameters may 

have an e f f ec t  on the electronfc behavior o f  imniscible systems as men- 

tioned i n  Reference 3 f o r  the gold-germanium system. 

Tab1 e 3-6. Superconducti ng Transit ion Temperatures 
o f  the Processed Specimens and the V o l m  
Percent o f  the Superconducti ng Phase 

v/o Sqercon- -10 Supers 
Coup1 e Specimen ilo. Tc, K P s t r n g  Phase ducting - 

Ca-La (80120 alo) CL-1 (1 g) 5.1 18 (La) 16 
6.3 1.1 
7.2 . 2  

Ca-La (80120 a/o) CL-3 ( 0  g) 5.1 18 (La) 17 
6.3 1 .O 
7.2 .2 

Cd-Ga (65135 alo)  CG-2 (1 g) 7.8 36 (Gal 4 

Cd-Ga (65135 a lo)  CG-3 (0 g j  7.8 36 (Ga) 4 

Cd-Ga (65135 ale) CG-4 (0 g) 7.8 36 (Ga) 4 

Al-Bi (50150 a/o) A1 1 

Al-Bi (25175 a/o) A1 1 b - - C - - 0 

h Based on lead a t  7.2K. 
b - Did not superconduct. 

i iot calculated. 



4.0 COOLING EXPERIMENTS 

As a po r t i on  o f  t h i s  program, an attempt was made t o  measure the 

cool ing r a t e  of the drop tower tes ts  samples and t o  create a universal 

computer program which could be used t o  compute and compare heat t rans fe r  

rates . 
4.1 EXPERIMENTAL SETUP FOR E I-GA CAPSULES 

Cooling experiments on an i ns t r u w n t e d  Bi-Ga car t r idge were conducted 

using the simulated drop tower quench apparatus. Actual processing and 

sequencing condit ions u t i l 5zed  a t  MSFC were dupl icated as c lose ly  as pos- 

s ib le.  Three channels o f  in format ion were reccrded during each tes t :  

inner  ca r t r i dge  temperatuw , outer  ca r t r i dge  temperature and valve 

actuation/deactuation times. The data acqu is i t i on  system enables raw 

analog data f r o m  the thermocouples and valve t o  be r x o r d e d  sirnul taneously 

on the same record i n  both am log  and d i g i t a l  form. This system was 

devel oped f o r  h igh temperature t rans i  en t thermal shock tes ti ng and, conse- 

quently, has more than adequate response charac ter is t i cs  f o r  the f low 

~ppara tgs .  Figure 4-1 i s  a funct ional  block diagram o f  the data acquisi-  

t i o n  system and t e s t  conf igurat ion. A1 1 inputs to  the system are fed 

through an input  board, w i t h  up t o  e i g h t  i npu t  ampl i f ie rs  u t i l i z e d  as 

required. The analog s ignals are routed d i r e c t l y  t o  the mu1 t i p l e x e r  

which comnulates the signals, synchronized by the numeric func t ion  gener- 

a to r ,  which are then fed  t o  the analog- to-d ig i ta l  (AID), binary-coded 

decimal (BCD) converted f o r  processing. The A/D converter i s  t r iggered by 

the mu1 ti plexer  w i t h  a synchmni z i  ng pblse when a conversion i s  t o  be 

made. Mu1 t i p l e x e r  output channel 1 i s  a "clock read comnmd" s ignhl  which 

causes the elapsec' t imc d i g i t a l  c lock t o  furnish time s ignals t o  the BCD- 

to-decimal converter and gates o f f  the A/D converter cutput. The A I D  con- 

ver te r  output i s  fed through the clock c i r c u i t r y  a t  a l l  o ther  times. The 

timekeeping cyc le i s  continuous even during actual c lock readout so tha t  

no e lapsp. ' tes t  time i s  l o s t  on the osci l lograph pr in tou t .  

The t e s t  sequence was as follows: (1) The t e s t  temperature i s  d ia led  

i n  on the thermal c o n t r o l l e r  regu la t ing  the heater power supply (12 VDC 

a t  6A maximum), (2 )  a f t e r  reaching the t e s t  temperature and st.abi 1 i zation, 

a 15-minute soak t i m e  i s  i n i t i a t e d ,  (3)  i c e  water i s  pumped i n t o  the water 



tank 3 minutes p r i o r  t o  flow, (4) the water tank i s  then pressurized to  

2.4 M Pa (350 ps ig )  w i t h  argon, (5)  the p i l o t  valve i s  pressurized t o  

689 k Pa (100 ps ig)  w i t h  a i r ,  (6) the t e s t  i s  then i n i t i a t e d  by manually 

tu rn ing  on the  chart  (1.62 mlsec 164 i n l s e c j )  , (7 )  one second l a t e r  the 

delay c i r c u i t  i s  i n i t i a t e d ,  (8) the heaters are turned o f f  and the valve 

solenoid power ac t iva ted  16C msec l a t e r  and (9) the t e s t  manually te r -  

minated 6 seconds l a t e r .  For the very 1 w  f iw  rates, re-thermal izat ion 

a f t e r  t e s t  t e rn ina t i on  was monitored f o r  400 seconds t o  determine if any 

prob lem would e x i s t  dur ing r e t r i e v a l  o f  the package f r o m  the catch tube 

a t  MSFC. 

The resu l t s  o f  nine out  o f  twelve runs are presented i n  Table 4-1 

and the reduced data i s  showr? i n  Figures 4-2 through 4-6. Except fo r  run 

1, the data f o r  runs 2 through 4 co r re la te  re1 a t i  vel v we1 1 w i  th the pre- 

vious resu l t s  from the  drop tes ts  a t  MSFC. The flow cates on the simu- 

l a t e d  t e s t  apparatus are higher ( z  25%) than the drop apparatus a t  MSFC 

and the indicated cool iny rates are lower, probably due t o  tak ing  100°C 

as the lower temperature i n  order t o  include runs 11 and 12. The ano:nal i es  

i n  run 1 may be due t o  the method o f  supplying valve power; t h i s  was sub- 

saquently chacged so as t o  e l im ina te  induc t ive  surges on the valve open 

signal (VCS) which may have impacted the water f low (WF) time f o r  t h a t  

run. Examination o f  the time- temperature run p r o f i  1 es , however, snow 

tha t  the shape o f  the curve i s  essen t i a l l y  the same w i t h i n  each o r i f i c e  

run. 

Runs 5 through 7 were made w i t h  a 50 percent f low area reduction. 

These runs were v i r t u a l l y  i d e n t i c a l  w i th  runs : through 4, i n c l  uai ng the 

flow rate. Discussions w i t h  various f l u i d  mechanics spec ia l i s t s  ind ica ted  

tha t  these i nse r t s  were probably decreasing turbulence and f low r e s t r i  c- 

t ions i n  the experiment i n l e t  and thus increasing the e f f i c iency  of the 

apparatus even though the f low area was reduced. 

The f igures have the consoirlte, the f i r s t  monotesti: (B i  s 3 i i d i f i c a -  

t i on )  and the Ga s o l i d i f i c a t i o n  temperatures indicated. As can be seen, 

the s o l i d i f i c a t i o n  ha1 t s  correspond c lose ly  t o  the B i  and Ga ha1 ts .  The 

temperatures are estimated t o  be accurate t c  f 2°C from c a l i b r a t i o n  tests. 

The apparent temperature excursions are prc: t ~ l y  caused by l oca l  convec- 

t i o n  c e l l s  s e t  up by the temperature d i f f e p r  r t i a l s  ~ " d  i nd i ca te  unequal 



cool ing i n  the cartr idge. Since t h i s  i s  g rav i t y  dependent, i t  was f e l t  

t h a t  an o r i f i c e  r e s t r i c t i o n  which gave a temperature reduct ion t o  200QC 

a t  two seconds would be w i t h i n  the t e s t  design goal t h a t  the first mono- 

t e c t i c  temperature (220°C) ivrould be reached thmaghout the sample a t  3.5 

seconds and t i ta t  re-thermal izat ion would no t  be a problem. Thus the 0.12 

cm (.046 i n )  o r i f i c e  s i ze  i s  considered t o  be optimal i f  the predic ted 

slower cool ing r a t e  during a l~ grav i t y  drop i s  correct.  A se t  o f  s i x  

heater/experimental ca r t r i dge  packages w i  t h  the o r i  f i c e  i nse r t s  were fa -  

b r ica ted  and del ivered t o  MSFC. 

4.2 THERMAL ANALYSIS 

A oeneralized time-share computer program was w r i t t e n  i n  order t o  

ca lcu la te  the heat t rans fe r  c o e f f i c i e n t  and cool ing times fo r  d i f f e r e n t  

sample materials,  geometries and heat t rans fe r  modes. Figure 4-7 i s  a 

f low diagram sequence o f  the computer program. The only required manual 

i npu t  i s  fo r  B i o t  n h e r s  greater  than 0.05, i n  which ease the Four ier  

number nus t  be obtained from He is le r  charts [Reference 111. I t  i s  e s t i -  

mated t h a t  a t  l e a s t  a f i v e - f o l d  reduct ion i n  thermal cmputa t ion  time i s  

achieved by using t h i s  program. The complete computer program, required 

inputs and assumptions and solved heat t rans fer  examples f o r  every mode 

w i t h i n  the program are given i n  Appendix C. A punched tape of the program 

(which i s  programmed i n  Basic) has been dei ivered t o  MSFC. 
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SYMBOL EXPLANATION 
c = EFFECTIVE SAMPLE EMISSIVITY 

T TEMPERATURE OF SAMPLE AT T I M  r 

Ti = I N I T I A L  TEWERATURE 

Tc = EI4VIRONMEICT TEMPERATURE 

Tf = FINAL TEMPERATURE 

S SAMPLE GEOMETRY AND DIEIISIONS 
* 

k = EFFECTIVE SAMPLE THERMAL CONDUCTIVITY - - P = EFFECTIVE SAMPLE DENSITY 

CALCULATE & PRINT 
~ , a i  ,913~ 

- 

READ Fo FROH 
HE I'jLEC CHARTS 

I 

. 
HEAT TRANS-CALC. 

1 ) CONVECTION * 2) VAPOR FILM 
CONVECTION 

3) RADIATION 
4) CONDUCT I ON 

c = EFFECTIVE SAMPLE SPECIFIC HEAT 
k 

, a = EFFECTIVE THERMAL PIFFUSIViTY = pc 
iis 

1 B i  = BIOT N W E R  = 

Fo = FOURIER N W E R  =? 
H = h, = EQbIVALEHT HEAT TRANSFER COEFFICIENT 

FIGURE 4-7. F l r w  C h a r t  f o r  Compucing E q u i v a l e n t  H e a t  T r a n s f e r  C o e f f i c i e n t  
and  C o o l i n g  Times f o r  V a r i o u s  H e a t  T r a n s f e r  Modes. 



5.0 ADO1 TIONAL EXPERIMENlhL TASt:S 

A t  the request o f  NASA/KSFC, add i t iona l  experimerlts not e x p l i c i t  i n  

the work statement o f  the subject contract  bu t  with-in the general scope 

o f  imn isc ib le  mater ia ls  were performed. 

5.1 C3PPER-LEAD ALLOYS 

A ser ies o f  copper-lead a l loys  (minimum p u r i t y :  99.99 w/o parent 

metal) u t i l i z i n g  the method as ou t l i ned  by the patent issued t o  Carl E. 

Bazley [Reference 121wer-e prepared. Eight  sets o f  copper-lead a l loys  were 

prepared; four  w i t h  and fou r  wi thout  the addit ive. I n  addi t ion,  one ex t ra  

a1 l o y  w i t h  add i t i ve  was made and recast  i n  q ~ a r t z  container surrounded by 

sand. 

The a l l o y  compositions were ( i n  weight percent r a t i o s ) :  80120, 70130, 

60/40 and 50150 Cu/Pb, respect ively.  The recast specinen was 80/9 Cu/Pb. 

The method ou t l i ned  i n  the patent was fol lowed i n  general: ( I )  The copper 

was induct ion melted and heated t o  1260°C (2300°F) i n  a carbon c ruc ib le  

w i t h  a borax p ro tec t i ve  covering under argon, (2) a t  t h i s  point ,  the mel t  

temperature was lowered s l i g h t l y  an0 the lead added, ( 3 )  the me1 t reheated 

t o  1260°C and (4) the lead sheathed addi ti v~ added ( t o  the ind ica ted  

samples). The temperature was he ld  a t  126G' i d  except fo r  one sample, 

the me1 t allowed t o  cool under argon u n t i l  sc. ; ? i f i c a t i o n  occurred. The 

one sample was reheated t o  1260°C and imnediately cast. Except f o r  step 

(4 ) .  the same procedures were fol lowed fo r  the samples w i thout  the addi- 

'ive. 

A1 1 e igh t  samples were b r o k ~ n  out  o f  the mold and c u t  a r i a1  l y  ( p a r a l l e l  

t o  the grav i ty  gradient) ,  One side was mounted and pol ished and the o ther  

reserved f o r  shipment t o  MSFC. 

The add i t i ve  comprised aporoximately one percent of  the t o t a l  copper- 

lead weight. One po ten t i a l  deviat ion f:om the patent was the use o f  

copper pyrophosphate [Cu2 P207 .3H2O] instead o f  copper phosphate [Cu3 

(P3$)2.P(20] i n  the addi t ivd.  Thus, the equal weight of each p a r t  o f  the 

add i t i ve  (NaC1 + copper phosphate) was recalculated on the equivalent 

m l a r  basis o f  sodium and copper. 

Figures 5-1 through 5-11 show the macro and microstructure o f  each o f  



the TRW prepared samples, as we l l  as a sample received from MSFC which 

had been prepared by the corporat ion holding the patent. Inasmuch as the 

ma jo r i t y  of the samples contained i nhomogenei t i cs ,  general area photomi- 

croscopy was employed, i .e. the t rend toward segregation o r  o ther  anomal i e s  

were noted. Considerable d i f f i c u l t y  was encountered i n  obta in ing standard 

1 i g h t i n g  f o r  a1 1 specimens due t o  the pol ished condi t ion o f  the copper. 

Several t en ta t i ve  concl usicns were noted: 

1. A l l  o f  the specimens containing the add i t i ve  tended toward 3 more 

uniform s t ruc tu re  than the "pure" a1 l o y  compositions. 

2. Remelt seems t o  improve the homogeneity o f  the dispersion -- Figure 

5-2 presents fewer photomicrographs because the m i  cros t ruc tu re  was 

r e l a t i v e l y  uniform throughout the sample ( g r a v i t y  down on f l a t  surface 

o f  the 2.5X magnified photomacrograph o f  the sample fac ing the bottom 

of page). 

3. Free convection cool i r ig was somewhat f as te r  t!!an ant ic ipated; thus, 

the "pure" a l l oys  d i d  no t  t o t a l l y  segregate. The patent s tates t h a t  

slower cool ing rates inproves the homogenei t y  o f  the a l l oys  w i t h  addi- 

ti ves . 
4. The NASA suppl ied sample appears t o  be w i t h i n  the 60140 wlo CuIPb 

compositional range i n compari son w i  t h  the TRW processed specimens . 
5. Based on microscopic examination, the tiASA suppl ied specimen ex- 

h i b i  ted  more cor ing than the  TRW specimens. I t  i s  not  known if the 

cast ing size, the pour c r mold temperature o r  other  factors,  s ~ g n i f i -  

cant ly  cont r ibu te  t o  t h i s  phenomena. 

6. I t  would appear that ,  6s tne amount o f  lead i n  the specimen i s  

increased, the  amount o f  add i t i ve  should be p ~ o p o r t i o n a t e l y  ;arger. 

The patent  gives a range o f  one t o  f o ~ ~ r  weight percent fo r  a1 loys 

containing from one t o  no t  more than f i f t y  weight percent a f  lead. 

I n  an e f f o r t  t o  determine the dispersing mechanism o f  the arldi t i ve ,  

the specimens were examined by scanning e lec t ron  microsco?y and e lec l ron  

microprobe analyses. The scanning e lect ron microscope d i d  no t  show any 

anomalies other  than those noted op t i ca l l y .  By s e t t i n g  the e lect ron micro- 

probe detectors on phosphorus dnd sodi urn exc i ta t i on  wave1 engths, very 

f a i n t  ( j u s t  above the threshold l e v e l )  sodiur  signals were detected i n  the 
lead a t  the lead-copper in ter face.  i4o phosphorus o r  sodium was detected i n  



the copper. Thus, the mechanism o f  the add i t i ve  appears t o  be simi l a r  

t o  a surfactant:  The add i t i ve  "emulsif ies" the copper-1 ead and s tab i  1 i zes 

the mixture. This assurvt ion i s  corroborated somewhat by t l e  tendency o f  

the  lead t o  spheroidi ze i n  the 60140 and 50150 wlo Cu-Pb a1 loys and the 

i n t e r e s t i n g  duplex st ructures found i n  the 50150 wlo CuIPb a l l o y  (Figure 

5-12). This, o f  course, ra ises the i n t e r s s t i  ng speculat ion tha t  other  

immiscible systems may 5e capable o f  being dispersed by the add i t i on  o f  

inorganic " su r fac ta l~ t s  ." Semenchenko [Reference 131 describes the ac t i on  

of impur i ty  metals on other  metals w i t h  respect t o  t ' le i r  surfact? tension 

i n  terms o f  "act ive"  o r  " inac t ive"  inf luence: For lead, sodium i s  ac t i ve  

(p. 414). Although inves t igz t ions  c f  t h i s  type are outside the 5 cope o f  

t h i s  contract,  i t  i s  suggested tha t  some a t ten t i on  be ?aid t o  th i ;  type 

of experimental and1.w theore t ica l  aspect on the behavior of immiscible 

sy terns. 

5.2 LEAD-ZINC 

TWJ fabricated Y v e  20180 a10 Pb/Zn car t r idges f o r  processing i n  tne 

MSFC drop tower. These car t r idges were produced t o  augment the ASTP PbIZn 

experiment i n  terms o f  m i  cros t ructure,  process temperatbres and i n i  ti a1 

property data on the system. The car t r idge ccntai  ners were i denti  cal  t o  

those m=nufactured f o r  the acoustic mixer, discussed i n  Sect iqn 3.0, and 

were processed using the acoustic heater w i thout  energizing the azousti c 

m i  xer. 

From the previous work and w i t h  concurrence w i  t h  :IASA/MSFC, s i x  

experimental car t r idges containing 50150 a/c Bi-Ga and heater packages 

were fabr icated and shipped to  HSFC for  yrocecsicg i n  the drop tower. 

These car t r idges are i d e n t i c a l  i n  composition and fab r i ca t i on  to  the Bi-Ga 

experiments processed ?reviously and the experiment i s  t o  deterntino i f 

aging a f fec ts  the superconducting t r a n s i t i o n  temperature o; amount o f  

supsrconducti ng mateyi a1 present. I n  addi t ion,  experiments were conducted 

using 50/50 a10 Bi-Ga car t r idges and longer cool ing times as discussed i n  

Sect ion 4.0. Using the data obtained from the cool ing experiments, s i x  

addi t ional  heater,'experimental car t r idge packages w i t h  0.12 cm (.040 i n )  

o r i f i c e  openings were fabr ica ted  and sent t o  MSFC. A f t e r  processing, the 



capsules were returned t o  TRW f o r  sect ioning i n d  scanning e lec t ron  micro- 

scope photomicrographs o f  the dispersion o f  gal l im  i n  bismuth. A f t e r  

the sect ioning and photography were compl ete, the specimens were returned 

t o  MSFC f o r  analysis. Tab1 e 5-1 shows the time-temperature-gravi t y  te le -  

metry data obtained f o r  these specimens and a lso submittee t o  MSFC. 

Sable 5-1. Telemetered Drop Tows Results from 
Bi  smuth-Gal 1 i um Cool i na Experiment 

I n i t i a l  Drop 
Temp. OC 325 328 336 31 3 324 316 320 318 315 349 

Final  Drop 
Te~ip. O C  43 38 34 32 33 48 40 36 36 3? 

I n i t i a l  Temp. 
Ind i  cated Rate 
o F Change, 
"CISec 2959 954 3371 1920 2550 219 209 452 236 279 

I ndi ca ted 
Total  Temp. 
Fate o f  Change, 
" C I S  ec 240 217 667 187 181 107 88 140 78 109 

Gravity Level 
During Drop 1 -.005 -.005 -.002 -.003 1 -.C05 -.CO; -.OC4 -.004 

c Unrest ri c ted f 1 ow 

b - Restr ic ted f low (0.12 cm o r i f i c e )  



Figure j-1, 89/20 w/o Cu/Pb w l  t h  Addit ive a t  Various Magni f i cations 



Figure 5-2. Remelteo 80JZO w/o Cu/Pb w i t h  Addi t ive  a t  Various Ftagnificztions 

-68- 



Figure 5-3. 80/20 w/o Cu/Pb w i  thowt Addi t ive  a t  Various Magnifications 
-69- 



Flgure 5-4. 70/30 u/o Cu/Pb w i t h  Add i t ive  a t  Varlous Magni f icat ions - 70- 



Fiqure 5-5, 70/30 w/e Cu/Pb wi thout  Addi t i v e  a t  Various Magni f i c a t i o ~ ~ s  

-71 - 



Figure 5-6, 60/40 wjo Cu/Pb with Addi ti9:e o f  Various Magni f 5cat ions 
-72- 
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1 m 5-8. 50/50 w ! ~  :u/Pb ri t h  Addi ti ve a t  Various R g n i  f i o t i ons 
- 74- 



I Magnification: 500X 

Mzgni f i  c s t i  on : 630X 

1 - Figure 5-9. Photomicrographs o f  Duplex Dispersions i n  50150 w/o 
Cur* FS w i  t h  Addit ive  

-7:- 





a. Radial Section. Magnification: 3X 

b. Axia l  Section. M a g ~ i f i c a t i o n :  3X 

I* 

4- Figure 5-1 1. Photomicrographs of NASA S u ~ p l  ied Cc/Pb Specimens w i t h  Addi t i v e  



Mag11 i fi cati  on : 50X 

Magnification: 1001 Magnif icat ion : 1 OOOK 

Fi-gum 5-1 2. Select Area Pho tomi crographs o f  NASA Suppt i ed Sampl e ( Radi a1 5ec t ion) 



6.0 CONCLUSIONS AND RECOWENDATIONS 

From a previous survey o f  sys tem possessing an imn isc ib i  li t y  gap, 

three systems (Ca-La, Cd-Ga and two compositions o f  Al-Bi)  were processed 

and examined both metal 1 u rg ica l  l y  and f o r  t he i  r supcrconducti ng behavi or. 

Meta l lu rg ica l  examination o f  the sys tem showed tha t  the low g r a v i t y  

processed specimens demonstrated a more homogeneous d i s t r i b u t i o n  o f  the 

elements. w i  tti the exception o f  the cadmium-gal l i um system, where homogeni - 
zat ion was also accomplished i n  the one g rav i t y  processed specimen. A 

wider p a r t i c l e  d i s t r i b u t i o n  range was encountered i n  a l l  the specimens as 

comp red t o  specimens previodsly processed i n  the MSFC drop tower. 

 pot:^ .'ie calcium-lanthanum and the cadmiumgall ium specimens showed 

enhanced supercondllcti ng t rans i  t i o n  renperatures , simi l a r  t o  s m e  b u t  

no t  a l l  inmisc ib le systems with iccreased Tc. One couple, aluminum- 

hism:ith, d i d  na t  show any superconducting behavior t o  3.OK. I t  i s  recom- 

mended tha t  t i le fundamental quantum metnanical aspects o f  tne srrperconduct- 

i n g  t rans i  t i o n  enhanceinent e f f e c t  t e  f u r t h e r  s tudied on a theore t i  ca i  

aspect, althozgh more experirrentation i s  necessary f o r  d broader datd base 
\ 

and ver i f i ca t ion .  

The above couples wer? processed by two d i f ferent  methods prev iously  

i den t i f i ed :  Acoust~c  and electromagnetic. The aluminum-bismuth cnd 

c c l  c i  u m l  anthanurn ccupl es were processed acoust ical  l y  and the cadmi um- 

g a l l i  urn sys tern was processed w i t h  the electromagnetic mixer. Both mixing 

systems worked s a t i s f a c t o r i l y ,  although drawbacks Nere found i n  each type. 

The electromagnetic mixer has the drawbac:: t ha t  the experimental car t r idges 

are d i f f i c u l t  t o  f ab r i ca te  and the couple at. the processing tenperc,' .!re 

must be e l e c t r i c a l l y  conducting. The fab r i ca t i on  d i  f f i c u l  t y  can probably 

be c i  rcumvented by more advanced ceramic-metal ( o r  conducting ceramics 

such as Sic) metal 1 i z d t i o n  techniques ; i n  t h i s  case, processing tempera- 

:ures exceeding 1 .;00C may be achievable. The acoust ic ni xer has the draw- 

back tha t  both t i le thermal and ~ c o u s t i c  cour l iny  t c  the experimentai car- 

t r i dge  must be c a r e f u l l y  designed. Some of tne resu1;s o f  the pmcessed 

specimens sre probably due t o  both t h i s  a:pect and perhaps t o  a less thsr 

~ p t i m i i l  processing seqcence. Acjain, by using ceramic t i p s  on the horn 

and other f ab r i ca t i on  refinements, 15OK processi ng temperatures should 



be achievable. A1 though the electromagnetic mixer appeared t o  process 

more e f f i c i e n t l y ,  i t  i s  concluded t h a t  the acoustic mixer i s  the more 

v e r s a t i l e  un i t ,  s ince i t  i s  no t  l i n i t e d  t o  conducting materials.  I t  i s  

r-ecomnended t h a t  a more de ta i l ed  analysis o f  acoust ic coup1 i n g  be under- 

taken; i n  pa r t i cu la r ,  the development o f  a niixing frequency - specimen 

s i z e  - experiment car t r idge dimension nomogram f o r  s i z i n g  experiments f o r  

a s ing le  acoust ic mixer un i t .  

The computer program successful ly demonstrated tha t  a cool ing 

"envelope" can be computed i n  order t o  determine i f  the cool ing temperature- 

mater ia ls  process requirements can be met by the low g rav i t y  processing 

t ime avai lable. The program i s  general enougn t o  encompass any o f  the 

shorrer  time f a c i l i t i e s  (drop towers, rockets, etc.) w i t h  a v a r i e t y  of 

cool ing techniques (e.g. rad ia t i on  o r  convection coupled w i t h  l cqu i  d o r  

Gaseous cool i n g  media). 

The copper-lead couple was reasonably we l l  homgenized i n  a one 

g r a v i t y  environment by the use o f  the patented cata lyst .  This "emulsi f i c a -  

t i o n "  demonstration leads t o  the hypothesis of "surfactant;" f o r  the homo- 

geni zat ion of imni s c i b l  e systems and the recomnzndation tha t  an i nves ti ga- 

t i o n  i n t o  t h i s  phenomena be undertaken i n  order t o  determine i f  a system- 

a t i c  ( o r  cmpi ri cal! approach would uncover o ther  i iddi t i ves  which would 

enhance the d i  3persion o f  itmniscibl z systems w i t h  economic po ten t i a l  . 
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APPENDIX A 

ACOUSTIC MIXER ASSEMBLY AND OPERATlON 

1.0 GENERAL 

The as-sembled acoustic mixer assembly i s  shown p i c t o r i a l l y  i n  

Figure 1 and the majcr components are shown i n  Figures 2 through 5. These 

major ~Gzponents are shown schematically i n  Figures 6 through 10 and 

Figure 1 I shows t h ~  assembly detai  1s acd voltage requirements. Each 

major subelement i s  described below. 

The c o n v ~ r t e r  i s  a Micronta Model 22-130 DC t o  AC power inver te r ,  

comnercial l y  avai 1 able from R3di o Shack, Tandy Corporation Co., F t .  Worth, 

Texas 76107. It praduces a 115V, 60 HzAC square wave output w i th  a power 

handling capab i l i t y  o f  200 watts continuous, 225 watts i n te rm i t t en t .  Input  

voltage can vary from 12 t o  14 VDC, b u t  12V are recomnended. Thus, the 

other  subelements were designed and bu i  1 t f o r  12 v o l t  operation. 

This sabelement serves as a source o f  high voltage AC power t o  the 

acoustic generator power supply, as we l l  as a convenient 12V DC p ick-o f f  

po in t  For the frequency source o f  the acoustic d r i ve r .  The i n t e r i o r  o f  

the convecter has been reworked and 2otted w i  ti1 s i l i c o n e  rubber (RTV 81 11 ) 

f o r  p ro t  - c t i on  from the acce lera t i  ve 1 oads dur i  ng drop. 
1 

1.2 ACOUSI-IC GE:iERAIOR POWER SUPPLY 

The power supply i s  aesigned t o  provide 303 V9C, 0.7A t o  the high 

power d r i v e r  po r t i on  of the acoust ic generator. As w i th  the converter, 

a l l  components have been braced an4 pot ted t a  n o t  only  p ro tec t  against ). 

accelerat ive loads bu t  a lso  against any siiock hazard t o  drop tower personrtel. 

1.3 ACOUSTIC HiXER FFtEQUENCY CONVERTER AND HIGH POtlER D2IVEP 

This u n i t  consists o f  two funct ional  assenb'lies: a DC to  27 kHz 

(nominal ) frequency converter and a h igh power d r i v e r  which increases 

the 27 kHz s ignal  t o  a 27 kHz, 150 V p-p, 200 wa t t  'ourre f o r  tbO: 

p iezoe lec t r i c  t t -a~sducers. Both f i n e  and coarse adjustments are avai 1 able 

t o  e f f i c i e n t l y  couple the p i  e ~ o e l e c t r i  c trar~sdircers t o  the experimental 

capsule, as a funct ion o f  la rge  capsule weight o r  transducer var iat ions.  
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1.4 ACOUSTIC MIXER AND HEATERIEXPERIENTAL CAPSULE ASSEMBLY 

The mixer  a s s e b l y  i s  a th ree  qua r te r  wave stepped hcrn w i t h  a 

qua r te r  wave mi x i  ng s tub  and back-to-back strapped p i e z o e l e c t r i c  t rans-  

ducers. As mentioned p rev ious ly ,  the design frequency i s  27 kHz; however, 

tun ing  c a p a b i l i t i e s  a l low f requenci  :,riation t o  a1 low f o r  p i e z o e l e c t r i c  

manufacturer's to lerances and any 1 arge va r i a t i ons  i n  capsule weight as 

may occur from experimental system t o  sy5tem. 

The p i e z o e l e c t r ~ ~  transducers a re  standard items obta inable from 

Vermi t r o n  Corporat ion (P iezoe lec t r i c  b i v .  ) , 232 Forbed Rd. , Bedford, Ohio 

44146, Pa r t  No. 34250, PZT-4, dimensions 5.40 cm (2.125 inch)  OD, 0.64 cm 

(0.25 inch)  t h i c k .  Both s ides o f  t he  d i sc  have f i red-on  e lect rodes and 

have been pol  led. The p o s i t i v e  going sides o f  each d i s c  were placed toge ther  

so t h a t  a l l  ex te rna l  metal surfaces would be a t  f round c o t e n t i a l  t o  minimize 

any e l e c t r i c a l  shock hazard. The p i e z o e l e c t r i c  d iscs are c l a w e d  toge ther  

by s i x  b o l t s ,  torqued t o  28 N.M (25 i n - l b s )  t o  g i ve  a t o t a l  c l a p i n g  force 

of  3 kN (700 pounds). 

The heater  con ta iner  i s  a r e l a t i v e l y  standard r e v i s i o n  c~f the  previous 

heaters u t i l i z e d  f o r  s t r a i g h t  thermal processing and i s  designed t o  mi nim;ze 

heat l oss  t o  the  main body o f  the  transducer and p rov ide  a water sea: du r i ng  

cool  down. 

1.5 SAFETY RELAY 

The sa fe t y  r e l a y  i s  a Guardian Model IR-645-2C-12D DPDT a l l  purpose 

r e l a y  w i t h  a 12 VDC coi  1. When energized, the  connections between t he  h i gh  

vo l tage power supply and t he  i n p u t  t o  the  power t r a n s i s t c r s  and the  connect ion 

Letweer, t h e  power t r a n s i s t o r  ou tpu t  and the p i e z c e l e c t r i c  transducers a re  

completed. When the c o i l  i s  deenergized, the re l ay  opens and shor ts  the  

transducers and discharges t h e  h igh  vol tage power supply. This i s  done t o  

p ro tec t  the t r a n s i s t o r s  from h igh  vo l tage t rans ien ts  t h a t  may be generated 

when the  drop package i s  decelerated. 

2.0 MODE OF OPERATIQti 

The acoust ic  mixer components are assembled except f o r  the heater  housing, 

exper inent  c a r t r i d g e  and e l e c t r i c a l  connections t o  the  var ious components 

from the  drop tower power supply. The f o l  lowing opera t iona l  sequences have 

been tes ted  and are recommended ( i t  i s  assumed t k  t the packa5, has been 
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mounted i n  the drop package. ) 

i . Connect the 12 VDC inputs from the safety re1 ay and the osc i  11 a to r  

t o  the 12V DC i npu t  on the DC t o  AC power i nve r te r .  

2. Connect the 110 VAC power card f r o m  the power supply t o  the  110 

V AC power output p lug  on the DC t o  AC power inver te r .  

3. Screw the experimental capsule i n t o  the mixer t i p .  Be care fu l  o f  

the thermocouple lead. Tighten t o  f i nge r  t i g n t ,  then t igh ten  114-1/2 t u r n  

fu r the r  w i t h  a p a i r  o f  p l i e r s .  Bend the thermocouple w i re  t o  fo l low 

approximately the ti t o  the base, using needle-nose p l i e r s  between the bend 

and the car t r idge t~ r e l i e v e  any s t r a i n  a t  the weld j o i c t .  

4. Attach the heater t o  the  base p la te  as fol lows: 

a. The three band straps seal the 0 - r i cg  a t  the base o f  the 

mixer. These should be inser ted  through the heater f lange and bol ,Led 

down. 

b. The three screws (4-40) clamp and seal the heater f lange t o  

the Tef lon r i ng .  

c. There i s  a notch i n  the heater flange f o r  the thermocouple lead. 

Make sure the lead i s  posi t ioned i n  the notch before thoroughly t i gh ten i r  g 

the screws and b o l t s  t o  make the water seal. 

5. Attach the f l e x i b l e  hose t o  the o u t l e t  o f  the water quench and 

the i n l e t  o f  the the heater package. 

6. Attach t t ie three water o u t l e t  leads t o  the base p l a t e  and clainp 

the copper o u t l e t  cup t o  the catch tank. 

7. Connect the 12V DC l i n e  from the t imer t o  the DC t o  AC power 

i nve r te r  i n l e t .  Switch the i n v e r t e r  t o  ON, making sure the t imer i s  o f f .  

8. The processing sequence i s  as fol lows: 

a. Heat the car t r idge t o  the desired temperature. Hold the 

tempearture For ten (10) minutes t o  insure isothermal izat ion.  

b. Set the t imer contro l  l i n g  the power t o  the i nve r te r  t o  perform 

the f o l  lowi ng sequence: 



m No p e r  t o  inverter ustil the ca:tridge is themalSted. 

r Turn the power on and acoustically m i x  the  cartr idge 

for two C2) mi nut^ before drop. 

Turn t h e  power o f f  three ( 3 )  seconds af ter  drop. 

I Retain the  same water quencn scqwnce as before. 

9. Remve cartr idge after processing arld repeat steps 3 ,  4 and 8 

for next drop. 

FIGURE 1 . Assernkl ed Acoust i c Mixer 



FIGURE 2. DC to AC Pawer 
Inverter 

FIGURE 3- 30CV M: Power 
Supply 

FLGUhE 4. Ac3ustic Horn w i t h  f IGURE 5. Acous ti c Genera tor  S i w i  ng : 
Transducers { 1, i a f e t y  Relay 

2 1 Freq~ency Generator 
illator 3) power O ~ C  
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ELECTROMAGNETIC MIXER ASSEMBLY AND OPERATION 

1.0 GENERAL 

The var ious components o f  t he  electromagnet ic mixer and the closeup 

views o f  the pr imary package a re  shown i n  Figures 1 through 5. !lot s h w n  

i s  the Cutler-Hammer model BUL 6041H185, 120 A DC SPST r e l a y  w i t h  a 24 t o  

28 VDC energ iz ing  c o i l ,  o r  the hea t ing  c o i l s .  

1 .1 PERMANENT MAGNET 

The magnet i s  a surp lus 2400 gauss f i e l d  s t r eng th  device used t o  

supply the  DC magnetic f i e l d  f o r  thyrat rons.  It contains the experiment 

housing, e l e c t r i c a l  leads and water i n l e t / e x i t  pa r t s  as shown i n  Figures 

1 and 2.  The magnetic f i e l d  per se i s  non-hazardous. However, a l !  per- 

sonnel working w i t h i n  approximately 30 t o  50 cm (1-1.5 f t )  of the  magnet 

should remove w r i s t  o r  pocket watches t o  prevent  magnet izat ion o f  t h e i r  

mechanisms. Also, s t e e l  t o o l s  w i  11 tend t o  beco:#,e magnetized; t h i s  can be 

reme i e d  by running them through a degausser o r  magnetic ape e ras ing  

head (bu l k  tape type)  a f t e r  use. 

1 .2 EXPERIMENT PACKAGE 

Figures 3, 4 and 5 show the  annular experiment package, the e lec t rode  

clamps and the  experiment pos i  t i o n e r  screwed t o  the bct tom o f  the  housing 

(F igure  3). The mixer e l e c t r i c a l  leads are connected t o  t he  experiment 

package by t h e  f i l l  tube, at tached t o  the  outer  e lect rodes and t he  p o s i t i o n  

clamp, which i s  at tached t o  the  i n n e r  e lec t rode  dnd serves bo th  as an 

e l e c t r i c a l  and mechanical clamp. E i t h e r  e lect rode can be p o s i t i v e  o r  

negat ive.  The on ly  c o n s t r a i n t  i s  t h a t  the experiment must face the magnet 

po le  face p ro tec ted  by t he  asbestos (F igure 4) .  The hea te r  c o i l s  are 

connected t o  the temperature con t ro l 1  er. 

1.3 ELECTRICAL W I R I N G  

The w i r i n g  i s  extremely simple. The one majar supp l ied  i t e m  n o t  

shown i s  the re lay ,  mentioned i n  Sect ion 1 .O. This r e l a y  should be (:on- 

nected i n  se r ies  w i t h  the p o s i t i v e  DC b a t t e r y  cable. Thus, the w i r i n g  

sequence would be t he  DC+ cable f m m  experiment/magnet t o  r e l a y  termina l  
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A1 , DC+ l ead  from r e l a y  termina l  B1 t o  a 112-1 ohm r e s i s t o r  ( t o  be supp l ied  

by NASA) then t o  main b a t t e r y  cable. To ta l  cu r ren t  should be approximately 

30 amperes. The r e s i s t o r  s e l e c t i o n  can be approximated c l ose l y  by s h o r t i n g  

t he  two cu r ren t  1 ugs i n s i d e  the housing, s ince  the  i n i t i a l  experiment re- 

s i s t ance  w i  11 be n i l .  

T$e heat ing c o i l  and e l e c t r i c a l  leads are co r i ~ec ted  i n  t he  same manner 

as w i t h  t he  acoust ic  m ixer  and the  thermal housing. 

A l l  i n t e r n a l  connections are standard hex nu t  o r  A l l e n  wrench s ize.  

These may be changed if desired. 

2.0 MODE OF OPERATION 

The cpera t iona l  mode i s  simple: The hea t ing  c o i l  heats the  exper i -  

ment c a r t r i d g e  u n t i l  the metals are l i q u i d ;  c,lce l i q u i d ,  the  imposed cur-  

r e n t  across the experiment i n t e r a c t s  w i t h  the magnetic f i e l d  t o  produce 

movement and concomitant mixing. A f t e r  drop, the DC vo l tage i s  removed 

and the experiment package quenched. I t  i s  suggested t h a t  i n i t i a l  t e s t s  

be done w i t h  s i ~ o r t e d  leads; the experiment packages a re  designed t o  work 

on l y  once. The f o l l o w i n g  operat iona l  sequence has been t es ted  and i s  

recomnended: 

1. Connect t he  main 3C vo l tage supply t o  the DC- l u g  and through 

t he  power r e l a y  t o  the  DC+ lug.  

2. Connect the  thermocouple lezds t o  the drop package temperature 

c o n t r o l l e r .  

3. Connect the  temperature c o n t r o l l e r  r e l a y  o u t l e t s  t o  the main 

power re1 ay co i  1 termina ls  (XI and X2) .  

4. Connect t he  experiment package t o  the ho lder  and f as ten  the 

ho lder  t o  the  bottom h o u s i ~ g  by the  two P h i l l i p  screws. At tach 

the  two DC power lugs t o  the cu r ren t  tabs on t h s  experiment 

package and connect heater  c o i l s .  Kake sure  the housing i s  ledk  

ti ght  . 
5. A f t e r  a l l  i n s t a l l a t i o n ,  etc., as i s  poss ib le  hzs been done i n  

the  dmp  shroud, i n i t i a t e  DC vo l tage t o  experiment package, us ing 

the  temperature c o n t r o l l e r .  
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6. Heat t he  experiment package t o  the des i red temperature. 

7. As soon as poss ib le  a f t e r  t he  temperature has been estab l ished,  

drop t h e  package. 

8. Sequence the DC power re1 ay t o  prov ide maximum power from drop 

t o  s t a r t  o r  water  quench. 

9. A t  s t a r t  o f  water quench, c u t  01 f power t o  experiment package. 

10. k e t a i n  the same water quench sequence as before. 

11. Remove package as fo l lows :  

o Undo top housing 

o Remove experiment f rom power clamps 

12. I n s t a l l  new package i n  reverse sequence o f  Step 11. 



Figure 1 . Closeup Photograph o f  Experiment 
Housing o f  Electromagnetic Mixe r  

Figure 2, Overall View o f  Electromagnetic Mixer  



Figure 3. View o f  Dfsassembled Housing Showing Electrical and 
Mechanical Connections 

gure 4. Closeup V iew  o f  Experf mnt 
Showi n a Mchani cal Connee- 
t ions  i n d  Locatlan 

Figure 5. Closeup V i e w  o f  Experi- 
ment Showing Electrical 
Canneeti ons 



APPENDIX C 

Appendix C consists of': 

C- 1 L i  s t i n g  o f  Computer Program 

C- 2 Requi red Ineut  

C-3 Sample Solutions 
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APPENDIX C-1 - L I S T I N G  OF COMPUTER PROGRAM 

1 1 0  REMARKt BRSIC, REVISED(2-11-73) 
120  PRINT 
130  PRINT 
140  X r R ~ P l = t l  
150  I 1  9 1 2 9  13914x0 
160  H I  9H2 9H3=0 
1 7 0  A4=0 
180 S5~5 .67E-8  1 ( JOULE .K4-tl2- SEC) 
1 90 R5=8. :32 ! r: JOIJLEiMOLE -K ) 
L> 00 PR INT " GEOMETRY : 1 SPHERE" 
2 1 0  PRINT " 2 C'l'i lNDER " 
2 2 0  PRINT " .3 PLRTE" 
230.PRINT " 4 GENERHL" 
2 4 0  PRINT 
2 5 0  PRINT " T?PE GEOMETPV NO. " : 
2 6 0  INPUT 6 
2 7 0  ON G COT0 E 8 0 ~ 3 4 0 r 4 0 0 ~ 4 6 0  
2 8 0  PRINT "DIH(CM)" : 
2 9 0  INPUT :S 
3 0 0  s=s...,> 
3 1 0  A=4*PI*(::.r21 
3 2 0  '4=(4/'3 )*PI*($.t.3) 
3 3 0  GOT0 4 9 0  
340 PRINT " DIH<CM> 9 LENGTHCCM,": 
3 5 0  INPUT S9L 
360  5=5 /2  
3 7 0  H=(2*PI*S*L:~+(2*Pl*(.S.r2j ) 
:3:30 VtPI+,. j ' .r2)*~ 
3 9 0  GOT0 490  
400 PRINT " LENGTH(C,M>. I ~ I D T H ~ . C F ~ : ~ Y  TH)2(13lj": 
410  INPUT L~WI'S 
420  : s t ~ / s  
430  H=2+( 2*5*IJ >+2*(2*S*L:>+Zf (L*W) 
440  V=Z*S*i*W 
450  COT0 '490 
460 PRINT " SURFHCE HREH(CM2)s VOLUME(CM3>": 
470  INPUT n9V 
480  5=3* < V/A j 
490  PRINT 
'500 PRINT " SaMPLE PROPERTIES" 
5 1 0  PRINT " KCMTT/CM-Cj DENS(GM/CM3) SHCCFIL'CM-C)"t 
5 2 0  INPUT K3rD3vS3 
5 3 0  H9=0.2383*(K3/(D3*S3)> ! <12M2/SEC) 
5 4 0  PRINT 
5 5 0  PRINT " T INIT(C)  TFINAL(C) DTCCB TSINK<C>" : 

I 5 6 0  INPUT 11 vT9rT5 ,TO 
5 7 0  T l=T1+573 
5 8 0  19=19+273 
590 10 -1  0+273 

: L ORIGINAL PAGE 
600 1-11-15 OF POOR Q u m  



;. 6 1 0  TS-Tl-T5/2 ' - )AVfj; SAMPLE TEMP 
\ 6 2 0  T3=(T4+TO).'2 !FILM TEMP 
', 630  PRINT 

6.40 PRINT 
6 5 0  PRINT " COOLING NODES 8 1 FORCED COHVECT ION" 
660  PRINT " 2 R R D I A T I ~ "  
670 PR!NT " 3 CONDUCTION I N  SjJPPORTrS" 
480  PRINT 
690  PRINT " TYPE NOS. FOR DESIRED COOLING MODES. TYPE 0 FOR OTHERS-' 
PO0 PRINT " <EXHMPLEz 1 ~ 0 , S ) " r  
710  INPUT C1 rC2rC3 
720 PRINT 
730 PRINT 
740  REMARK: FORCED CONVECTION 
750  I F  O l = O  THEN 1030 
760 PRINT " COOLANT VELOCITY (MIPEC) I-OOLANT pPEI:.;'URECRTM> " : 
770 INPUT UIF 
780 PRINT 
790 U=100*U (CN/'SEC , 
800 p = r 1  .UI:~E~)*P 
810 I:OSU~ 10oc10 !C.OOLANT 
1 2 0  R=((Dl+lJ*Z*S5.t'V1 ) * I 0 0  !\.I41 I N  CPZ 
830 I F  C=3 THEN R=C:D I *U*W)~V l j a l30  !(I41 I N  CP) 
840 P I = (  i141#'1 OO;)*r::Sl*r,. 186) > /K1  
850 ON G OOTO 5609900910009860 
860 I F  RrZO OF! R>150000 THEN 1040  
870 N=0..37*~~R.t.O.rj>*CPlt.O..3:3:3i !SPHERE OR I X N E P ~ L  
880  H l = ( N * k l  :I.N'C~*:S) ! (!,laTT./Cfl2-C j 

890  GOT0 10'30 
900 I F  R.:::40 OP R>250000 THEN 1040  
910 I F  P>.4000 THEN 9 4 0  
9i ?!=I. l 2 * 0  .615*1R.t.O .466j*(P1.13 ..333) !I~YLINKEP 
930  COT0 9 8 0  
9 4 0  I F  R>401!00 THEN 9 7 0  
9 5 0  N=1.1Z*rJ.1714*<R.?0.618.:~*(P1.)0.'33.3) ! C'fL 1 WER 
9 6 0  130T0 980  
970  t4=1.12*0.023'3*CR1.0.8~)*(.P1.~3.33.3) !tS'LINDER 
9 8 0  Hl=i:N*lc:i j /(z*S) ! ( IrHT T /cM+C j 

9 9 0  EJTO 10'30 
b 

1000  I F  R< 100000 THEN N=0.64d*<PtO.Sj*CPI+O - 3 3 3 )  !FLQT PLPTE( LRM) 
1 0 1  0 I F  R>100000 THEN N=0.037*<R+0.8)*~Pl*.O .333) !F LRT PLATE < TU3B) 
1020  Hl=CN*Kl)/W ! IIJCITT/CMZ< ) 

1 03 0 GOTO 1090 
1040  PRINT " b!EYNDLDS NO.= ":R:" (OUT OF RANGE)" 
1050  PRINT " TYPE CONV. HT COEFF .<WATTS/r=M2-C)" : 
1060  INPUT H i  
1070  PRINT 
1080 REHRRK r RRDIAT ION 
1090  I F  C2=0 THEN 1 1 8 0  
1100  PRINT " ENCL RREAC' 2 )  EI I IS1  EMIS2":  
j l l10 INPUT A 2 r E l  rE2. 
i l l 2 0  PRINT ORIGmbU PAGE IS 

OF POOR QUALITY 



APPENDIX C-1 (CONT. ) 
1; 

1130 F ~ - ~ ~ E ~ + ( P N W > * C < ~ N ~ > - ~ >  
1140  F1= l /F1  
1130 H2=F1*515*C (T4r4-TOt4)  ).JCT~-TO> 
1 160 HZ=H;2./'1 0000 ! (WATTICMP-C> 
1 170 REMkRK : CONDUCTION I N  :SUPPORTS 
1180 I F  C3=0 THEN 1 2 9 0  
1190 I F  13=1 THEN 1 2 5 0  
1200 PRINT " :SUPPORT LENGTH(CM 1 CROSS-XCTIONci~Pl~> dS<hlkTT:S./C?l-C)" : 
1210 INPUT L4rA4rK4 
1220 PRINT 
1230 I3=1 
124 0 H3=K4.44 ! c UAT T xCM2+: > 
l L 3 0  HS=( <Hl*H)+<.H~*A)+(H.3*~4 :a ).*..A 
1260 B1=(H-S).,'K:3 
1 2 7 0 ' I F  I 4 = 1  THEN 1550 
' 2 8 0  I F  B1>0.05 THEN 1490 
1 29 0 Z 1 =T-TO 
13130 ZE=Tl-TO 
1310 X 0 = - 1 * ( L n ~ ( z l . . ~ . Z ~ ) )  \ 

1320 XS=((:>~*D:>*V:I . . , ' (~5*k j ) *~0*4 .1 :3& !< SEC) 
1 330 X=:x:+:<5 . 8 { - ?=I- - - -d  1 

1340 PRINT ." +**++*+" 
a350 PPINT " TEMP= ":T-37.3:" ( C ) " ; "  TINE= " :'<:" a:SECj" 

I i~ 

1360 PRINT " RE= ":R;" B I =  " : B l i "  W =  ":PI  
1 370 PRINT " HR= " :Hz :" ';IJHTT/CMz-C)" ; " HK= " :H3 :" <! . I JATT . /C~-~ ) "  

. . 1 3 8  0 PRINT " HI:= " :H I  :" i:UATT,'I:MS-C) " ;" TcILM= " :T3-,37:3:" (C.1" - ~ 

1390 PRINT-"  EQ H= ":~!5:" (I.,J&TT.~CM;I-C)" 
- 

1400 PRINT " ++**w* " 

f 1410 PRINT 
t 1420 I F  I 4 = 1  THEh 16:30 
4 
f 

1430 T1=T 

t 1440 T=T-TS 
I 1450 I F  T(T9 THEN STOP 
! 1 46 0 T4=T 1 -TS.j';I j 

1 47 0 T3= ( T4+T 0 1 .~..2 
$ 1480 GOTO 720 
r, 1490 PRINT " 1./BI= ":Bl:" CHE1:SLER I~HARTS REQUIPED. CUi-1STWIT RVERFN3E" 
h 
t 1500 FR INT " HEAT TRANSFER COEFF . USED. ) " 1)1 

151  0 T3=( ( (Tr+T9) / e ) + T c m  : i 192 0 T4=( T 1+Tv>),2'2 
1530 I 4 = 1  
I S 4 0  GOT0 720 
1550 Z1=T-TO 
1560 22-T1-TO 
1570 PRINT " 1 /B I=  " : l / B l  i" (T-TS)./(TI-TS'= " :Z1 /ZZ 
1580 PRINT " TYPE FO": 
1590 INPUT FO 
1600 PRINT 
1610 X=<(Sr2*FO)./R9) 
1620 GOTO 1340 

ORIGIN& PAGE IS 

&: 1630 T=T-TS OF POOR QUALITY 
3640 I F  T(T9 THEN STOP ,.I" 
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APPENDIX C-2 - REQUIRED INPUT 

PROGRAM MATS 

I. REQUIRED INPUT 

A. Geometry 

1. Sphere - dia. (an) 
2. Cyl inder - dia. (cm) , length (cm) 

3. P la te  - length (cm), width (cm), thickness (an) 
4. General - surface area (cmz), volume (cm3) 

B. Sample Propert ies 

1. Thermal conduct iv i ty  (watts/cm-'C) 

2. Density (gm/cm3) 

3. Spec i f i c  heat (cal /gw°C) 

C. Temperatures 

1. I n i t i a l  temperature (O:) 

2. Final temperature (OC) 

3. Temperature increment ("C)* 

4. Sink o r  coolant temparature (OC) 

D. Cooling Modes 

1. Forced convection (requires subroutine) 

(a)  Coolant 

(1) Water ( l i q u i d )  

(2) Nitrogen (gaseous) 

(3) He1 i um (gaseous) 

(b) Coolant ve loc i t y  (m/sec) 

( c )  Coolant pressure (atm) 

2. Radiation 

(a) Enclosure area (cm2] 

(b) Emiss iv i ty  o f  sample 

(c)  Emissi v i  t y  o f  encl osure 

3. Conduction i n  supports 

(a)  Support length (cm) 
(b) Support cross-section area (cm2) 

( c )  Support thermal conduct iv i ty  (wa t t~ / cm-~C)  

*This program i s  a closed form solut ion,  thus e i t h e r  the cool ing curve o r  
t o t a l  t ime t o  cool t o  a given temperature can be obtained. C-3 i s  neces- 
sary only o r  obta in ing cool ing curves. 

A2 2 



APPENDIX C-2 (CONT. ) 

4. Combined (any combination o f  the  above) (requires subrout i  na) 

I I. ASSUMPTIONS 

1. I f  B i o t  number ( ~ i )  < 0.05, then sample cool5 uniformly. Program 

calculates cool ing curve automati cal  l y  . 
2. I f  B i o t  number > 0.05 (high heat t rans fer  coe f f i c i en t ) ,  then 

Heis ler f*  charts required t o  input  the Fourier number (Fo) from 

the terminal. Heat t rans fer  c o e f f i c i e n t  must be constant. An 

average value i s  computed f o r  t h i s  case. 

3. Cyl inder i s  i n  cross-flow. 

4. P la te  width i s  p a r a l l e l  t o  f low ( i  .e., length > width).  

'.$ 

C( 

2 ~* 
2 

' i t  
$ 

4 
t 
..$ 
g 
$ 
d 3 - 

5. General geometry t rea ted  as a sphere. 

**B. Gebhart, Heat Transfer, 2nd Ed., McGraw-.Hill Book Co., N. Y e ,  N. Y., 
1971, p. 64 et.  seq. (o r  equivalent).  

A23 



APPENDIX C-3 - SAMPLE SOLUTIONS 

GEOMETR'f : 1 SPHERE 
2 CYLINDER 
:3 PLATE 
4 GENERAL 

TYPE GEOMETRY NO. 
? 3 

LENSTH(CM)* UIDTH<CM>r THK<CM) 
? 1.37 .74 -42 

SRMPLE PROFERTIET 
lrlHTT.,'Cfl-~: ;I DEN:;(G~/CM3 ) :H(CRL/GN-C > 

? .I14 8.41 .047 

COOLING MODES: 1 FORCED CONVECTION 
2 RADIATION 
3 COVDUCTION I N  SUPpmT5 

';PE NOS. FOR DESIRED COOLING MODES. T'V'PE 0 iGi? OTHERS. 
(EXAMPLE: l s O r 3 j  

'7 1~0r0 

COOLHNT VELOCITY CI!./SEIZ S CDOLfiNT PPESSURE<FlTM ) 
'7 6 1 

TYPE COOLANT NO. 
? 1 

1 / B I =  12.208662 (HE ISCER CWRTS REQUIRED. CONSTANT AYE- 
HEAT TRANSFER COEFF. USED.) 

COOLANT VELOCITY (IVSEC) CWLRNT PRESSURECBTM > 
? d  , 1 

. \ 

1/BI= .84080251E-01 CT-tS)/<TI-TSi- .91836?35€+00 c 

TYPE FO 



APPENDIX C-3 (CONT .) 

I J B I =  .84080251E-31 (T-T.:;l xi .  T I  -1.s )= .;3.3Gi3453E+[lI:I 

.- 
TYPE FO 

c .i? 

L I N E  0164il 
E PiD 
(f F?Clri 
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COOLING RATES FOP 1MMI:ZC: IELE  MHTER1HL:S I N  ZES3 3 ? ~ I T ' i  

GEOMETR'I' : 1 PPYEPE 
e CVLINDEP 
3 PLATE 
4 13ENEFAL 

TYPE GEOMETRY NO. 
.7 3 

iENGTH(CM) WIDTHCCM), THk.(CM:) 
'7 .I . :37 .74 .42 

SAMPLE PROFEFT 1E.Z 
t((IJnTT...r:.M-lZ) ]UEN::(~P~.,'II~~~) ~HI~'I:'~~L.....I~~-I-'~ - .  

'?' .I14 3.41 . i147 

t:OOL INS PIODES : 1 FUECED CONVECTION 
Z PHDIATION 
3 COND\JIIT ION I IJ SUFPOPT 3 

TYPE NOS. FOP DESIRED COaLING fi0DE:S. T'I'PE 0 'CIR BT4Ek5. 
(EWHRPLE: 1 r i i 93 ,  

? 1 rOr0  

COOLANT VELOC I TY (M/:SEC > COOLANT PRESS:$Ec ATM 
'7 6 1 

COOLANT 1 WATER ( O!:.<T <320C 3 
E' NITROGEN<-~CI~~ <T.<:32OC? 
3 HEL IUMc-zQC.< T<820C) 

TYPE COOLHNT NO. 
'7 2 
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APP END1 X C- 3 (CONT . ) 

1:00LtiPiT 'V'ELOC I T y  (w..SEC ) COOLANT 6PE.S II_IPE(FtTM ) - 
i 6 1 

L I N E  01450 
E ND 

- B RUN 



APPENDIX C-3 (CONT.) 

CnPLING RHTES FOR I Y N I  SC IBLE  MHTER ImLS I N  ZE93 rjkW"V'T'r' 

GEOMETRI' : 1 ZPHERE 
2 CYLINDER 
:3 PLATE 
1 GENERAL 

T'fPE SEOMETRY NO. 
'7 3 

LENGTHcCMI 9 IJIDTH<CM:J 'THkiCM, 
-. :. 1 ..37 .74 -42 

TAtlFLE PROPEPT IEZ 
K 1:: WHTT .; CM-1: :I DENS c I~M:.CM 3 ::I 3H cCAL1ijt4-C .I 

? . I 1 4  *?, ,.. 11 .a47 

COOLING MODE::. : 1 FOPCED CONVECTION 
2 RFlDIfiTIJN 
'3 I:ONDUI:T ION I N  '5UPFCRTS 

TYPE NO::. . FOP DESIRED COOLING HODEZ. TYPE O FOR 3 T K P . 3 .  
(E:4AMPLE: l rO r .3 )  

'7 19090 

COOLANT VELCIC I TY <M/SEC > COOLGNT PPESSI-QEi;HTq ) 
6 1 

13ltlLAtJT 1 CJATER< @I:.. Tr'31101I. j 
2 N I  Tl?OGEN<-?OC.;T <82GC;l 
:3 HEL I UM (: -2 0C.c 1.: .32 OC j 

TYPE COOLANT NO. 
'7 3 
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APPENDIX C-3 (CONT. ) 

LINE Ol45O 
E ND 
$ RIJN 
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APPENDIX C-3 (CONT. ) 

COOLING RATES FOE IMMISCIBLE MHTEPIFILS 114 ZEPil S%'+JT'v' 

GEOMETRY : 1 SPHEPE 
2 1: 'T'L I NDER 
3 PLATE 
4 GkNERAL 

TYPE GEOMETRY NO. 
? 3 

LEMGTH~;CY:~ 3 l,,lIDTHri:M> 9 THKI:CM'> 
'7 1 .37 -74 .42 

COOLINS MODES : 1 FORCED CONVECTION 
E' RRDIHTION 
.3 I:ON~IJCTIDN I r Y  SUPPORTS 

T'r'PE NO'S. FOP DE:Z.IRED 1:'00L 1% MODE5 . T'vPE 0 FOR OTWRS.  
(Ek:HMPLE : 1 90 e'3:j 

'7 Q r Z g O  

ENCL AREA(CM2> EM151 EMI'Z2 
7 l O O 0  1 1 



APPENDIX ;-3 (CONT.) 

ENCL HREA<CflZ> EMI'? 1 EMIS2 
'7 1 00iJ 1 1 

ENCL AREA r CMi? EMI'3 1 EM1 SE' 
7' 100d 1 1 

L I N E  01450 
E ND 
$ RUN 
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APPEND1 X C-3 (CONT. ) 

IZOOLING RATES FOR I M M I S C I B L E  W A T E R I A L 5  I N  ZERO 15R13'41lY 

5EOMETR'v' : 1 3PHERE 
2 C Y L I N D E R  
3 P L A T E  
4 GENERAL 

TYPE GEOMETRY NO. 
'7 3 

LENGTHCZM j r W IDTH<CM::a r TYK <CM > 
1 - 3 7  . t4  ..)I? 

SAMPLE P R O P E P T I E  5 
K:~:WATT...'CM-I~:I DEN.~.~..I~M..~I:'M~'> 1 Y 6 CfiL .. Gfl-I: :I 

7 .I14 8 -41 . tj47 

T I N I T C C )  TFINALCC, IST ( . C  .J T 5 1 ~ k . r .  1:) 
'? 2 7 0  2 1 0  20  3+25 

COOL1 NG MODES : 1 FORCED CON dECT I Or! 
2 ~ ~ ~ I ~ T I O t ~  
3 I:.ONDUII'TION I I J  I ' - l f fOFT:  

TYPE NO::. FOR D E 5 I E E D  COOLIW~3 MODES. T'rFE 0 '=OF S T E P : .  
(E:..(AMFLE: 1 r013: : l  - r I r Z r O  

COOLANT PELOC I TY(M*'SEC: 'j C.OOLFIN T PRE S'2l-l-IPE f 4'1fl) 
'7 6 1 

T'I'PE COOLANT YO. 
'7 3 

ENCL ARER CCM2) E M I S l  E M I S 2  
? 1 0 0 0  1 1 



COOLANT VELUC I TY C M...':SEC COOLFiN 7 F'tiE,~YJf E(  3 T W j  
7 6 1 

ENCL AREH (CMi2) EMI:s 1 E M I ' ~ ~  
'7 1 [I lj 0 1 1 

L I N E  01450 
F NTl 
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