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SPACE PROCESSING 
PAYLOADS FOR SPACELAB 

1 
i 

.. 
K .  R .  Taylor* 

National Aeronautics and Space Administration 

Huntsville, Alabama 25812 
Marshal 1 Space F1 i gh t  Center 

and 

R .  L. Hamnel, A .  G .  Smith, P. R .  Mock, R .  0. Stevensoil 
TRW jystems Group 

Redondo Beach, Cal i fornia  99279 

SUMMARY 

This paper d iscusses  the d e f i n i t i o n  of f a c i l i t i e s  which will  
se rve  the  research needs of a l a rge  group o f  u:ers. 
(pay?oads) a r e  derived by several  combinations of i t e m s  from a l a rge  
invent3ry of modular, reusable .  research equipment which enables ready 
resr;onse t o  many f l  i g h t  opportlmi t i e s .  
prepared dn6 s ~ l i i i i t t ? c :  tc! t h e  5pace :ab  d s s i g n  a c t i v i t y  These dzsiqns 
permit the f ly ing  of e i t h e r  par . t ia l  o r  dedicated paylrJads. 
i n t e g r i t y  o f  t he  Rodular approach i o  payload des ign / in t ea ra t ion  and the 
u t i 1  i t y  of comercial-equipment technology a r e  a l s o  addrecsed i i i  t h i s  
paper.  

These f a c i l i t i e s  

Workable concepts have been 

The tecnnicd; 

INTRODUCTION 

NASA's Space Processing Program [ l ]  has generated s i x  objec t ives  
a n d  t h e i r  r e l a t ed  phases  for  the  19Su-1990 time per iod ,  as shown i n  
Table I. I n  t o t a l  t h e  n h j e i t i v e s  encompass the required course o f  
product research and development .iron the  in;  t i a t i o n  o f  S P A  Shu t t l e /  
Spacelab operations t o  t k  end-item goal o f  engaging i n  commercial 
manufacturing operat ions ir! ea r th  o r b i t .  

This paper d iscusses  the pecessary concepts and requirements 
fzi' 5pace Proces;i i i q  payloads t n  accorrirodate the  performance o f  the 
Shuttle-suGported research phase. 
a c t i v i t y  i s  t o  i d e n t i f y  those proczsses a n d  ma te r i a l s  having technical 
w r i t s  warrantirlg e x p l o i t a t i o n ,  a r p l e  opportuni Zies to  examine rnanv 
Tandidates wi l l  be needed. The product (s )  a n d  associated payload(s) 
f o r  prototype u t '  U ~ ~ ; , ~ ~ ~ C ~ G , - ; Z ~  ;cti;rlt;r:. ?:!?I t.cl i d m t i  f i a b l e  only 
a f t e r  successful accorcplishment of the  i n i t i a l  R&D e f f o r t s .  

Since the  purpose uf the  ea r ly  

Consistent \with the performance of a research pro ram,  f requent ,  

4 s h o r t - t e m ,  sor t ie-mission modes are e spec ia l ly  su i t ed l2  4 t o  ve r i fy in  
space processing hardw3re pei-fornance and r c f i q i n g  experiment protoco s. 
Furthermore, r e tu rn  o f  space proceqsed samples t o  ea r th  represents  a 
funJalTenta1 d i f f e rence  between tnis d i s c i p l i n e  3nd r eao te ,  sensor-type 
missions such a s  e a r t h  observdtions o r  astronorry. 

*Paper presented by - K .  P. Tay l s r  
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While perhaps not  so obvious,  an e q u ~ l l y  important f e a t u r e  w i l l  be the 
rout ine  r e t r i e v a l  o f  the payload equipment v ia  S h u t t l e .  
d r i e w  e r a  o f  t e s t i n g  i n  which r euse ,  reconfigurat .on j n d  modifications 
of  the payloads can sys t ema t i ca l ly  occur. 
the use o f  a r eusab le ,  reconfigurable ,  payload design and portends a 
modular approach tQ payload desian and i n t e g r a t i J n .  

T h i ;  w i l l  open 

This l a t t e r  f ea tu re  d i c t a t e s  

Table I .  SP4 Gbjectives and Their Related Time Phasing 

I t  i s  believed t h a t  the p rac t i ce  o f  l e , , ~ n i n g  how %e conduct space 
processing a c t i v i t i E s  using multi -purpose, reusable a n d  reconfigurable 
pzyloads aboard Shu t t l e  w i l l  5e an a c t i v e  process.  
r l r s  t be aided by e s t a b l i s h i n g  s i r p l  i f i ed  hard\idre/host vehicle and 
operational i n t e r f aces .  Dzs ign  aaproaches must be fos te red  t h a t  wi l l  
3 1 1 0 ~  tha s c i e n t i s t s  t o  have r a p i d ,  convenient and repeated access t c  
5pace z h u t t l e  f a c i l i t i e s  I n  a cos t  e f f e c t i v e  manner. 

This l ea rn ing  process 

S;*L I EFlT REQU! REMENTS AYIT I C I t 'ATE3 

K?ep;ns i n  mind t h a t  t he  ul t imat?  ob jec t ive  b f  S p a c e  Processing 
i s  the ach ievwec t  o f  product comwercial i z a t i o n ,  the  following a n t i c i -  
pated requi r~ments[3] descr ibe the  na ture  of the  payload equipment 
c a p a b i l i t i e s  t h a t  a r e  necessary t o  engage i n  a ShKttle-implemented, 
R&D ohase. 



space i s  projected t o  have a p p l i c a b i l i t y  t o  numerous 
a n d  various ty?es o f  ma te r i a l s .  These range from 
e l e c t r o n i c  v a t e r i a l s ,  c r y s t a l s  a n d  g l a?ses ,  niet .als,  
a l l oys  and coriipounds t o  b io logica l  specimcns. K h i l e  
s p e c i f i c  product-oriented a c t i v i t i e s  a r e  y e t  t o  be 
e s t a b l i s h e d ,  i n i t i a l  i nves t iga t ions  have uncovered 
poten t ia l  space prccessing i n  the following 3reas:  
c rys t a l  growth, purification/separation, mixing, 
s o l i d i f i c a t i o n ,  and chemical and physical processes 
i n  f l u i d s .  . .  

o E v o l i ( t i ~ ~ : ~ y j ,  .- chgo ing  Rf;D Efforts 

An i n i t i a l  period spanning many years  w i l l  be neczssary 
to  es t i ib l i sh  and conduct a n  ongoing rnsearch and develcn,- 
ment prqgram wk,icn wi l l  lead t o  the ul t imate  d i s c i p l i n e  
goJ;s 0:' i den t i fy ing  and implementing the product;on o f  
economically Liable space products. The in-spacl. kX l  
e f f o r t s  wi l l  be highly evolut ionary,  buildjfig heavi ly  
upon a n  experimental l earn ing  process as the techn'cal  
community detenxines methods and eva lua tes  r e s u l t s  
through the  aggressive performance o f  an in-space R&D 
program. 

- -  3 j':''"3-'p -,".': , . :..--z. .-:- ., .. , L , U  I C  __ . - - - . . 

Due t o  a lack of p r i o r  a r t ,  much o f  the experimental 
a c t i v i t i e s  w i l l  necessa r i ly  involve emphasis on 
iden t i fy ing  and characterizifig those  process methods 
a n d  c m t r o l s  which a r e  necessary i n  the use of the 
paylodd equipment. 

;Lii):t{C.... ~ ,-nt:(;n of S:ifpLc<sr.: z, - : :cS'~~vl$ 1 .  .?qd>-L Z z ' t _ s  70 
E,: ; ;,- .&;: - --? &.,,, ~ - "  , c , *:C : I : P  ' ~ C Z ; : > ? ~ C T ~  Comur7it2 

I O  b e s t  se rve  the  space processing community, provisions 
must be made f o r  providina a n  inventory o f  equipment 
hhich i s  responsive t o  'Ss 2&D needs and which can 
r ead i ly  be configured i n t o  research payloads. Fortunately,  
many experimental a r eas  in  ma te r i a l s  science and technology 
have comiTon equipment requirements,  t h e r e f o r e ,  the labor-  
atory apF roach which provides a complement of apparatus 
and  instruments appears f e a s i b l e .  This approach would 
serv? a l a rge  nurber of po ten t ia l  i n v e s t i g a t o r s ,  y e t  would 
maintain economical equlpmmt a n d  apparatus develop- 
mentcosts .  A r a t i o r a l  : i n i t i a l  inventory of equipment 
h a s  been e s t ab l i shed  a n d  must be updated cls the program 
develops i n  order  t o  meet t he  wide spestrrim of potenti31 
research needs. 

0 

- -__.._ _ _  . . . . ~ - . _._- .A -- . - ----L 

- 
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facing both the  Space S h u t t l e  and  Spacelab development 
arp those concerned w i t h  system uraqe, n o t  w i t h  the 
vchicles thei,.sel ves. k ne:q era i s  beqinnirig, the era 
of space explorat ion which requi res  p a r t i c i p a t i o n  by 
a very b road  c ross  sec t ion  o f  the s c i e n t i f i :  community. 
The elriphasis i s  no longer upon simply c-Jercoming phenomena 
due t o  a weight less  environment b u t  upon t q , l o i t i n g  and 
using these phenomena t o  achiev:! ecc.r;amic bene f i t s .  I n  
the  e x p l o i t a t i s n  phase, the problem i s  t o  ta,,e advantage 
o f  the physical a n d  chemical cnanges caused by the in-  
space e n v i r o w e n t .  The behavior of  f l u i d r  in  space i s  
a good example. The implementation o f  ? ; l is  phise requi res  
thoroagh unders tandipg a n d  c h a r a c t e r i i a t i o n  3f phenomena 
which can  o n l y  r e s u l t  from d e t a i l e d  s c i e n t i f i c  ana lys i s .  
To achieve these r e s u l t s  the payload  design engineer a n d  
the research s c i e a t i s t  must work c lose ly  together  so t h a t  
T q t t  i rerren t s  are  con t i fiual: y matched with capdbi 1 i t i e s .  

Xorkable system level conce?ts must be based on; 
,c real  -equireirlents 
o s ic:pl i f i  ed operational procedures 
o minimurn i r t e r f a c e s  w i t h  the  f l i g h t  vet-#icle 

T h e  p a r t i c i :  ; t ion c f  .:tie internat ion31 s c i e n t i f i c  
cclrrmunity i ;  v i t a l  tc, the  e j tabl ishment  o f  t h i s  system. 
Only  i n  t ? i s  way c m  t he  design o f  space pmcerslng payloads 
provide rap id ,  conver,ient and repeated access t o  s w c e  
i n  a cos t -e f fec t ive  manner. 

A review o f  s i x  R&D c2ter ;Qries  ( a s  l i s t e d  below) was 
c c n d u c ' t 4  using exemplary experimeri?al j c t i v i t i e s  i n  
ea:k ; 2 5  r. ~ ! 3  t o  es tah l i s t i  the fo ; :o%i i ig :  

- E i  )lcc.j-ic<: Processes 
- C h e ~ S c 6 1  Prcjcess ;!I Fluids 
- Crystal G r o w t h  
- Glais ?reparat ion 
- Metal 1 urgical  Processzs 
- Physical Processes i n  F l u i d s  

I n  t h i s  process ,  ovet 40 seoarate  experiment c ldsses  
were reviecled. Each individual experiment c l a s s  
considered represents  a poteyt ia l  area o f  study 

528  



conceivdbly o f  i n t e r e s t  t o  many pr incipdl  i f ivest i -  
ga to r s .  
i den t i f i ed  t o  support the experimental e f f o r t s  exceeded 
90 i t w s .  I..:~th f!;I. nw.ber o f  exer-plary experi:..ent 
.. 1 (i < ; ( '5  J j ;! t '  c :; u i I- 6 .  . j i s i <; t .  i O' t. pd 1' J r/ 1 i) I.I 4 c ,  , i i  i ;-,-' c n t 
r e f l e c t  t h e  Wide t - c r r i ~ j l ~ i g  divct-si ty b f  ant ic ipdted  
space processing a c t i v i t i e s .  

The resu l t  i r lq equiprent  and instrumentat ion 

. . . .  . .  . .  y.., : :. :.:* .:. ..>:t, 0 :.-*.. . . . .  1. . ..lr*. . . . . . . . . . .  . . . . . . . . .  ...... . .  . , .  . . .  . .  

The nature  of  contetiip 
wi l l  requi re  f requent  
by t:io s t i n ve s t i  g i; t o  r s 
objec t ives .  For t h i s  
ra ther  t h a n  s i q l e - p o  
needed. 

! '*.:.!,*$ :.; 

ated sp ice  processing FAD s tud ie s  
and r e p e t i t i v e  f l i g h t  oppor tuni t ies  
t o  s a t i s f y  t h e i r  experitiiental 
reason planned research s tudies  
n t  o r  random oppor tuni t ies  a r e  

- . . - . - -- , 

A very zc t ive  le j rnir ig  process wi 1 1  occur ,  pa r t i cu la r ly  durinq 
the i n i t i a l  yedrs .  Thus, pro(:ress in Space P r scxs i t i g  as a d i s c i p l i n e  
wi l l  be c lose ly  paced by iiow r e p r t i  t i  vely the ii:ul t i  tude o f  inves t iga tors  
can obtain a suf f ic ie r i t  n u  her Jf sho r t -du ra t ion ,  f a s t - r e?c t ion  f l i g h t  
oppor tun i t i e s .  Shut t le-sLpport?d,  7- t r J  30-day-long, ea r th  o r b i t a l ,  
Lor t ie  missions d f f ~ r d  311 ?y.ct:l l en t  weans provided t h a i  the payload 
equipment configgrat ions can .-atch ava i l ab le  resources .  T h i s  i s  
pa r t i cu la r ly  necessary when considering shared payload oppor tuni t ies .  
F I . I V V ~ ~ ~ - G ~ . - F ~  qi;ick r ? ~ r , t ; ~ n  a l t ? rna t ives  must be poss ib l e ,  t o  allow a 
constant  reriatch o f  continuously evolving s c i e n t i f i c  requirt.;  ~e.rits W i t h  
otigoing f l  igh t  oppor tuni t ies .  

CO'iCE?1 S FO? ~ ~ l k E T I ~ ~ 2  A:;T;CIPATED RE(IUI!?EMCTITS 

The nature  o f  the  equipment concepts t o  meet the experimental needs 
a n d  usa7e requirerrents for  both the user a n d  opera tor  a r e  considered here .  
The establishi,ient of a n  i n i t i a l  equipsent inventsry which would be r,:ade 

PI-ccessing. I n  d e d i  t i c c  t c  tkc s.g-? le ; ,  o t h p r  '. i c o r  experi:.:ent-!jni3ue 
hardware may occasional ly  be required by an i n d i v i d u a l  i nves t iga to r ;  b u t ,  
p r i p a r i l y  the  nayloads would be formed from a PIASA inventory of equipment. 
t v o i  u t i c ra ry  cclanycs i n  b o t h  t'7e ari:Taratus d e s i m s  a n d  equiprent inven- 
t c r i e s  w o u l d  n a t u r a l l y  occur as  in-space experinentat ion progresses.  The 
following paragraphs describ?[3] a c t i v i t i e s  or  approaches d i rec ted  toward 
p l a n n i n g  ahead f o r  the occurrence of the discussed concepts.  

...";: ;1%, , . 4 i i e  t o  support  :-ult iDle eYDerir?rnters i s  3 r a r a ! - o u n t  i ssue to  SDace 

. .  . .  
_;_, : ; I ;; - : > ; . - - 1 y ,  ::! : 1 ' -  

. .  . . .  . . .  . ' *  . 2 .. - .  . . .  . .  . . . . . .  . . . .  - . .  . , , , ) .  ;, . .  . . .  

zi-;. l , ' , - * . - > ; :  :. ,.:: : - .' ,,. + ; .'; , .I .* 
- . < L  . _ .  .~ t :  - 
* : . ,  . I  . ~. 

. .  d .  . .  . . , a . , . .,, .' . .  
.~ . .  . .  

7 . .)'... ; A _  . . .  . . . .  - - -__  . ~ . - . . .  . . . -  - 
An i n i t i a l  inventory of equipt7,ent a n d  instrun-,ents h a s  been 

i d e n t i f i e d ,  based upon the examination o f  a crpss  sec t ion  of  experiment 
f m c t i o n a l  requirecients. A i i s t i v q  o f  :his ir,ventDry i s  ii:cluded in  
Table 11 .  Equipment funct ional  spec i f i ca t ions  were t h e n  prepared which 
descr ibe  the an t i c ipa t ed  areas  of usage, functional requirei:ients/rdtio;iale 
and spec i f i ca t ions  o r  c r i t e r i a .  Thi r ty-s ix  Spec i f ica t ions  were prepared 
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which cover 55 i t e n s .  
inst~r-unientation a n d  provide a r e fc renc t  base1 ine d e i c r i p t i o n  f o r  rocord 
heeping. This inventory o f  +ppardtus can then be forncd i n t o  p a ~ l r ~ ~ d  
groupings t o  serve a host of experiments. 
must be avoided i n  o rder  t o  remain f l e x i b l e  and v e r s a t i l e  i n  t h e  grouping 
c o x e p f .  

Thpse documents quant i fy  the equipment and 

Large, custom-made fac i  1 i t i e ;  

I 

I '  
1 :  

i' ,,l.:.'u$i, n of Ec; i~ i i  ~ a : t  j h v  &"+?r&zZ i c ~ ~ h r i c  I ~ , ~ d c s  tii t h o  i;iv?crtc:- 1 
-.t.ai - _  i'<..SS.{b It? 

Examination o f  coimercial equipment technologies revealed t h a t  
the  func t iona l  performance requirements of space processing equipment 
could gene ra l ly  be met by s t a t e -o f - the -a r t  design p rac t i ces .  
a n  apparatus could be evolved from a s tandard item o r  derived by custom 
design using present technologies.  About 1 5  percent of the  equipment 
needed h a s  no analogous commercial base of de r iva t ion  and requi res  spec ia l  
development. This equipment i s  invoived primarily with con tac t l e s s  heating 
and pos i t i on  con t ro l .  

The de r iva t ion  of payloads using commercial equipment sources 
provides a broad and  p o t e n t i a l l y  c o s t - e f f e c t i v e  base upon which t o  
draw. Since the  der ivat ion 0:' payload equipment from c o m e r c i a l  
technologies poses o the r  i s sues  beyond t h a t  o f  the  i d e n t i f i a b l e  

sec t ion ;  but preliminary r ebu l i s  i;n selected ? ~ ~ i i i p ~ c n t  t e s t i n ?  of out- 
gassing c h a r a c t e r i s t i c s  performed by Beckm;.n Instruments under Contract 
NAS 8-29776 appear q u i t e  favorable.  

:..~;LIL( I ax P q  load Z-7 Ai ,sve:n t 3 ~ s  c j s  

T h u s ,  

1. ImLLiul ,u,  . - + " O > l  performance. addi t iona l  comment i s  provided i n  a l a t e r  

I 

Concepts f a r  s t r u c t u r a l  ij gmuping i n te r - re1  a ted  apparatus and 
instruments have been based upon modglar approaches. O n  t h i s  b a s i s ,  
t he  foilcwiig b e n e f i t s  occur: 

- Pa ; lod i  E q u i p m e n t  groupings can readi ly  be assembled f o r  a va r i e ty  
of poss ib le  mission oppor tun i t i e s  ranging from aus t e re  t o  dedica ted .  

- Reconfiguration and refurbishment can b e  a p r a c t i c a l ,  routi:l? 
occurrence.  

- I t  i s  possible  t o  adapt t o  many poss ib le  host-vehicle ,  i n t e r f a c e  
schemes. 

- Equipment a n d  apparjt,ss i n t e r f a c e  manFgement i s  e f f ec t ed  p r i o r  t o  

- Standard i n t e r f a r r s  can be ??f ined  and maintained between t h e  payload 

hos t  vehic le  i n t e g r a t i o n .  

equipment and .Lnc hos t  vehic le .  

Major paylodd equipment groupings have been organized around the  

Furnace: A grcuping of furnaces a n d  a s so l i ? t i*de  apparatus f o r  

following f i v e  payload cubelements: 
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w r f o n i : i n n  a c t i v i t i e ! :  i n  which p h y s i c a l  c o n t a c t  w i t h  t h e  specimen i s  
p('t ."ci  S F  i b 1 2 . 

L e v i  t a t i o n :  Apparatus p r o v i d i n g  c o n t a c t l e s s  p o s i  t i o n l n g  and 

B i o l o g i c a l :  Equipment which produces s e p a r a t i o n  o f  b i o l o g i c a l  

General  Purpose: Prov ides s e r v i c e s  w i t h  a s s o c i a t e d  c h a r a c t e r i z a t i o n  

h e a t i n g  o f  Ypecimens w i t h  a s s o c i a t e d  process c o n t r o l  and c h a r a c t e r i z a t i o n .  

samples w i  t.h a s s o c i a t e d  p r e s e r v a t i o n  and s t o r a g e  c a p a c i t y .  

equipment s u p p o r t i n g  t h e  accommodation of a v a r i e t y  o f  modest t empera tu re  
research - p h y s i c a l  or chemical  f l u i d  s t u d i e s .  

equipment c o n t r o l  f u n c t i o n s .  
Core: Cons is t s  o f  c e n t r a l i z e d  d a t a  a i g u i s i  t i o n ,  p rocess ing  and 

By e x m p l e ,  t h e  Furnace subelement equipment 1 i s t i n g  and i n t e r f a c e s  
a r e  shown i n  F igu res  1 and 2. 

I n  a l l  cases each o f  t h e  f i r s t  f o u r  i n d i v i d u a l  exper iment  stib- 
elements,  o r  p a r t i o n s  t h e r e o f ,  would be capable o f  b e i n g  used inde7enden t l y  
o f  o t h e r  pay load equipment when combined w i t h  t h e  co re  subelement. 
autonoinous groupings a r e  p a r t i c u l a r l y  a t t r a c t i v e  f o r  p a r t i c i p a t i o n  i n  
:ksred ?;?load a s o a r t u c i t j e ;  a n d  t c  acccmmscdate s h f f t s  in functicn.? 
emphasis. 

eszabl  i s h i n g  Spacelab accomnodation mode: and o p e r a t i o n a l  requi rements.  
Eng ineer ing  d e s c r i p t i o n s  o f  these pay load  groupings have been prepared 
and a r e  a v a i l a b l e  i n  Reference 3. Ongoing e f f o r t s  a r e  a l s o  address ing  
s e l f - c o n t a i o e d  automated pay load concepts which would be used e i t h e r  
w i t h  o r  W i thou t  a Spacelab as p a r t  o f  a S h u t t l e  pay load comp?eTent. 

tho were s e l e c t e d  fo r  f u r t h e r  s tudy .  F i g u r e  3 i l l u s t r a t e s  v d r i o u s  
pay load subelement accommodations f o r  a s i n g l e  f l o o r ,  t w o - a i s l e  c o n f i g -  
u r a t i o n .  A l t e r n a t e l y ,  t h e  same payload subelene3ts a r e  shown i p  t i e  
arch c o n f i g u r a t i o n  i n  F igu re  4. 

been identified are  shown i n  F i g u r e  5. The SPA k i t  i s  v i s u a l i z e d  as 
an augmenting power and h e a t  r e j e c t i o n  c a p z b i l i t y  when used i n  c o a j u n c t i c n  
w' th SDacelab. Ry be ing  cagahle o f  c o n t a i r t i r g  automated fu rnace  and 
l e v i t a t i o n  equipnent  t h e  k i t  a l s o  p rov ides  t h e  pay load b a s i s  for 
exper imen ta t i on  i n  an automated m i s s i o n  mode. 

Such 

The subelement concept f u r t h e r  l e t i d s  i t s e l f  t o  i d e n t i f y i n g  an? 

Out o f '  f i . i e  8 p a c e l a b . a c c o i l r o d a t ; u r l  L U I I C ~ I ~ S  which w e r e  c2ns idered,  

power and he:t r e j e c t i o n  k i t  (PHRK) concepts which have 

M I S S  IC3 PLANN i NG 

I n  t h e  fo rego ing  s e c t i o n ,  t h e  requi rements i rposed  on t h e  pay lo3d 
des ign by b o t h  t h e  space p rocess ing  goa ls  and t h e  space s h u t t l e  f l i g h t  
system were d iscussed.  T h i s  s e c t i o n  w i l l  d i scuss  t h e  c u r r e n t  Space 
S h u t t l e  m i s s i o n  n,odel and i t s  i m p l i c a t i o n s  on pay load des ign.  



Exdminat ion o f  t h e  Space S h u t t l e  System’s m i s s i o n  t r a f f i c  model 
p r o v i d e s  a b a s i s  o f  i d r n t i f y i n g  t h e  degree t o  which f r e q u e n t  and r e p e t i t i v e  
acce;s t o  space m iqh t  occt i r  f c r  t h e  PLirpcse s f  c q r d u c t i n q  Space Procczsin,.! 
a c t  i v i  ti c s  . Fur thc  t”? rc, t h  i 5 err dit. 1 c s  the s t ruc t u r  i nq c f  t kt P r  cy^ 1 (2-  f? r : t  

o t  pay lodd  types t h a t  a r e  r e q u i r e d  i n  o r d e r  t o  e f f e c t  t h e  p r o j e c t e d  
i n c o r p o r a t i o n s  i n t o  t h e  v a r i o u s  S h u t t l e  m i s s i o n  m d e s .  U1 t i m a t e l y ,  t h e  
number o f  s e t s  o f  pay load  e q u i p r e n t  o f  each o f  t h e  d e f i n e d  t ypes  can b e  
d e r i v e d  i n  c o n j u n c t i o n  w i t h  o t h e r  p l a n n i n g  and s c h e d u l i n g  c o n s t r a i n t s .  

The most r e c e n t  m i s s i o n  model con ta ins  727 f l i g h t s  o v e r  t h e  p e r i o d  
f rom l9eO t o  ?991. 
f l i g h t s  and 239 remain unassigned. 
f l i g h t s  by t ype :  Dedicated, Assigned and o t h e r  o p p o r t u n i  t.;es. 

C u r r e n t l y ,  payloads a r e  ass igned t o  488 o f  t h e s e  
F i g u r e  6 presEr,ts a d i v i s i o n  o f  

ach 
I n  
1 cq 

Space p rocess ing ,  b o t h  f o r  reasons o f  o p e r a t i n g  economy and 
i e v i n g  program g o a l s ,  must take advantage o f  every f l i g h t ,  o p p c r t u n i t y .  
f a c t ,  an e f f e c t i v e  space p rocess ipg  exper iment  program w i l l  r e q u i r e  a 
i c a !  i t e r a t i v e  sequence o f  f l i g h t  exper iments.  A t r u e  eva lua t - i on  of  

socle processes may r e q u i r e  a s e r i e s  o f  f l i g h t  exper iments i n  which one 
parameter a t  a t i n e  i s  v a r i e d .  Cons ide r ing  t h i s  and t h e  v e r y  l a r g e  number 
o f  l l l d ~ ~ r - ~ ~ ~ j  t h a t  mu:: be n y a l y a t r d j  i t  appears t h a t  a space F m c e s s i n g  
pay lodd c o u l d  be e f f e c t i v e l y  u t i l i z e d  on n e a r l y  eve ry  f l i g h t .  

I n  l i 3 h t  o f  t h e  m i s s i c n  model and t h e  d e s i r e  t o  maximize t h e  number 
o f  SPA f l i g h t  o p p o r t u n i t i e s ,  s i x  S h u t t l e  System accommodation m i s s i o n  mod? 
types are summarized i n  F i g u r e  7. O f  t h e  s i x  modes l i s t e d ,  Spacelab- 
ded ica ted ,  Spacelab-shared arid automated modes appear t o  r e p r e s e n t  t h e  
concepts t h a t  w i l l  r e q u i r e  m a j o r  a n t i c i p a t o r y  pay load  p l a n n i n g  and w i l l  
a f f o r d  naximum SPA f l i g h t  o p p o r t u n i t i e s  w i t h i n  t h e  m i s s i o n  model. 

- 1  , - d ? r - t a k e  t h i s  many f i l g h t  o p p o r t u n i t i e s  and t o  u t i l i z e  f u l l , .  
t h e  Space S h u t t l e ’ s  pay load  c a p a b i l i t y  w i l l  r e q u i r e  an i r . ven to ry  o f  
payloads designed i o  match the  c a T a c i t i e s  and r e s t r i c t i o n s  imposed by 
each type o f  R i s s i o n .  I n  o r d e r  c~ acco -p l i sh  t h e  above o b j e c t i v e s ,  an 
i n v e p l o r y  o f  pay load equ ipxen t  has been d e f i n e d  which can be combined 
t o  form complements o f  payloads.  S p e c i f i c  d e t a i l s  a r e  o u t l i n e d  i n  t h e  
f o  1 1 ow i ng 5 ~c t i ons . 
E :~.c:’r*:zvt  Iy::er:t  rr. 
I-----L 

An i n i t i a l  l i s t i n g  o f  equipment i t ems  was d e r i v e d  a s  a r e s u l t  o f  an 
a n a l y s i s  o f  g e n e r i c  c lasses  uf r e p r e s e n t a t i v e  Space Process ing  e x p l r i r e n t s .  
Subsequently, rev iew and upda t ing  o f  t h e  equipment i n v e n t o r y  has and i s  
expected t o  be a c o n t i n u i n g  e f f o r t  due t o  t h e  developrnent o f  t h e  expeyi lnental  
areas w i t h i n  t h e  i n t e r n a t i o n a l  t e c h n i c a l  co i ”n i t y .  I t  i s  t a  b e  emphasized 
t h a t  a c o n t i n u i n g  a c t i v e  p a r t . i c i p a t i o n  o f  t h e  t e c h n i c a l  c c m r u n i t y  w i t h  
rega rd  t o  t h e  equipment f u n c t i o n s  w i l l  c o n t r o l  t h e  p r o l i f ’ c e c y  o f  t h e  
expef- imental  program tc ,  a g r e a t  degree. 
o f  a p ~ 3 r a t u s  w i l l  o c c a s i o n a l l y  be supplemented b y  i n d i v i d u a i ,  exper iment-  

Use s f  t h i s  preplar lned complement 
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unique f i x t u r e s  s u p p l i e d  by t h e  i n v e s t i g a t o r  t o  f u r t h e r  enhance t h e  equ ip -  
metit u t i  1 i ty. 

. , . . , . . ,  , 7 , ; ; I  P . ~ . : d - . - , ; ~ . * - , ~ . .  

i. 
! 

- ._ <'.' I . . . . . .  . , .  . .  
I 

4 s ~ , : ~ ~ ~ r y  o f  th ; s  icv{:r-,Lc!ry o f  p ~ ~ ; ~ > ~ , ~ ~ i t  'is p r c s e r t p d  i n  t h e  a t t a c h -  
ment. 
a r a t i o n  o f  Equipment F u n c t i o n a l  S p e c i f i c a t i o n s .  The equipnent  f u n c t i o n a l  
s p e c l f i c a t i o n s  b h i c h  have been d r a f t e d  se rve  as a s t a r t i p q  p o i n t  i n  t h e  q i iant -  
i f i c a t i o n  of  t h e  equipment and i n s t r u m e n t a t i o n .  They p r o v i d e  b o t h  a r e f e r e n c e  
b a s e l i n e  d e s c r i p t i o n  and t h e  b a s i s  f o r  r e c o r d  keeping. The i n i t i a l  s p e c i f i c a t i o n  
performance requi rements , des ign  approach and d e s c r i p t i o n s  must be t r e a t e d  
as t e n t a t i v e  a t  t h i s  t i m e  and w i l l  r e q u i r e  u p d a t i n y  as f u r t h e r  d e f i n i t i o n  
progresses. I t  i s  e s s e n t i a l  t o  document t h i s  con t inuous  l e a r n i n g  procezs. 

prepared:  

Expanding upon t h e  suinriiary d a t j  o f  t t ,e a t tachment  has been t h e  p rep -  

I 

I 

Three m a j o r  s e c t i o a s  o f  each Equipment F u n c t i o n a l  S p e c i f i c a t i o n  were 

I A n t i c i p a t e d  U c a  e T h i s  i s  a n a r r a t i v e  f , Jnc t i ona l  d e s c r i p t i o n  
~f appiic$-tl%;i&-in which t h e  apparatus i s  t o  be used. T h i s  
d e s c r i p t i o n  may be a p p l i c a b l e  t o  s e v e r a l  exper imen ta l  a c t i v i t i e s  
and r e l a t e s  t.o t h e  f u n c t i o n a l  requi rements d e r i v e d  f rom an 
e x a m i n a t i m  o f  t h e  g e n e r i c  SPA exper iment  c lasses  i n  v a r i o u s  
R&D c a t e g o r i e s .  

Func t i ona l  Requfrements lRat ionale.  --- T h i s  i s  an e x p l i c i t  f u n c t i o n a l  
d e s c r i p t i c n  nf  t h e  dpparatus under c o n s i d e r a t i o n .  
d e s c r i p t i v e  c o n t e n t  may i n c l u d e  coiiti-ol :~;ncr.c;cns, da+.a c,;itpl;t, 
power i n p u t ,  i n t e r f a c e  requi rements and s a f e t y  c o n s i d e r a t i o n s .  

Specifications/Criteria. .. -____-- Where a 9 p l i c a b l e  and a v a i l a b l e ,  
q u a n t i t a t i v e  and q u a l i t a t i v e  i n f o r m a t i o n  i s  i n c l u d e d  such a s  
temperature ranges o f  i n t e r e s t ,  requi re ,  accuracy o f  performance/ 
c o n t r o l  /measurement. 

The c o l l e c t i o n  o f  these f u n c t i o n a l  s p e c i f i c a t i o n s  a r e  planned t o  

P a r t i c u l a r  

u l t i r a t e l y  r e s u l t  i n  ti-,? i;cddri;e o f  an " E x p e r i  - e n t e r ' s  Vsqdbook" which i n  
c o n j u n c t i o n  w i t h  other-  d c t i V i  t j e s  would a s s i s t  the P r i , ? c i p a l  I n v e s t i g a t o r s  
i n  t h e  p l a n n i n g  and e x e c u t i o n  o f  t h e i r  exper imenta l  programs. 

capable o f  b e i n g  formed i n t o  pay load c o n f i g u r a t i o n s ,  which must be c o n s i s t e n t  
w i t h  bo th  t h e  exper i I , iental  o b j e c t i v e s  and t h e  host-vehicle's accommodation 
nodes. A d d i t i o n a l  i ssues  have been examined and concepts have been developed 
f o r  t h i s  t o  occu r .  

The nex t  i ssues  a t  hand r e q u i r e  t h a t  t h e  e q u i p r e n t  i n v e n t o r y  be 

**....e - *  T. . ! i-;;:.>..: 
I 

. . I .  

I l l u s t r a t i n g  another  i m p o r t a n t  aspect  o f  t h e  pay load accommodation 
requi rement  i s  t h e  n e c e s s i t y  o f  i d e n t i f y i n g  and p lann ing  t h e  range o f  va lues 
o f  i n t e r f a c e  r e q u i  r e r e n t s  between t h e  h o s t - v e h i c l  e and pay load equipment. 
S ince t h e  SPA a i s c i p l i n e ' s  o b j e c t i v e s  r e q u i r e  a need t o  respocd t o  ever-  
changing equipment conpleirents 3s b o t h  exper imenta l  o b j e c t i v e s  and n i j s i o n  
o p p o r t u n i t i e s  evo lve ,  an i n i t i a l  system ha; been e s t a b l i s h e d  t o  c o n v e n i r l . t ? y  
a1 low numerous pe rmuta t i ons  o f  e rLe r imen ts  and apparatus groupings t o  o e  
ch a F a c t  e r  i zed. 
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For each mission mode s e l e c t e d ,  overa l l  ldyouts must be prepared 
which 111 u s t r a t e  the payload equipment/host vehicle  accomodation. Dtie 
to  the  enormous nuriber o f  d i s t i n c t  combinations of experiments t h a t  may 
bc perfotmed ir: the vzrious an t ic ipa ted  v iss ion  , " i s ,  a d e t a i l e d  analysis  
o f  t3e d a t a  requirv-:cnr; involved in each cast. i s  n a n d a t o r y .  Ry u s i x j  the 
r e s u l t s  o f  t h i s  prograv i n  the  planning of the experiment t i m e l i n e s ,  b e t t e r  
usage of the f a c i l i t i e s  ava i lab le  may be made. 

Af te r  developing t h i s  plethora of da ta ,  a means must be found by 
vthich ar! e f f e c t i v e  d isp lay  may be prepared. 
this has  been found and involves the computer generation o f  three-dimensional 
bar graphs,  

, 

A successful  method o f  doing 

A TRW Systems computer program named 3G3D makes a graphical d i sp lay  
o f  a set o f  p o s i t i v e  numerical values t h a t  a= asslgned t o  the s e p a r a t e  
gr id  squares of a rectangular  g r i d .  
e f f e c t i v e  method of  v i sua l iz ing  a vas t  set o f  data  - much b e t t e r  t h a n  by 
reading a matrix.  
some two-dimensional d i s p l a y s ,  a comprehensive study may be made of the 
many d a t a  requirements. Those s ingled o u t  a n d  analyzed i n i t i a l l y  a re  
power, energy, weight a n d  volume. Others wi l l  b e  completed l a t e r ,  such 
as  beat r e j ec t ion ,  source power requirements, electromagnetic compatibi l i ty  
and data management. 

T h i s  p r x e d u r e  provides a highly 

By u s i n g  the BG3D program and a l s o  by making use of  

Several f i l e s  must be es tab l i shed  from which data  may be drawn in  
order  t o  i n i t i a t e  the p l o t s .  These a re :  

o Equipment Files 

For each piece of  equipvent i n  the SPA inventory a separa te  d a t a  
recgrd i s  es tab l i shed  which includes weight, volume and  power p r o f i l e .  
I f  the equipment has both a sustained and  peak power l e v e l ,  both a r e  
spec i f i ed .  

c Erperiment __ Files  

es tab l i shed  which includes a l i s t  o f  each piece o f  equipment used and 
i t s  s t a r t - u p  and  shut-dohn times.  

o F - s i o n  F i les  

which includes the exper i ren ts  being performed and t h e i r  s t a r t  times. 

experiments i s  the  BG3D presentat ion shswn in Figtire 8. 

For each experiment t o  be performed a separa te  data  record i s  

For each mission considered, a separa te  data record i s  es tab l i shed  

I l l u s t r a t i n g  a power p r o f i l e  display f o r  twelve ( 1 2 )  SPA 

INTEGRATION & IhlERFACES 

There a r e  o t h e r  aspect; which a re  required i n  a n t i c i p a t i n g  the  
payload designs and  which compliment the concepts described i n  the  p r io r  
paragraphs. 
ea r ly  systems engineering and sthsystems design ana lys i s  i n  order  t o  

The issues  cf  :IC: ''what'', bii t  "how" must be addressed thro l igh  
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a s c e r t a i n  the technical  v i a b i l i t y  of the concepts.  The major i n t e r f a c e s  
to the payload equipment t h a t  must be considered i n  t h e s e  analyses a r e  
shown i n  Figure 9. 

i * - . - I * '  .; ,: , ? '  1' >..( , *  ._. ,.. *- ,; ' :.. .. ,. T , ,  , .. ,, 1 - 

Some of  the  main issues a re  s u m a r i z e d  below. 
. , e  : .).-  :,.; ..-' !.?c?:ll z r  'n.3, load ._ . 

. . .  I .  . .  
. ... . . . . . . . - . - __  - . 

. ,  ,. t .  , . ,.. 3 1 '.,' . .; j ,  t ; , b '  ' : - *  * I .' 
- ~ .. . .. , 

Subsystem i n t e r f a c e  ana lys i s  was performed t o  es tab1 is h the i n t e g r i t y  
of the modular ap.;,roach t o  the equipment design and integration. 
areas t h a t  were se lec ted  f o r  ana lys i s  were power and power condi t ioning,  
heat  r e j e c t i c n  and electromagnetic cdpabil i t y  ( E M C ) .  

Power and Power Conditicning 

special  conditioning o f  the  i n p u t  power (high v o l t ,  low v o l t ,  r e g u l a t i o n ,  
e t c ) .  
indicated a poss ib le  mismatc? i n  spec ia l  equipment requirements f o r  3. 
majority of cases  ( including commercial equipment). Maximum f l e x i b i l i t y  
i n  i n t e g r a t i n g  subelements i n t o  the SpPcelab i s  achieved i f  the power 

S a l i e n t  

I 

E a r l i e r  s tud ie s  indicated t h a t  v i r t g a l l y  a i i  eqiiipment requi res  

An examination o f  the i n p u t  power a v a i l a b l e  from the  Spacelab 

condi t 

thema  
exami n 

oners a r e  nc , t  c e n t r a l i z e d ,  b u t  a r e  pa r t  o f  the  equipment. 

Based upon these  cmc lus ions  , and i n  c l o s e  c o r r e l a t i o n  w i t h  t he  
a n d  o t h e r  aspects  of paj.load design,  e f f o r t s  were d i r e c t e d  a t  

ng the power requirements t h z t  follow: 

Power-Load Reyi rementc, 

The number o f  possible  SPA experiments a re  d iverse .  For the DurDose 
of narrowing the scope of t h i s  study', t he  equipment and load p r o f i l e s  f o r  
twelve reorf:sentative experiments were i d e n t i f i e d .  
ments a re  l i s t e d  in Table 11. 
wil l  be iden t i f i ed  by the numbers m e  t h r o u g h  twelve. 
experiments were chosen as being r e Q r e s e n t a t i v e  of the g roup  and z re  
described in g r e a t e r  d e t a i l  t o  i l l u s t r a t e  the evaluat ions used i n  the  
ana lys i s .  They a r e  Experiment ? l  , Metallurgical-Furnace,  Encap:ulated 
Immiscible Ccvbination, a n d  Experiment Y8, Bioloqy Appl ications-Continuous 
F l o w  Electrophoret ic  Separation o f  Pro te ins .  
source loads for these two representa t ive  experiments a re  presented i n  
Figure 70. 

These twelve SPA exper i -  
Throughou t  t h i s  paper,  the twelve experinents  

Two o f  t he  twelve 

The p ro f i l e s  of the  power- 

Power Avail abi 1 i ty  

The S h u t t l e  Orbi te r  wi l l  provide e l e c t r i c a l  power fmm i t s  th ree  
fuel ce l l ;  in  supoor: o f  the Orbi te r  and the  Spacelab operat ions.  One 
o f  the three  S h u t t l e  Orbi ter  fuel c e l l s  i s  dedicated t o  the Spacelab 
e l e c t r i c a l  Dower r 2 q u i r c x n t s  during normal S n u t t l e  opera t i Jn .  This 
power supplie; the Spacelab subsystems and the  excess i s  ava i lab le  t o  
the p z v l o a d .  The cur ren t  Spacelab sgbsystem requirements r e s u l t  i n  a 
payload a l l o c a t i o n  of 4 .0  t o  4 .8  KW average ( 2 4  hourlday) a n d  9.9 KW 
peak for  1 5  mjnutes. 
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8 .  

9.  

10. 

1 1 .  

2 .  

M E T A L L U R G I C A L  -FURNACE 
EN CAPSULATED I MM I SC I B L E  COMB I N A T  I ON 

MET A L L  URG I C A L  -LEV I T A T  I ON 

P REPARAT ION OF PURE ALLOY S-CONTA I NE RLE S S  M E L T  I NG 

CRYSTAL GROWTH- FURNACE 

MOLTEN ZONE CRYSTAL GROWTH 

CRYSTAL GhJ'dTH - L E V I T A T I O N  

CRYSTAL GROWTH BY P U L L I N G  F R 3 M  C O N T A I N E R L E S S  MELT 

GLASS T E  CHNOLOG'I-FURNACE 

PREPARATION O F  MULTIPHASE,  S I L I C A T E  BASED GLASS 

GLASS T E C H N O L O G Y - L E V I T A T I O N  
~ n & a - r n ~ * + r n a  r c c  n n r n n n n r r n r t  nr  1 
L V I Y I ~ I I Y C N C J ~  rnLrnnn IiuIl 's2O3 BAS;EE GLASS 

B I il L 06 Y A P P L I CAT I 01.4 S -STAT I 0 NARY CO L U MN 

ELECTROPHORETIC S E P d R A T I O N  O F  P R O T E I N S  

BiClLOGY A P P L  I C A T I O N S - C O N T I N U O U S  FLOW 
ELECTRO?HORETIC S E P A R A T I O N  OF P R O T E I N S  

~ - . - . .  
, ,. . . L P P O C E S S E S  I N  F L U I D S - L E V I T A T I O N  

C 1:fT;iI:1ERLESS P O S I T I O N  CONTROL O F  L I Q U I D S  BY ELECTRC-  
MAGNETICS 

P H Y S I C A L  PROCESSES i N  F L U I D S - G E k E R A L  
T1tERMAL GRADIENT CONVECTION I N  L I Q U I D S  

C H E M I C A L  P i W C E S S E S - L E V I T A T I O N  
C H A I N  R E A C T I O N S  AFFECTED BY COf iVECTION 

CHEMICAL PROCESSE S-GENE RAL 

K . W I C A L  L I F E T I E S  
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l l l l l l l l l l l l I l l  I I 

.4ddi t i ona l  power sources must be provided t o  f u l f i l l  e l e c t r i c a l  
power requirements t h a t  exceed the a l l o c a t i o n  of e l e c t r i c a l  power from 
t h e  Orh i  t p r .  
g p c j k ; n g  b6:ter-y k i t s  a!>.; :,!le !;;t? cf a !';n.,J:r-tipr?t !??.jection Ki t .  Thfs  K . l t  
w i i ;  con;din up t o  t V : o  >OL,:?.\C-:~S:: f w 1  c . e l  1s 2nd t h e  necessary g l w : b i n g ,  
c o n t r o l s ,  reac tan ts  and tankage t o  s a t i s f y  the SPA experiment requirements. 
The Power-Heat Rejection Kit would provide up t o  14 KW o f  continuous power 
and peaks o f  u p  t o  24 KW f o r  15 minutes. 

The use o f  t he  experiment payload a l l o c a t i o n  from the O r b i t e r  and 
the Power-Heat Rejection Kit wi l l  provide e l e c t r i c a l  power t o  the SPA 
experiments o f  from 4.0 to  18.8 liU continuously and peaks o f  u p  t o  33 KW 
f o r  15 minutes. .  

The power S O I . J ~ C ~ S  considered were supplemental and/or 

For the purpose of assessing the  c a p a b i l i t y  o f  the e l e c t r i c a l  
rower a l loca t ions  t o  s a t i s f y  the SPA experiment requirements, Figures 
11 and 12 s m a r i z e  the  sustaining and peak experiment. e l e c t r l c a l  ower 

These were used t o  provide a comparison w i t h  the  power a l loca t ions  from 
the Spacelab and the  Power-Heat Rejection Kit  which i s  shown i n  Figure13. 
These f igures  a l so  mnpare the average a n d  peak e l e c t r i c a l  power capabi- 
l i t i e s  of one and two fuel ce l l  systems. 

requirements a t  the  source f o r  eacn o t  the  1 2  i d e n t i f i e d  experimen e s. 

- Power Condi t ioninq-Distr ibut ion 

The eiectr;ca! power conditioning a n d  d i s t r i b u t i o n  subsystem must 
d i s t r i b u t e  power t o  the experimental eqtiipiiiczt frcm the  power rniirrp L L ,  i n  
a s s f e ,  e f f i c i e n t  panner. A number o f  corlcepts were considered and  
compared r e l a t i v e  t o :  

1 )  Impact on subelement payloads 
2)  Impact on h o s t  vehicle (Spacelab) 
3) Modul a r i  t y l f l e x i b i  1 i t y  
4 )  Eff ic iency ,  weiaht a n d  s i z e  
5) Safety 

6 ) E l  ec tromagne t i c Compat i b i  1 i t y  ( EMC ) 

T h i s  comparison resu l ted  in the follow'n:: recommendations: A 
115 V A C - 4 0 0  Hz,  single-phase system f o r  the low power experiment bus, 
a n d  a 115 VAC-1600/1800 H z ,  3-phase, 4-dire  system f o r  ;he high p w e r  
experiment b u s .  A bloLk diagran; stinw<ng the  power d i s t r i b u t i o n  system 
i s  showr, i n  Figure 14. Powzr conversion from 28 VGC t o  400 Hz  a p d  1800 
Jz  AC i s  accomplished by s t a t i c  UC t o  A C  i n v e r t e r s ,  wnicn a re  frequency 
a n d  phase synchronized t o  prevent dynamic i c t e rac t ions  and  system 
i n s t a b i l i t y .  The inver te rs  a re  s e l f - p r o t e c t i n g  fo r  overvoltage on 
i n p u t  and  overload and  sho r t  c i r c u i t  on o u t p u t .  Further considerat ion 
wi l l  be given t o  the modu:arizztion of b o t h  the input and o u t p u t  junct ion 
boxes i n t o  several  separa te  modules so t h a t  il.; case o f  a mjor  f a u l t  some 
bus protect ion wi l l  be provided by t h e  physical separat ion of the switching 
element;. 
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Of course,  throughout t h i s  i r t i v i t y  a continuous t r ade  study of 
power conditioning and  d i s t r i b u t i o n  equipment e f f i c i e n c i e s  on the thermal 
control requirements was made. Several thermal i n t e r f a c e s  between the 
e l e c t r i c a l  ;'qwer and theraal  c o n t r o l  subsystems were eva1uatt.d. The 
p r i r a r y  ir:?!:I-fjr.e i s  t i , ?  d is :  i c d t : , ? n  -f a i l  e l e c t r i c a l  e n e q y  c 3 n s i r e d  
by the expcrinents ,  i . e . ,  the  energy Glider the experimect power source 
p r o f i l e s  must be d i s s ipd ted  by the thermal control subsystem. The 
d i s s ipa t ion  of t h i s  energy requires  addi t ional  e l e c t r i c a l  energy f o r  
operation o f  the thermal c o a t m i  equipment r e s u l t i n g  i n  an increase in 
e l e c t r i c a l  energy t k a t  must be d i s s i p a t e d . '  Other thermal i n t e r f a c e s  
considered were the d i s s i p a t i o n  of heat from the fuel c e l l s  and t h e  
r e s u l t a n t  by-product (water)  produced by the fuel c e l l s  f o r  potent ia l  
use by the thermal control subsystem. Based upon the  experiment load 
rpquirements and  assuming the use of the Power-Heat Rejection K i t ,  a 
thermal control pump system e l e c t r i c a l  power requirement of 470 wat ts  
ccntinuous Wac_ determined t o  s a t i s f y  the  thermal cont.ro1 subsystem 
requi rerwnts. 

The thermal in t e r f a2e  analysis  was addressed i n  t he  followinr way: 

I d e n t i f i c a t i o n  . . .. o f  __ Wds-te -. Heat Requirements: 

The thermal control subsystem provides the reqliired thermal protect ion 
t o  m i n t a i n  a i l  subsystens within thermal l i m i t s  f o r  a l l  missinn phases f o r  

f o r  the equipmer,t s e i ec t ed  i:: the subelements. The t imel ines  were necessary 
t o  eStdLliSh magnitude ? n a  duration o f  peak loads.  
have m s t e  heat requireaents  were separated i n t o  two groups: ( 1 )  
t h a t  can be ne t  by the  Soacelab c a p a b i l i t y ,  ard ( 2 )  
require  suppleaental  capabi 1 i t y .  

Identi  ci-ggt~ioc o f  Special In t e r f ace  Prob lemg: 

I n  addi t ;ur l  :? * ' - -  .  IT^ o f  h e a t ,  sone items o f  equipment 

At-- Llle r z h p C ,  -~ , - - . . , . . .n"+31  , l t ~ I I ~ . o ,  L . , u , y .  nn,,;ncon+ _ , . _ .  0 ' -  ~ 2 5 1 r t  -.- h e a t  d i s s ipa t ion  tfmelines were developed 

Items o f  equipment t h a t  
those 

those items t h a t  

wt7r-e iden;ified :r,+: , . I + j ;?i-f i.. t.? . 7-a:ur-e reqairements such 
as component t o u c h  or  c:r,-ersd:icn temperature 1 imits .  

T h e V d l  C3nti.p: L O ) ]  fng- CO;r.?>ts: __ ..- - . . . - __- 
For the purpose of assessing tne magnitude of the tnermal control 

problem, t ' t - g . . ?  d i  f f e r e q t  them31 control s { s t e m  concepts were i n v s t i g a t e d  
i3 de te r - - l - c :  t '  t ' i  r c 3 $ + 5 ; :  i t  t 3  L y z , i i  ? e  the nwcssary  t h e m a l  con t ro l .  
A 1  thou:+ th:? dsses swnt  Wac  3 f  a ?re1 iqinary na tu re ,  the concept analysos 
d i d  iq:izJte a "~ , - : l e r  :if d ~ t ' d . ,  ~ ? e r - e  - . , ; i i i i ca : i ons  t o  SPA t i m e l ' l l e ~  and/or 
equi?-,ent r c o ~ l d  be r,eiessar-y. 

supplied a i r  flow f o r  c m 1 f n q  O i  r ? c k  TxJnted e l e c t r m l c  equipment. 
I n  the  analysis  o f  t h i s  cnn:r .yt ,  a s implif ied thermal model o f  a typical  
cabin themal  c c n t x :  = l J : ~ ~  a n d  the SPA a i r  cooling loop !der 
based U F O P  ::,e s tud ie s  tcmdqvcted a ?  YSFC o n  the S s r t i e  L ? S .  
analyses t o  da t e ,  i t  dppe.2rs  t i i d t  a i r -  czoling i s  f e a s i b l e  ;r:v-: 1,; .;.? 

The a i r  cooling system concept deDP9dS upon the Space lab  

. .  
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I , ~ ~ ~ s s J I ' ~  F / .  A *  c3rl be p*-cviljr i i :  rirl t h e  comerc ia1  eqoicip~Pt)t 

e::cept t h a t  t he  equipment mounting r a i l s  !n the rack a r e  cooled by 
coolant l i n e s .  A parametric ana lys i s  was conducted t o  a s ses s  the 
f e a s i b i l i t y  o f  using a water cool ina loop with co ld  p l a t e  mounted 
e l e c t r o n i c s .  The l i q u i d  cooling i i -xept ' s  f e a s i b i l i t y  depends, t G  
a i a r g e  e x t e n t ,  on the design o f  the l i q u i d  d i s t r i b u t i o n  system. 
A properly designed system must be capable o f  providing the required 
flow r a t e  a t  a low enough pressure drop t o  r e s u l t  i n  a reasonable 
pump power requirement. 
c h a r a c t e r i s t i c s  would r equ i r e  a d e t a i l e d  thermal ana lys i s  f o r  a 
s p e c i f i c  conf igu ra t ion ,  however, i t  appears t h a t  a l i q u i d  cooling 
loop would be f eas ib l e .  

l ab  was a l s o  inves t iga ted .  Such a system wculd y o v i d e  the 
c a p a b i l i t y  of a thermal energy t r anspor t  without an a t t endan t  
expenditure o f  power f o r  an electromotive device ( f a n s ,  pumps, e t c . ) .  
I t  was determined t h a t  the  heat t r anspor t  requirenents  on the  heat 
pipe syst=m t h a t  resu l t :  from a typ ica l  rack power d i s s i p a t i o n  d i s t r i -  
bution Ere too severe .  The number o f  pipes required were considered 

can be used, however, f o r  dumping heat from the various components 
i n t o  the  a i r  duc ts .  

The l i q u i d  cooling system i s  s i fn i l a r  t o  the a i r  cool ing concept 

A complete assessment of the coolant  loop 

A heat  p i p e  system employed a s  a cool ing concept f o r  Space- 

irppracricdl iii i e : 2 t i o f i  2:r FerllnPCI r - -  : iqi; id co=ljng. Hest  piper  

Thermal Control Subsystem o f  Power/Heat Rejection Kit:  

The Power/Heat Rejection Kit ( P H R K )  thermal cont ro l  subsystem 
( T C S )  c o n s i s t s  of a punped l i q u i d  loop which r e j ec?s  thermal energy 
to  space via a t h e m z l  r a d i a t o r  iocated on the e x t e r i o r  o f  the P H R K  
s t ruc t l i r e .  The system i s  a l i qu id  l o o p  usiqq twc  r a d i a t o r s  t o  r e j e c t  
the thermal erierqy absorbed from the  fuel c e l l s ,  e lec t roni - .  equipment 
and furnaces.  
f o r  h i g h  heat r e j e c t i o n  a n d  t he  secondary r a d i a t o r  i s  t o  prcvide 
t e r p e r a t u r e  drop :n  approximdtely ten  percent o f  t he  flow f o r  cooling 
room-temperature s p e r a t i n g ,  e l e c t r o n i c  equipment. A thermal capac i to r  
i s  included i n  the system downstream of the primary r a d i a t o r  t o  s t o r e  
the  ther-a1 energy t h a t  exceeds r ad ia to r  caDacity u n t i l  such a time 
as  the thermal load f a l l s  w i t h i n  r a d i a t o r  c a p a b i l i t y .  

The primary r a d i a t o r  i s  a h i g h  temperature r a d i a t o r  

*P = Compment Power 
UP = Effec t ive  Thermal Conductance From Component t o  Coolant 
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Figure 15 shows the P H R K  heat d i s s i p a t i o n  system f o r  those  missions 
where the k i t  i s  i n  support  of SPA payload; within the Spacelab. The hea t  
r e j e c t i o n  subsystem was baseliried on a 7 f t .  body mounted r a d i a t o r  length.  
The useable experiment duty cyc le  was then defined f o r  this system versus 
the average experiment power involved. 
r e j e c t i o n  system designs required t o  ope ra t e  a t  7 kW and 14 kW e l e c t r i c a l  
s t eady- s t a t e  has been i n i t i a t e d .  
e l e c t r i c a l  values r e f l e c t  a s t eady- s t a t e  hea t  r e j e c t i o n  problem o f  11.3  kW 
and 22.3 kW respec t ive ly .  
of a supplemental power and r e j e z t i o n  k i t  represents  an extreme usage 
l i m i t .  On the o t h e r  hand, examination o f  poss ib le  dirty cyc le  usages 
based upon average experiment power i l l u s t r a t e s  usage opt ions with t h i s  
approach. While the S?A experiment a c t i v i t i e s  revolve around both power 
and energy a v a i l a b i l i t i e s ,  i t  can he conclusively shown t h a t  heat r e j e c t i o n  
wi l l  always pose the primary l i m i t a t i o n  i n  achieving the associated sub- 
system suppor t .  
a f f ec t ing  the  thermal shbsystem design of r a d i a t o r  s i z e ,  fuel c e l l  
temperatures a n d  use o f  capaci t o r s .  

Subsequently, s tudy o f  the heat 

A t  the fuel cell sou rces ,  the previous 

The s t eady- s t a t e  appmach t o  def ining the use 

This i s  p a r t i c u l a r l y  t rue  i n  l i g h t  of the l i m i t a t i o n s  

E i  
~ 

ectromagnet i c Conpa t i b i 1 i t y  

A s i m i i a r  ac 'civity w d j  pst-fsi-md f o ;  t k c  anz7yz js  cf' t h e  e1pi . t . r~-  
magnetic campat ibi l i ty  ( E M C )  i n t e r f a c e .  H i s t o r i c a l l y ,  EMC has been 
approached by t e s t i n g  engineering models per a m i l i t a r y  s p e c i f i c a t i o n .  
I n  c o n t r a s t ,  modeled payload ana lys i s  could be used t o  p r e d i c t ,  cha rac t e r i ze  
a n d  provide trade s o l u t i o n s  i n  tile design a c t i v i t y .  
required f o r  d e t a i l e d  EMC study was not r ead i ly  ava i l ab le .  A beginning 
was necessary f o r  two important reasons: one i s  t h a t  the  problem area 
h?d t o  be opened u p  t o  e s t a b l i s h  the  approach to  EMC c o n t r o l ,  t h e  o t h e r  
was t h a t  i n  order  t o  e x p l o i t  every mission opportuni ty ,  SPA payloads 
must be capdble o f  operat ing ir :  c i o s e  2rcx'qnity t o  almost any o t h e r  
experfment. An EMC evaluat ion o f  commercial equipment was one of the  
most important th ings  t o  emerge frm t h i s  e f f o r t ,  s i n c e  commercial 
equipment c f  the kind envisioned by SFA h a d  not considered EMC i n  the 
broad sense as necessary . x i t h  space s y s t e x .  This showed up i n  component 
des ign ,  component assembly techniques,  and lack of measured o r  ana ly t i ca l  
EMC da ta .  The EMC problem i s  fur ther  aggravated by the high currents  
a n d  vo;taqe: required Sji 5". The i n i t i a l  e f f o r t s  have been aimed a t  
various l eve l s  o f  cateyorizdt ion o f  the  payloads and i n t e r f a c i n g  equipment 
a n d  a t  t he  es tabl ishment  o f  i n i t j a l  e s t i s a t e s  f o r  the EMC environnent f o r  
the  reQresentative payload c o n f i g u r a t i o i s .  A t es t  program was 
s t a r t e d  t o  F d s u r e  some o f  the pe r t inen t  EMC c h a r a c t e r i s t i c s  of RLD proto- 
types o f  equipvent s i m i l a r  t o  t h a t  coder CGnsideration a s  po ten t i a l  SPA 
pay1 oads. 

ferencc amng t h c  SPA candidate paylozds !s the induction hea ter .  The 
Inductfan h e a t e r ' s  r ad ia t ed  In t e r f e rence  can be expected t o  be a major 
cons tde r i t i on  f o r  t he  design o f  the Spacelab dat.a handling and comnunication 
equi p e n t .  

Most o f  the da ta  

One o f  the most prominent s ~ u r c e s  3 f  s t eady- s t a t e  r ad ia t ed  inter-  
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. 
Figure 16 i l l u s t r a t e s  the l eve l s  of  magnetic f i e l d  r a d i a t i o n  

1--3?ured a t  a 1 meter d i s tance  from one of the two induction hea ters  
fe?j Led. 

PerfJnance of an Anulysis  Regarding the  SuSject of Canmzrcial 
E;:c:;.ncKt L ' t i  Z i @ J  

A n  i n i t i a l  review of numerous payload equipment items showed 
t h a t  the functional requirements required o f  most o f  the  apparatus a r e  
ava i lab le  from comnercial sources.  While the functional aspects  a r e  
s a t i s f i e d ,  o t h e r  required usage f ac to r s  t h a t  needed t o  be considered 
included outgassing or flammability o f  the m a t e r i a l s ,  packaging and 
material  s u b s t i t u t i o n  o p t i o n s ,  power condi t ioning,  EMC and heat  t r ans fe r .  
The ult imate host vehicle c r i t e r i a  imposed wi l l  profoundly inf luence the 
a m o u n t  of  modification necessary item by i tern, however, the  comnercial 
equipment design technology base remains the primary source o f  apparatus 
development. 
appeared p o t e n t i a l l y  promising, a number of  usage f ac to r s  remained t o  be 
resolved. 

Even t h o u g h ,  a t  the o u t s e t ,  t he  use of comnercial equipment 

Spec i f ic  fac tors  t h a t  were examined included the  following: 

- Safety 
- Packaging 
- Struc tura l  
- Power Coiidi t i  cn i  ng 

- Thermal Control 

I 

- Materials of Construction 

?he l i s t  of comnercial u t i l i t y  aspects  were broken i n t o  t h ree  
ca tegor ies .  
pzwer ccnditioning and  thermal. 
re1 ated t o  the  operational c h a r a c t e r i s t i c s  of the individual equipment 
i t e - .  I n  t h i s  sepse judgements a n d  assessments concerning the u t i l i t y  
G f  a coaliercial piece o f  gear could be made, t o  a reasonable e x t e n t ,  by 
considering several  typical  equipment i tems. By example, the operat ional  
c h a r a c t e r i s t i c s  of  a tube furnace produced by any one of several  manufacturers 
could be used t o  assess such fac tors  as the thermal,  power and s t ruc tu ra l  
i cpac ts  upon the SPA payload. 
t i o n  such as the s u s c e p t i b i l i t y  to contamination depcsi ts  o r  s h a t t e r a b i l i t y  
a l so  f a l l  i n to  t h i s  category. 

I n  con t r a s t ,  the  second major category concerned questions r e l a t ing  
i o  m t e r i a l s  of cons t ruc t ion ,  such as outgassing df?d flammabili ty,  which 
a re  t o  a much g r e a t e r  degree subject  t o  var ia t ions  from one manufacturer 
t o  another.  
individual item basis  w i t h  respect  to  each s p e c i f i c  equipment iten! and 
each s p e c i f i c  manufacturer. 

The f i r s t  category included the  areas  of  packaging, s t r u c t u r e ,  
This g r o u p  was concerned w i t h  quest ions 

Certain aspects  o f  the mater ia ls  of  construc- 

These quest ions,  i n  most cases ,  had  t o  be comjdered on an 

The t r i r d  category was concerned with questions of  s a fe ty .  When 
irrl issue w i t h i n  the f i r s t  two categories  presented a p o t e n t i a l l y  hazardcus 
s i t u a t i o n  which had t o  be readi ly  accepted, the problem was t r ea t ed  from 
t h e  p o i n t  of view of s a fe ty .  T h u s ,  where high vol tase  equipment was 
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considered necessary f o r  performance of SPA miss 
s u i t a b l e  s t eps  were dcter-wined t o  be retquired t o  
s a f e t y .  

Spec i f i c  equipment i terns analyzed were se 
inventory l i s t  u s i n g  the following c r i t e r i a :  

0 The equipment was r ep resen ta t ive  o f  a 
t o  the success of fu tu re  SPA missions 

o r s  requirements , 
assu re  crew and vehicle  

ec ted  from the equipment 

type important 

o 

o Data a v a i l a b i l i t y  

A number of s p e c i f i c  items were se l ec t ed  f o r  a d e t a i l e d  assessment. 

Possible  problem a reas  ex i s t ed  f o r  Spacelab u t i l i z a t i o n  

These items a r e  a s  follows: Gas Chromatograph, Continuous Flow Electro-  
phoresis Column, PH Monitor, Freezer/Refri geyator ,  Data Acquisit ion System, 
Chest-General Purpose Enclosure, Hot Wall Furnace, Zone Ref! ner, Dye Laser/ 
Flash Lamp, High Voltage PoKer Conditioner,  I R  Pyrometer, Temperature 
Control ler  a n d  Programmer. 
f o r  equipment a n d  material  u t i l i z a t i o n  in  t h e  Spacelab did not e x i s t ,  a s e t  
o f  study c r i t e r i a ,  drawn l a rge ly  from e x i s t i n g  NASA documents, were 
col lec ted  f o r  use in  bench-marking the u t i l i t y  assessment. 

Any assessment of commercial u t i  i 1 t y  consider-diloni ziist b e ,  j n  
many ins t ances ,  c lose ly  associated with a subsystem i n t e r f a c e  ana lys i s  
a c t i v i t y .  Coordination of the commercial u t i1  i t y  assessment and the  
i n t e r f a c e  t r ade  s t u d i e s  was thus required t o  optimize the information and 
r e s u l t s  or’ the two e f f o r t s .  
a t i ons  and i n t e r f a c e  studies[3] considered the same equipment items. 

BecaJse an o f f i c i a l l y  approved NASA s p e c i f i c a t i o n  

Whenever poss ib l e ,  ongoing equipment consider- 

CONCLUSIONS 

The bas ic  approach t 2  es tab l i sh i r ‘g  SPA payloads i s  predicated upor, 
the  formulation o f  pregrouQed modular svbelements of equipment. 
planned inventory o f  equipment, when coupled with modular i n t eg ra t ion  
concepts w i t h  an a b i l i t y  t o  r ead i ly  reconi igure,  can then serve  the  onq!-lng 
research needs o f  a world-wid2 group o f  i nves t iga to r s .  As such, the 
typ ica l  flow of events expected a r e  i d e n t i f i e d  i n  Figure 17. The following 
f3verriding h i g h 1  i g h t s  summarize the  SPA payload equipment r3quirements: 

A pre- 

1 )  A mult i facet /evolut ionary program must b e  an t i c ipa t ed  
i n  space r rocoss ing ,  spanning many years  and nmerous 
missions. 

2 )  A comprehensive coiiipleilent o f  equipment i s  required t o  

3)  Grouping o f  equipment to  form severa l  self-contained pay- 

support  the projected ranges o f  R&D a c t i v i t i e s .  

load subelerncits a1 lows support  o f  s p e c i f i c  experimental 
c l a s s e s  e i t h e r  alc.ne o r  i n  conjunction with each o the r .  

Modular- sube’enient approaches allow the  R & D  technical 
pragram L O  range from aus t e re  t o  comprehensive i n  

4 )  

modular iqcrements. 5 4 9  



5 )  I t  i s  e s s e n t i a l  t o  take  advantage o f  eve ry  S h u t t l e  f l i g h t  
o p p o r t u n i t y  and mandatory t o  have a con t inuous  rematch o f  
s c i e n t i f i c  i n t g r e s i . j ,  i n s t r u m e o t  c a p a b i l i t i e s  and m i s s i o n  
requ i remen ts .  

6) It i s  necessary and d e s f r a b l e  t o  d e r i v c  t h e  s p x e  p rocess ing  
equipment f rom w i t h i n  an e x i s t i n g  m u l t i b 5 l l i o n  d o l l a r  
commercial technology i n d u s t r y ,  idherever p o s s i b l e .  

S h u t t l e - s u p p o r t e d  ;dace endeavcrs a r e  v i s u a l i z e d  as p o r t e n d i n g  a 
new e r a  o f  equipment and c a p a b i l i t y  development - an e r a  i n  which t h e  
means and t h e  methods used i n  p r i o r  t i m e s  w i l l  be v a s t l y  m o d i f i e d  
through use o f  t h i s  new c a p a b i l i t y .  
e x p e r i m e n t a t i o n  w i l l  c e r t a i n l y  i n v o l v e  t h e  c o n t i n u e d  i d e n t i f i c a t i o n  and 
re f i neme2 t  o f  t h e  methods. I t  i s  expected t h a t  t h e  in-space a c t i v i t y  
w i l l  be l a r g e l y  concerned \ r i  t h  development o f  exper i iasnt  t echn ique  and 
equipment o p t i m i z a t i o n ,  p a r t i c u l a r l y  i n  endeavors which a r e  suppor ted 
by s h a r e d - s o r t i e  pay load ccncc?ts .  Hand i n  hiind w i t h  S h u t t l e  :;ys tem 
v e r s a t i l i t i e s  rnust be an a s s o c i a t e d  imp lemen td t i on  o f  s i m p l e r  u s e r  i n t e r -  
faces. 

I m r l e m e n t a t i o n  o f  S h u t t l e - s u p p o r t e d  

The use o f  commercial equipment so i i rcc  d e r i v a t i o n s  f o r  many o f  
t h e  cof i te,nplated space a c t i v i t i e s  p r o v i d e s  m J L  o n l y  f o r  f a m i l i a r  u s e r  
equipmcnt i n t e r f a c e s ,  b u t  r e i n f o r c e s  t h e  o p p o r t u n i t y  o f  a c h i e v i n g  s e l e c t i v e  
c o s t  e f f e c t i v e n e - s  through development o f  ;pace pay load  equipment v i a  a 

.,h:-.. + -  rl..+- h - r  en+ hnnn , f i . - r ( h i n  
I C 3 V U I  Lt W l l I L I I  L U  U U C E  I t U 2  I I U b  Y C C t I  I.‘UJ-”V”. 

Many f z c t o r s  w i  11 undoubtedly impact  t h e  suppor t  a v a i l  a b l e  f o r  
e s t a b l i s h i n g  f u t u r e  space p rocess ing  enoc3.4ors. 
may be, i i  i s  expected t h a t  t h e  DI’OC~SS o f  l e a r n i n g  how t o  use t h e  S h u t t l e  
System arid e x p l o i t i n g  t h e  e v o l ! i r i o n  ~f Space Process ing  t o  be an a c t i v e  
process f o r  many yea rs .  
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F I G U R E  1. FURNACE SUBELEMENT ORGANIZATION OF 
EQUIPMENT. 



FIGURE 2.  FURNACE SUEELEEENT INTERFACES.  
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F I G U R E  3 .  SPA PAYLOAD CUNFZGURATION - SINGLE 
FLOOR - "Ki) A I S L Z  CONCEPT. 



FIGURE 4 .  SPA PAYLCAD CONFIGUT'ATIOM - SPACELAB 
ARCH CONCEPT . 
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CONFIGUPATION 5 -II* 

COhUFiSURATION COI\ICEFTS FOR SPA POWER/ 
HEAT R E J E C T I O N  K I T  AND EXPERTMENT 
EQUIPMENT MODULE. 



DEDICATED ?AY:OADS 

/ /  
SHARED PALLET /y O N L Y  PAYLOADS 1 

OTHER NA!,A A N D  
D O  D MIS';IONS \ \  

SPA DEDICATED SPACELAB I SOSTIE FL1G"TS 

SPA SHARED MISSIONS PALLET 1 O N L Y  FLIGHTS 1 p 1: 1 1: 

TOTAL ASSIGNED SPA P A Y L O ~ D S  
O N  SHUTTLE/SPACELAB FLIGHTS 

IPACE AVAILABLE FLIGHTS 'V/HF?E 
S"A PLYLC.A35 C 3 U L 3  BE 
4CC C U  V O 3 A l  ED' 

TOTAL SPA PAYLOAD FLIGHT 
CPPORTUNITIES 

'CRITERl.'\ FOR SELECTING "SPACE AVAILABLE FLIGHTS WhERE SPA PAYLOADS COULD BE ACCOMMOCATED": 

I 1  TIN F E E T  OF RUNNING LENGTH I S  AVAILABLF IN SH'JTTLECAQGO 9AY. 
? I  SHUTTLE DAYLCAD U P W t l G H T  DC'E' YCT PPE%EYrL' E X C F E D 5 3 , K Q  L B S .  
38 S H U l l L i  PAYLOAD L A N D I N G  I ' l t l G H I  @OES NC: PRESENTLY EXCEED 13.m LBS. 

FIGURE 6. S W A R Y  OF PLANNED ANL, POTENTIAL SPA 
SPACE MISSIONS FROX 1980 THROUGH 1991 
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DEDICATED SPACELAB MISSION 

SHARED SPACELAB MISSION 

MINIMUM IMPACT CARRY-ON 
(LIKE APOLLO FLYBACK) 

SHARED AUTOMATED PAYLOAD ATTACHED 
TO PALLET WITH NECESSARY CONTROL AFJD 
DISPLAY EQUIPMENT IN SPACELAB OR SHUTTLE 

M : ~ ~ i t ~ I . I M  IMPACT CARRY-ON AUTOMATED 
PAYLOAD ATTACHED TO I'ALLET WITH 
NECESSARY CONTROL AND DISPLAY EQUIP- 
MENT IN SPACELAB OR SHUITLE 

MINIMUM IMPACT CARRY-ON AUTOMATED 
PAYLOAD L a A T E D  IN CARGO BAY WITH 
NECESSARY CONTROL AND DISPLAY EQUIPMENT 
IN SHUTTLE 

'DE LIVERY/RETRIEVAL OF AUTOMATED SATELLITES 
,*,* ,- NOT INCLUDED 
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FIGLJRE 9.  SPA EXPERINENT MODUtE/HOST VEHICLE 
INTERFACE CONSIDERATIONS. 
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P R O F I L E S .  

F I G U R E  11. 
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F I G U R E  1 2 .  PEAK EXPERIMEXT POWER (AT POWER 
SOURCE) .  
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W T P I  rLuJRE 13. SPA EXPERIMENT P W E R  SOURCE ACCO;rb.IODATION. 

28V BUS FROM ORBITER i 4  KW AVAIL I *BL i I  28VBUS FROM P O W E R  KIT 

I L; v 1 3 

JUNCT N B O X  P P I ,  P 

I I 

I a O U T h l T  P O W E R  
JUNCTON eox 

? c 

FIGURE 14. S P A C E  LAB POWER DISTRIBUTION. 
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w = 4OoO LB/HR 
STEARIC ACID 

TUBLT = l S P F  COOLANT IS 
h, = OS. 5 OTWLB 

P = 52.9 LBI FT' 

1 1 1  = OS'F 

* = 390 LWHR 

4 T = 194'FII 

1 

LOW 

ELECTRONIC 
TEMPERATURE a = 0.5 KW 

FIGURE 1 5 .  POWER/HEAT REJECTION KIT HEAT 
DISSIPATION SYSTEM. 

T - 95'F 
0 = 4. I KW 

4 1 1  = lS@F 

0 = 2.0 uw 
HIGH 1 = lMCF T = 172'F 0 

IQr---- 

T -__- 

FREOUEWCT, HI 

FIGURE 16. HELMHOLTZ TYPE ELECTRON BEAM FOWER 
SUPFtY (H -FIELD NARFLOWRAND AND 
BROADBAND RADTATED EMISSIONS, 
INDUCTION HTK 2). 
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Space P r o c e s s i n g  Exper imen t s  
o n  

Sounding Rockets  

Hans  F. Wuenscher  
M a r s h a l l  Space F l ight  C e n t e r  

Alabama 3 58 12  

Space  P r o c e s s i n g  Exper imen t s  conducted on board  the Command 
and Se rv ice  Module dur ing  t r ans luns  r fl ight and dur ing  the Skylab 
m i s s i o n s  have shown a high r a t e  of unexpected r e s u l t s .  
that  a l l  p rocess ing  changes  dur ing  the weight less  envi ronment ,  e spec ia l ly  
cha in  r eac t ion  type modif icat ions of t e r r e s t r i a l  processe.9,  a r e  p r e s e n t l y  
not r ead i ly  pred ic tab le  by eithez the ex is t ing  theo re t i ca l  t r e a t m e n t  or by  
t e r r e s t r i a l  i a b o r a t o r y  tes t ing.  
l iquid and o r  gaseous  phases ,  “the e v e r - p r e s e n t  g rav i ty  plays a dec i s ive  
b u t  no rma l ly  hidden ro l e ,  and d r a s t i c  lower ing  o r  e l imina t ion  of g migh t  
yield unique changes  i n  the achievable  product ,  The  unique advantage of 
o i b i t a l  p r o c e s s i n g  mllqi- he S P P ~  in_ the p i ~ ~ ? ~ r i c n  ~f mclecul i l r  f c r c p s  f r ~ ~ .  
the i r  negligible ro l e  in  t e r r e s t r i a l  manufac tur ing  to leading p r o c e s s  con-  
t ro l l ing  f a c t o r s ,  even  in  the l a r g e s t  balk p r o c e s s e s .  ’ ’ (Ref.  1)  The  Skylab 
r e s u l t s  show that  e s s e n t i a l  p r o c e s s  modif icat ions c a n  be caused  by t4e v e r y  
s m a l l  changes  in  we igh t l e s sness .  F o r  ins tance  D r .  Wal t e r s  expe r imen t  
M560 produced a s t eady  decl ine i n  d is loca t ions  with the undis turbed p r o -  
g r e s s i o n  of the sol idif icat ion front .  
s e e m s  to be that  no conta iner  was  r e s t r a in ing  the expans ion  of the sol idifying 
me ta l .  F u r t h e r m o r e  the absence  of hydros ta t ic  p r e s s u r e  (deadweight  d e f l e c -  
t ion)  allowed the fo rma t ion  of opt ical ly  f la t  f ace t s .  But one m u s t  cons ide r  
that these  e f fec ts  come  to  p a s s  o d y  a f t e r  the m o r e  r ead i ly  vis ible  ac t ions  
of grav i ty ,  l ike sed imenta t ion  and convect ion a r e  e l imina ted .  

Th i s  ind ica tes  

In  p r o c e s s e s  involving t ~ a n s i t i o n s  through 

The  m a j o r  r e a s o n  for th i s  improvemen t  

Another  qui te  hidden effect  of grav i ty  came  to l ight  through D r .  L a r s o n s  
ana lys i s  of the Sphe re  Melt ing Exper imen t  M553.  The  t r ip l e  point of m e t a l s  
is  a t  such v e r y  low p r e s s u r e s ,  that  on e a r t h ,  the hydros t a t i c  head in  l iquif ied 
m e t a l s  is exceeding the c r i t i c a l  p r e s s u r e  a l r e a d y  a t  a couple of m i c r o n s  depth 
below the Furface.  
m e t a l s  will  only vapor ize  f r o m  the su r face .  
d r a s t i c  i n c r e a s z  i n  vapor  fo rma t ion  to the point r emov ing  a component  
comple te ly  f r o m  the a l loy  a t  a hoter  a r e a ,  and depos i t  i t  a t  s o m e  o t h e r  place.  
Th i s  might  be a contr ibut ing f ac to r  i n  the r e s u l t s  of M 5 5 2 ,  Exo the rmic  i3raz-  
ing 2nd M556,Vapor Growth. 

T h e r e f o r e  even a t  high vacuum env i ronmen t  on e a r t h ,  
In we igh t l e s s  envi ronment ,  a 

565 



E v e n  the m o s t  sophis t icated modif icat ions of p r o c e s s e s  and equipment  
i n  o r d e r  to comprnsate  fo r  the e v e r  p r e s e n t  e a r t h  gravi ta t ional  act ion d o e s  

L provide fo r  a s s u r a n c e  that  t r u e  we igh t l e s s  env i ronmen t  h a s  b e e n  p r o p e r l y  
oin2ulateti. T h t ~ r ~ ' i ~ r e ,  only e x p e r i m e n t s  conducted i n  r e a l  weight less  env i r  - 
onmcnt  can  validate scicnt i f ic  and engineer ing project ions and help to justi.fy 
l a r g e r  e f fo r t s  t owards  payload developments  f o r  the space  shut t le .  T h e r e  is 
only one m o r e  o rb i t a l  m i s s i o n  scheduled between now and the ear ly  Space 
Shuttle f l i g h t s , ,  T h i s  is the ASTP m i s s i o n  (Apollo Soyuz T e s t  P r o j e c t )  in  
1975. E x p e r i m e n t s ,  sui table  i o r  a mul t ipu rpose  fu rnace  type faci l i ty ,  as  i t  
w a s  used duril;g the Skylab m i s s i o n s ,  and s o m e  new e x p e r i m e n t s  i n  the e l e c -  
t rophore  t i c  s e p a r a t i o n  fie Id, have b e e n  a l r e  acly se l ec t ed .  

'Z 

In 0rdt:r  to a s s e s  the chances  f o r  ear thbound ze ro -g  tes t ing,  we have 
to cons ide r  two things: f i r s t ,  what is weight less  env i ronmen t ,  and second,  
f o r  how long m u s t  we produce i t  i n  o r d e r  to achieve meaningful r e s u l t s .  

F i r s t ,  Weight lessness  is achieved by the el iminat ion of the gravi ta t ional  
ac t ion  of the e a r t h .  The  inhe ren t  gravi ta t ional  ac t ion  of the m a s s e s  in  the 
e x p e r i m e n t  and equipriient o n  each  o the r  a r e  not e l imina ted  i n  we igh t l e s s -  
n e s s ,  but is negligibly s m a l l .  What g rav i t a t ion  is ,  whether  an e l ec t romagne t i c  
radiat ion type act ion,  which would have a finite velocity of propagat ion for 
ac t ion  a t  a d i s t ance ,  o r  whether  gravi ta t ion a c t s  instantaiieous on a l l  m a s s e s  
irz the  t iniverse.  is not known, While thc l a t t e r  a s sumpt ion  of instantaneous 
ac t ion  o v e r  thousands and m o r e  iigi-it y - z z i ~ s  ir, discznre caniiot be Exp!ained 
by p resen t ly  accep ted  t h e o r i e s ,  a l i  p rac t i ca l  gravi ta t ional  calculat ions f o r  
space  flight a r e  c a r r i e d  out on th i s  instantaneous b a s i s  by m e a n s  of Newton's 
equation. E ins t e in  himself a d m i t s ,  "Newton's law (of gravi ta t ion)  s t i l l  r e -  
m a i n s  the b a s i s  oi a l l  a s t r o n o m i c a l  calculat ions.  I' (Ref.  2 )  

Bes ides  a l l  these not well understood s i tuat ions,  f o r  the purpose of 
e l iminat ing a l l  f o r c e s  caused by the gravi ta t ional  act ion of the e a r t h  on a 
p rocess ing  c spe  r imcn t ,  i t  i s  sufficient to Frovide for  u n r e s t r a i p e d  motion,  
commonly called f r e e  fall .  

The o rb i t  of a s p a c e c r a f t  o r  any f r e e  coast ing space  c r a f t  is i n  u n r e -  
s t r a i n e d  mot iop  and prodilces we igh t l e s sness .  
f ac t ,  one can  accep t  a s  well  another  explanation for  gravi ta t ion i n  that  s e n s e ,  
that  i t  is nothing e l s e  but motion which i s  bas i ca l ly  connected with the e x i s t -  
ence of a tomic  m a t t e r .  
becalisc they a r e  moving inward i n  space s imultaneously,  e a c h  a tom moving 
towards a l l  others.  
no med ium,  no curved space ,  no wxy the effect  could be s c r e e n e d  off o r  
modified by anything between the m b s s e s .  
rr.3croscopic motion. 
n o t i o n .  
is  f ami l i a r  with r h e  h i s to ry  of s c i ence .  
i n  developing a uscable  theo ry ,  because they could not fr':e t h e m s e l v e s  f r o m  
the a s sumpt ion  that independent definit ions of space  and t i m e ,  a s  a r e  needed 

F r o m  this  well  e s t ab l i shed  

Atoms a p p e a r  to e x e r t  f o r c e s  of a t t r a c t i o n  s imply  

'Thert. i s  no propagation oi  f o r c e ,  no ac t i cn  a: ;i d i s t ance ,  

Gravi ta t ion is a r e s u l t  oi b a s i c  
Atoms and Photons a r e  r e s u l t s  of b a s i c  m i c r o s c o p i c  

Past. i nves t iga to r s  did not succeed  
Tht. idea of a un ive r se  of motion shoiild not s u r p r i s e  anyone who 
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i n  a un ive r se  of m a t t e r ,  a r e  also a p r e r e q u i s i t e  for a u n i v e r s e  of motion. 
D. B. L a r s o n  r eached  first the c r u c i a l  conclusion tha t  mo t ion  being nothing 
but the r e l a t ion  between s p a c e  and t ime,  a l s o  def ines  s p a c e  and t ime.  Motion 
p rcduces  space  and t i m e ,  and motion produces m a t t e r  a s  a composi te  of 
space  and t ime  uni ts .  (Ref.  3 )  A s  s t r a n g e  as this a l l  m a y  sound at  f i r s t ,  
the "mozion" concept  c a n  explain not only what g rav i ty  is but a l s o  wkat i t  d o e s  
beyond the range cove red  by Newton's law. 
which d e t e r m i n e s  the distarlce of s t a r s ,  the s i z e s  of galaxies ,  and beyond 
th i s  l i m i t  the r e c e s s i o n  of m a s s e s  f r o m  e a c h  other .  On the b a s i s  of p c r e  
theo re t i ca l  deduction f r o m  j u s t  that  one postulation of "Unit Motion" L a r a o n  
published i n  1 9 5 5  that  Q u a s a r s  and P u l s a r s  m u s t  exis t .  He a l s o  deducted 
f r o m  the s a m e  p r e m i s e s  a workable  liquid s t a t e  t heo ry ,  which w a s  v e r y  
useful  i n  bringing a r e c e n t  r e s e a r c h  p ro jec t  about solute  diffusion to a c l e a r  
conclusion. (Ref.  4)  
Letter  founded a n s w e r  to  the quest ion about the n a t u r e  of we igh t l e s sness .  

T h e r e  is a ' 'gravi ta t ional  limit" 

I am s o r r y  that  I w a s  not ab le  to give a s h o r t e r  and 

T o  the second quest ion asking f o r  how long the weight less  environment  
m a s t  be avllable in  o r d e r  to achieve useful r e s u l t s ,  l e t  m c  s t a r t  with the 
a s s e s s m e n t  of D r o p  T o w e r s .  

The M S F C  Drop  T o w e r  provides  f o r  about 100  m f r e e  fall .  It did not 
a p p e a r  v e r y  p romis ing  that much  could be l e a r n e d  in  Space P r o c e s s i r g  du r ing  
the 3 .  8 seconds of we igh t l e s sness  available.  
cxpe i i rxcn= t  r e c n ! t s  we re a~11i rved  and e v e n  unexpected r e s u l t s  s u r p r i s e d  the 
e x p e r i m e n t o r s ,  r ed i r ec t ing  the conclusions d rawn  f r o m  theore t i ca l  and 
l a b o r a t o r y  work. 

I'Jow we know be t t e r .  Unique 

F o r  in s t ance  - 
0 Slower cooling r a t e s  caused f i n e r  instead of c o a r s e r  d i s -  

p e r s i o n  i n  immisc ib l e  o r  mult iphase m a t e r i z l s .  

0 L,iqa:d m e t a l  d r o p  t e s t s  a l r e a d y  showed vapor phase r eac t ions ,  
a s  l a t e r  d i scove red  on Skylab Exper imen t  b1553 .  

0 Liquid deployment  concepts showed a d v e r s e  effects ,  alid a!so 
a e l ec t romagne t i c  posi,:oning s y s t e m  which checke:! out i n  
two d imens ions  in  the l abora to ry ,  did not i n  th ree  d imens ions .  

Neve r the l e s s ,  m a n y  p rocess ing  a r e a s  fo r  which e a r l y  ver i f icat ion of 
feasibi l i t l -  would be of g r e a t  impor t ance  r equ i r e  longer  we igh t l e s sness  t ime  
in  o r d e r  to get through a meaningful  i nc remen t  of the c r i t i c a l  p rocess ing  
phases .  

The flexibil i ty and repeatable  low c o s t  ope ra t ion  m a k e s  a d r o p  tower 
a n  ideal  r e s e a r c h  tool. 
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During the i r e e  fall  i n  a d r o p  tower ,  the e x p e r i m e n t  is in o r  o r b i t ,  which 
would cycle  through the c e n t e r  of the e a r t h  - out t o  the o t h e r  s ide  of the globe 
and c o m e  back. 
is uot t h e r e ,  t h e r e f o r e  the e x p e r i m e n t  wil l  i m p a c t  the e a r t h .  
of  f ree  fall for in s t ance  the impact-veloci ty  r e a c h e s  a l r e a d y  spced  of sound. 

All  we would need is a tunnel all the way through. T h a t  tunnel 
A f t e r  33 seconds  

F u r t h e r m o r e  the a i r - r L s i s t a n c e  du r ing  the fal l  h a s  to be o v e r - c o m e  by 
pushing down requ i r ing  someth ing  l ike the j e t  eng ines  of a f ighter  plane for 
j u s t  maintaining the r equ i r ed  f r e e  fall veloci ty  in air a f t e r  30 seconds.  

W e  s e e  d r o p  towers  a r e  l imi t ed ,  the u r a c t i c a l  m a x i m u m  s e e m s  to be 
a t  300 m o r  1000 i t  d rop ,  yielding c l o s e  to 8 seconds  of e x p e r i m e n t  t ime.  

D r o p  faci l i ty  fo r  longer  f r e e  fF.11 du ra t ion  should ma in ta in  vacuum in 
the upper  half ,  i n  o r d e r  t o  avoid the air  r e s i s t a n c e  and contain air  i n  the 
lower  half f o r  gentle dece le ra t ion  and caiching of the e x p e r i m e n t s .  I t  is 
not possible  to build such  a facil i ty,  but this envi:-onment e x i s t s  na tu ra l ly  
on l a r g e  s c a l e  only, by doing the f r e e  fall  above the e a r t h  a t m o s p h e r e ,  while 
du r ing  r e - e n t r y  in the a t m o s p h e r e ,  gentle dece le ra t ion  o c c u r s  fc+llowed by 
parachute  r ecove ry .  Xothing but the rocke t  f i t s  this env i ronmen t  and c a n  
give u s  m o r e  ze ro -g .  

Sounding rocke t s  a r e  a l r e a d y  exis t ing,  which can  provide with only m i n o r  
ad jus tmen t s  a n  idea l  cos t  effective z e r o - g - t e s t  bed.  

r- . I ;;-e* * - r r n  pict>.ires show the  iaonci.1 of iii D.erobee Souiidiiia R s ~ k c t  

Burnout of the propuls ion s t a g e s  o c c u r s  below 200 f t  ai t i tude 

- * A I L  LA. d. .. .. u 
and the r e c o v e r y  oi  the esperin-.ent payload. 
t r a j ec to ry .  
a t  about 50 seconds  into the flight. The boos te r  bu rns  a l r e a d y  out a f t e r  
the i i r s t  t h ree  seconds of fl ight and d r o p s  off. 
the peak a c c e l e r a t i o n  of about 18 g, while the s u s t a i n e r  ecgine continues 
to push only with about one g. 
of about 4000 m i l e s  per  h r .  o r  5 t i m e s  the velocity of sound and continues 
to coas t  upward in near1)- ve r t i ca l  d i r ec t ion .  A: 300, 000 ft.  a l t i tude,  the a i r  
densi ty  h a s  dropped oIi to nea r ly  one mil l ions of the dens i ty  on the gound. 
A v e r y  s m a l l  a i r  r e s i s t a n c e  is the only r ema in ing  outside f o r c e  act ing on 
the rocket  ind cabst ' s  a dece le ra t ion  i n  the o r d e r  of 10'5g which d imin i shes  
to  the o r d e r  of 10 - '  Og a t  peak alt i tude.  
cycle  above 30CK it. alt i tude l a s t s  fo r  300 to 420 seconds  f o r  a range of e x p e r i -  
m e n t  payload weight i r o m  100 lb. to 2 5 0  lb.  T h e r e  is ano the r  Sounding Rocket 
avai lable ,  the Clack Bran t ,  which h a s  about 20% higher payload capaci ty  f o r  
the same z e r o - g  t ime range of 5 to 7 minu tes .  

F i g u r e  3 shows the flight 

The boos te r  t h r u s t  d e l i v e r s  

At burnout the rocke t  h a s  r eached  a velocity 

T h i s  p rac t i ca l ly  u n r e s t r a i n e d  motion 

Le t  m e  mention some m o r e  c h a r a c t e r i s t i c s  of Sounding Rockets .  
simpLicyt and cos t  c i fcct iveness  i s  achieved through spin-s tabi l izat ion as  
shown in picturc  5. The fins a r e  ae rodynamica l ly  s e t  in  o r d e r  to s p i n  u p  
t h p  rocket  to about 290  rev.  per  mi-iute. After  burnout a "yo-yo" dzsp in  
de./ice i s  dep loyc*d  c o i ; h i . - : i i n L :  of Lvvights on wire  c a b l e s ,  c a u s i n g  a d r o p  0 :  

the sp in  r a t e  to b 1 ~ 1  ).'. i r ,  '(. 
a n  intolerable  ine r t i a  i o r c e  level .  

The 

; 'or  ou r  purpose this  residu4: rotation pro;lace,s 

T h e r e f o r e  the e x p e r i m e n t s  m u s t  be 

568 



i so l a t ed  from the rocke t  rotat ion hy a "Non Spin P l a t f o r m .  I' 

P i c t u r e  5 shows a typical "Basel ine Configuration. '' The  r e d  po r t ion  
consis t ing of the Nor1 Spin P la t fo r tn ,  c a r r y i n g  the e x p e r i m e n t s  and the i r  
suppor t  s y s t e m s ,  is s e p a r a t e d  rotationwise by ball  b e a r i n g s  f r o m  the blue 
co lo red  rocke t  s y s t e m s .  T h a t  way the e x p e r i m e n t s  neve r  s p i n  and they 
a r e  f r e e  {rum whatever  the rocke t  sp in  u p  and desp in  ope ra t ions  are  du r ing  
the whole flight. 
s e n s o r  -moto r  s e r v o  s y s t e m .  
i n  sp in  s tabi l ized rocke t  and satel l i te  s y s t e m s .  

The  ball bea r ing  f r i c t ion  is compensa ted  by a rotat ion - 
Such non sp in  dev ices  a r e  commonly u s e d  

F i g u r e  6 shows the g-level range achievable with the above "single 
axis r a t e  con t ro l  s y s t e m ,  I' which a non spin platform r e p r e s e n t s .  
adding u p  all the r e s idua l  f o r c e s  act ing o n  the payload during the " f r ee  
fall coast";  t hese  a r e  ae rodynamic  and in t e rna l  body f o r c e s  f r o m  flight 
dynamics  caused  motions l j  ke coning, g rav i ty  gradient ,  mechan ica l  
t o l e r a n c e s  between i n e r t i a  a x i s  and platform axis and control  loop t o l e r -  
a n c e s ;  we s e e  tha t  a g- level  environment  i n  the o r d e r  of l K 3 g  to 10'4g 
i f  avai lable .  (Ref.  5) F o r  higher  r equ i r e r r -n t s  a t h r e e - a x i s  r a t e  control  
s y s t e m ,  einployiiig cold gas  j e t s ,  can be provided, 

By 

T h i s  a n s w e r s  the quest ion of what Sounding Rockets  c a n  offer .  

We have invest igated o v e r  the past  y e a r  a i s o  thc r e ~ p i r e r ~ i e n i ~  and 
effect iveness  of l imi t ed  z e r o - g  t ime  experimenting.  It w a s  found i n  one 
extt;nsive s tudy that "for 1 7  of the l e  evaluated space  p r o c e s s e s ,  a valid 
r e p r e s e n t a t i o n  of the complete  p r o c e s s  cycle  can  be achieved a t  low-g 
pe r iods  ranging 40 to 390 seconds" and that "specif ic  p r o c e s s  p a r a m e t e r s  
c a n  be verified in  3 to 8 seconds.  ' '  (Ref .  6 )  Another  invest igat ion involving 
a l a r g e  number  of experir . iei i tors and the m e m b e r s  oi rhe Un ive r s i ty  Space 
R e s e a r c h  Associat iQn (USRA) is  s u m m a r i z e d  in  f igure 7.  

A typical p r o c e s s i n g  c;-cle is  shown in f igure 8. The a r t  of e x p e r i -  
ment ing l i e s  i n  a r r a n g i n g  only the g-sensi t ive pk'ase of the p r o c e s s e s  into 
this  so ve ry  h a r d  to accomplish "cycle of \vt: ightlessness.  " H e r e  we s e  
that  within a total e x p e r i m e n t  t ime  of one holir only 130 seconds low-g 
p rocess ing  takes  place.  P i c t u r e s  1 1 ,  gives a n  impr t ? s s ion  how a typical 
payload looks l i ke .  
rocke t  fixed platform.  T h e r e f o r e  cjnly one experirnent  capsule  localed 
along the cen te r l in r  i n  e ~ : i :  i<tcil i ty,  s c * p G r ; i t t , i y  shown o n  picture  9 and 
1 0 ,  could be p r o c e s s e d  in  ~ r d c r  to IninimiLc. 1 5 ~  t . i iects  of the sp in ra t e  
du r ing  c o a s t  flight. 
because  of the u s e  of s ingle  o r  mult iaxis  r a t e  control  s y s t e m s .  
inside the payioad rocke t  s t r i ic ture  is  14 or  16  inches  and the total  length 
r a n g e s  f r o m  60 to 1OC;  i nchcs ,  depending on the tl-pe of r o c k e t ,  Aerobee  o r  
Black Bran t .  

H e r e  the p rocess ing  faci l i t ies  w e r e  mounted on a 

In  future  fl ights the fu l l  payload volume can be uti l ized 
The d i a m e t e r  
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F i g u r e  12 dep ic t s  the p r e s e n t l y  cons ide red  managemen t  concept  f o r  
the p r o g r a m .  The  ac t ion  s t a r t s  a t  the o u t e r  l e f t  block with the r e l e a s e  of 
a n  A F O  (Announcement of Fl ight  Opportunity) by NASA H e a d q u a r t e r s ,  Office 
of  Application. 
s c a r  c h e r s  in  indus t ry ,  inst i tut ions and universiti:bs. Another  input will 
C O I T I ~  f r o m  the inves t iga to r s  p re sen t ly  involved in Space  P r o c e s s i n g  R e s e a r c h  
and  Development  ac t iv i t i e s ,  and I s e e  m a n y  collegue:: i n  the audience today 
j u s t  waiting f o r  t ha t  s ince  s o m e  t ime.  
submiss ions .  

E x p e r i m e n t  p roposa l s  wil l  hopefully be submit ted by r e -  

The  A F O  will  be open  f o r  continuous 

The Exper imen t  Select ion takes  place also i n  a con t i tuous  evaluat ion 
p r o c e s s ,  r e su l t i ng  i n  coi l t ract  r e l e a s e  and fl ight schedul ing f o r  e a c h  e x p e r i -  
ment .  In  c a s e s  where  the invest igator  d e l i v e r s  the compiete  e x p e r i m e n t  in-  
cluding spec ia l  p rocess ing  faci l i ty ,  the a p p a r a t u s  goes  fo r  i n t eg ra t ion  into 
the Payload Module to MSFC. T h e r e  the in t e r f ace  connections with the power 
supply and t e l e m e t r y  unit is m a d e  as r e q u i r e d  and the complete  Payload Module 
is shipped to the launch s i te .  H e r e  GSFC takes  ovei., a s s e m b l e s  the Payload 
, l iodule by connecting s i m p l e  field s p l i c e s  with the o the r  rocke t  modu les ,  a l s o  
providing the 3-axis  r a t e  control  s y s t e m  i f  r equ i r ad .  After launch a d  r e c o v e r y  
t h e  Payload Module goes back to MSFC for  d i s t r ibu t ion  of the experixxents to 
the inves t iga to r s ,  and fo r  r e fu rb i shmen t  of the s t anda rd  payload s y s t e m s  f o r  
r e u s e .  
a l s o  the te lenietered expe r imen t  m e a s u r e m e n t s .  

X g-level  m e a s u r e m e n t  readout  is furnished to the e x p e r i m e n t o r ,  and 

>.iany expe ri!tlt-i-itS wi!! have sufficient commonal i ty  in the i r  p rocess ing  
r e q u i r e m e n t s  so that mult ipurpose f ac i l i t i e s  c a n  be used. In th i s  cas:  s n i y  
the e x p e r i m e n t  m a t e r i a l s  i n  min imum e n c l o s u r e s  a r e  del ivered and MSFC 
provides  in t eg ra t ion  into the avai lable  faci l i ty  and the p rocess ing  of ground 
sampies .  
ope ra t ion  flexible and cos t  effective.  

Thc  bes t  possible combinations will be u o r k e d  out  to keep  the 

The l a s t  g raph ,  f igure 13  shows the pr >sen t ly  ant ic ipated schedule .  
T h e  A F O  r e l e a s e  is planned for  l a t e  this  month,  May 1974. 
f l ight  should s t a r t  i n  Llarch 1975 and built u p  to 6 launches,  m a y  be even 1 2  
launches p e r  y e a r ,  depending how effective this p r o g r a m  will suppor t  the 
deve1opmen.t of Space Shuttle Pay laads .  

The operat ional  

W e  have s e e n  dc r ing  this symposium that only a n  a g g r e s s i v e  e x p e r i -  
men ta l  p r o g r a m  can  point this Space P r o c e s s i n g  .4pplications P r o g r a m  into 
the right dirzct ion.  
e sp t - r imen t s  ;]I r ea l  weight less  environment  is n e c e s s a r y  f o r  a s s u r a n c e  of 
l a r g e r  c o m m i t m e n t s .  F u r t h f r m o r e ,  many  effects of gravi ty  ar.J even  the 
nature  oi gravi ta t ion i s  p re sen t ly  not yet well understood, maybe because  
the e a r t h  gravdational act ion w a s  not even recognized as  a dominating en -  
vironmental  f a c t o r ,  anti1 r ecen t ly  the space age enable m a n  to r ea l ly  s e e  
ou r  planet e a r t h  hanging f r e e  in space .  The a w a r e n e s s  that a l l  o the r  na tu ra l  
t e r r e s t r i a l  environr:i(.nts arc' finally control led by the dominatinc t e r r e s t r i a l  
gravi.tation i s  grL>\vinL. 
mpnting mus: Le done in o r d e r  to find out which of many  thinkable a n d  m a t h e -  
ma t i ca l ly  logical concepts  nature  is using an4 whi-*h not. 
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Verif icat ion of t heo re t i ca l  and i abora to ry  r e s u l t  by 

:'r~siCies \.c*riiication, a lot oi exp lo r s to r  . c - u a e r i -  

Hopefully the 
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the projected program will provide enough flexibility and enough chances 
for repeated testing, so that we can Learn by correct ing our  fa i lures  and 
use  i t  as a t rue r e sea rch  tool, 
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FURNACE sYs.rms DEVELOPMENT 

B. R. Aldrich 
Marshall  Space Flight Center 
Huntsvi l le ,  Alabama 35812 

SUMMARY 

The advent  of the s p a c e  flight era  h a s  provided many new and  chal l -  
enging opportunities,  Perhaps the most promising of t h e s e  i s  the oppor- 
tunity t o  ut i l ize  the low gravity of s p a c e  in the production of new materials 
for use on ear th .  The f i rs t  s tudies  in  this  f ield were  conducted on Apollo 
fl ights during the translunar and trsnsearth c o a s t  periods.  These were  
followed by more sophis t icated experiments on Skylab. The encouraging 
resu l t s  achieved from t h e s e  s tudies  has  led to  the planned expansion of 
act ivi t ies  i n  the  field: with experiments now under development for fl ight 
o n  sounding rzckets , the G.po::o/Sc;.~z mission and Shuttle/Spacelab. 
This effort w i l l  provide a sound background for the eventval  deveiopmerii 
of indush-ial s p a c e  processing fac i l i t i es .  The reusable  character is t ics  
and the  low payload cost per pound of the Space Shuttle wi l l  make materials 
processing in  s p a c e  economically feas ib le .  

Space processing faci l i t ies  , i n d u d i n g  furnace syster: is ,  w i l l  only 
vagely resemble their  laboratory and induswy counterparts.  Within the con- 
s t ra ints  imposed by the host  vehic le ,  ’lig5t furnaces wil l  be more versa t i le .  
They wil l  provide a wider range of cantrolled hea t ing ,  cooling and sample 
positioning to accommodate the  requirements of experiment s c i e n t i s t s  , and 
wil l  be more efficiently packaged. The development of t h e s e  advanced fur- 
nace  sys tems wil l  be a n  e s s e n t i a l  eler?ent in the  orderly evolution of s p a c e  
processing technology. 

INTRODUCTION 

Successful  scient i f ic  experiments in the field of materials processing 
have been cocducted aboard the Apollo moon fl iqhts and the Skylab missions 
with more advanced s tudies  planned for soundinq rockets , the  ApolldSoydz 
mission and the Shatt!e/SFsceIab e r a .  
tended low accelerat ion environment avai lable  only in s p a c e  t o  achieve  pro- 
cess i r la  conditions that 3re impossible to maintain on ear th .  

All of t h e s e  s tudies  ut i l ize  the  ex-  
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Furnach systems were and are a major element in all materials pro- 
cess ing  faci l i t ies .  Experience gained in the development of these fac- 
ilities have shown that laboratory or industrial type furnace systems 
designed for u se  on the ground cannot simply be modified ar adapted for 
u s e  in space .  Space processing facil i t ies must m e e t  the stringent require- 
ments of low power consumption, low weight , small  
loading, and most important, complete safe ty ,  when operatfng on board 
manned space  vehicles . 

, mechanical 

Furnace systems are  a l s o  required to  provide flexibility, in con- 
trolled ;!eating and cooling in order to  accommodate a wide range of experi- 
ments in the general fields of crystal  growth and materials melting and solid- 
ification. 

As the era of manufacturing in space  progresses,  the needs of partici- 
pating scient is ts  will  increase,  posing an even greater challenge to  the 
developers of furnace systems to  k e e p  pace. 
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HEAT SOURCES 

In  the initial phases  of s p a c e  processing furnace development,  a study 
w a s  ,nade of t h e  many different hea t  sources and classes of equipment com- 
mercially ava i l ab le .  These s tud ie s  formed the b a s i s  for des ign  arid con-  
s t ruct jon of the  initial flight sys t ems .  Some of the  energy sources  invest i -  
qa t ed  were: Induction Heating , Electcon Beam Gun , Electron Beam P l a s m a  
Gun Solar Radia 
Chemical  , TJltrasonics , Infra-Red Radiaticn and Microwave Radiation. 
Each heating source  had its particular advantages and l imitations and  poss ib l e  
appl icat iox in  space-oriented furnaces .  From t h e s e  , the  c l e c t r i c s l  r e s i s t a n c e  
heating element 2roved to be thz most practice1 h e a t  source for a melting and 
controlled sol idif icat ion type furnace.  This w a s  determined b e c a u s e  of the  
relat ively high efficiency of heating a s  w e l l  a s  sma l l  s i z e ,  gqoa tempc'ature 
distribution control and freedom from sample contamination. The electron 
beam qun and chemical  energy sources  r e spec t ive ly  were  s e l e c t e d  for weldinq 
and brazing experiments.  The most eff ic ient  insulat ion and thermai des ign  
had  to he  ut i l ized i n  developing the melting and controlled sol idif icat ion type 
furnacs  i n  order t o  reduce intr insic  hea t  1o;ses and conserve energy.  The 
i n r ~ i i a t t i m  four,d most effect ive in furnaces operating in  a vaclium w a s  multi- 
foil  insulat ion made u p  of very thin high ?~r~ ; lper~?ture ,  
s h i e l d s  separated by thin layers of s i l i c a  fabr ic .  This w a s  determined by a n  
evaluat ion Qf ('lfferent material systems over a wide  range of t ransient  and 
s t e a d y  s t a t e  temperature and vac tnm conditions . 

Laser , Electric Arc, Hot  G a s  , Electrical  Resis tance F5P" 

h igh iy  leflec:ic7c 

APOLLO 1 4  

The f i r s t  opportunity to fly a materials Frocessing filrnace w a s  on :he 
Apollo 1 4  mis5ion durinq the t ransluror  and transearth c o a s t  per icds .  The 
apparatus  developed by MSFS for this flight is showr? i n  Figure i and con-  
s i s t e d  of an  s l ec t r i ca l  hea t e r ,  i~ hea t  s ink  device for cooling 
netal capsu le s  containing the sample material .  This experinnent m a t  a l l  the 
manned s p a c e  flight reqi-lirenents, such  a s  light we igh t ,  low power con- 
sumption maxinum touch temperature and approved materials and w a s  
capab le  of processing eighteen different experiment car t r idges.  These 
carwidqes cons i s t ed  of a variety of imn i sc ib l e  materials , particle and 
lvhis'her co-- . ;vsi tc ; ,  pn'.*.TTlnr corpac ts  metal foarn, cr;.stal qrowth , and 
eu tec t i c  solidificaLi3n experi:nents . 
generation furnace w a s  130(?3. Thc furnace parameters were obtained 5y 
hnatirig the charge t o  the desired temperature and then cooling i t  pas s ive ly  
by conduction into a hea t  s ink .  

Fnd s e a l e d  

T h e  temperaturc ii,:.it.ition of tF,is f i rs t  
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These ini t ia l  demonstrations ir. s p a c e  led the  w a y  t o  the  development 
Continued advancement of materials processing s).stems avai lable  today. 

of t h e s e  sys t ems  wi l l  lead to Iuture processing f ac i l i t i e s  or1 a n  industrial  
l eve l .  

GALLTUM-ARSENIDE SOLUTION GROWTH EXPERIMENT (MS55) ' 

Experiment M555 (Figure 2) was  developed for f l ight  on Skylab 6s one 
of the  M 5 1 2  Manufacturing i n  Space  experiments.  This experiment involved 
growing s ing le  c rys t a l  gallium-arsenide from solut ion.  It w a s  designed to 
operate  a t  72OoC for  11 5 hours .  Tlie experiment package cons i s t ed  of three 
s e a l e d  quartz ampoules ,  s a c h  containing high purity, polycrystall ine gallium 
a r sen ide  sou rce  material ,  s ing le  c rys t a l  gallium a r sen ide  s e e d  material and 
liquid gallium so lven t .  Each ampoule w a s  individually heated with a r e s i s -  
tance heat ing co i l .  During th i s  expeiiment,  gall ium-arsenide goes into 
solut ion a: the hot end of the ampoule,  is transported ac ross  a s t e a d y  state 
thermal gradient to the ca ld  end by diffusion, 3rid precipitated out on the 
s e e d  c rys t a l .  This exFerjment w a s  not processed during the  Skylab mission 
because  of the impact created by loss of the solar wing.  

COPPER-ALU n;TINU M EUTECTIC EXPERI MENT (M5 5 4)  

Thz 1x554 Experiment furnace (Figure 3) w a s  a l s o  developed for u s e  in 
the  FA512  Manufacturing in  Space  facility. This experiment furnace had a 
maximum temperature capabi l i ty  of 9O@C, and w a s  designed to unidirectionally 
sol idify three copper-aluminum eu tec t i c  samples .  The f-irnace cons i s t sd  of 
three qraphite c ruc ib l e s ,  each individually hea ted .  To reduce the sample 
return weight ~ n d  make tkte furnace reus.-h!o, the experiment package w a s  
designed so that  the ast ronaut  could open the furnace and remove the pro- 
c e s s e d  s a m p l e s .  New samples  could then be  instal led for another t e s t .  A 
thermal gradient w a s  e s t ab l i shed  ac ross  the crucible by act ively controlling 
the  energy input t o  the hot end and passively cooling the cold end. Once the 
desired maximum temperature conditions were obtained,  the control system w a s  
switched to the furnace cool mode. The temperature of the charge w a s  then 
reduced e t  the desired solidificat!on r a t e ,  maintain!ng a reasonably cons:3nt 
thermal gradient ,  as the sample froze.  

The M554 Sxperiment furnace w a s  replaced with the more ve r sa t i l e  M518 
multipurpose furnace sys t em.  The FA554 Experiment i tself  w a s  re-configured 
to m a t e  with the M518 hardware and w a s  processed on Skylab 3 and 4 .  
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MULTIPURPOSE ETECTRIC FURNACE (M518) 

Development of the MS18 furnace increased both the  temperature and 
control capabi l i t ies  over previous furnace s y s t e m s .  It also provided a 
reusable  r a t e r i a l s  processing faci l i ty  capable  of supporting a wide range of 
experiments ,  As shown in  Figure 4 ,  this sys tem w a s  designed to operate  at  
1000°C and provide active control at t h e  k c t  end of the furnace to accommo- 
da te  a range of s c a k  temperatures,  solidification r a t e s  I and thermal gradients .  
Eleven different experiments were processed du:ing t h e  Skylab 3 mission, and 
six of the eleven experiments were  repeated uti l izing t h e  same furnace during 
the  Skviab 4 mission. Each experiment c c x s i s t e d  of three samples  processed 
simvitancously in s e a l e d  s t a i n l e s s  steel car t r idges,  The cartridges were 
instal led in the furnace for processing by reiroving the  plugs in the  cold end 
of the furnacE housing,  attaching the car t r idge,  and inserting them into tl-e 
three heating cavi t ies .  The proper processing conditiens were  then set c a  
the  control box and the experiment ic i i ia ted .  

APO LLO -S 3YU Z 

The joint endeavor io link up  Soviet and kner lcan  s p a c e  sh ips  i r  near 
earth orbit h a s  provided another opportunity to perform a series of low% 
materials processinq ex;wiiiients. 
modified for this  purpose.  
exper!ments wil l  be conducted. Six of t h e s e  experiments wi l l  be developed 
by Principal Investigators within the  Vnited S ta tes  and one from t h e  Union 
of Soviet Russia.  Experiments wil l  be performed to invest igate  convection 
in the liquid melt I crys ta l  growth by both directional solidification and vapor 
transport  , composites , solidification of material with widely different s p e c -  
ific qravities , directional solidification of eu tec t ics  , and the production of 
‘ i h h  coercive strength Xacnets . 

The M518 Multipurpose Furnace is being 
During the  Apollo-Soyuz m i s s i c r ? ,  s w e n  different 

Several  modifications a re  necessary  t o  adapt the M518 furnace s y s t e r .  
t o  the ~~pOllO-SO\~~iZ docking module. The furnace housing,  control package,  
and electr ical  cab les  wi l l  be herd! mounted t o  the wal l  of the docking module. 
A thermal protection shield wil l  b e  placed around the furnace housing to pro- 
tec t  tlie astronaut from hot portlons of the furnace.  The S/P-inch thick al-  
iiminurn wal l  of the docking module wi l l  provide ar. excel lent  heat  s ink t o  
a h s x b  and  distribute the thermal enerq-f qenerated by operating the f u r n a c e .  
A heliuni purqe s:.lsten will  he added t o  provide a rapid furnace cooldown. 
This  fas ter  cooldown wi l l  decrease  the exper inent  turn around t i m e  and allow 
more experiments t o  he performed in the same time period. 
efficiency of the furnace has  been increased by reducing furnace hea t  l o s s e s  , 
t h u s  rzisinq the riaximum operatinq tamperature from 1OOfC to  l l S @ C  with- 
out incrpas in j  the power required.  A v a c w n  line was  a l s o  needed to  vent the  
furnace housing to outer s p a c e .  Additional circuitr-:, :o provide a linear 
solidification veloci ty  feature 
mocouple w3s added to the control package.  The Apollo-Soyuz mission is 

585 scheduled for the summer of 1975. 
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SCtTPU'DiNG ROCKETS 

The ult imate potential of developing commercial products or processes 
in  s p a c e  will only b e  r ea l i zed  on long duration missions of the type pro- 
posed for Spacelab; however ,  many basic s tud ie s  c a n  be perfxmed in the  
interim, a t  r e l a t ive ly  low cost, through u s e  of low* simulation dev ices .  
Research and developinent in  materials processing sys t ems  and na te r i a l s  
P c ience  wi l l  continue between long duration fl ight opportunities through 
t h e  u s e  of short duration fl ights avai lable  with sounding rockets and the 
free-fall t i m e  offered by the  drop tower. 

A multipurpose,  materials processing f ac i l i t y ,  Figure 5 , i s  being 
developed for u s e  on N 
fl tght in Decer.iber 1 9 7 4 .  y8 Experiment data wi l l  be obtained and telemeter- 
e d  to  ground by a measurement module designed t o  sense a l l  e spec t s  of the 
veh ic l e  payload environment such a s  high and low accelerat ion , temperature , 
pressure and the zcous t i c  condi t ions,  
flight samples  , in  confect ion with the instrumentation d a t a ,  wil l  provide 
Piincipal Invest igators  with a good understanding of the materials processing 
conditions made ava i l ab le  by the sounding rocket.  

s first dedicated sounding rocket scheduled for 

A metallurgical evaluation of the 

This multipurpose rocket  furnace systzm wi l l  bas i ca l ly  c o n s i s t  of the 

(2) an auto- 
following: 
w ides t  possible  range of materials and thermal requirements.  
matic control sys t em capab le  of independent control of the three heating 
modules , each  containing three hzating elements .  (3) a hea t  removal mech- 
anism to extract the  excess hea t  buildup in each  heating module. This w i l l  
provide t h e  capabi l i ty  , in  conjunction with the programmable coqtrol sys t em 
of cs tah l i sh i r ,q  an isothermally heated cavi ty  or a wide range of thermal grad- 
i en t s  and cooids.vn r a t e s .  
r e sea rch  rocket  telemetry,  t o  provide furnace perfarmance and sample growth 
r a t e  data throughout the processing cyc le .  The processing facil i ty wil l  be 
mechanically and thermally designed to  withstand rocket vibration and shock 
loads encountered during launch and recovery and wii l  b e  capable  of with- 
s tanding t h e s e  loads at  operating temperatures repeatedly without significant 
damage. 

(1) a three davi ty  furnace,  designed t o  process  samples of the 

(4)  a thermal rronitoriny system compatible with the 

1'1 addition t o  the multipurpcse fu rnace ,  two s p e c i a l  purpose furnace 
sys t ems  , Figures No .  t a n 3  7 , a re  being developed fcr lator Sounding Rocket 
f l ights .  
object ives  with limited variation in processing condi t ions.  

These processing systems a r e  being designed to  accomplish spec i f i c  
These sys t ems  
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inclut:e a Float  Zone Stabil i ty experiment , Figure 6 ,  and a g l a s s  processing 
flirnace , Fiqure 7 .  The Float Zone Stabil i ty experiment wil l  determine the 
zone s h a p e  of molten mater ia ls ,  a t  various rotation ra tes  and obtain the 
mode of instabi l i ty  and corresponding maximum zone dimensions.  The G l a s s  
Processing Furnace wil l  be uti l ized bas ica l lv  to process  ?NO types of g l a s s  
s y s t e m s .  F i r s t ,  pure oxide or mixtures of severa l  pure oxide compositions 
wi l l  be melted and cooled in a low< environment. Secondly,  g l a s s  materials 
wi l l  be heated and allowed to form nuclei  in  1ow-G result ing in g lass -ceramics ,  

ELECTRICALLY CONDUCTING CERAMC HEATING 

The u s e  of electr ical ly  conducting ceramics ,  as heating e l e n e n t s  I has 
s ignif icant ly  ra i sed  the processing temperatures avai lable  for s p a c e  fl ight 
furnace s y s t e m s .  Zirconia and thoria-based ceramic oxides ,  which a re  used 
a s  heating elements a r e  e lectr ical  insulators a t  room temperature,  but becom 
e x c e l k n t  high temperature ohmic heaters  abovz some transit ion temperature. 
Heating elements now under development can  oper=ite a t  22OpC in oxidizing 
inert  cr vacuum dtmOSphereS for extended periods of t i m e .  The f i rs t  ceram- 
ica l ly  heated furnace sys tem (Figure 8) is being developed for u s e  on the 
Marshall  Space Flight Center drop tower. This furnace system wil l  provide 
a n  isothprmal p r x e s s i n g  cavi ty ,  2 . 5  ciii dia.  X I O  STT! Inn(:; with the cap- 
abi l i tv  -;f aperating from roor. temFerature t o  2206C max. The axial  temper- 
a t d  variation throughout the  isothermal cavi ty  wi l l  b e  less than ld3C. By 
replacing the isothermal heat in  
perature gradients of u p  t o  200 C/cm for d is tances  of approximately 5 c m  c a n  
5e obtained.  The operating temperature of this  furnace sys tem is controlled 
via  a r e s i s t a n c e  s igna l  frog the ceramic heating element and is maintained 
within 1/2% accuracy or 11 C a t  the maxinum operating temperature. 

6) 

element with an  ax ia l  gradient element , t e m -  2 

Additional furnace systems utilizing the ceramic heating concept wil l  b e  
developed in the near future for u s e  on sounding rockets .  

FUTURE PLANS 

Future plans in the area of manufacturing in s p a c e  include the develop- 
ment of advanced materials proccssinci s y s t e m  w i t h  spec ia l  featuies such 
a s  container less  melting , sample posit ioninq, -.ateri+Is r i x i p g  d e v i c e s ,  hi ;h  
temperature processing s y s t e m s ,  and automated processing sys tems.  
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SevcraI methods of levitation end sample positioning are being studied 
for u s e  i n  conjunction iv i th  furnace s y s t e m s ,  for the  purpose of clirr.lnattnq 
cantact between the sample m e l t  and crucible,  Levitation systems now under 
investigation or proposed for further study include eleceornagnetic , acoust ic ,  
electrostatic forces,  gas  je t s ,  electrohydrodynamics , and microwaves. 
These terrestrial leviiation experiments wil l  be studied and or developed and 
sca led  up for testing in :he low gravitational environment of space .  Possible 
applications are the preparation of ultrapure materials and soIidification under 
con2itions of extreme subcooling. Ultrapure refractor materials which are 
eas i ly  contaminated by molds are logical candidates.  6) 

Both acoustic and electromagnetic mixers are being developed for u s e  in 
space .  These systems will  be used in  conjunction with furnace systems to 
process materials in space  that require mixing sach as immiscibles and the 
dispersian of fibers or particles in a liquid metal matrix. 

Research and development of space  p r x e s s i n g  facil i t ies and t h e  tech- 
noloqy development associated with l o w s  experiments will  continue through 
the PSTP mis s i c rn ,  :Advanced Sour,ding Rocket flights and the init ial  Spacelab 
missions,  with an end i t e m  goal cf provldipg the basis  for commercial manu- 
iac?z!zg npe~-at:cr,-, !? near earth orbit. The availability of S: -.celab a s  a 
test bed for commercial l w  gravity manufacturing operi.;tions will sdd the vas t  
volume of near earth space  to  the habitable regions of earth already used by 
mankind. 



REFERENCES 

1.  Halbach, C. R .  and Page, R. J., 2200°C Oxidtzing Atmosphere 
Furnace for Space Manufacturing, ARTCOR, Imine ,  California, 
January 1974 

2 .  Yatec, Jr . ,  I. C . ,  Apollo 14 Composite Casting Demonstration, 
Final Report, S&E-PE-A, Marshall Space Flight Center,  Alabama, 
October 1971 

3 ,  Frost ,  R .  T. , Weightless,  Containerless Melting and Solidification 
of Potential New Metal and Ceramic Products .. General Electric 
Company, Philadelphia, Pennsylvania 

4 .  Aldrich , B. E. , T v ~ U ~ t ~ p i r p ~ ~ e  Fnrnace f ~ ' i  Rcsearch F.ockets , 
S&E-PE-MXX, Marshall Space Flight Center,  Alabama, january 1 Y'i4. 

5. Aldrich, B. R . ,  Spaceflight Furnace Development, S&E-PE-MXX, 
Marshall Space Flight Center,  Alabama, February 1973 

58 9 
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FIGURE 4. MULTIPURPOSE ELECTRIC F"ACE M518. 
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R. C. S e i d e n s t i c k e r  
West i n g h o u s e  R e s e a r c h  L n h o r a t o r i e s  

P i t t s b u r g h ,  P e n n s y l v a n i a  15235  

SUMMARY 

The d e s i g n  c o n s t r a i n t s  f o r  o r b i t i n g  ma te r i a l s  p r o c e s s i n g  s y s t e m s  
are  d o m i n a t e d  b y  t h e  l i m i t a t i o n s  of t h e  f l i g h t ’ v e h i c l e / c r e w  a p d  n o t  by 
t h e  p r o c e s s e s  t h e m s e l v e s .  A l t h o u g h  w e i g h t ,  s i z e  and  power c o n s u m p t i o n  a r e  
a l l  f a c t o r s  i n  t h e  d e s i g n  o f  no rma l  l a b o r a t o r v  e q u i p m e n t ,  t h e i r  i m p o r t a n c e  
is i n c r e a s e d  o r d e r s  o f  m a g n i t u d e  when t h e  equ ipmen t  must  b e  used  i n  a n  
o r b i t a l  f a c i l i t y .  As a r e s u l t ,  equ ipmen t  i n t e n d e d  f o r  s p a c e  f l i g h t  may 
h a v e  l i t t l e  r e s e m b l a n c e  t o  norma l  l a b o r a t o r y  a p p a r a t u s  a l t h o u g h  t h e  
f u n c t i o n  t o  b e  p e r f  qrmed may b e  i d e n c i c a l  . 

The same C O T  s i d e r a t i o n s  i n f l u e n c e  t h e  d e s i g r .  o f  t h e  e x p e r i m e n t  
i t s e l f .  The  p r o c r  , ; s ing  r e q u i r e m e n t s  mus t  b e  c a r e f u l l y  u n d e r s t o o d  - i n  
i e m s  of b a s i c  pi-js iczl  p 2 r m ~ t e r s  r a t h e r  t h a n  d e f i n e d  i n  t e r m s  o f  e q u i p -  
ment  o p e r a t i o n .  P r e l i m i n a r y  e x p e r i m e n t s  a n d  a n a l y s i s  a r e  much more v i t a l  
t o  t h e  d e s i g n  c: a s p a c e  e x p e r i m e n t  t h a n  t h e y  a r e  o n  e a r t h  where  i t e r a t i v e  
deve lopmen t  i s  r e l a t i v e l y  e a s y .  

E x a n p l e s  o f  t h e s e  v a r i o u s  c o n s i d e r a t i o n s  a r e  i l l u s t r a t e d  w i t n  
examples  f rom t h e  M518 and  MA-010 s y s t e m s .  While t h e s e  a r e  s p e c i f i c  
s y s t e m s ,  t h e  c o n c l u s i o n s  a p p l y  t o  t h e  d e s i g n  of f l i g h t  materials p r s c e s s i n g  
s y s t e m s  b o t h  p r e s e n t  a n d  f u t u r e .  

INTRODUCTION 

*,en r e d u c e d  t o  b a s i c  p r i n c i p l e s ,  t h e  r e q u i r e m e n t s  f o r  m a t e r i a l s  
p r o c e s s i n g  i n  f r e e - f a l l  c o n d i t i o n s  a r e  no d i f f e r e n t  from t h e  r e q u i r m e n t s  
o n  e a r t h .  So f a r  as  I know, t h e r e  a r e  no p r o p a s e d  m a t e r i a l s  p r o c e s s i n g  
t e c h n i q u e s  wh ich  d i f f e r  i n  p r i n c i p l e  f rom t h o s e  c u r r e n t l y  used  i n  e a r t . h  
bound l a b o r a t o r i e s .  Materials mus t  s t i l l  b e  ? t e a t e d ,  c o o l e d ,  c o m p r e s s e d ,  
e t c . ,  i n  o r d e r  t o  a c h i e v e  some g o a l .  The o n l y  n o v e l  c o n s i d e r a t i o n s  
a r i s e  f rom e i t h e r  new h a n d l i n g  t e c h n i q u e s  s u c h  a s  c o n t a i n e r  l e s s  n e 1  t i n g  
o r  t h e  a b s e n c e  o f  g r a v i t y  d r i v e n  phencnena  s u c h  a s  d e n s i t y  d r i v e n  
c o n v e c t i o n  o r  p h a s e  s e p a r a t i o n .  

The nios t i n p o r t a n t  d e s i g n  c o n s t r a i n t s  f o r  m a t e r i a l s  p r o c e s s i n g  
s y s t e m s  a r i s e  f rom l i m i t a t i o n s  imposed  by t h e  f l i g h t  v e h i c l e  c a p a b i l i t i e s  
and  c r e w  a v a i l a b i l i t y .  T h e s e  c o n s i d e r a t i o n s  a r e  f a r  f rom m i n i m a l  and  
i n f l u e n c e  n o t  o n l y  t h e  d e s i g n  of equ ipmen t  b u t  s h o u l d  b e  c o n s i d e i e d  i n  
t h e  d e s i g n  a n d  deve lopmen t  o f  t h e  e x p e r i m e n t  i t s e l f .  

c o , i s t r a i n t s  b o t h  g e n e r a l l y  and  in t h e  c o n t e x t  o f  t h e  Y 5 1 8  and  M-010 
!-EF s y s t e m s .  

The b a l a n c e  o f  t h i s  p a p e r  w i l l  b e  d e v o t e d  t o  examin ing  t h e s e  
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L'I;tiICLE/CREW LIMITATIONS 

l'hc general d e s i g n  l i m i t a t i o n s  imposer! by t h e  f l i g h t  v e h i c l e  
a n d  crew are  summarized b r i e f l y  i n  T a b l e  I .  

T a b l e  I .  

Pa ramet  cr  E a r t h  La- 

Weight 
Volume 

Cons t r a i n  ed t 1 N e g l i g i b l e  C o n s i d e r a t i o n  Power I n p u t  
Heat D i s s i p a t i o n  

J Human I n t e r a c t i o n  
T h e  J 

Under normal l a b o r a t o r y  c o n d i t i o n s ,  t h e  b a s i c  r e q u i r e m e n t  of a f u r n a c e  
s y s t t m  i s  t h a t  i t  c a n  pe r fo rm t h e  n e c e s s a r y  f u n c t i o n ;  weight  and s ire  
are  s e c o n d a r y  c o n s i d e r a t i o n s .  S i m i l a r l y ,  w i t h i n  r a t h e r  w ide  l i n i t s ,  
t h e  pt)wer consumpt ion  and e f f i c i e n c y  o f  a p p a r a t u s  i s  r e l a t i v e l y  u n i m p o r t a n t .  
F i n a l l y ,  manpower c o n s j . L e r a t i o n s ,  w h i l e  p r e s e n t  i n  any  o p e r a t i o n ,  a re  
g e n e r a l l y  not a k c y  f a c t o r  i n  ttle s e l e c t i o n  of equipment  on a l a b o r a t o r y  
s c a l e .  When a mater ia ls  p r o c e s s  moves from l a b o r a t o r y  t o  m a n u f a c t u r i n g ,  
t h e n  c o n s i . d e r b t i o n s  of s p a c e ,  power and manpower i n c r e a s e  in i m p o r t a n c e  

i : : c  s:l.ii CdII ; lWi  b e  compared v i t h  t h e  situation encoun:e id  in BT! 

o r b i t i n g  f a c i l i t y  . 
Space  f l i g h t  c o n d i t i o n s  change  t h e  p r i o r i t i e s  d r a s t i c a l l y .  The 

Every  k i l o g r a m  p l a c e d  i n  
i n h e r e n t  c a p a b i l i t i e s  o f  any  i ' l i g h t  v e h i c l e  a r e  l i m i t e d  whe the r  i t  is 
a n  Apo l lo  command module o r  a Space  S h u t t l e .  
o r b i t  n u s t  b e  a c c o u n t e d  f o r  and e v e r y  c u b i c  dec ime-e r  c a r e f u l l y  p l a n n e d ;  
t h e  v e h i c l ?  t y p e  o n l y  changes  t h e  s ca l e  of t h e  p l a a n i n g .  S i m i l a r l y ,  
e v e r y  w a t t  t h a t  is consumed must b e  u t i l i z e d  i n  a s  e f f i c i e n t  a manner 
a s  psssible and e v e r y  j o u l e  n u s t  b e  accou; l ted  f o r .  Aga in ,  t h e  manpower 
a v a i l a b l e  fL.,r i n t e r a c t i o n  w i t 5  t h e  equipment i s  l i m i t e d  and cquipment  
t h e r e f o r e  must b e  c a p a b l e  o f  p e r f o r m i c g  t h e  r e q u i r e d  t a s k  w i t h  a minimum 
of hunan i n t e r a c t i o n .  The re  a r e  o b v i o u s  t r a d e o f f s  p o s s i b l e  be tween 
manual o p e r a t i o n  and equipment c o m p l e x i t y  and t h e  problem c s n  b e  s u m e d  
up by s a y i n g  t h a t  t h e  i n t e g r a t e d  w e i g h t ,  power and  manpower s h o u l d  b e  
minimized .  

A 
t!iat t h e  
of do ing  
i n  norma 

1 t h e s e  c o n s i d e r a t i o n s  a r e  i n  a d d i t i o n  t o  t h e  p r imary  r e q u i r e m e n t  
j o b  i t s e l f  be d o n e .  The i n t e g r a c e d  e f f e c t  is t h a t  t h e  manner 
t h e  j o b  may d i f f e r  s u b s t a n t i a l l y  from t h e  way i t  n i g h t  b e  done  

l a b o r a t o r y  p r a c t i c e .  

EXPERLMENT DESIGN 

When t h e  sys t em l i m i t a t i o n s  h p o s e d  by s p a c e  f l i g h t  a r e  f a c t o r e d  
i n t o  ;tie o v e r a l l  economics o f  an  e x p e r b e n t ,  t h e  o r d e r i n g  of p r i o r i t i e s  
i n  t h e  expe r imen t  d e s i g n  p r o c e s s  c h a n g e s .  I n  normal  l a b o r a t o r y  p r a c t i c e ,  
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e rnp i r i c  i s m  u s 1 ~ 3 1 1 y  d o m i n a t e s  a n a l y s i s  i n  t h e  deve lopment  of a n  e x p e r i m e n t .  
I t  is u s u a l l y  more ec6>nL,,,i.-a1 to  add a f e w  thC'rnocoll[Jlf?S t o  a s y s t e m  
t h a n  t o  d e v e l o p  and e v i l l u a t e  a c o m p l i c a t t d  t i i e rmal  n o d e l .  I n  t h e  c a s e  
of f l i g h t  e x p e r i m e n t s ,  however,  t h e  r e v e r s e  may w e l l  b e  t r u e .  F o r t u n a t e l y ,  
f o r  f r e e  f a l l  c o n d i t i o n s ,  t h e  t a s k  is  f r e q u e n t l y  s i m p l i f i e d  s i n c e  h e a t  
t r a n s f e r  which  i s  f r e q u e n t l y  dominated  by c o n v e c t i o n  on e a r t h  i s  more 
l i k e l y  t o  b e  c o n t r c ; l l e d  by t h e r m a l  d i f f u s i o n .  T h i s  s i m p l i f i e s  t h e  
n e c e s s a r y  c a l c u l a t i o n ,  and  t h e  r e s u l t s  c a n  b e  viewed w i t h  g r e a t e r  
conf i d e n z e .  

T h i s  a p p r o a c h  d o e s  demand t h a t  t h e  e x p e r i m e n t  b e  w e l l  d e f i n e d  
i n  teitris o f  t h e  e x p e r i m e n t  c o n d i t i o n s  r a t h e r  t h a n  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  b e f o r e  i t  is a c t u a l l y  r u n .  T h a t  is t o  s a y  t h a t  t h e  t h e r m a l  
condi t i . -ms  i n  t h e  sample  must b e  s p e c i f i e d  ratLer t h a n  the t h e r m a l  
c o n d i t i o n s  o f  t h e  f u r n a c e  s i n c e  v a r i o u s  ?recesses of h e a t  t r a n s f e r  and  
d i s s i p a t i o n  may makz t h e  t w o  q u a i l t i t i c s  q u i t e  d i f f e r e n t .  Al though 
a n a l y s i s  is e s s e n t i a l  i n  t h e  d e s i g n  and e v a l u a t i o n  of a n  e x p e r i m e n t ,  
t h e  g e n e r a l  a v a i l a b i l i t y  of t h e  r e q u i s i t e  t h e r m a l  p a r a m e t e r s  makes 
e x p e r i m e n t a l  v e r i f i c a t i o n  of any  model a n  a b s o l u t e  n e c e s s i t y .  P r e l i m i n a r y  
ground based  t e s t i n g  must b e  done  t o  p r o v i d e  t h e  m i s s i n g  t h e r m a l  d a t a .  
Also  because  of i n t r i n s i c  c o s t  o f  s p a c e  p r o c e s s i n g ,  t h e  economics  d i c t a : e  
t h a t  maximum i n f G r n a t i o n  p o s s i b l e  b e  d e r i v e d  i n  G B  t e s t s .  

- .. - el t m ~ i i i  which  d i s t i n j i u i s ? : e s  t h i s  a p p r o a c h  from u s u e l  
i n v e s t i g a t i o n s  is t h a t  t h e  goal of  : a b o r a t o r y  s t u d i e s  is  as much to  
v e r i f y  t h e  model of t h e  expe r imen t  c o n f i g u r a t i o n  as  t o  g e n e r a t e  mater ia l  
samples  f o r  e v a l u a t i o n .  Even w i t h  f u t u r e  s p a c e  p r o c e s s i n g  s y s t e m s ,  i t  
w i l l  p r o b a b l y  b e  c h e a p e r  t o  d o  e x t e n s i v e  ground e v a l u a t i o n  t h a n  t o  u s e  
a n  i t e r a t i v e  p r o c e s s  based  o n  t h e  r e s u l t s  o f  f l i g h t  e x p e r i m e n t s .  

EXAMPLES FROM CURRENT SYSTEMS 

The H518 X u l t i p u r p o s e  E lec t r i c  Furnace  System from t h e  S k y l a b  
m i s s i o n  o r  i c s  n o d i f i e d  v e r s i o n ,  t h e  XA-010 System f o r  t h e  ASTP N i s s i o n ,  
may be used  a s  examples  of t h e  v a r i o u s  d e s i g n  c o n s i d e r a t i o n s  d i s c u s s e d  
i n  t h e  p r e v i o u s  s e c t f o n s .  The components o f  t h e s e  s y s t e m s  a r e  shown i n  
F i g .  1, and  t h e i r  func : tons  a r e  l i s t e d  i n  T a b l e  11. A b r i e f  d e s c r i p t i o ?  
o f  t h e s e  components  and some of t h e  d e s i g n  c o n s l d e r a t i o n s  a r e  a s  f o l l o w s .  

T a b l e  I1 

Component 

C o n t r o l  Package  

b :u l t i pu rpose  E l e c t r i c  Furnace  

Exper iment  C a r t r i d g e s  

Helium Package  (HA-010 o n l y )  

0 T e r 3 c r a t u r c  Cc .x t ro1  
0 i j : e , ' T t r . ; q ' r a ~ . ~ r e  Progranmipg 
0 Xe3sLreaent  S i g n a l  C o n d i t i o n i n g  

0 Heat Exper iment  C a r t r i d g e s  

0 Conf ine  Samples 
0 Genera t  e d e s i r e d  t e m p e r a t u r e  

0 Rapid Furnace  Cool 

d i s t r i b u t i o n  i n  sample  
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The C o n t r o l  Package s e r v e s  as  t h e  "b ra in"  of t h e  p r o c e s s i n g  
system. I n  o r d e r  t o  accommodace t h e  l i m i t e d  a s t r o n a u t  time a v a i l a b l e  
f o r  t h e  expe r imen t s ,  t h e  C o n t r o l  Package no t  o n l y  p rov ided  t u n p e r a t u r e  
c o n t r o l  d u r i n g  L5e s o a k  and cool-down p e r i o d s ,  b u t  a l s o  a u t o m a t i c a l l y  
sequenced t h e  e n t i r e  e x p e r b e n t  program from t h e  b e g i n n i n g  of heat-up 
t o  t h e  end of t h e  f i n a l  p a s s i v e  cool-down. The o n l y  a s t r o n a u t  p a r t i c i -  
p a t i o n  r e q u i r e d  was t o  l o a d  t h e  e x p e r k t e n t  c a r t r i d g e s ,  s e t  t h e  p rope r  
o p e r a t i o n  p a r a m e t e r s  and p r e s s  t h e  "s ta r t "  s w i t c h .  As a conven ience ,  
t h e  C o n t r o l  Package a l s o  p r c v i d e d  a d i g i t a l  d i s p l a y  of t h e  f u r n a c e  
t e m p e r a t u r e s  and t5e s t a t u s  of t h e  system. 

Mul t ipu rpose  Elec t r ic  Furnace  (MEF) 

The M u l t i p u r p o s e  Electr ic  Furnace  was t h e  p r o c e s s i n g  u n i t  of t h e  
s y s t e r  p r o v i d i n g  a t e m p e r a t u r e  c m t r o l l e d  h o t  zone f o r  h e a t i n g  t h e  
experiment  c c t r t d g e s .  The e s s e n t i a l  d e s i g n  c o n s t r a i n t s  € o r  t h i s  u n i t  
were of s i z e  and power s i n c e  t h e  u n i t  had t o  i n t e r f a c e  w i t h  t h e  h e a t  
s i n k  i n  21512 ,Haterials P r o c e s s i n g  F a c i l i t y  and p r e s e n t  a n  a c c e p t a b l e  
load  t o  b o t h  t h e  s p a c e c r a f t  power system anu h e a t  d i s s i p a t i o n  c a p a b i l i t y .  
A l s o ,  t o  b e  c o n s i s t e n t  w i t h  c o n s t r a i n t s  o n  s p a c e  and w e i g h t ,  o n l y  t h e  
s i i ig le  kxated z c ~ e  = ; I S  a v a i l a b l z ;  :!:e r e q u i r e d  t e m p e r a t u r e  d i s t r i b u t i o n  
i n  t h e  experimant  s amples  w a s  p rov ided  by t h e  expe r imen t  c a r t r i d g e s .  
F u r t h e r ,  manual l o a d i n g  of t h e  expe r imen t  c a r t r i d g e s  w a s  more e f f i c i e n t  
t h a n  an  automated sys t em f o r  t h e  c o n d i t i o n s  of t h e  Skylab and ASTP 
m i s s i o n s .  

Helium Package (HP) 

I n  t h e  ;ciA-010 System, t h e  h e a t  l o s s e s  from t h e  f u r n a c e  were 
reauced t o  a l e v e l  where tk.e cooldown time of t h e  samples  vould t a k e  a 
d i s p r o p o r t i o n a t e l y  l a r g e  f r a c t i o n  of t h e  experiment  t k c  l i n e .  W i t h  
o n l y  a r e l a t i v e l y  l i m i t e d  f l i g h t  t ime a v a i l a b l e ,  a means  w c ' s  needed t o  
i n c r e a s e  t h e  c o o l i n g  r a t e  of t h e  f u r n a c e  once  t h e  c r i t i c a l  phases  of a n  
esperi inent  w e r f  c o n p l e t e d .  S i n c e  t h e  f u r n a c e  i n s u l a t i o n  is p r i m a r i l y  
r a d i a t i o n  s h i e l d i n g ,  t h e  i n t r o d u c t i o n  of hel ium i n c r e a s e s  t h e  l o s s e s  
t e n - f o l d  and r e d u c e s  t h e  experiment  c y c l e  t o  a n  a c c e p t a b l e  l e n g t h .  

Experiment C a r t r i d g e s  

I n  t h e  M518;blA-GlO sys t ems ,  t h e  experiment  c a r t r i d g e s  s e r v e  a s  
mare than  conven ien t  c o n t a i n e r s  f o r  t h e  s a a p l e  ampoules.  By c o n t r o l l i n g  
t h e  h e a t  f luxes through t h e  c a r t r i d g e s ,  a much wider  r a n g e  of t empera tu re  
d i s t r i b u t i o n s  c a n  b e  ach ieved  i n  t h e  samples  t h a n  cou ld  be g e n e r a t e d  
by t h e  f u r n a c e s  a l o n e  w i t h  t h e i r  s i n g l e  v a r i a b i e  t e m p e r a t u r e  zone. A n  
example of one mode of c o n t r o l  is  shown i n  F i g .  2 ,  where t h e  e m i s s i v i t y  
of the c o l d  end of t h e  c a r t r i d g c  i s  u s e d  a s  t h e  v a r i i b l e .  Tile t e n p e r a t u r e  
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o f  t h e  h o t  end o f  t h e  c a r t r i d g e  r e m a i n s  r e l a t i v e l y  c o n s t a n t ,  w h i l e  t h e  
t e m p e r a t u r e  of the c o l d e r  end v a r i e s  by scvtxral  !it,nc!rcd ulc*);rc,c.s. Anotlier 
mode of c o n t r o l  is the use [ I i  d i f f e r e n t  t he rma l  c c i i d u L  ~ . I I I C  t's ,11ong tile 

a x i s  af  t h e  c a r t r i d g e .  Eacti c a r t r i d g e  %as d e s i g n e d  t o  p r o v i d e  t h e  
a p p r o p r i a t e  t e m p e r a t u r e  d i s t r i b u t i o n  for t h e  e x p e r i m e n t .  

Expe r imen t  Des ign  
I I t  

L i m i t a t i o n s  o n  i n s t r u m e n t a t i o n  d i c t a t e d  t h a t  o n l y  t h e  f u r n a c e  
t e m p e r a t u r e s  ( h o t  and  c o l d  ecd )  c o u l d  be measured i n  f l i g h t .  T h e r e f o r e ,  
i n  o r d e r  to d e t e r m i n e  t h e  t e m p e r a t u r e s  o f  i n t e r e s t  i n  t h e  s a m p l e s  
t h e m s e i v e s ,  i t  w a s  n e c e s s a r y  t o  d e v e l o p  a n a l y t i c a l  mode l s  fo r  t h e  
t e m p e r a t u r e s  i n  t h e  expe r imen t  c a r t r i d g e s .  These  a n a l y t i c a l  mode i s  
were r e f i n e d  d u r i n g  a n  e x t e n s i v e  deve lopmen t  t es t  program so t h a t  d u r i n g  
t h e  f i n a l  f l i g h t ,  t h e  sample  t e m p e r a t u r e s  c o u l d  b e  p r e d i c t e d  a c c u r a t e l y  
f o r  any  s e t  o f  a c t u a l  f u r n a c e  c o n d i t i o n s .  

CONCLUSIONS AND RECOMXENDATIONS 

The c h a l l e n g e  i n  d e s i g n i n g  mater ia l s  p r o c e s s i n g  s y s t e m s  f o r  s p a c e  
f l i g h t  lies j n  accommodating t h e  r e q u i r e m e n t s  of t h e  p a r t i c u l a r  e x p e r i -  
men t s  t o  t h e  c o n s t r a i n t s  imposed by t h e  f l i g h t  v e h i c l e .  S u c c e s s  i n  
a c h i e v i n g  a good d e s i g n  depends  on  havi1.g a n  a d e q u a t e  d e f i n i t i o n  o f  
hoih  t i l e  r P i : i i i r e n r n t s  2nd  1 i rn i ta i ions  in irrms u i  h a s i c .  ! m r ~ n l r t  v-s. 
F u r t h e r ,  c a r e f u l  ground based  t e s t i n g  and  a n a l y s i s  is e s s e n t i a l  f o r  t h e  
e f f i c i e n t  u t i l i z a t i o n  of f l i g h t  f a c i l i t i e s .  

Al though  t h e  p r e v i c u s  d i s c u s s i o n  has emphas ized  v a r i o u s  6 e s i g n  
c o n s t r a i n t s  w i t h  r e f e r e n c e  t o  a f u r n a c e  s y s t e m ,  w e i g h t ,  volume and  
power a r e  c o n s t r a i n t s  on any  sys t em.  Human i n t e r a c t i o n  w a s  n o t  s t r e s s e d  
i n  t h e  d i s c u s s i o n ;  any  temper-a ture- t ime programs were  au tomated  i n  
p r e v i o u s  s y s t e m s .  F u t u r e  programs may r e q u i r e  a u t o m a t i o n  of m a t e r i a l  
h a n d l i n g  a n d  more s o p h i s c i c a t e d  cGt i t rg1  p r o g r a m i n g .  Tn a l l  c a s e s ,  
howevcr ,  t h e  g u i d i n g  c o n s i d e r a t i o n  f o r  t h e  d e s i g n  o f  n a t e r i a 1 . s  p r o c e s s i n g  
sys t em w i l l  be t h e  optimum a l l o c a t i m  o f  a v a i l a b l e  r e s o u r c e s  i n c l u d i n z  
t i m e ,  human a v a i l a b i l i t y ,  l a u n c h  f u e l  .ind s p a c e c r h f t  power.  
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SUMMARY 

A wide range of impor t an t  m a t e r i a l s  s c i ence  e x p e r i m e n t s  and rr.ateria1s prD- 
c e s s e s  which depend upon melt ing,  r eac t ion  o r  resol idif icat ion in  the f r ee ly  levi-  
tated s t a t e  h a s  been identified. 
r e l a t ive ly  good e l e c t r i c a l  conductivitv t o  g l a s s e s  of e l e c t r i c a l  r e s i s t i v i t i e s  when 
p rehea ted  on the o r d e r  of one ohni-centi-meter.  
of posit ioning f o r c e s  by ineans of e l ec t romagne t i c  f ie lds  i n  a Con ta ine r l e s s  P r o -  
c e s s i n g  Faci l i ty  is p r a c t i c a l  with p r e s e n t  day technology. Ground based s tud ie s  
and theo ry  indicate many  poss ib i l i t i e s  fo r  fo rma t ion  oi new phases  and c r y s t a l  
s t r n c t i i r r s  t l i r ~ t i e h  c l i ~ . i > s t i ~ ~  ~ I l f  gravi ty  and the influence of c ruc ib l e  walls.  
in the r e s i s t i v i t y  range cons ide red  a re  included many  i n t e r e s t i n g  poss ib i l i t i e s  ioi  
new types of c o n t a i n e r l e s s  mel t ing and solidification expe r imen t s .  T h e s e  include 
Dcssibil i t ie s f o r  fo rma t ion  of a m o r + o u s  m e t a l s  and s e m i c o n d u c t o r s  through 
the exploitation of the undercooling made possible  by c o n t a i n e r l e s s  solidifi-  
catican, r e f r a c t o r y  m e t a l s  and oxides  f o r m e d  or purif ied f r e e  of the influ- 
ence of c ruc ib l e  contaminat ion,  immisc ib l e  a l loys  and c e r m e t s  , and t r ans i t i on  
metp.1 c a r b i d e s  and n i t r i d e s  of high purity which a r e  difficult  to p r e p a r e  b y  powder 
m e  ta l lu r g y . 

These  m a t e r i a l s  range f r o m  alloy s y s t e m s  of 

F o r  these m a t e r i a l s ,  application 

IVith- 

Because the range of physical  p a r a m e t e r s  of the m a t e r i a l s  which c a n  be 
p rocqssed  fr5e of the influence of con ta ine r s  is e x t r e m e l y  l a r g e  c o m p a r e d  to the 
e>ipt.rie,l<e in t e r r e s t r i a l  levitation e x p e r i m e n t s ,  i t  is inappropr i a t e  to uti l ize 
without m a j o r  change the e l ec t romagne t i c  levi ta t ion techniques which have been 
del  eloped ove r  the p a s t  d e c a d e s  in t e r r e s t r i a l  l a b o r a t o r i e s .  
to which the c o n t a i n e r l e s s  facil i ty physical  specif icdt ions a r e  m o s t  sens i t i ve  is the 
spec imen  e l e c t r i c a l  r e s i s t i v i ty  in and a t  t e m p e r a t u r e s  j u s t  below the molten s t a t e .  
This  p a r a m e t e r  h a s  a m a j o r  e i f e c t  upon the sp rc i i i ca t ion  of an opt imum frequency 
fo r  t h e  e lec t romagne t i c  f ie lds  used for  spec imen  posit ion con t ro l  and eddy c u r r e n t  
heating. The efficiency for  achieving r e q u i r e d  positioning f o r c e s  and for  induction 
heating of the spec imen  depends sensi t ively upon spec imen  r e s i s t i v i ty  and s i z e ,  
both of  which can  be cons ide red  to va ry  ove r  2 much g r e a t e r  rdnge than can be 

l h e  m a t e r i a l  p r o p e r t y  

:!Paper p re sen ted  by  - R .  T. F r o s t  



t o l e r a t e d  i n  t e r r e s t r i a l  l ev i t a t ion  e x p e r i m e n t s .  S i r c e  a v a i l a b l e  electrical 
power  in  the  S p a c e  L a b o r a t o r y  wi l l  be  l i m i t e d ,  m u c h  a t t en t ion  i s  g iven  ;? t he  
; , rc  stxiit s t , i c iy  t o  opti:rii,-.itic>:i Lli i . t c i l i ty  power  eificieric). .  It i s  ciiiisic1i:rt.d 11.- 

. i p ~ ~ r c ) p x i . ~ t e  to c . i r r y  o i i t  5 p i c . o  L d h o r a t o r y  e x p e r i t n e n t s  d t  hib;h power  with the  
vc r y  poor e i f i c i e n c i e s  which  are n o r a n a l l y  tolerated in  terrestrial l ev i t a t ion  e x -  
p e r i m e n t s  with s m a l l  s a m p l e s .  

, ,  
1 1  

I 

Ln a r e c e n t  NASA s tudy  (11 a c o m p a r i s o n  has been  m a d e  a m o n g s t  what  a r e  
be l i eved  t o  be  all r e a s o n a b l e  c a n d i d a t e  c o i l  con f igu ra t ions  for a C o n t a i n e r l e s s  
P r o c e s s i n g  Facility. 
e f f i cacy  for e l e c t r o m a g n e t i c  pos i t i on  c o n t r o l  a n d  e d d y  c u r r e n t  hea t ing  € o r  s p h e r i c a l  
conduct ing  s p e c i m e n s ,  a c o m p a r i s o n  w a s  m a d e  a m o n g s t  the  o p t i m a  so found wi th in  
e a c h  c o i l  "farnily." 
e n g i n e e r i n g  c r i t e r i a  in  addi t ion  t o  the a c h i e v e m e n t  of h igh  f o r c e  a n d  h e a t i n g  per  
uni t  power .  
b a s e b a l l  o r  "cusp"  c o i l  a r e  e s p e c i a l l y  su i t ab le  for a n  e a r l y  Space  L a b o r a t o r y  
Fac i i i ty .  
f o r  s p e c i m e n  r o t a t i o n  con t ro l .  

A f t e r  o p t i m i z i n g  each s p e c i f i c  c o i l  type with r e s p e c t  to 

T h i s  i n t e r c o m p a r i s o n  w a s  m a d s  on the  b a s i s  of a n u m b e r  of 

A b r i e f  s u m m a r y  of t h i s  w o r k  ia  g iven  h e r e  which i n d i c a t e s  t ha t  a 

An o r thogona l ly  wo-ind c i r c u l a r  coil c a n  be  added  t o  e i t h e r  to p rov ide  

The  c u s p  c o i l  i s  p r e f e r r e d  for u s e  with e l e c t r o n  b e a m  hea t ing  b e c a u s e  of i t s  
g r - a t e r  " s t i i i n e s s "  fcr s p e c i m e n  d i s p l a c e m e n t s .  
to  c o m p a r e  e d d y  c u r r e n t  hea t ing  e f f i c i e n c i e s  f o r  both t y p e s  of co i l s .  

to  co i l  d i a m e t e r  b e c o m e s  s m a l l .  
r e q u i r e  both t y p e s  of hea t ing  in  o r d e r  to  b e  compa t ib l e  with the wides t  p o s s i b l e  
r a n g e  of m a t e r i a l s  and  s i n c e  both c o i l s  a re  c o m p a t i b l e  with the  s b m e  type  of X F  
p o w e r  a m p l i f i e r  and  s e r v o  e q u i p m e n t ,  it is r e c o m m e n d e d  that the  c c i i s  b e  modularly 
r e p l a c e a b l e  e l e m e n t s  i n  the  facil i ty.  
m o d u l a r  c o i l s  is ind lca t zd ,  in  any  even t ,  by the r e q u i r e m e c t  for changing  co i l  s i z e  
when s ign i f i can t  c h a n g e s  ifi s p e c i m e n  s i z e  a re  m a d e  so a s  to maintairr  r e a s o n a b l e  
power  e f f i c i e n c i e s  within the fac i l i ty .  

h k a s a r e m e n t s  have  byen m a d e  
The  induct ion  

'h0. . t i""  nii;cionr;r i s  grc2t'r fcr the b2~&; . ,~~  '>.,her. +aae r3tlc = f  =, . -P;-""  uru- . . .AL. .  Pi,-..--t,-.- " . U ~ . I C  L L A  a - - - - - - - . * -  .._-.-.. 
Since  a v e r s a t i l e  S p a c e  L a b o r a t o r y  f az i l i t y  wi l l  

The  r e q u i r e m e n t  f o r  e a s i l y  exchangeab le  

B e c a u s e  m o s t  of the  m a t e r i a l s  p r o c e s s  e x a m p l e s  which have  been  ident i f ied  
a r e  inc ldded  within a ranee extending  s i x  d e c a d e s  in  r e s i s t i - r i t y  above the good  c o n -  
d u c t o r s ,  co i l  power  f r e q u e n c i e s  r ang ing  o v e r  about  t h r e e  d e c a d e s ,  f r o m  0. 01 to 
1 0  o r  15 m d z  wi l l  be r e q u i r e d .  Cont inuous  f r e q u e n c y  v a r i a t i o n  o v e r  t h i s  r a n g e  is 
not  r e q u i r e d .  Rather, one  oc tave  s t e p s  wi l l  be  su f f i c i en t ,  l ead ing  to r a w e r  a m -  
p l i f i e r  r e q u i r e r n e 7 t s  similar to the band swi t ch ing  t echn iques  u s e d  in  corn-mercial 
r a d i o  t r a n s m i t t r r  g e a r  which c a n ,  i.1 a s ing le  uni t ,  t yp ica l ly  c o v e r  f ive  o r  s i x  
oc t aves  of f r e q u e n c y  a t  power  l e v e l s  of 1 Lw and zbove.  Tuning .xithin s u c h  bands  
is not r e q u i r e d  in  a n  e l e c t r o m a g n e t i c  C o n t a i n e r l e s s  P r o c e s s i n g  F a c L i t y .  

F o r  e a r l y  Space  L a b  app l i ca t ions ,  a v a i l a b l e  power  wi l l  be t he  p r i r c i p a l  

The  m a x i m u m  s a m p l e  d i a m e t e r s  f o r  r e a s o n a b l e  
l in l i ta t ion  to the v a r i e t y  of rr,zierials which c a n  be  p r v ~ ~ . j s s d  in quan t i t i e s  l a r g e r  
th.in e x p e r i n i c s t d l  a m o u n t s .  
,3ssumed Space  L a b o r a t o r y  f ac i l i t y  p o w e r  r a n g e  f r o m  1 6  c m  f o r  the l o w e r  m e l t i n g  
m a t e r i a l s  s u c h  as g l a s s e s  and  m a n y  a l loy  s y s t e m s  t o  abou t  2 c m  f o r  the  h ighes t  
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~ > 1 t ~ l t ~ n ~  t i i , i t t*riaIs s a c h  as tangzten. F o r  l a t e r  manuf:rctur ing f ac i l i t i e s ,  however ,  
the systeii i  c a n  be s c a l e d  up to c o m m e r c i a l  quant i t ies  i f  adapted to thc use  of so1,ir 
hea t ing  at the focus  of a l a r z e  r e f l ec to r .  

LNTRODUC TION 

During the l a t e  1 9 6 0 ' s  a n u m b e r  of c o n v e r s a t i o n s  w e r e  he ld  between r e p r e -  
s en ta t ives  of i ndus t ry  and NASA of f i c i a l s  r e g a r d i n g  the poss ib i l i t i e s  f o r  exploit ing 
the weight less  env i ronmen t  of space  to  c a r r y  ou t  new t y p e s  of m a t e r i a l s  p r o c e s s i n g  
e x p e r i m e n t s  which could l e a d  to  new m a t e y i a l s  and products .  P e r h a p s  the m o s t  
obvious of the sugges t ions  was  to  iltilize the natural  tendency of all ob jec t s  t o  f loat  
f r ee ly  in  a "levitated" s t a t e  in a f r e e l y  o rb i t i ng  s p a c e  vehicle.  Th i s  would al low 
considt- r . i t ion of me l t ing  and solidification e x p e r i m e n t s  f r e e  f r o m  the influence of 
c r u c i b l e s  and m o l d s  s ince  the spec imen  in t eg r i ty  could be maintained by su r face  
tension f o r c e s  alone. It was  a p p a r e n t  t ha t  many of the r e s t r i c t i o n s  of t e r r e s t r i a l  
levi ta t ion techniques ut i l iz ing e l ec t romagne t i c  f ie lds  would be removed.  
wei:>htltssa env i ronmen t ,  e l ec t romagne t i c  f ie lds  could be used  to reniove kinetic 
e i l r rgy  f r o m  t!ie s p e c i m e n  r e l a t ive  to the l r b o r a t o r y  and to p reven t  the m e l t  i r o m  
tcuching nea rby  equipment.  Since the r e q u i r e d  f o r c e s  would be r e l a t ive ly  small, 
c o n t a i n e r l e s s  mei t ing and suiidificat;or; CXI be r , i r i i e Z  out f9r m-aterials having 
r e s i s t i v i t i e s  o r d e r s  of magnitude above those which can  be c:onsidered in t e r r e s -  
t r i a l  e x p e r i m e n t s .  The mass of the m e l t  p r o c e s s e d  would be l imi t ed  o n l y  by the 
onse t  of hydrodynamic in s t ab i l i t i e s  and h e a t  t r a n s f e r  cons ide ra t ions ,  aqd ca l cu la -  
t ions show t ha t  m a s s e s  of many  k i l o g r a m s  c a n  be cons ide red .  These  e a r l y  ideas  
have been developed in  s o m e  de ta i l  through N . S A  c o n t r a c t  s tud ie s  o v e r  the past 
s e v e r a l y e a r s .  The purpose of the p r e s e n t  r e n o r t  is ta indicate  gene ra l  facil i ty 
concep t s  capable of p rocess ing  the widest  r ange  of possible  impor t an t  con- 
t r l i n t > r l c s s  prucc s - j i n g  i .xpPri .m+nts  within r easonab le  technology cons t r a in t s .  
impor t an t  p a r t  o i  tne w o r k  h a s  been to  make a n  up-to-date sull i inary of these 
e x p e r i m e n t  possibi l i t ies .  
on iniportance in t e r m s  of new scient i f ic  data  o r  possible  future c o m n i e r c i a l  
appl icat ions . 

In the 

An 

An a t t empt  h a s  been made  to c o n s i d e r  m a t e r i a l s  based 

C :\ S '3 '.D ..i T C: C 0 N T X L\u' ER LESS X i  .A T ER LA LS P R  0 S ESS E X  PER LLI EN T S 

T h z  moti-iatis:? for  e a r t h  based electrornagnet ic  lcs-itatiDn e x p e r i m e n t s  has 
general ly  been  the ach ievemen t  of one o r  m o r e  of the following objectives.  

1. Pur i f i ca t i cn  and cu tgass ing  of s p e c i m e n s  f ree  f r o m  c ruc ib l e  con tam-  
ina tion 

2 .  Observat ion o i  e x t r e m e  d e g r e e s  of supercooi iqg 

3. Froduc:ion of well  homogenized alloys.  



. \lthough t e r r e s t r i a l  w o r k  in  this area has b e e n  ma in ly  with metals and  t h e i r  
, i ! i , > y s ,  S O ~ T I C .  invest ig: ,xturs  have  r e c e n t l y  rxtcr ,ded t h e s e  t echn iques  to  the s tudy  
oi hlgh t e t n p e r a t u r c  ino rgan ic  s y n t h e s i s  [L, 3;. 
i n  t he  w e i g h t l e s s  s p a c e  e n v i r o n m e n t ,  c o n t a i n e r l e s s  levi ta t ior?  with e l e c t r o m a g -  
ne t i c  positior: c o n t r o l  is app l i cab le  to  materials whose  r e s i s t i v i t i e s  j u s t  be low 
t h e i r  me l t ing  point  may be  six d e c a d e s  h i g h e r  than the r e s i s t i v i t y  of the  b e s t  

~ c o n d u c t o r s  and  m a y  be p r o c e s s e d  i n  masses of many  k i l o g r a m s ,  p r o v i d e d  tha t  
su f f i c i en t  power  is ava i lab le .  I 

The  p r e s e n t  p,ipt.r i n d i c a t v s  t ha t ,  

I 
I '  

, '  

In a r e c e n t  c o n t r a c t  c a r r i e d  ou t  for the  M a r s h a l l  Space  F l i g h t  C e n t e r  Process 
E n g i n e e r i n g  L a b o r a t o r y ,  a r e v i e w  w a s  m a d e  of the v e r y  wide r a n g e  of s u g g e s t i o n s  
which have  b e e n  m a d e  for explo i t ing  s u c h  c o n t a i n e r l e s s  p r o c e s s i n g  to  c a z r y  ou t  
b a s i c  m a t e r i a l s  e x p e r i m e n t s  in  s p a c e  l ead ing  to new knowledge and in m a n y  cases  
to the p robab le  p r e p a r a t i o n  of new and  unique materials [ l ,  4 ,  5, 6 ,  7 ,  8, 9,  1 0 ,  1 1 ,  123. 
.A r e v i e w  of t h i s  w o r k  wi l l  be given in  a n o t h e r  p a p e r  [ 1 3 ] .  We s h a l l  h e r e  only  
b r i e f ly  s u m m a r i z e  those  classes of m a t e r i a l s  which would m o s t  benef i t  from the 
new p o s s i b i l i t i e s  of c o n t a i n e r l e s s  p r o c e s s i n g  i n  space .  We s h a l l  e m p h a s i z e  p r i -  
m a r i l y  the r a n g e  of e l e c t r i c a l  r e s i s t i v i t i e s  c o v e r e d  by the m o s t  i n t e r e s t i n g  c a n -  
di.ddtc. m a t e r i a l s  s i n c e  th i s  p a r a m e t e r  has the  g r e a t e s t  e f fec t  upon spec i f i ca t ion  
of cp t i rnum e l e c t r o m a g n e t i c  f ie ld  f r e q u e n c i e s  r e q u i r e d  fo r  pos i t ion  c o n t r o l  and  
hea t ing  of the mel t .  
t oge the r  with the size of ihe s p c : : z e ~ ~ ,  is rnccJs.t i'x.portant in d e t e r m i n i n g  power  
r e q u i r e d  fo r  m e l t i n g  of J free l ev i t a t ed  mass. 

A l s o  c o n s i d e r e d  is t h e  r a n g e  of me l t ing  t e m T e r a t u r e s  which ,  

The  m a t e r i a l s  of g r e a t e s t  i n t e r e s t  c a n  bc  g rouped  as fol lows.  

1. Al loys ,  i n t e r m e t a l l i c  compounds  and ce rme t s  

2 .  T r a n s i t i o n  m e t a l  c a r b i d e s  and n i t r i d e s  

3.  G l a s s e s .  

These a r e  d i s c u s s e d  b r i e f l y  following. 

Xl loys ,  Lntermeta l l ic  - Compounds  and  _-  CcimPtS  

C a r b i d e s ,  N i t r i d e s ,  S i l i c i d e s ,  B o r i d e s ,  B e r y l l i d e s  and Sul f ides  

T h e s e  materials a r e  beginning to be u s e d  widzly in  v a r i o u s  i i e l d s  of m c d e r n  
t -chr  >logy b e c a u s e  of t h e i r  high me l t ing  poin ts ,  h a r d n e s s ,  c h e m i c a l  s t ab i l i t y ,  
high t e m p e r a t u r e s  of t r a n s i t i o n  in to  the supe rconduc t ing  s t a t e ,  metallic cond.ilr - 
t ivi ty  o r  semiconduc t iv i ty  o r  s t r e n g t h  at h igh  t e m p e r a t u r e s  { 2 ,  3 ,  14 ,  15,  161. 
p r e p 2 r a t i o n  of high pu r i ty  po lyc rys t a l l i ne  s o l i d s  of t hese  m a t e r i a l s  with a d e q u a t e  
homcgene i ty  and  g r a i n  s i z e  as wel l  as the p r e p a r a t i o n  c I  high pu r i ty  s ing le  c r y s t a l s  
of low d e f e c t  d e n s i t y  h a s  been  a probl .em.  Alsc, i t  is d e s i r a b l e  to  p roduce  t h e s e  
: n a t e r i a l s  with b e t t e r  c h a r a c t e r i z a t i o n  of bulk  s a m p l e s  to assist in u n d e r s t a n d i n g  
how dev ia t ions  f r o m  s t o i c h i o m e t r y ,  c r y s t a l  s t r u c t u r e ,  l a t t i ce  p a r a m e t e r s  and  
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Itiipurity leve ls  should be specified.  
K : ierence [ 13. 

The following e x a m p l e s  a r e  d i s c u s s e d  in 

1. TaN and NbN based  al loys 

t 

2 .  Hexaborides  such as lanthanum boride ( L a B  ) 

3. C a r b i d e s  such as T i c ,  Z r C ,  T a C  

6 

4. Amorphous metal l ic  conducting g l a s s e s  such  as pal ladium sil icon. 

Amorphous Semiconductors  and Semiconducting G l a s s e s  

These  n i a t e r i a l s  should find wide appl icat ions in  e l e c t r o n i c s  in future y e a r s .  
Due to  the i r  an3.orphous na ture ,  these  m a t e r i a l s  show homogeneous and i so t ropic  
e lec t ronic  and opt ical  p roper t ies .  They are  not as much affected by i m p u r i t i e s  as 
a r e  the c rys ta l l ine  semiconductors .  Many of these  g l a s s e s  exhibit  the p r o p e r t y  of 
”switching” the i r  conductivit ies f r o m  low to high and should be useful in e lec t ronic  
switching and computer  applications.  The semiconduct ing g l a s s e s  and amorphous  
Y b . _ . _ _  f-inicnnduciGrs f d l  i n t o  th ree  main ca tegor ies .  These  a r e  

1. The chalcogenide g l a s s e s ,  in which one o r  m o r e  of the e l e m e n t s ,  S, 
Se,  o r  Te is combined with one o r  more of the e l e m e n t s  such  as m e t a l s  
Si ,  Ge, P, As, Sb, Bi, T1 and P b ,  

2 .  The Trans i t ion-meta l  oxide g l a s s e s ,  which a r e  g l a s s e s  in which the 
rr.ajor consti tuent i 3  a t rans i t ion  m e t a l  oxide such as V 2 0 5  (vanadium 
pe n t o side ) , 

3. Ainorp’ious germanium and sil icon, 

4. Recently,  ”diamond la t t ice  type” g lassy  semiconductors  such a s  Cd-  
Ge-As have been repor tcd  and may for in  a fourth category.  

.All of L h e s e  g l a s s e s  may be prepared  by supercool ing f:om the mel t ,  bypassing 
c ry.;talliL‘ition. Thus they a r e  idea l  candidates  for  conta iner less  process ing  

.At roc?  t e m p e r a t u r r  many  of these semiconducting g l a s s e s  have 
res i s t tv i t ies  abr,ve 10’ o h m - m e t e r s ,  but a t  e levated t e m p e r a t u r e s  and when 
molter., r e s i s t i v i t i e s  which fall below o h m - m e t e r s .  

-.De r i i ? i e n t s .  

Allov Melts having a liqilid miscibi l i ty  gap 

’ l h e s e  a r e  the monotectics and exhibit  the phenomenon of s c . q r t ’ c c a t i o n  of t h e  
two l iquids ,  on e a r t h ,  by  virtue of densi ty  d i i fe rences  [SI. 
environment  this  separa t ion  should not o c c u r  3.r.d a m a t r i x  of one phase with a i s -  
pers ion  of the () .her  phase throughout sha.ilri ‘:)e Lbtained. Unique new al loys and 

In the w r i t : ; > ; l ~ , i s  
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i n t e rme ta l l i c  compounds with unique e l ec t ron ic  p r o p e r t i e s  m a y  be  p r e p a r e d  f r o m  
rnclts of rnonotectic composi t ion and hypernionotect ic  composition. 
covpe r  is a n  alloy which is tot.illy i i i i i i i iscible  i n  the liquid and solid statt 's  r 5 1 .  
Tungsten-copper  IS produced c o m m e r c i a l l y  at the p r e s e n t  t i m e  by  liquid copper  
inf i l t ra t ion of a Tungsten skeleton. 
i n  a copper  melt using c o n t a i n e r l e s s  p rocess ing ,  new m a t e r i a l s  could be p r e -  
pa r e d  with possible  unique appl icat ions to  w e a r  r e s i s t a n t ,  high t e m p e r a t u r e  
c i r c u i t  b r e a k e r s ,  r e l a y s  and e l e c t r i c  switches.  

Tungsten-  

By Ealidifying a tungsten power d i s p e r s i o n  

If t h e r m a l  g rad ien t s  c a n  be adjusted a c r o s s  a f r e e l y  floating me l t ,  then 
An example  is Fe  - P b  direct ional ly  solidified compos i t e s  could be produced. 

which would have unique magnet ic  p rope r t i e s .  Another example  is Hg-Te which 
f o r m s  the semiconduct ing i n t e r m e t a l l i c  compound HgTe. Throug t  supercool ing 
m e l t s  of monotect ic  o r  hype rmono tec t i c  composi t ions,  new i c t e r m e t a l l i c  c o m -  
pounds, new al loy composi t ions,  o r  amorphous  m a t e r i a l s  m a y  be f c rmed .  The 
chalcogenic g l a s s e s  SeSb and S e T l  a r e  o t h e r  examples .  

Eu tec t i c s  

By adjust ing the t h e r m a l  g rad ien t s  a c r o s s  a freely floating m e l t ,  d i r zc t iona l ly  
solidified c o m p o s i t e s  may be p repased  with unique e l ec t ron ic  and optid:al p r o p e r t i e s  

Snm-r e x a m p l e s  a r e  ?,-,Sb-Sh frir the t h e r m o e l e c t r i c  appl icat ions,  FeSb-LiSb fo r  
magne to res i s t i ve  and i n f r a r e d  polar iz ing appl icat ions,  N a F - L i F  r'or upiica? F;iZp- 
e r t i e s  and F e - F e S  f o r  f e r r o m a g n e t i c  applications.  

New a l loys  and compounds,  p r e p a r e d  b y  supercool ing m e l t s  

If a high d e g r e e  of supercool ing c a n  l e  a t ta ined through c o n t a i n e r l e s s  p r o -  
c e s s i n g  then many  neup m a t e r i a l s  may  be p r e p a r e d  with unique f e a t u r e s  through 
solutioc broadening o r  bypassing c rys t a l l i za t ion  [ 6 1 .  
h a s  been studied through SPLAT cooling. 

One example is Ni-Ge which 

Trans i t i on  Metal C a r b i d e s  and Ni t r ides  -- 
Trans i t i on  m e t a l  c a r b i d e s  and n i t r ides  a r e  of e x t r e m e  i n t e r e s t  and i m p o r -  

tance in m o d e r n  technology [14,15,17] .  
c i a l  i n t e r e s t  is due to the i r  h a r d n e s s .  The c a r b i d e s  in this group f o r m  the b a s i s  
f o r  "cemented c a r b i d e "  cutt ing tools  and w e a r - r e s i s t a n t  p a r t s .  
exqellont h igh - t empera tu re  s t r eng th  and good c o r r o s i o n  r e s i s t a n c e  they a r e  a l s o  
used as  high t e m p e r a t u r e  s t r u c t u r a l  m a t e r i a l s .  

At the p r e s e n t  t ime  the i r  m a i n  c o m m e r -  

Due 2 9  t he i r  

T h e r e  a r e  o t h e r ,  m o r e  excit ing,  p r o p e r t i e s  p o s s e s s e d  by these m a t e r i a l s  
which hold g r e a t  p r o m i s e  f o r  future technological applications.  
m e t a l  n i t r i des  axe being used  inc reas ing ly  not only fo r  t h e i r  e l e c t r i c a l  p r o p e r t i e s  

The t r ans i t i on  
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in  i n t eg ra t ed  c i r c u i t r y  but a r e  a l s o  being s tudied f o r  their superconduct ing p rop-  
e r t i e s .  
c r i t i ca i l  tenlperratures.  
b i l i t i e s  for  purif icat ion,  l i l t  lting, and s u p r c o o l i n g  m e l t s  oi n i t r ides  a n d  r . + r ! ) i d c s  
in  a t t e m p t s  to  produce new superconduct ing m a t e r i z l s .  
d u c t o r s  with high c r i t i c a l  t e m p e r a t u r e s ,  critical magne t i c  f ie lds ,  and critical 
c u r r e c t  d e n s i t i e s  a r e  t r ans i t i on  n-.eta1 c a r b i d e s  and  ni t r ides .  

Niobium n i t r ide  based  a l loys  have s o m e  of the h ighes t  superconduct ing 
Con ta ine r l e s s  p r o z e s s i n g  in space  would open up possi-  

Many of the supe rcon-  

Thin-f i lm n i t r i d e s  s e e m  to have the m o s t  potent ia l  f o r  application in such 
d e v i c e s  as Josephson junctions.  
resu1:s i n  l i t t l e  c h e m i c a l  diffusion and hence  d e c a y  of the junction with t ime .  
Junctions :n use  today are  not chemica l ly  s t a b l e  a f t e r  cycl ing a few t i m e s  between 
r o o m  and liquid he l ium t e m p e r a t u r e s .  

T h e i r  r e f r a c t o r y  na tu re  and c o r r o s i o n  r e s i s t a n c e  

P r e p a r i n g  m e l t s  of c a r b i d e s  and n i t r i d e s  p o s e s  many  p r o b l e m s  [14]. Many 
of them haire v e r y  high melt ing points. Tantalum Carb ide  h a s  the highest  mel t ing 
point kAiown f o r  any m a t e r i a l  (about 3983OC). 
a r e  gene-ally h ighe r  than those of the p a r e n t  t r a n s i t i o n  m e t a l  e l e m e n t  while those 
of the n i t r i d e s  are  comparab le .  T h e r e  a r e  no c ruc ib l e  m a t e r i a l s  t o  contain these  
ve ry  high t e m p e r a t u r e  me l t s .  

The me l t ing  points of the c a r b i d e s  

Contaminat ion by i m p u r i t i e s  such  as oxygen h a s  a significant effect  on the 
p r o p e r r i e s  of c a i b i t e s  and n i t r i d e s  a n d ;  n i l i c e  it fo i r ; . ,~  a sn l id  snll!tir,n N i t h  both 
c a r b i d e s  and nitride s ,  oxygen is e x t r e m e l y  difficult t o  e l imina te  [ 14, 17;. 
deoxidation is poss ib l e  by heat ing under vacuum condi t ions a t  e levated t e m p e r a -  
t u r e s  and with e x c e s s  carbon.  
mel t ing o i  ?hese v e r y  high t e m p e r a t u r e  m a t e r i a l s  without a c ruc ib l e  such as in 
c o n t a i n e r l e s s  mel t inb 11; +hc. weight less  env i ronmen t  m a y  enable v e r y  high pu r i ty  
polycrystal l ine o r  single c r y s t a l  t r ans i t i on  m e t a l - c a r b i d e s  and n i t r ides  t o  be p r o -  
d u c t d  f o r  e l e c t r i c a l  a n d  sl jyerconducting appl icat ions.  

Ca rbon  

It a p p e a r s  l ikely that  vacuum purification and 

Of the g l a s s e s , e l e c t r o i a a g n e t i c  posit ion con t ro l  c a n  be used fo r  those whose 
r e s i s t i v i ty  falls below 
of  the oxides and those with suff ic ient  me ta l l i c  o r  s emiconduc to r  p a r t i c l e s  d i s -  
p e r s e d  w i t h i n  them. 
r e l e a s e .  
melting. 

o h m - m e t e r s  a t  e levated t e m p e r a t u r e s  such  a s  many  

Xfost of these m a t e r i a l s  will r e q u i r e  preheat ing b e i o r t .  
'They may  a l s o  be p r ime  candidates  fo r  e l e c t r o n  beam heating . i ~ ~ l  

High index g l a s s e s  for  new opt ical  s y s t e m s  :9 ,10]  m a y  be p r e p a r e d  f r o m  
m e l t s  of oxides  such as  CeO Z r 0 2 ,  Nb20 ; ,  T i 0 2 ,  e t c .  These g l a s s e s  would 
be p r e p a r e d  by heating, mel t lng and, possibly,  supe rhea t ing  the c rys t a l l i ne  
oxides ,  dnd then supercool ing the m e l t  in  the absence  of  a c ruc ib l e .  

2., 

New single c r y s t a l  m a t e r i a l s  may  be p'oduced frorii o x i d e s  of v e r y  high 
IneIting point such  a s  Z r 0 2 .  Clnc p r o c e s s  contemplated is the production of the 
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oxide  g l a s s  a n d  then  c o n v e r s i o n  of the g l a s s  :o a c r y s t a l l i n e  form. T h i s  would 
avo id  p o l y m o r p h i c  t r a n s i t i o n s  which  occur  in  Z r O Z  a n d  C e O  as they  a re  cooled .  
O t h c r  materials s u c h  as  2BeO:Si02  (phenac i t e )  1193 and  ZrOZ:  SiO: ( z i r c o n  in  
which  the  cor i iposi t ion 111t . l t s  i n c o n ~ r u c ~ n t l y  should  ,ilso ~ J C ,  c ~ ~ n s i d ~ ~ r c d  f c i r  f i r ( ) -  
duction of s i n q l e  c r y s t . i l s  b y  c o i i v ( b r s i o n  i r o m  !he <7i6iss,  
d u c e d  i n  u s a b l e  form by conven t iona l  c r y s t a l  g r o w l n g  t echn iques .  

T h e y  t i , i v c  n :%t  I J ~ S C . ~ ~  p r o -  

j Rev iew - of U s e r  I n t e r e s t s  and  R e q u i r e m e n t s  
, I  

, In a n  effort  t o  in i t i a t e  the e s t a b l i s h m e n t  of a u n i f o r m  se t  of p r o c e s s i n g  r e -  
q u i r e m e n t s  f o r  m a t e r i a l s  of i n t e r e s t  to the  po ten t i a l  u s e r  c o m m u n i t y ,  a u s e r  
s u r v e y  w a s  c a r r i e d  ou t  as p a r t  of t h i s  c o n t r a c t .  
wi th  key  ind iv idua l s  from v a r i o u s  i n d u s t r i a l  l a b o r a t o r i e s .  
f r o m  pub l i ca t ions  and  reports documen t ing  space p r o c e s s i n g  c o n c e p t s ,  e x p e r i -  
m e n t s  and  t e s t s  r e c o m t n e n d e d  by v a r i o u s  ind iv idua l s  a n d  g r o u p s  involved in  
m a t e r i a l s  r e s e a r c h .  

Exter ,s i \ ,e  d i s c u s s i o n s  w e r e  he ld  
Da ta  w a s  e x t r a c t e d  

As a r e s u l t  of t h e s e  d i a l o g s  and l i t e r a t u r e  r e v i e w s ,  a t d b u h t i o n  w a s  c o m -  
p i led  of some 18 areas  of u s e r  interest, from s u c h  s p e c i f i c  con ixne rc i a i  a p p l i c a -  
t i o n s  as  tungs t en  with i m p r o v e d  g r a i n  s t r u c t u r e  f o r  x - r a y  t a r g e t s  t a  s u c h  po ten t i a l  
app l i ca t ions  and  r e s e a r c h  a r e a s  a s  m o r e  u n i f o r m  d i s p e r s i o n s  of e u t r c t i c  and  rnono-  
t e c t i c  a l loys .  
a p p r o x i m a t e l y  400  d i f f e r e n t  m a t e r i a l s ’ a n d  m a t e r i a l  comb:nat ions.  T h i s  w o r k  is  
u:? ~ i i i i j e ~ t  of  A ‘ i o t i i e i  pnps I 

the  e s t a b l i s h m e n t  of the  r a n g e s  of e l e c t r i c a l  r e s i s t i v i t y  of th? v a r i o u s  cand ida te  
m a t e r i a l s  and  p r o c e s s e s .  

In a l l ,  + ) I C  t abula ted  u s e r  a r e a s  of i n t e r e s t  a r e  reprcs :n tn t ive  of 

r ,  [ 131. ~ h t :  i i i o s t  i I n p l t a o t  c ~ t i t p ~ l t  of tt-jf-se s t u c i i r s  is 

T h e s e  r e s u l t s  will  be d i s c u s s e d  below.  

RANGE O F  MXTERLALS P A R A M E T E R S  AND 
SOME P R  OC ESS R E Q U  E3 EM EN TS 

- Key ,Mater ia l  P r o p e r t i e s  

The  i l ; -portant  r-riaterial  pdra i i ic ’ tc rs  Lor the speci i ic  e ; tarnpl t  s of eclch a r e a  
of i n t e r e s t  w e r e  c o m p i l e d .  Subsequen t ly ,  a r e p r e s e n t a t i o n  of the n u m b e r  of e x -  
a m p l e s  v e r s u s  r c s i s t i v i t y  ( in  the r a n g e  oi to 
F i g u r e  1 i s  a t i i s tog ran i  shbwing the n u i n b e r s  uf cand ida te  c a s e s  fa l l ing  within a 
n u m b e r  of r a n g e s  of e ! e c t r i c a l  r c s i s t i v i t y .  
the g e n e r a l  r a n g e s  which inc lude  exaAmples  a l r e a d y  d i s c u s s e d  of c a r b i d e s ,  t io r ides ,  
n i t r i d e s ,  s i l i c i d e s ,  beTy l l ides ,  su l f ides ,  2nd o x i d e s  of m e t a l s  (when h e a t e d ) ,  
cha lcogen ic  g l a s s e s  (whcn h e a t e d ) ,  p u r c  m e t a l s ,  a l l o y s  of m e t d s ,  axid scrnicon- 
ductor- :  (soinc r e q u i r e  hea t ing) .  The  o i , e rwhe lming  n u m b e r  of c a s e s  of t h e s e  
m a t e r i d i s  c o n s i d e r e d  fo l l  within the  r a n g e  of r e s i s t i v i t y  i l l u s t r a t e d  and  a r e  t h u s  
s u i t a b l e  €o r  p r o c e s s i n g  in  a n  e l e c t r o m a g n e t i c  c o n t a i n e r l e s s  s y s t e m .  

o h m  m e t e r s )  was p r e p a r e d .  

Also ident i f ied  in t h i s  h i s t o g r a m  a r e  

Alsa c o n s i d e r e d  w a s  the n u m b e r  of e x a m p l e s  f o r  which the ” second  c r o s s -  
o v e r  po in t”  i n  s e c o n d a r y  e l e c t r o n  coeff ic :ent  v e r s u s  e n e r g y  l i e  i n  v a r i o u s  r a n g e s  
f r o m  0. 5 lcev to 20  kev. The “s:con.l c r o s b u v e r  poin t”  is def ined  as  tha t  e l e c t r o n  
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c.ntlrgy a t  which thc total  s e c o n d a r y  e l e c t r o n  e m i s s i o n  Lilks below unity,  p r e -  
cluding e l e c t r o n  bealri mel t ing ut  f r e e  spec i inens  with t i lectrons of &;rt?dite : C'ncrgy. 
E l e c t r o n  b e a m  hea t ing  c a n  be  c o n s i d e r e d  f o r  materials for which the "second 
c r o s s o v e r  point" is no l e s s  than two or  three kilovolts.  

The dens i ty  to s u r f a c e  t ens ion  r a t i o  d e t e r m i n e s  the maximum s p e c i m e n  
rotat ion s p e e d s  which c a n  be cons ide red  for g a s  bubble r e m o v a l  without c a u s i n g  
excess ive  de fo rma t ion  of a molten spec imen .  
R e f e r e n c e  [l]. Density is a l s o  i m p o r t a n t  i n  d e t e r m i n i n g  the r e l a t ive  a c c e l e r a -  
t ions that will be c a u s e d  by appl icat ion of posit ioning fo rces .  

T h e s e  matters a re  d i s c u s s e d  i n  

Cooling to  Solidification T e m p e r a t u r e  and T i m e  Requ i red  for Solidification 

T h e s e  quest ions have been d i s c u s s e d  n u m e r i c a l l y  i n  Refe rence  [18]  including 
the effects  on onse t  of solidification a t  t e m p e r a t u r e s  well  below the n o r m a l  sol idi-  
f ication point. 
h e t t r o g e n e o u s  nucleation in  the m e l t ,  the subcooling phenomenon is expec ted  to  
be encoun te red  r c l a t ive ly  frequently.  E x t r e m e  subcool ings m a y  be o b s e r v e d  i n  
many  c a s e s  of i n t e r e s t  (and in  f ac t  p rov ides  one of the p r inc ipa l  motivat ions fo r  
the c o n t a i n c r l e s s  experiments). P r o c e d u r e s  f o r  computing upper  and lov . e r  
bounds on t ime  to  solidification a r e  given in  Kefe rence  c 4 2. 

Because  of the absence  of c r u c i b l e  wal ls  to furnish s i t e s  for  

F;F Induction Heat ine 

T h i s  sub jec t  has been adequately treated in the l i t e r a t u r e  [18, 193. Ln a 
r e c e n t  r e p o r t  [ l ]  computa t i cns  o i  eff ic iency f o r  heat ing a r e  given arid c o m p a r e d  
with expe r imen t .  The efficiency fo r  R F  heat ing and f o r  applying posit ion con t ro l  
i o r c c s  i s  a function of a p a r a m e t e r  x which is the r a t i o  of the r a d i u s  of the 
ni,>teri,il s p e c i m e n  cons ide red  to the e l ec t romagne t i c  skin depth in ti)? spec imen .  
In p r a c t i c e ,  r ea sonab le  efficiencies a r e  achieved only a t  f r equenc ie s  h igh  enough 
that the skin depth b e c o m e s  of the c:der of the s p e c i m e n  r a d i u s  o r  l e s s .  
of the impor t ance  of the skin depth p a r a m e t e r ,  we show j:, Figure  2 the va r i a t ion  
of skin depth as a function of f requency f o r  va r ious  r e s i s t i v i t i e s .  

Because  

Because of the wide range coi is idered,  the 5:raight l i n e s  have been chosen  

2 
to c o r r e s p o n d  t.r, constant  r e> i s t iv i t i e s ,  e a c h  differ ing f r o m  the other by two o r d e r s  
of magnitude ( f a c t o r s  10 ). .Us0 indicated by tne arrow'< and l a b e l s  are the r i i n g t s  
of spec imen  r e s i s t i v i t i e s  d i s c u s s e d  previously.  It c a n  be s e e n  that  e lectrcrnagnet ic  
sKin depths  of one c e n t i m e t e r  o r  l e s s  (x va lues  of unity o r  g r e a t e r  for  r easonab le  
s i ze  s p e c i r r e n s )  c a n  be achieved for f r equenc ie s  110 higher  than 20 I'"IHz. 
ment  of microwave equipment  does  not a p p e a r  to be n e c e s s a r y  f o i  t h e  range of 
materials and p r o c e s s e s  which a r e  cons ide red  h e r e .  

Employ-  

F o r  ve ry  high r e s i s t i v i ty  s p e c i m e n s  such  a s  cold g l a s s ,  a l t e r n a t e  posit ion 
con t ro l  techniques,  such as  standing sound waves in  g a s  fi l led cav i t i e s ,  c a n  be 
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cons ide red .  Here  it is ant ic ipated that a l t e r n a t e  me thods  of heat ing o t h e r  than 
the H F  or  e l e c t r o n  beam techniques Considered in  t h i s  r e p o r t  nlust  be employed. 
The work c o i l s  r e q u i r e d  fo r  the f o r m e r  *voul4 l ikely i n t e r f e r e  wiLh the standing 
sound W L L V ~  p i t ter i i .  
would not be appl icable  due to e l e c t r o n  sca t t e r ing  trotti ti.c worl.iny g.is i n  the 
sonic s y s t e m  and r ad ian t  o r  microwave heat ing m a y  bc required.  
be noted that many  c o n t a i n e r l e s s  e x p e r i m e n t s  and p r o c e s s e s  c a l l  f o r  con t ro l l ed  
gas e n v i r o n m e n t s  a t  p r e s s u r c s  too low to  5e  p rac t i cab le  f o r  the sonic  posit ioning 
technique. 
a re  being s tudied in o t h e r  l a b o r a t o r i e s  [20,21]. 

F;lectron tjccini ttlelting, a t  ? l i t :  r equ l r cd  e l e c t r o n  t,nl:rxic s, 

It should a l s o  

O t h e r  e x p e r i m e n t s  and p r o c e s s e s  adaptable  to sonic  posit ion c o n t i o l  

The above cons ide ra t ions  indicate that  eddy c u r r e n t  induction heat ing of 
b.3t.h good and r e l a t ive ly  poor  conduc to r s  is feasible  provided magnet ic  f ie lds  of 
adequate  intensi ty  c a n  be provided o v e r  a frequency range up tc; 10 o r  2 0  MHz, 
the h ighe r  f r equenc ie s  being employed f o r  the p o o r e r  conduc to r s  in o r d e r  to 
achieve adequate  x values .  

-~ E l e c t r o n  Beam Heating and Me!% 

'There is a l a r g e  c l a s s  of m a t e r i a l  e x a m p l e s  which can  be e l e c t r o n  b e a m  
hea ted  .ind me l t ed  in  the levi ta ted condition, without the need for  grounding oi the 
m a t e r i a l .  Th i s  possibi l i ty  a r i s e s  f r o m  the c i r c u m s t a n c e  that the total  s econda ry  
elctrtron eF,,ission coefficient c a n  exceed unity for  these m a t e r i a l s  i f  p r o p e r  
select 'on is made  of e lec t ron  beam energy.  
levi ta ted m a t e r i a l  will  automatical ly  ad jus t  i tself  t o  that  value,  in the r a r g e  of a 
few t ens  o i  volts posi t ive,  which c a u s e s  an ad jus tmen t  of the net number  of low 
e n e r g y  secc)ndaries  emi t t ed  such that the total  e l e c t r o n  flux leaving the s p e c i m z n  
e q u a l s  the total  f lux of e l e c t r o n s  in the impinging beam. 

Ti le  elect ios 'a t ic  pcteztizl  of !'ne 

Refere1,ce [ l ]  l i s t s  a l a r g e  number  of m a t e r i a l  cxndidatcs  fo r  cor l ta iner less  
p r o c e s s i n g  foi- which the secondary  e l e c t r o n  emi ; s ion  coei i ic ient  r i s e s  above unity 
f o r  e l e c t r o n  p r . r r g i c . 5  suit,l!,lt, for  use with plectron h a r m  h e a t e r s .  !n Figure 3 
we show a g ro3s  r ep resen ta t ion  of the n u m b e r s  c i  candidate m a t e r i a l s  cons ide red  
f o r  which this  pt>ssibility fo r  e l ec t ron  b e a m  heating e x i s t s .  
c a n  Le cons ide reu  u.iien the second c r o s s o v e r  point exceeds  2 to 3 kilovolts.  

Specifically, E B  heat ing 

Other  P r o c e s s  R e q u i r e m e n t s  

The phys ic s  and engineer ing ana lys i s  of providin? control led ro t a t ions  to 

The synchronous moto r  priFciple cdn be e a s i l y  
levi ta ted s p e c i m e n s  by providing rotat ing magnetj; f ie lds  is d i s c u s s e d  i n  Re fe rence  
[ l ]  and wi l l  not be given h e r e .  
applied by providing ano the r  magnetic field coi l  which pro..luces a field orthogondl 
to that  of the ma in  m#rgnetic field used fo r  posit ioning and heating. 
m o d e s t  rotat ing field; LO i m p a r t  spin to  the levi ta ted spec imen  can  be provicled by 
introducing s e p a - a t e  exci ta t ion to  the co i l s  which a r e  phased i n  quadra tu re .  n e -  
c a u s e  of the relaiivizly low spin r a t e s  r equ i r ed  to  produce r easocab le  c c n t r i f u c q , l  

Iielatixrel!. 
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f i e lds  f o r  g a s  bubble r e m o v a l ,  field f r e q u e n c i e s  in  the range below 100 f l z  w i l l  
no rma l ly  b c  ;u;!iL’ic.;gt. Thc s p t a c i i ~ ~ e n  roi.ition f r equency  i s  i lmi t ed ,  in  ;iny e v t * i t ,  
by hydrodynamic 1nstdI)ilitit:s which would s e t  in f o r  e x c e s s i v e  oblate  de fo rma t ion .  

._  

Pos i t ion  F o r c e  R e q u i r e m e n t s  --- 
T r a n s l a t i c n a l  f o r c e s  m u s t  be sppl ied to  the s p e c i m e n s  in  the C o n t a i n e r l e s s  

P r o c e s s i n g  Fac i l i t y  in  o r d e r  to p reven t  contact  of the m e l t  with su r round ing  equi; 
ment .  In addi t ion it is n e c e s s a r y  that  s p e c i m e n  posit ion osc i l l a t ions  within the 
potential  well  provided by the magnet ic  field configurat ion be damped  to  a high 
d e g r e e  within r easonab ly  s h o r t  t i m e s  so  that the f o r c e s  provided by the field 
may, f o r  s o m e  p r c c e s s e s ,  be r educed  to v e r y  low qu ie scen t  l eve l s .  -4 s i m p l e  
a n a l y s i s  given in  R e f e r e n c e  [11 ind ica t e s  that  a n  a c c e l e r a t i o n  capabi l i ty  on the 
o r d e r  of I r 3  g r a v i t i e s  will be adequate  to r ap id ly  c o n t r o l  the posit ion of the 
s p e c i m e n  r e l a t i v e  t o  the c e n t e r  of m a s s  of the total Space Labora to ry .  
t ions of the l a b o r a t o r y  as high as  10-3g would be expected only f r o m  re l a t ive ly  
violent a s t r o n a u t  body motions.  
motions will l ead  to  d i s p l a c e m e n t s  of the l a b o r a t o r y  c e n t e r  of mass r e l a t ive  to  a 
f r e e  specii i ien withir. the facil i ty s m a l l  enough that r i g id  pooition c o n t r o l  i s  not 
r e q u i r e d  and that  a n  a c c e l e r a t i o n  capabi l i ty  f o r  the C o n t a i n e i l e s s  P r o c e s s i n g  
Fac i l i t y  of 10-4g will probably be adequate.  

A c c e l e r a -  

In R e f e r e n c e  [ l ]  i t  is a r g u e d  tha t  t hese  body 

F o r c e s  on the levi ta ted s p e c i m e n s  m a y  a i i s e  f r o m  e l e c t r o s t a t i c  c h a r g e s ,  

A s  d i s c u s s e d  in  Refe rence  [ I ] ,  
d i . i = r e n t i a l  outgassing o r  vaporizat ion and f o r c e s  due to  imp ingemen t  of a n  e l e c -  
ti-on ‘>cain i f  t h i s  heating method is employed. 
ti.’ese v a r i o u s  f o r c e s  a r e  expected to be of a magnitude which would i m p a r t  a c c a l -  
e r a t i o n s  to  the s p e c i m e n  on the o r d e r  of 10-3g o r  l e s s .  
chosen in the fac:ility capabi l i ty  s tud ie s  given at  the end of this paper .  
noted that for  mos t  m a t e r i a l s  and p r o c e s s e s ,  the power r e q u i r e d  to providc? 
positAdiiiii< f ~ r c  t’s is rd:lati\.cly srnd!l a s  coinpared to t h e  powc’r r equ i r ed  for  
heat ing and tiie1t;r.g 30 that  high6.r a c c e l e r a t i o n  capabi l i ty  could easr ly  bc p r o -  
vided if e a r l y  space  e x p e r i m e n t  expe r i ence  ind ica t e s  s p u r i o u s  f o r c e s  h ighe r  than 
a n  tic ipa te d. 

F o r  th i s  r e a s o n  10-’g is 
It will be 

Env i ronmen ta l  Gas  Requ i remen t s  

Degassing of m e t a l s  i n  the solid s:ate and the liquid s t a t e  is employed to 
s is 11 i fic a 11 t 11- r e  d uc e the i n  te r s t i t i a l  i r: I pu ri tie s which c a u  s e e m b r i t  tle In e n t , h ig 11 
ductile -to-’-  r i t t l e  t r ans i t i on  tenipe r a t u r e s ,  and o t h e r  effects  d e t r i m e n t a l  to the 
s e r v i c e  p r o p e r t i e s  of the m e t a l  : 2 2 ,  231. Thc. resid*Jal g a s e s  p r e s e n t  in :~ac i iu~n  
s y s t e r n s  a r e ,  g e n e r - d y ,  H 2 0 ,  02, K2, CO, COz, H2, anci CY;. These  g a s e s  
or iginate  f r o m  s y s t e m  l e a k s ,  outgassing of the hot furnace s u r f a c e s ,  the pgmping 
s y s t e m ,  a n d  the metal  bein, heated.  
pendent upon the furnace h i s to ry  and tlie t e s t  conditions.  
outgassing cyc le ,  the total  p r e s s u r e  of these g a s e s  will i ncxease  to a max imum 
v;ilue and thcn d e c r e a s e  to  a value c h a r a c t e r i s t i c  of the pumping svstem. 

The p r e s s u r e  of each  of t hese  g a s e s  i s  d e -  
During the heat ing-  

In o r d e I  
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to perform c e r t a i n  processes ,  then,  s u c h  as d e c a r b u r i z a t i o n ,  the p a r t i a l  p r e s s u r e s  
of  r e s i d u a l  g a s e s ,  s u c h  as O2 i n  t h i s  c a s e ,  m u s t  be  a d j u s t e d  t o  f a v o r  thc d e g a s s i n g  
r 1- ac t ion s . 

Careful c o n s i d e r a t i o n  m u s t  b e  g iven  to the  u s e  of a n  i n e r t  g a s  d u r i n g  d e -  
gas s ing .  
m e a s u r i n g  p r e c i s e l y  the c o n c e n t r a t i o n s  of the  a c t i v e  i m p u r i t y  g a s e s  [ 2 2 , 2 3 I .  
W i t h  p e r m i s s i b l e  partial p r e s s u r e s  for d e g a s s i n g  r e a c t i o n s  a t  t he  l e v e l  of 1 0 '4 to r r  
o r  less, the a l lowab le  c o n c e n t r a t i o n s  of i m p u r i t y  g a s e s  in  a n  i n e r t  g a s  at one  
atmosphere p r e s s u r e  wi l l  r a n g e  f r o m  f r a c t i o n a l  p a r t s  p e r  mi l l i on  t o  
per mi l l i on  o r  less. 
m a y  be so low as to p r e v e n t  p r e c i s e  m e a s u r e m e n t  a n d  to i m p o s e  p u r i t y  r e s t r i c t i o n s  
o n  the i n e r t  g a s  which a r e  not  a t t a inab le  by p r e s e n t  technology.  
t a g e  is that the p r e s e n c e  of the  i n e r t  g a s  wi l l  l o w e r  the  r e a c t i o n  r a t e  be tween  the 
m e t a l  a n d  the a c t i v e  gas .  Act ive  gas m u s t  co l l i de  wi th  a n d  m u s t  d i f fuse  
th rough  the  i n e r t  g a s e s  t o  r e a c h  the m e t a l  s u r f a c e .  T h u s  the  s u r f a c e  c o i l i s i o n  r a t e  
at  a g iven  p r e s s u r e  of a n  a c t i v e  g a s  a t  the mera l  s u r f a c e  i s  l o w e r  i n  a n  i n e r t  g a s  
than  in  a vacuum.  When a c t i v e  g a s e s  a r e  u s e d ,  as  for e x a m p l e  in  d e c a r b u r i z a t i o n ,  
this m a y  p ro long  the d e g a s s i n g  dwell .  F o r  t h e s e  r e a s a n s  d e g a s s i n g  is usua l ly  p e r -  
f o r m e d  in a v a c u u m  o i  the r e q u i r e d  p a r t i a l  p r e s s u r e s  of 

A major d i sadvnn tage  o f  the  u s e  of a n  i n e r t  g a s  is the  g r e a t  d i f f i cu l ty ,o f  

p a r t s  
T h u s  the a l lowab le  i m p u r i t y  c o n c e n t r a t i o n s  in  the  i n e r t  g a s  

Ano the r  d i s a d v a n -  

r e s i d u a l  g a s e s .  

W i t h  h i g h e r  t e m p e r a t u r e s  ach ievab le  in  the s o l i d  s t a t e  due to the l a c k  of tl:e 
n e c e s s i t y  !or s u p p o r t i n g  rhe soiici i r i  ilie ~ . Y . ~ ~ $ : ? c s c ,  ~t;t,z, 
t i m e s  e m p l o y e d  in  s o l i d  s t a t e  d e g a s s i n g  on the e a r t h  m a y  be signiii:ir.tly r e d u c e d  
in  the  w e i g n t l e s s  e n v i r o n m e n t .  
s u p e r h e a t i n g ,  m a y  r e s u l t  in  e v a p o r a t i o n  of s u c h  m i n o r  c o n s t i t u e n t s  as  p h o s p h o r o u s  
and p o t a s s i u m .  T h i s  wi l l  d e p e n d  upon the v a p o r  p r e s s u r e  of the m e t a l  v e r s u s  the 
v a p o r  p r e s s u r e  of the  m i n o r  cons t i t uen t  a t  t h i s  t e m p e r a t u r e .  
t h a t  the adven t  0 1  p r o c e s s i n g  in  the we igh t l e s s  en ; i ronmen t  wil l  r e q u i r e  m o d i f i c a -  
t i on  of d e g a s s i n g  p r o c e s s e s  n o r m d l )  p e r f o r m e a  on t h e  e a r t h  to  t ake  advantdge  cf 
* h e  Ir.cK of n e c r s s i t y  i.7r s u p p o i t  o r  con t s inn ien t  of t h e  m e t a l .  

the ~ r c ' c r l o + r i  r,  - riwril 

A s h o r t  dwe l l  t i m e  after mel:ing, with s o m e  

It is c l e a r ,  t hen ,  

I t  is m o s t  l i ke ly  tha t  the  p roduc t ion  of m a n y  g l a s s e s  s u c h  a s  z iyconia ,  a l u m i n a ,  
s i l i c a ,  e t c . ,  wi l l  r e q u i r e  a n  a m b i e n t  p r e s s u r e  r a n g i n g  i ro rn  ~1 l o w  \;dcuutm (about  

should  hz  t h c s e  d e s i g n e d  t o  p r e v e n t  d e g a s s i n g  and  vo la t i l i za t ion  of ox ides .  
oxygar .  a t m o s p h e r e  m i g h t  be used  to  p r e p a r e  : i tany g l a s s e s  1 1 0 3 .  
t he  p a r t i a l  p r e s s u r e s  of i c t i v e  g a s e s  to  t r x  poi.it a t  which d e g a s s i n g  and  v o l a t i l i r a -  
t i on  ce?.se wi l l  b e  a p r i m e  r e q u i r e m e n t .  
mer ic  v a p o r  s p e c i e s  as  (BeO)n ,  w h e r e  n = 2 ,  3 ,  4 ,  5, 6. Even  a S m a l l  p a r t i a l  
p r e s s u r e  o f  O2 wil l  s u p p r e s s  this incongru ,n t  vapor i za t ion .  

t o r r )  to one  a t m o s p h e r e  p r e s s u r e .  However ,  the a t m o s p h e r e s  c o n s i d e r e d  
An 

A d j u s t m e n t s  o i  

B e 0  t e n d s  t o  f o r m  poly-  A s  a n  e x a m p l e ,  

P o s i t i o n  C o n t r o l  ~~ F o r c e s  - Computa t ion  Methods  
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c i r cu la t ing  eddy c u r r e n t s  in  the spec imen .  
the applied In.iKnc.tic %'it- ld t h r r e  arc' Lo ren tz  magnp!ic forcvs.  In  t l ic  ci ise  of d 
uriiform applied f ~ s . ! ~  thcse t G r c e s  wlll ha1, ince out t i . ,  z e r o  '!,y s.jirl11ic*try. 
e v e r ,  i f  the appl ied field is nonuniform, there will  be a net t r ans l a t iona l  fo rce  
on the spec imen .  
the eddy c u r r e n t  dis t r ibut ion within the s p e c i m e n  which s a t i s f i e s  the a p p r o p r i -  
q t e  houndary condi t ions,  t o  compute the d i s t r ibu ted  electromagRetic  f o r c e s  
j x B and then in t eg ra t e  o v e r  the s p e c i m e n  volume. T h i s  p rob lem i e  t r a c t a b l e  
f o r  c e r t a i n  s i m p l e  g e o m e t r i e s  s u c h  as  a s p h e r i c a l  s p e c i m e n  and an appl ied field 
having axial  s y n i m e t r y .  Some such  ca l cu la t ions  a r e  r e p o r t e d  in the following 
sect ions.  F o r  a g e n e r a l  coiiceptual facil i ty s tudy as r epor t ed  h e r e ,  however ,  
i t  is m o r e  a p p r o p r i a t e  to uti l ize a s i m p l e r  t heo re t i ca l  approach  which al lows a 
rapid c o m p a r i s o n  anlongst  v a r i o u s  co i l  and field configurat ions for  s c r e e n i n g  
purposes .  Such a n  approach  is allowable as  long as  the d i f f e rences  among  the 
va r ious  configur;i t ions cons ide red  a r e  g r e a t e r  t h a n  the e r r a r s  i n c u r r e d  i n  use 
of the approximation.  Thus in the sec t ions  which follow, the s i m p l e  fo rmulae  
de r ived  by Smythe [18]  and O k r e s s  [19] a r e  ut i l ized f o r  the ini t ia l  s c r e e n i n g  
and el iminat ion of many  non-opt imum coi l  types.  Subsequent  computat ions to  
evaluate  the f o r c e s  m o r e  a c c u r a t e l y  a r e  used when s tud ie s  o r  con ipa r i sons  a r e  
made a m o n g s t  the f i n a l  candidate s y s t e m s .  

Between these  induced c u r r e n t s  and 

I l o w -  

The m o s t  a c c u r a t e  way to solve *he p r o b l e m  is t o  ca l cu la t e  

The p rob lem of a s p h e r i c a l  conductor  i m m e r s e d  in  a n  a l t e rna t ing  uniform 
O k r e s s  i 19: applied these fo rmulae  inagnetic field was  solved by  Smythe [18]. 

to the calculat ion of the net f o r c e s  e x e r t e d  upon the induced c u r r e n t  s y s t e m  fo r  
p r o b l e m s  si i n t e r e s t  in  t e r r e s t r i a l  levitation e x p e r i m e n t s .  T h i s  work used the 
approximation tha t  the applied field is sufficiently un i fo rm that ,  before  in t ro -  
duction of the s p h e r i c a l  spec imen ,  t!!e va r i a t ion  in  appl ied field Over the volume 
to b e  occiipicri h v  the spec imen  i s  s ina l l  C O I  ? p a r e d  t o  i t s  averaaqp value within 
the spe irnen. The r e su l t i ng  forxlula f o r  the  f o r c e  ac t in& on 2-t. ~ p e c i i i ~ r n  is  
F = -(a / 3 ) C ( x )  g r a d  B2. Uere  a i s  m e a s u r e d  in c e n t i m e t e r s ,  I3 in g a u s s  
( l o 4  gauss  = 1 weber  m - 2 )  and f h e  fo rce  in dynes.  .A plot of the function G(x)  
is shown a s  F igure  4. 
r a d i c s )  the function G(x)  apprcJaches unity. 
tion f a r  the facil i ty d i s c u s s e d  a t  the end of t!!is r epor t .  
forc<:s achievable  with r easonab le  power l e v e l s  d r o ?  preci2i t iuusly whea x,' 1. 

s 
F o r  l a r g e  s (skin depth s h o r t  a s  c0 ,npa red  to s p e c i m e n  

T h i s  is the n o r m a l  mode of o p e r a -  
For  d e c r e a s i n g  x the 

The el;-iaticn involves an incznaietency in that  the di;>.cj:P r:ioxient i s  ca!cu- 
la ted on the b a s i s  of a uniform applied field which i a t e r  is assu:ned to have a 
g rad ien t  in nrdeT t h a r  i t .  !>e aD1e to  e x e r t  d i o r c e  on t h e  s;x-.ciryien. The e r r o r  
icvolved i n  this approx ima t i cn  is  s m a l l  provided L!e spec i i i ; _ .n  does  net  approach  
too c l a s r l v  t o  the f i r ld  producing windings o r  i f  m a q n e t i c  f i e l , i s  h iv ing  a cusp -  
I ; ? ,  : . . r . : .  ,. ! , . .  , - . , .  , ;:. 6.E \ . - l : ! : ' : ,p  ,-.- ,I. ".. . .  ; I :  . . . I  . 

:.. ,!, r :  : ,' , : . - . . , . : . : . . < :  . ;,, e : . . : ,  1 . ,:,i. ' _ _ .  . .  1 . : .- . 1 : ;  : '  . 

of the suiiple 1orii;ula. I wo types o l  m o r e  exact  c~;i:,pu!,.i+.:,,~i~ bs  t ' r c  uti l ized. 
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The first involved  a c o m p u t a t i o n  of the  a c t u a l  L,orcntz  forces a c t i n g  o n  each of 
2 0  d i s c s  in to  which the s p h e r i c a l  s p e c i m e n  w a s  d iv ided .  
s k i n  dep th )  regirtit, w c i s  ~..utisi t lcri td ,ind the  20  s e l f - c o n s i s t r n t  l o o p  c u r r e n t s  in  
e a c h  d i s c  w e r e  cdcu l . i t c t1  w h i c h  scitisiiC'd the  Luuiid.iry cundi t ion  thcit  the it i , ic-  

ne t i c  f ie ld  j u s t  e x t e r i o r  t o  the s p h e r i c a l  s u r f a c e  would be p a r d l c l  t o  t!idt sur i , i cc .  
Individual  f o r c e s  o n  e a c h  eddy  c u r r e n t  l o o p  w e r e  t h e n  c a l c u l a t e d  a n d  s u m m e d .  
R e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  g iven  i n  fol lowing s e c t i o n s  w h e r e  a p p r o p r i a t e .  
A s e c o n d  m e t h o d  was  t o  u s e  the  s i m p l e  f o r m u l a  bu t  to c o m p u t e  g r a d  B2 o n  the 
basis of the  app l i ed  f ie ld  U2 a v e r a g e d  o v e r  the  s p e c i m e n  volume.  T h i s  a p p r o x -  
i m a t i o n ,  for t he  c i r c u l a r  co i l ,  y ie lded  f o r c e s  which  a g r e e d  b e t t e r  with the m o r e  
exact 2 0  s e g m e n t  c a l c u l a t i o n s  a n d  with e x p e r i m e n t  t h a n  those  c o m p u t e d  f r o m  the 
s i m p l e  f o r m u l a  with B e v a l u a t e d  a t  the s p e c i m e n  c e n t e r .  

T h e  l a r g e  x (smal1 

S e l e c t i o n  of Magne t i c  F i e l d  Copf igu ra t ion  

LVith e a c h  c o i l  t y p e ,  s t o d i e s  Nere  done w h e r e  a p p r o p r i a t e  to find th.it s e t  
of c o i l  p a r a m e t e r s  r e p r e s e n t i n g  a n  op t imum.  
among t h e s e  o p t i m a  for v a r i o u s  c o i l  t ypes  b a s e d  on  s e v e r a l  c r i t e r i a  apply ing  
to  the  a c h i e v a b l e  t r a n s l a t i o n a l  f o r c e s  fo r  a given e x p e n d i t u r e  of e l e c t r i c a l  
power .  
t ron iagne t i c  induct ion  t ie-i t ing s i n c e ,  a s  d i s c u s s e d  a b o v e ,  this r ep r t . s en t s  
p r o b a b l y  the m o s t  e f f i c i en t  h e a t i n g  me thod  t o  be c o n s i d e r e d  in  t h o s e  c a s e s  
whc r e  e l e c t r o n  bean1 ;icati;;g is i!id;yirfipriate. 
for i n i t i a l  Space  L a b  expe r i inen t t ; ,  a h e a t i n g  me thod  e a s i e r  to  i m p l e m e n t  ihdii 
r a d i a n t  h e a t i n g  o r  s o l a r  hea t ing  th rough  the u s e  of l a r g e  s u n - o r i e n t e d  f lux-  
co l l ec t ing  m i r r o r s .  
for l a r g e  m a n u f a c t u r i n g  f a c i l i t i e s  but wi l l  r e q u i r e  c o n s t r a i n t s  t o  be F laced  upon 
t he  o r i e n t a t i o n  and  poss ib ly  o r b i t  p a r a m e t e r s  of the s p a c e  fac i l i ty .  

C o m p a r i s o n s  w e r e  then  m d d e  

The  co i l  t ypcs  wcrc'  , i l so  c o m p a r e d  on  the  b a s i s  cf e f f ic iency  for  e l e c -  

Lcdi-)ction hea t ing  wi l l  r e p r e s e n t ,  

T h e  l a t t e r  , spproach wi l l  a l m o s t  c e r t a i , i l y  be cor:s:de r e d  

As the  s tudy  p r o c e e d e d ,  i t  b e c a m e  c l e a r  t ha t  so ine  of the co i l  c o n f i g u r a -  
t i ons  t!iought to  be d i s t i n c t  c;indid.i tcs could  a l t c rn ' i t c ly  be c o n s i d e r e d  as v a r i a n t s  
upan the $&me b a s i c  topologicd l  coni :gurat ion.  
be c o n s i d e r e d  as the s i m p l e s t  Joffe  b a r  conf igu ra t ion  in  which  acco , in t  i s  t aken  
o i  t \ ' io s ing le  cnd loops  s e r v i n g  a s  r n i r r o r s  i o r  the  clii,idruple bnrs ( i c e  F i g > i r e  
5). In f ac t  t h i s  r e a l i z a t i o n  h i s to r i cc i l l y  icd  to t h e  c v u l u t i o n  oi  the ?.'.ice s y s r c i i i  
f r o m  the  o r i g i n a l  Joffe  conf igu ra t ion .  
fa ini ly  i n  which tne c a i l  Loops l i e  in  orthopon;..l p l a n e s  c l o s e l y  resernL;es  the 
.'\;ice con ' igur . i t ion  and  i t s  p rupe r t i t . 3  not g r e a t l y  c hanscd  the iuundlng  
of the  c o r n e r s  of the ..\lief? cube. Deta i led  s t u d i e s  c a r r i e d  out  on  op t imiz ing  
co i l  p lanc  a n g l e s  in  the  b ; i s ~ b a l l  i , inii ly thus  r e p r e s e n t  what  c a n  be c o n s i d e r e d  
t h e  f i n a l  e-;oli.:ionaT;r ~ t . : ; ; ~ ~  in  n whole s e r i e s  which inc luded  s e v e r a l  o t h e r  co i l  
t ypes .  

F u r  cxci t i : ; i l t~ ,  the . \ l i cc  cui1 s , i n  

L ikewise ,  the m e r n b e r  oi the b a s e b a l l  

S i i x i l z r  dett . i i lcd studi6.s ai the  oppos ing  n e m i s p h e r e  c o i l  con f igu ra t ion  
showed  a n  o p t i m u m  :ons is t ing  o i  t h r e e  coi;tigur>us t u r n s  n e a r  the e q u a t o r  o i  e a c h  
h e m i s p h e r e  with the  r e m a i n i n g  t u r h s  grcat l - ;  rt2duced in  inf lucnce .  
found t h a t  o p e r a t i n g  the c o i l  p a i r  i n  ; h A s c  opp. ,s i t ioi l  i the  s o - c a l l e d  c u s p  

It W ~ S  l a t e r  
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c o n f i g u r a t i o n )  gave ,  when o p t i m i z e d ,  symmetrical  force f i e l d s ,  re a s o n a b l e  
RE' l\t-.+tiiiG ,.Lilt iciicy a n d  pv r in i t t ed  e l i m i n a t i o n  of tne  coil t u r n s  of smaller  
t f i d i l i t > t c  r c) ; )  t ! i t -  i i t , i i l i s p i l e  ric.11 s i l r i i c  3 .  'I'his s in ip l i f i ca t ion  of c o i l  geo rne t ry  
p r o v i d e s  the g r e a t  advdritage of g r t : a*  ir  a c c e s s i b i l i t y  t o  :lie spec i ine i i  pos i t iun  
for in j ec t ion  o r  e j e c t i o n  in to ,  o r  o u t  of, t ne  co i l .  

A t h i r d  exa inp le  of the "dequant iza t ion"  of f o r m e r l y  d i s c r e t e ,  qua l i t a t ive ly  
d i f f e r e n t  s y s t e m s  th rougn  d i s c o v e r y  of i r i ter i r icdiate  cases r e s e m b l i n g  a c o n -  
t i n u u m  is r e l a t e d  to tne c u s p  and  6 - c o i l  con f igu ra t ions .  The c u s p ,  when it is 
c o n s i d e r e d  i n  a s y s t e m  which c a n  p rov ide  r o t a t i o n  c o n t r o l ,  m u s t  be u s e d  in  
coi l junct ion with a s e c o n d  or t . iogona1 s y s t e m .  Lf t h i s  s e c o n d  c o i l  s y s t e m  is 
c h o s e n  t o  b e  a s e c o n d  p a i r  of oppos ing  c o i l s ,  the  r e s u l t i n g  conf igu ra t ion  re -  
s e m b l e s  v e r y  c l o s e l y  the o r i g i n a l  4 - c o i l  m o c k - u p  of the  6 - c o i l  s y s t e m  which 
w a s  u s e d  i n  t h i s  Labora tory  t o  d e m o n s t r a t e  pos i t i on  c o n t r o l  a n d  d a m p i n g  in  a 
h o r i z o n t a l  p lane  fo r  a s p e c i m e n  s u s p e n d e d  on a long pendulum.  
m a y  be s a i d  that  i t  h a s  been  l e a r n e d  how to  a c h i e v e  both  t h r e e  axis pos i t ion  and 
ro t a t ion  c o n t r o l  abou t  a s i n g l e  axis with on ly  f o u r  coi:s of tfle 6 -co i l  s y s t e m .  

In a s e n s e ,  i t  

. \ l though t : ie re  pire p robab ly  other e q u a l l y  va l id  alterfiate w a y s  t o  c o n s i d e r  
the c c t n p a r i s o n s  a n l o n g  c o i l  t y p e s ,  in  the p r e s e n t  s tudy  the  s e n s e  of a n  e v o l u -  
t i o n a r y  deve1;pinent p r o c e e d i n g  on  de t a i l ed  n u m e r i c a l  s t u d i e s  oi e a c h  co i l  ty-pe 
h ,~ . ;  i,reii v:r;; S ~ T O R O .  a- 

h laene t i c  F l u x  Dens i ty  f o r  C i r c u l a r  Coi l  

B e c a u s e  0: i t s  i m p o r t a n c e  as a n  e l e m e n t  in  s e v e r a l  c o i l  con f igu ra t ions ,  
s p e c i a l  a t t en t ion  i3 fir.;t g iven  to t h e  s i m p l e  c i r c u l a r  co i l .  
which s e v e r a l  s e p r r a t e  c i r c u l a r  windings  (e. g. , cube ,  t e t r a h e d r o n ,  oppos ing  
h e m i s p h e r e s )  ;re o p e r a t e d  at d i s c r e t e  f r e q u e n c i e s ,  it m a y  be shown tha t  the 
t i , l ic  . i v e r , i ~ c s  o i  the s q u a r e d  f ie ld  in tens i t - j ,  9, add  l i n e a r l y  for the c o m b i n a -  
t . o n  u t  t i i t ,  . i ~ ~ p . t r  i tc c u l i s .  ~ i i u s  t!ie c . i l cu la t ion  
f o r  s ing le  c i r c u l a r  t u r n s  w e r e  u s e d  l a t e r  to  c o n s t r u c t  i o r c e  i i c l d s  i o r  s v n i e  o i  
t l e s e  other i n o r e  c o m p l i c a t e d  c o i l  c o n f i g u r a t i o n s  which a r e  c o m p o s e d  of r i r -  
c u l a r  co i l s .  

h a r r a n g e m e n t s  i n  

l ' i i s  is , i l su  t ru t ,  io r  g r a d  IS'. 

S m y t i i e  :18, p. Z 7 O j  g i v z s  the f lux d e n s i t y  a n y w h e r e  for a c i r c u l a r  coil  
in  tc.r: i is  o i  ,in , i x i ~ ~ l  < o i i ~ p o n e n t ,  
A S  iu : ic t iun j  U L  coi- iplcte  e l l i p t i c  i n t e g r a l s .  
u s e d  to dcr:ve :xiaps of 1;' , inJ  grad B2 which w e r e  used  i i r s t  to  inake  de ta i l ed  
compc i r i sons  b e t x c e n  c a l c u l a t e d  and  m e a s u r e d  f o r c e s  i o r  c i r c u l a r  t u r n s  .ind 
second iy  to c o n s t r u c t  i o rco  f i e lds  f o r  a r r a y s  c o n s i s t i n g  of a n u m b e r  of c i r -  
c u l a r  t i i rn s ,  e .  g.  cY1Se and  t e t r a h e d r a l  g e o m e t r i e s .  

RZ, and a r a d i a l  componen t ,  B r ,  e x p r e s s e d  
T h e s e  analytlc.  e x p r e s s i o n s  'were 

F o r c e  h1(:; isurcii icnts and  C a l c u l a t i o n s  f o r  a 3 - t u r n  C i r c u l a r  C o g  

In o r d e r  to  t e s t  the  va l id i ty  of the 3eve3 a1 c0 :npu ta t ioaa l  p r o c e d u r e s  f o r  
t o t a l  body i o r c c ,  t h e s e  w e r e  appl ied  t o  c i rcular  g e o m e t r y  f o r c e  m e a s u r e m e n t :  
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c a r r i e d  ou t  in  the  l a b o r a t o r y .  T h e  C O ~  c o n s i s t e d  of three t u r n s  of o n e - q u a r t e r  
i nch  d i a m e t e r  c o p p e r  tubing 5 .  5 cm i n  d i a m e t e r .  ,\ so l id  a iurn ipum s p h r r e  
L. 54 ciii d i ~ t n e t e r  W.IS used as t e : j t  body. T h e  co i l  w a s  r x ~ o i ~ n t t ~ d  x i t h  I t s   US 

of s y i i i m c t r y  in  the  v e r t i c a l  d i r e c t i o n  and  moun ted  upon a pos i t ion ing  d e v i c e  
which  p e r m i t t e d  the coil to be raised or  l o w e r e d .  T h e  so l id  d l u m i n u m  s p h e r e ,  
moun ted  upon a non-conduct ing ,  c o u n t e r b a l a n c e d  a rm which  hung  f rom a b a l a n c e ,  
w a s  pos i t ioned  o n  the  axis of the  t h r e e  t u r n  coil. T h e  d i s t a n c e  be tween  the  c o i l  
a n d  s p h e r e  w a s  m e a s u r e d  with the aid of a telescope 170 c m  from the  s p h e r e .  
A n  a l t e r n a t i n g  c u r r e n t  ( f r equency  
i n t o  the coil and  the  b a l a n c e  w a s  u s e d  to m e a s u r e  the f o r c e  e x e r t e d  upon the 
s p h e r e .  
m e n t  is estimated to be - tO.001 g r a m  o r  21 dyne.  
in  F i g u r e  b, r a n g e d  from 13 t o  2 3 9  dynes .  

~ 

100 KHz)  of 5U. 5 a m p  r m s  w a s  i r i t roduced 

T h e  a c c u r a c y  of e a c h  ind iv idua l  f a r c e  m e a s u r e m e n t  for this experi-  
T h e  f o r c e s  m e a s u r e d ,  p lo t ted  

T h e  c o m p u t e r  p r o g r a m  which s u m s  the  ind iv idua l  f o r c e s  on  e a c h  of 2 0  
p l a n a r  disc: ;  in to  which the  s p h e r e  w a s  concep tua l ly  d iv ided  y ie lded  - e s u P ~ s  
wh ich  a r e  p lo t ted  in  F i g u r e  6. 
t w e e n  the m e a s u r e d  f o r c e s  and  those  c a l c u l a t e d  on  the b a s i s  of the 2 0  d i s c  e d d y  
c u r r e n t  r i n g  m o d e l  o v e r  m o s t  of the  r a n g e  but  th2t t h e r e  is a no t i ceab le  d i s -  
c r r p < l P c y  a s  the s p h e r e  d p p r o < i c h e s  c l o s e  to  the c o i l  plane.  T h e s e  d i f f e r e n c e s  
a r e  a t t r i b u t e d  to  d i m e n s i o n a l  u n c e r t a i n t i e s  a r i s i n g  f r o m  the r e p r e s e n t a t i o n  of 
the  c u r r e n t  Cowing in  the t h r e e  windings  of the  co i l  by a s ing le  f i l a m e n t a r y  
windine, in  the compu:at ionai  modei.  it s h o d d  be iioied, ~ o w ~ - ; z T ,  t!a: t ! c  
r e g i o n  of good a g r e e m e n t  be tween  the t h e o r y  a n d  m e a s c r e m e n t s  is j u s t  that 
r e g i o n  which wil l  be c o n s i d e r e d  as  the conf inemen t  r e g i o n  f o r  s p e c i m e n s  in  
p r a c t i c a l  c o i l  s y s t e m s .  
a c c o u n t  of k d i v i d u a l  t u r n s  i n  mul t ip l e  t u r n  windings.  

L Y e  note  thb t  t h e r e  is e x c e l l e n t  a g r e e m e n t  b e -  

O t h e r  cornputa t ions  d i s c L s s e d  be low take exp l i c i t  

S ince  i t  i s  e x p e c t e d  f r o m  the s i m p l e  !crrce m o d e l  tha t  the  f o r c e  wil l  be 
i 2 p r o p o r t i o n a l  to a - G ( x ) g r a d  B , i t  J . ?  of i n t e r e s t  t o  c o m p u t e  the r a t i o  F i a 3 G ( u )  

g r a d  B2  f r o m  the ! : ieasured va lues  of F a n a  to  corn!-are to ‘hp r:itio 0. 2 5  pr!:- 
dicte .1  b y  the s i m p l e  f o r c e  model .  The  v a l u e s  o! t h i s  r d t i o  us ing  the m e z s u r e d  
f o r c e  v a l u e s  g iven  in  F i g u r e  6 and  the convenient ly  a v a i l a o l e  c a l c u l a t e d  v a l u e s  
of t3 
t aken  c o r r e s p o n d i n g  tu tne c e n t r a l  pos i t ion  of the  s p h e r i c a l  s p e c i m e n  volume.  
The  r a t i o  , l pp roaches  a c o n s t a n t  of abou t  0 . 2 8  u s i n g  t h i s  p r o c e d c r e .  

2 a r e  shown a s  the  ! iexagonal  po in ts  i n  F iguye  7 .  H e r e  the va lues  of 13’’ a r e  

’The p r o c e d u r e  used  for  m o s t  of the co i l  c o m p a r i s o n s  c a r r i e d  out  d u r i n g  
the  s tudy  w a s  next t e s t e d .  

the  poin ts  shown a s  t r i a n g l e s  in  F igLre  7.  
a c c u r a t e l y  0 .25  if we ?void pos i t i ons  too  close to the  coil winding. 
concluded  tha t  the  u s e  >f  the s i m p l e  f o r m u l a  F = 0.25 a3G(x)g radB2 ,  whc:rr B2 
is e v a l u a t e d  as  a n  a v e r a g e  o v e r  s p e c i m e n  vo lume ,  is  t o  be p r e f e r r e d  o*.’cr the  
u s e  of the s i m p l e  f o r m u l a  wi thout  a v e r a g i n g .  In fac t ,  f o r  t!is p a r t i c u l a r  c c t s c ,  

t he  a v e r a g i n g  p r 2 c e d u r e  y i e lds  r e s d t s  equa l ly  as  good as the  2 0  d i s c  model .  

Th i s  c o n s i s t s  of a v e r a g i n  the  va lues  E2 o \ ’ e r  thc 
s p h e r i c a l  s p e c i m e n  vo lume  !>elore  za l cu ia t ing  g r a d  B 5 . T h i s  p r o c e d * l r e  y i e lds  

We see tha t  the ;.atio is qui t?  
It rrliy be 
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F o r c e  Calculat ions f o r  Cube a n a  Te t r ahedroq  A r r a n g e m e n t s  of C i r c u l a r  Coi ls  

If i t  is a s s u m e d  that t h e r e  are no  l a r g e  e f f ec t s  due to mutual  inductances 
among  the s e v e r a l  coils i n  a n  a r r a y  of circular co i l s ,  the s ingle  coi l  da t a  
c a n  be used to ca l cu la t e  the grad(B/NL)’ at any  locat ion within such  a n  a r r a y .  
Th i s  h a s  been done f o r  c e r t a i n  d i r e c t i o n s  for fou r  such s y s t e m s ;  two are  the 
cube and t e t r a h e d r o n  s y s t e m s  s tudied previously in  this l a b o r a t o r y  in  which the 
r a d i u s  of the s p h e r i c a l  volume enclosed by the c o i l s  is equal  t o  twice the r a d i u s  
of each coi l ;  the o t h e r  two a re  the cube and t e t r ahedron  s y s t e m s  in  which the 
r ad ius  of the s p h e r i c a l  volume enclosed by the co i l s  is equal  t o  one-half the 
r a d i u s  of e a c h  coil. 
configuration due to the fact  that  windings of the co i l s  m u s t  c r o s s  windings of 
o t h e r  c o i l s  in  the configuration. 

The l a t t e r  a r r a n g e m e n t  will be r e f e r r e d  to  as a n  “overlap” 

The r e a s o n  f o r  the s h a r p  division in values  of the p a r a m e t e r  which is the 
r a t io ,  

-herical volurne r ad ius  
co i l  r ad ius  

into r anges  n e a r  two o r  one-half  is the d e s i r e  t o  avoid values  of this p a r a m e t e r  
n e a r  unity. 
c o g s  a r e  c i r c u m s c r i b e d  wouid i cad  to v e r y  i a r g e  mutuai  inductances between 
co i l  pa i r s .  
t ions in operat ion of such  a highly inductively coupled s y s t e m .  E x p e r i m e n t s  
had indicated that the mutual  inductance effects  were  t r a c t a b l e  when the coi l  
r ad ius  did not g rea t ly  exceed  112 the r ad ius  of the s p h e r e  to  which the coil  
planes a r e  tangent. Since i t  is known that  t hese  mutual  inductances would a l s o  
be s m a l l  i f  the c o i l s  a r e  l a r g e  enough s o  as  to c r o s s  n e a r l y  a t  r i gh t  angles ,  this 
la t te  T configuration, known a s  the “overlap” configuration was a l s o  studied. A s  
r epor t ed  in  de t a i l  in r e f .  ( I ) ,  however ,  the ove r l ap  configurations m u s t  be r e j e c t -  

A coi l  r ad ius  nea r ly  equal  to the r ad ius  of the s p h e r e  on which the 

L a b o r a t o r y  s tud ie s  had previously indicated engineer ing compl i ca -  

on the g rounds  of unsuitabil i ty of the f o r c e  f ie lds  which they produce.  

2f The component of the total  fo rce  d i r e c t e d  inward along th ree  a x e s  
s y m m e t r y  was  calculated fo r  each of these s y s t e m s  by computing g r a d  B 
i t s  direct ion by superposing r e s u l t s  f r o m  the s e v e r a l  s ingle  co i l s  along appro -  
p r i . t  & e axes .  
These  th ree  a x e s  a r e  l i s t ed  below. 

and 

1 .  

2 .  

. . lx is  of a single c i r c u l a r  coi l  

. A x i s  of s y m m e ? r y  between two adjacent  co i l s  (angle f o r  cube is 4 5  ; 
for  t e t r ahedron  54. 8 O )  

Axis of s y m m e t r y  among t h r e e  ad jacen t  c o i l s  (angle f o r  cube is 54.7O;  
f.,r t e t r ahedron  7 0 .  S3). 

0 

3 .  

These d.,t.-. are plotted :(>r a? :-zc l( i .s- .(!  sphe r i ca l  vo!ume of d i a n > e t c r  5. 0 C - I ~  ir  
k-igure 8 : o r  the cubical  cor2 .Arrangement with co i l  r ad ius  equa l  t o  one-half cf 
?ne e n c l J w d  s p h e r e  rad1v.s. Because of the ex i s t ence  of g rad ien t s  within the 
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s p e c i m e n  volume,  these calculated va lues  of f o r c e  for a conducting s p h e r e  of 
any apprec iab le  s i z e  (such a s  a 1 crn d i a m e t e r  s p h e r e  in a 5 c m  d i a m e t e r  vol- 
ume: are expec ted  to  be somewhat  smaller than the a c t u a l  f o r c e s .  

O t h e r  calculat ions w e r e  done for c i r c u l a r  c o i l s  in  a t e t r a h e d r a l  a r r a n g e -  
m e n t  and for a cubical  a r r a n g e m e n t  of the o v e r l a p  var ie ty .  
of g rad  B2 were  less favorable  fo r  these o the r  a r r a n g e m e n t s  and Y O  a r e  not 
shown h e r e .  

The r e su l t i ng  va lues  

Field and F o r c e  Computat ions fo r  @ m a l  ..- .- Coils  

The e a r l i e s t  work to  develop simplified.  posit ion c o n t r o l  s e r v o  damping 
f o r  s p e c i m e n  osci l la t ions by m e a n s  of e l ec t romagne t i c  posit ion sens ing  was 
c a r r i e d  out in th i s  l a b o r a t o r y  in  l a t e  1972 uti l izing a s ing le  h e m i s p h e r i c a l  coil  
with v e r t i c a l  axis .  Th i s  type of coi l ,  o r  va r i a t ions  thereof ,  had previously been 
studied f o r  t e r r e s t r i a l  levi ta t ion work in  which the axial field g rad ien t  is made 
l a r g e  c o m p a r e d  to the r ad ia l  g rad ien t  in o r d e r  t o  max imize  levitation fo rces .  
Th i s  type of co i l  is known to have r e l a t ive ly  high eff ic iency f o r  R F  induction 
heat ing wb,ich can  be i n c r e a s e d  when uti l ized with the posit ion stqbilizing s e r v o  
which al lows much  t ighter  coupling to the specinien through minimizat ion of 
czil s i ze ;  

W e  give h e r e  a summary of r e s u l t s  of computa+lons c a r r i e d  out  to adapt an 
opposing pair of such c o i l s  t o  the z e r o  gravi ty  environment .  
ing co i l  subs t i t u t e s  fo r  the role  of g rav i ty  i n  the s i m p l e s t  t e r r e s t r i a l  a r r a n g e -  
m e n t  in that  i t  r e t u r n s  a spec imen  to  the first co i l  as the s p e c i m e n  d r i f t s  away 
f r o m  the f i r s t  coil and vice v e r s a .  A n u m b e r  of va r i a t ions  of co i l  spac ings  and 
windings were  analyzed to  find that configurat ion giving n e a r l y  e q u a l  s q u a r e  field 
g rad ien t s  ( g r a d  3 ) in the t h r e e  or thogonal  direct ions.  In F igu re  9 the r e s u l t s  
oi calculat ion of ( h / I )  
such ;+ pa i r  of co i l s  is shown. 
cf e a c h  pair is as  d e s c r i b e d  in  the ske tch  of a s ingle  co i l  above the g raph  and 
that  e a c h  coi l  of each  p a i r  h a s  the s a m e  amount  of c u r r e n t  flowing through it 
but a t  different  f r equenc ie s  so the fo rce  f ie lds  due to the two c o i l s  in e a c h  pair 
m a y  be cons ide red  to  be independent of one another .  Th i s  si tuation is one which 
would be found in a c u p  coil  p a i r  when the p a i r  is inductively heat ing a spec imen ,  
while a l s o  containing the spec imen  a s s u m i n g  no benefit  of any posit ion sensing 
s y s t e m  and con t ro l  loop. 
of the plotted cu rves .  
use in  the p r e l i m i n a r y  coil  compar i son  based upon point va lues  of H. 

The second oppos- 

2 
2 ( = ( B / I ) '  in g a u s s  uni ts)  v s .  d is tance f r o m  the c e n t e r  of 

It w a s  a s s u m e d  in th i s  calculat ion that each  coi l  

The furce a t  a point m a y  be obLained by taking the slcriw 
The cup  c c i l  p a i r  label led "E" V'AS the s y s t e m  c h o s e n  ior 

,Magnetic F lux  Density C d c u l a t i o n  f o r  S e v e r a l  Baseba l l  Coi ls  

The tern1 "basebal l  coil" i n  th i s  .-eport is used to d e s c r i b e  a coi l  wound 
on the su r face  of a s p h e r e ,  much like the s e a m  of 3 basebal l ,  in  such a m a n n e r  
that the coil  r e s u l t s  in  four  a r c s  o r  s e g m e n t s  of a plane c i r c l e ,  each  arc  joined 
to two o t h e r s  at i t s  ends.  Other  A ske tch  of s u c h  a co i l  is given in F igu re  10. 
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configurat ions a re  posFible where the winding does  not cons i s t  of such  p l ana r  
s egmen t s .  t i o w e v e r ,  i t  is found that by consider ing the coil  family consis t ing 
of four  such contiguous planar  s ec t ions  where only the ang le s  of the planes 
with r e s p e c t  to one ano the r  a r e  va r i ed  over a l a r g e  range,  configurat ions can 
be  found which give nea r ly  s y m m e t r i c a l  field g rad ien t s  in the c e n t r a l  region. 

' In F igu re  11, the s e v e r a l  basebal l  co i l s  are identified by the p a r a m e t e r  
lis" which is the c l o s e s t  spacing between two por t ions  of the co i l  i n  the X-y o r  
x -z  planes,  defined in that f igure.  The p a r a m e t e r  s is given in  i n c r e m e n t s  of 
0. 50 c m  except  in two c a s e s .  Instead of 3.50, a value of 3.54 was  se l ec t ed  t o  
give a co i l  i n  which the plane a r c s  on opposite s i d e s  of the x -ax i s  are p a r a l l e l  
t o  one ano the r ,  i .e .  the co i l  is then somewhat  l ike a n  "Alice" coil ,  and a value 
02 2. 15 c m  is given because th i s  is the valuc of s fo r  the co i l  used i n  fo rce  
m e a s u r e m e n t s  in the laboratory.  

We note that  s = 2.5 r e p r e s e n t s  a n  opt imum with r e s p e c t  t o  yielding 
approx ima te  s y m m e i r y  to the height of the "potential b a r r i e r ' '  B 2 in  or thogonal  

d i r ec t ions .  

Optimization of C u s p  Coil  

A number  of computat ions were  c a r r i e d  out f o r  flux dens i t i e s  and g rad ien t s  
2 of B2 ( o r  equivalently H ) f o r  c u s p  coi ls  o v e r  a range ,>f r a t i o s  of coi l  d i a m e t e r  

t o  co i l  plane sepa ra t ion .  
shov:s the co i l  configuration and nomen- 
c l a t u r e  f o r  the s e p a r a t i o n  s of the two 
coil  planes.  F igu re  1 2  shows the values  
of g rad  B2 when the squa red  field is 
ave raged  Over the specirnen volume to  
so.mputc crad B . It is s e e n  th,t a coil  
s epa ra t ion  of 2.6  c m  gives  approx-  
ima te  s y m m e t r y  in ;lie r3-.k<ial and axial  
f o r c e s  fo r  
m e n t s  as g r e a t  as  0. '(5 cn. f r o m  the. 
cen te r .  

The sketch 

2 

;mall spec i i i  e n s  for  displace-  - - -  

F o r c e s  F r o m  Cusp  Coil 

Some f o r c e s  were  m e a s u r e d  in the l a b o r a t o r y  i n  o r d e r  to conf i rm the mag-  
nitude of the computed f o r c e s ,  s ince i n  the c a s e  of c u s p  co i l  n e a r  the c e n t r a l  
posit ion where the field vanishes ,  the difference obtained in  c o n p a t a t i o n s  with 
o r  without field ave rag ing  o v e r  spec imen  volume should be e spec ia l ly  important .  
The coi l  configuration f o r  the l a b o r a t o r y  t e s t  s e t -up  is sllown in the sketch on 
F igu re  13. 
s F a c i a g  between coi ls .  
but c losely spaced  windings on each coi l  and a l s o  computed g rad  Bz  ave raged  

The two t u r n  c u s p  coil  had a 2 . 0  c m  m e a n  r ad ius  with a 2.7 c m  
The calculat ions took ac tua l  account  of the two s e p a r a t e  
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o v e r  the sphcr ic . i l  s p e c i m e n  volume a t  e a c h  point. 
W A S  . ~ v . ~ i l ~ i i ~ l l ~  which avcyr,igcd nL \ a l u c s  o v e r  a 2. 0 C I I I  t i i . i r i i r t r r  s p h c r r  whcrc..ts 
t l r c  c x p -  r ir i icnt  utilize-d A 2 .  5 cni  d:arne ter  a luni inuni  sphc  r c ,  sc.iling of the 
theorct ic . i l  comput.ition w e r e  m a d e  bd fo re  p lo t t ing  as  the solid c u r v e s  i n  F i g u r e  
13. 
~x i .11  forctss r n z a s u r e d  with the ba l ance  a r r a n g e m e n t  d e s c r i b e d  p rev ious ly .  

S ince  a c o m p u t e r  p r o g r a m  

Sca l ing  wi l l  be d i s c u s s e d  below,  Also shown as the dashed l i n e  are the 

Comp.iriuon of Sevcr.il Coil Types When Used  With Small S p e c i m e n s  ~- 
~ - ~ 

Coi l  T y p e s  and  A s s u m p t i o n s  

T h e  c3 i l  c o m p a r i s o n s  of R e f e r e n c e  [ l ]  are  all m a d e  c o r r e s p o n d i n g  to  a 
corifiguratiort. for which the c o i l s  a r e  wound upon a 5 c m  d i a m e t e r  vo lume  within 
which the  epcc in i en  is free t o  move.  
show 
s y s t c n i s  of the s'iriie d i m e n s i o n s  wi l l  be d i s c u s s e d  l a t e r .  

The  s c a l i n g  l a w s  for B" and  g r a d  B2 which 
that  thr c o m p l r i s o n s  given below wi l l  be  va l id  when c o m p a r i n g  a n y  two 

The  types  of c o i l s  c o n s i d e r e d  i n  d e t a i l  w e r e  6 -co i l  c u b e ,  b a s e b a l l ,  CUP 

coil p a i r ,  ,ind CUSP coi l .  The  same r e l a t i v e l y  s m a l l  spht.rica1 s p e c i m e n  i s  
. i s surncd  to bc p r e s e n t  in e a c h  coi l .  
l i s t e d  below. 

The  a s s u m p t i o n s  in  the c o m p a r i s o n s  a r e  

A s in ip l e  s k e t c h  of e a c h  type of co i l ,  of the d i m e n s i o n s  a s s u m e d  in this 
c o m p a r i s o n ,  is g iven  i n  F i g u r e s  14 th rough 17. 
have  been  opt ' rnized b a s e d  upon computa t ions  d e s c r i b e d  previcms;  y .  

T h e  conf igu ra t ions  g iven  h e r e  

N u m b e r s  i l l u s t r a t i n g  the r e l a t i v c  r e s i s t a n c e  of e a c h  coil type  a r e  deve loped  
in  Table  1 in which i t  i s  assun-xd that  the  s k i n  depth  in  the c o p p e r  tubing of which 
the coi!a a r e  madtt is c o n s i d e r a b l y  smaller than the r a d i u s  of t he  tubing,. 
the r c l n t i v c  pov-er d i s s ipa t ion  P i s  prcspcrt ionai  to  the to ta l  l ength  of tubing 
l h r t > i i C h  .v!iic 11 current p ~ s s c s  and i n v e r s e l y  p ropor t iona l  t c )  t he  d i a m e t e r  ot thc 
tubing.  
to l i e  on a f i l amen t  on  tne tcb ing '  9 axis .  
ot' skin dcpth and p r o x i m i t y  e f fec t  for  the mul t ip le  t u r n  c o i l s  f inal ly  s e l e c t e d .  

Hence  

In niagnct ic  f ie ld  and winding length  calculat ic jns  the  c u r r e n t  is a s s u m e d  
Computa t ions  given l a t e r  t ake  accoun t  

Ta5le 1. Rela t ive  R e s i s t a n c e s  of C o i l s  

Coi l  No. of 
7'v 1 7 c  Coil ;  Esci t t .d ,  n - __ - - -. 

Cube 1 
3 
6 

Dase hal l  
Cup Coil Pair 1 

7 - 
C u s p  Coi l  

Length Dia. of 
oi Ca1!, f I ' : l l l l l l t ; ' + ,  d 
-_I_ 

7 . 9  cm 1 .1  c m  
2 3 . 7  
17.4 
2 4 . 9  0. 9 

92 0. 6 

26.4 1.1 
181 

*Xiaximurn s i z e  c o n s i s t e n t  with the volume which is ava i l ab le  
**Per >ni t  c u r r e n t  



Containtnent Ability per Unit Power  

2 2  The value of H / I  
on the surface a t  which the f o r c e  e x e r t e d  upon the s h e r i c a l  s p e c i m e n  is 

This difference is proport ional  t o  the depth of the potential  well  ( f r o m  

a t  the c e n t e r  of e a c h  co i l  and the m a x i m u m  value of 
2 2  H /I 

values.  
the fact that fo rce  is proport ional  to g r a d  H2) which contains  the spec imen ,  and 
in the c a s e  of co i l  types containing m o r e  than 1 single-frequency coi l ,  e. g. cube 
and c u p  coi l  p a i r ,  th is  a s s u m e s  sui table  posit ion sens ixg  and switching of power 
t o  the p r o p e r  coi l (s) .  The l a s t  column i n  Table 2 gives the r a t i o  of the d i f f e r -  
e n c e s  to the co r re spond ing  f igu res  f r o m  Table 1 to yield n u m b e r s  proport ional  
to the depth of the potential  well p e r  unit power diss ipated in the coil. 
no d imens ions  a r e  given h e r e  s ince  the absolute  r e s i s t i v i ty  of the co i l  h a s  been 
omit ted fo r  s implici ty .  

z e r o  a r e  givcn in Table  2 a s  well as  the differcnce A ( H / I )  P between these  two 

Note that 

Table 2. Ability to  Contain a Spec imen  

2 2  
2 P  XO. oi t i 2 /  I2 (il /I )min  

Coil  Coi l s  at  on F=O H\' .I_.\ - Type - F . X C i ? . . r l ,  !? Ccn:ci .> ,-- UT iz c e & \ A  i &\I// 1 

Cube 3 C. 006 0. 018 0.012 5 

Cup Coil P a i r  2 1.3 1.9 0.6 2 0  10-4 
Cusp Coil 0.0 0.050 0. 05 21 10-4 

Basebal l  0.008 0.051 0. C43 16 x 

Posit ioning Ability per  U n i t  Power  

The masimu:n force pe r  unit power diss ipated in the coi l  is  evaluated in 
Table 3 b y  s t , i r t i n g  Nith the  maximum a v e r a g e  gradient  in H 2 2  / I  between the 
c e n t e r  of the co i l  a;ld a dis tance 0. 5 cm f r o m  the c e n t e r  and then aga in  dividing 
by the co r re spond ing  relative, r e s i s t a n c e .  

Table 3. Ability to Resist a n  Ex te rna l  F o r c e  Along S t ronges t  Axis 

P Maximum 
C o i l  No.  of Coi ls  Cra.iient hlax. G r a d /  
__' *r\. - \t Excited,  n Near C e n t e r  I 

Cube 1 0 .012 17 
B a s e ball  0. 03 11 
Cup Coil Pair 1 0.59 38 x 
Cusp  Coil 0. 04 17 

If the Tab le  2 value f o r  the h e a t k g  efficiency of the cusp  coil be expected as  
a n  anomaly to be t r ea t ed  l a t e r ,  all of the s y s t e m s  cons ide red  r e c e i v e  apprec i ab le  
s c o r e s  in a l l  a r e a s .  The c u p  co i l  p a i r  r e c e i v e s  the highest  s c o r e  when all 
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h IC* z t i  . i  n i c .I 1 a c c t s s ib i 1 i t  y f o  r s p' c i nit' n i t i  t r o d  i ic  t i o :I A rid r c i i i  c, v.i1 i n - 
c- l i i t l  in g a c c c s s ib i l  i t y  io r ob s c r v.i t io 11 c > i  th C' p r oc- c 5 s . 

E: n g in r e r i r: fi c o nip1 c- xi t y due tc. c r o s s c o u  p l  in  g o f 111 ul  t i - c v i  1 s y s t c ni s . 
E s p e c i a l l y  i:iiportant b c c a u s c  of the requirci1icr.t (to bc shown l.ttc r )  
f o r  opr r . i t i \*n  o v e r  A wide f r c q u r n c y  r,lligc. 



S x c  c i :lie 11 :\c c C- s s it > i 1 i ty w i th i n Coil  Co n f i g u r a tion .-  - 

F i g u r e  17 shows that  the c u p  co i l  p a i r  r e c e i v e s  a low s c o r e  in this  area 
u n l e s s  the opposing co i l s  would be made mechanical ly  movable with r e s p e c t  t o  
one another .  
for specit l ien introduction o r  e ject ion when l a r g e  s p e c i m e n s  a r e  considered.  
Scal ing up the s i z e  of the coi l  f o r  a givcn spec imen  size would i n c r e a s e  a c c e s s -  
ibil i ty but would a l s o  c a u s e  a l a r g e  d e c r e a s e  i n  R F  hcat ing efficiency and ach iev -  
able fo rce  p e r  unit power so that i t  is n e c e s s a r y  to  c o n s i d e r  thc compar i son  be -  
tween c o i l s  on the b a s i s  of equa l  r e l a t ive  sca l ing  of spec imen  and coi l  dimensions.  

The cubic a r r a n g e m e n t  also gives  r e l a t ive ly  pour  access ib i l i t y  

Coin pa tibility w i  tli E1e c tr oina gne t ic Pos i t i on  Sensing 
~. ~~ 

- 

Detailed ,in.ilysis !ias shown that the 6-coil  s y s t e m  is not adaptable to 
e l e  c t r oiiia grit. tic posit  ion s c  ns  ing unlc s s c onside r ab le  e le c t ronic  c~e ve lopme nt 
w e r e  to be c a r r i e d  oiit .  This  is due to the l a r g e  number  of mutual  inductances 
a m o n g s t  co i l s .  Detailed i i ieasurements  a l s o  showed that the s ignal  sensi t ivi ty  
fo r  clectrom.igiietic position scnsiiig with opposing h e m i s p h e r i c a l  c o i l s  is quite 
low. 

.-::tk,oiigh work tias b t : ,~  done tn develop an e l ec t ro -op t i ca l  posit ion sens ing  
s y s t e m  f o r  ~ ~ s e  with thc &oil  a r r a n g e m e n t ,  this s y s t e m  is much m o r e  compiex  
than the co r re spond ing  e l ec t romagne t i c  position sens ing  s c h e m e  l a t e r  developed 
in th i s  l abora to ry .  The l a t t e r  i s  expected to  be much l e s s  sub jec t  to influence 
o i  Inet,illic vapor  depos i t s ,  etc.  than would e l ec t ro -op t i ca l  s e n s o r s  even when 
such s e n s o r s  a r e  protected by m i r r o r  opt ics  and baffles. The r e c e n t  develop- 
m e n t  of ihis s e r v o  con t ro l  s y s t e m  which c a n  d a m p  s p e c i m e n  osci l la t ions by 
detect ion of ch, inges in I<:.- loading upon the coil  sys t e rn  can  be regardccl .is a 
dcvc lup~ i i t~ i i t  w h i r h  "is supe  r.jtxd<xd the. e a r l i e s t  development  of t h ree  diiiicnsion<il 
pos:tioii c o i i t r o l  . ind d,ii i iping. 
s y s t t i n  candidates ,  e .  g. basebal l  and cusp. 

TIiis s e r v o  s y s t e m  is adaptable  to the other  iin,il 

"St i f fness . '  of Control  Near  CentrLl Posi t ion 

Since,  for soiiie low re s i s t i v i ty  s p e c i m e n s ,  e l e c t r o n  beam heat ing and 
ir ic l t i .nS i i i . iy  i,c iiiore c i i ic icnt  
c u r r e n t  hcs,itin!:, t h ?  sui tabi l i ty  of the position con t ro l  s y s t e m  to maintain the 
spcciiiirri , iccur, i tcly  it t h c  ioc,il point  of  .in e lec t ron  beam will be important .  
E'or this rc, is3n the. iollowiiis cotiiputntions we r e  made of the dis tance through 
which a 2. 0 ciii diai i i r ter  s p h e r e  with l a r g e  s -pa ra i i i e t c r  ( r , i t i o  of r ad ius  to s k i n  
dep th )  will be pushed by ' 1  constant  e x t e r n a l  fo rce ,  such a s  rnight be caused  by 
zn e l ec t ron  bcaiii. while suspended in a coi l  s y s t e m  in a weight less  env i ron -  
ment .  
5 c m  d i a m e t e r  sptic-re. 
posit ion sens ing  mentioned fo r  the opposing h e m i s p h e r i c a l  c o i l s  i L  was known 
ihat tnr  "stiffness" of this  system would be low and hence was  not evaluated. 

<is r c  g.irds total r equ i r ed  power,  t h a n  eddy 

T h r e e  d i i i c rvn t  coi l  systci i is  were  a s s u m e d ,  a!l c i r c u m s c r i b e d  an a 
&cause  of the low sensi t ivi ty  of e l ec t romagne t i c  
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By assuming severa l  amounts of power absorbed by a facility containing 
such coils,  as l is ted in Table 4,  a displacement f rom the center  of the coil  may 
be found a t  which the force generated is equal and opposite to the external  i o rces  

t given. 

Bas e ball 
Coil 

Cusp Coil 

Six - Coil 
Cube 

Total Power 
to Facil i ty 

1000 watts 
5 0 c  
251, 
100 
50 

1000 
500 
250 
100 
50 

1000 
500 
350 
I00 
50 

Table 4. Coil Stiffness 

Displacement f rom Center - 
for F = 5 dynes 10 dynes 50 dynes 

0.1 cin 0. 2 c m  0.4 c m  
0. 2 0.3 0. 5 
0.3 0. 4 0. 8 
0.4 0.5 1.1 
0.5 0.8 * 
0. 0005 0.001 0.005 
0.0009 0.002 0.009 
0.902 0. 003 0.02 
0.005 0.01 0. 05 
0. 009 0. 02 0. 09 

0.01 0. 02 0. us 
0.02 0. 04 0.12 
0. 04 0. 07 0. 23 
C. 09 0. 15 0. 42 
0. 15 0. 24 0.58 

*Coil unable to contain sphere.  

Comparison et data of Table 4 shows that the "stiffness" if the pa r -  
t icular  cusp coil studied exceeds by LSout an orde r  of magnitude the st iffness of 
even the 6-coil cube sys tem i n  which unequal excitztion of opposing coils is 
employed. 
somewhat more axial stiffness than the configuration giving equal axial and 
radial  gradients r e fe r r ed  to previously. 
be appropriate when high powered electron beams a r e  employed in o rde r  to 
minimize displacement of the specimen being heated. 
be a logical choice to be made f u r  those situations i n  which electron beam heating 
is omployed a t  high powers and rather  rigid control of specimen position is 
required.  

The par t icular  cusp coil selected for study here  is one which has  

It is believed that such a choice would 

Thus the cusp appears  to 

Computations of Induction Heating Efficiency 

F r o m  the detailed resu l t s  which a r e  available for magnetic fielr! dis t r ibu-  
tions and coil losses  including proximity effect, i t  is possible to compute the 
fraction of total coil power which is t ransfer red  t9  the specimen. 
tions a r e  important not only to estimate total power requirements  for  heating 

These evalua- 
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and melt ing va r ious  s p e c i m e n s  but a l s o  are impor t an t  i n  de t e rmin ing  feasibi l i ty  
f o r  e lectroinagnct ic  position s t : n s i n g  which dependti upon apprec iab le  changcs 
in specin:en puwcr abso rp t ion  JS thc spec imen  position changes.  
shows r e s u l t s  of computat ions f o r  a specif ic  basebal l  winding a t  s e v e r a l  fre- 
quenc ie s  as a function of spec imen  resis t ivi ty .  
efficiency i n c r e a s e s  wi*A s p e c i m e n  r e s i s t i v i ty  up to a m a x i m u m  value which d e .  
pends upon the opera t ing  frequency. 
the heat ing efficiency i n c r e a s e s  coni.inuously with s p e c i m e n  r e s i s t i v i ty  until  a n  
a sympto te  is reached. 

F igu re  18 

It is s e e n  that  the heat ing 

In the limit of v e r y  high facil i ty f r equenc ie s  

Computat ions and m e a s u r e m e n t s  were  made  f o r  heat ing efficiency of a 
5.  0 c m  d i a m e t e r  baseba l l  winding, v e r s u s  frequency, with 2. 50 c m  d i a m e t e r  
s p e c i m e n s  of r e s i s t i v i t i e s  co r re spond ing  to those of a luminum and Eleel. 
r e s u l t s  a r e  shown in F i g u r e  19 as the solid curves .  
sponding calculat ional  da t a  f o r  a clisp co i l  of d imens ions  as  il1ustra.ts.d in  that 
f igure.  The equation P = 3nF(x)apH2 (MKS) was used fo r  values  of .frequency 
ranging f r o m  1 KHz  to 300 KHz and r e s i s t i v i ty  values  of 4 x o h m / c m  and 
7 4  x The l a t t e r  w e r e  chosen 1 3  r e p r e s e n t  the e l e c t r i c a l  r e s i s -  
tivity of the a lumindm and s t e e l  sFhereS used in  oxpe r imen ta l  m e a s u r e m p q t s  
a b o u t  to be desc r ibed .  The heating eff ic iencies  were  obtained by dividing t!e 
computed power d i s s ipa t ed  in  the spec imen  by the sun i  of that  power and the 

c e r n e d  was e s t i m a t e d  f r o m  c o m p u t e r  calculat ions of H2 f o r  s e v e r a l  points in, 
o r  n e a r ,  those regions.  

These 
F i g u r e  20 gives  c o r r e -  

o h m / c m .  

- n i * r - T  r----- c i i s s i p l r e c j  i r ?  ccil. .~-n E v e r i g p  v?.iup ~2 o v e r  t i b e  r e g i o n s  ci)ii- 

Recommended - . Coil Conf&urations .. -~ f o r  Early Space L a b o r a t o r y  E lec t romagne t i c  
Con ta ine r l e s s  - P r o c e s s i n g  Faci l i ty  

The two s y s t e m s  which a p p e a r  f r o m  a n  o v e r a l l  eng inee r ing  point of view 
the b e s t  based on al l  of the above cons ide ra t ions  appea r  to be the baseba l l  and 
c u s p  a r r a n g e m e n t s .  R F  heating efi iciency m t a s u r e m e n t s  f o r  r e l a t ive ly  l a r g e  
s p e c i m e n s  do  not s e r v e  to m a r k e d l y  distinguiph between these  two types of coil. 
F o r  s p e c i m e n s  whose s i z e  is small compared  to the coi l  d imens ions ,  howem/er, 
the baseba i l  heating efficiency will obviously be g r e a t e r  than that f o r  the c u s p  
co i l  because of the field null  a t  the c e n t e r  of the l a t t e r .  
co i l  shows a much g r e a t s r  "stiffness" to maintain the s p e c i m e n  accura t e ly  at  
an e l e c t r o n  beam focus than the baseball .  Since,  as will a p p e a r  in the seque l  
below, both types of s p e c i m e n  heat ing and melting should be cons ide red  in  a 
facLity having the widest  capabi l i ty  fo r  p rocess ing  m a t e r i a l s  of va r ious  melt ing 
t e m p e r a t u r e s ,  i t  is r ecommended  that the facil i ty f o r  Space L a b  be designed to  
accorr. . ~ o d a t e  e i t h e r  type of coi l  interchangeably.  
fo r  both positioning o r  for induction heating, when the l a t t e r  is used,  exchangeable 
modular  c o i l s  of s i z e s  c o m m e n s u r a t e  with the spec imen  s i z e  being p r o c e s s e d  
should be cons ide red ,  j u s t  as  in  the c a s e  of t e r r e s t r i a l  levi ta t ion work. F o r  the 
h ighe r  mel t ing t e m p e r a t u r e  spec imens ,  conse rva t ion  of total  faci l i ty  power will 
not a l l cw  the low eff ic iencies  c u s t o m a r y  in t e r r e s t r i a l  work when a co i l  s i z e  
far f r o m  opt imum is employed. 

However,  the c u s p  

Far  m a x i m u m  power efficiency 

The considerat ion of two types of c o i l  configuration 
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i a  comparible with the consideration of an  interchangeable s e t  of coils of 
various sizps.  
rmaterials and processes  considered a.bove a r e  delineated. 
heating and induction heating a r e  considered. 

In the following, facility capabili t ies for handling the various 
Both e lac t id r  beam 

SPACE LABORATORY FACILITY CAPABLLITIES AS FUNCTION I 
O F  AVAILABLE POWER 

This section summar izes  the resu l t s  of calculations performed to indicate 
the la rges t  s izes  of specimens,  for fixed total power, which mz;? he suspended 
in a cusp  coil  facility and melted ei ther  by electromagnetic induction o r  by some 
other source of heat,  such as  a n  electron beam. 
efficiency of the baseball  for R F  heating for l a r g e r  specimens,  which r c p r e -  
sen ts  the main factor determining required facility power, these capability 
es t imates  can a l so  he taken as typical of a baseball  facility. These calculations 
have been performed f rom the co2siaeration of power dissipated a t  o r  near  the 
spec imen ' s  melting point, do not account for l imitations in  the dissipation and 
removal of la rge  amounts of heat in very sma l l  coi ls  and have been based upon 
l a ' q r i+ory  data for which forces  acting upon and power dissipated in actual 
specitnens were mqasured. 
s tants  relating magnetic field strength and gradient averages to coil curren t ,  
aciudlly gecrr .etr ical  re-lAtionsbips, UMch were then used to calculate the behavior 
of the coil-specimen system for a range of specimen resis t ivir ies ,  s izes ,  z,nd 
optim*im f re  que nc ie 9. 

Because of the s imi la r i ty  of 

T'iese laboratory data permi t  calculation of con- 

The force measuring apparatus descr ibed previous1.r and lab measure  .- 
ments  of heating efficiency were used to obtain data for this  section. The .  
charac te r i s t ics  of the aluminum sphere and of *he copper cusp coi l  were as 
follows 

alurninulx sphere coppe r  cusp coi l  
dia me :e r = 2 . 5 4  c z  diameter  (spherical)  = 5 . 0 c m  

spacing between loops = 2.7 c m  resist ivity = 4 x 10  c m  
number of t u rns  = 2  
diameter  of conductor, d = 0.64  c m  
length of conchctor, a = 5 3 c m  

I_ -- 

coil proximi;) iactor  = 1.2 

W i t h  a frequency of approximately 100  K L z  for both force and  heating eff5ciency 
measurements  and a cu r ren t  of 67 amperes  r m s  for the force measurements ,  
the following were measured: Force: 100 dynes, 0.5 c m  from center  of coil, 
both on axis and on central  plane. Heating efficiency: lo%, a t  cen ter  of coil. 

Using the equations 

I2 ccs 1 3  F = 4 a G(x) grad - 
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v a lues  of the d e s i r e d  cons t an t s  were  obtained, viz. 

2 2 
grad(?)', (0.5 cm f r o m  co i l  c e n t e r )  = 0.49 Oers t eds  lamp c m  

I 2 2 (rr, (at co i l  c e n t e r )  = 0.28 o e r s t e d s  / a m p  

_ _ _ _ _ ~  Select ion of Op t imum F r e q u e n c i e s  

The efficiency of heat ing a n  e l e c t r i c a l l y  conducting s p h e r e  r i s e s  contin- 
uously with i n c r e a s i n g  frequency but  the r a t e  of i n c r e a s e  is r e l a t ive ly  slow fo r  
va lues  of x g r e a t e r  than 3 and h a s  virtuall-,* a t ta ined its a sympto t i c  value fo r  
va lues  oL' x g r e a t c i  than 20. 
power is a t  a m a x i m u m  a t  a value of x of about 3. 
va lues  l e c s  than 3 and less rapidly f o r  values  g r e a t e r  than 3. 
e r a l ,  i t  is d e s i r a b l e  to ope ra t e  a f r e e  suspension s y s t e m  with va lues  of x 
g r e a t e -  than 3, and no g r e a t  disadvantap- is i n c u r r e d  when cpe ra t ing  at valuzs  
of x not g rea t ly  in  e x c e s s  of 20. 

The fo rce  e x e r t e d  upon such  a s p h e r e  p e r  unit 
It d e c r e a s e s  r ap id ly  fcr 

Thus,  in  gen- 

Because the c u s p  co i l  u sed  in  tl;p l abo ra to ry  w a s  ope ra t ed  with no diffi- 
cul ty  at 400 KHz, because  a value of x of 3 o r  g r e a t e r  is at ta ined with 400 KHz 
f o r  r e s i s t i v i t i e s  less than 3 x 
power changes l i t t le  w i d  r e s i s t i v i t i e s  l e s s  than 3 x o h m - c m  a t  4 C O  KHz, 
400 KHz w a s  chosen  to be the nominal  ope ra t in  f requency co r re spond ing  to the 
l a b o r a t o r y  s i ze  coi l  in  the calculat ions f o r  lO-'and ohm-cm.  F o r  ca l cu -  
l a t ions  a t  10-1 o h m - c m  a f requency of  15  MHz was  se l ec t ed  because  x = 3 with 
th i s  combination. For 1 ohm-cm,the s a m e  frequency,  15 hlHz, was used 
despi te  3 r e su l t i ng  value of x of 1,  because  i t  is a t  f r equenc ie s  g r e a t e r  than 
15 MHz that l o s s e s  in the aux i l i a ry  c i r c u i t s  are expected to become noticeable 
by d e c r e a s i n g  the efficiency of conveying power into the coil .  

o h m - c m  and because the f o r c e  p e r  unit 

Extension to Coi ls  of ~~ d i f f e ren t  S i z e s  _-__ 

In the following, the power r e q u i r e d  by a c u s p  coi l  to posit ion and to 
m e l t  s p e c i m e n s  of va rv ing  p r o p e r t i e s  is calculated fo r  the 5. 0 c m  din. coil 
d e s c r i b e d  hbove and for  3 2. 5 c m  dia.  specimen.  Then, t o  d e t e r m i n e  the 
maximum s i z e  the s p e c i m e n s  m a y  have,  f o r  a p a r t i c u l a r  l imi t ing  value of 
avai lable  power,  i t  is n e c e s s a r y  to examine  how the power abso rbed  by the 
c c i l  and the power abso rbed  by the s p e c i m e n  v a r y  with the s i z e  of the spec imen  
and coil .  
the  physical  d imens ions  of the system are  "scaled.  ' I  

This  sec t ion  e s t a b l i s h e s  the b a s i s  f o r  the "scaling" of the power as 

L e t  a s c a l e  f ac to r  K be defined by  K E a l 1 . 2 5  cm where a is the s p e c i m e n  
r a d i u s  so that any s p e c i m e n  of r a d i a s  a is K t i m e s  g r e a t e r  than the s p h e r e  used  
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in  the laboratory.  Alao, l e t  all physical dimensions of the coil have the same 
scale  factor relationship with the corresponding dimension used in the labora-  
tory. 
cu r ren t  flowing in a coil is inversely proportional to the size ob the coil, for 
constant cur ren t ,  it may be seen that (H/I)2 is proportional to K'2 and 
grad (H/I)* is proportional to  K'3. 

Because,'the magnetic field intensity in the centra; region created by 

Once ,the operating frequency has  been selected for  the 5.0 cm dia. coil 
the result ing value of x must  be maintained nea r  optimum with scaling of the 
coil. The rat io  of sphere 
radius  to skin depth is x, the sphere radius is proportional to K and the skin 
depth is proportional to the reciprocal  of the square  root of f r e q u e x y .  
if x is to be kept constant, the frequency must  be proportional to X' . 

This means that the frequency is a function of K. 

Thus 
2 

The resis tance of the coil is 

Lf d>>6,,il, a s  is true in all of ;he calculations i n  this sectictfi, the resis tance 
is proportional to L/6d which is proportional to KJT/K =\jTi-which is pro-  
portional to K-'. Thus Rcn;l is proportional to K - l ,  when x is kept constant. 

roportional to K-2,  grad(H/II2 is proportional In summary ,  (H/I)2 is 
to K-2,  f is proportiocal to K' 4 , RSoil is proportional to 3S-l. The application 
of these relationships is in the scaling of severa l  equations used in the following. 

Induction Heating 

The power, Pspec, required tc me l t  and superheat specimens with 
meltizg points of 1000, 2000 and 300°C was assumed to be 1.2 t imes  the pov.?r 
required to mzin*ain the specimen (with emissivi ty  of 0.8) at 1000, 2000 and 
3000°C. F r o m  the equation and Pcos = 12Rco~.,  the power dissipated in the 
coil was  calculated for  s e v e r l l  values of res i sbvi ty ,  p, using 

spec Rcoil 

3VF(x) a p ( T T ( 0 . 6 3 )  

P - - 
pcoil (4) 

( the  f.+rtor 0. 6 3  b e i n g  required to use the eq,uztion for P,,,,,- with c g s  units 
except for P measured  in watts). 
coil a d  specim-en, Pcofi t P, ec, was then calculated and, assuming efficiencies 

obtain the total maximum power required of such a f ree  suspension system. 
factor 2 a s sumes  50 percent  for the combined efficiency of power amplifier and 
poue r conditioning equipment. 
c u s s e d  ?.s the base measurement  which was ecaled for frequency and resis t ivi ty  

..c 

The sum of the total po;,er consumed by thc 

sf power conversion a s  desc r i  E ed previously, this s u m  was multiplied by 2 to 
The 

The 1 0  percent  heating efficiency a l ready  dis-  
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already included the t ransformer ,  tank c i rcu i t  and t ransmission line losses. 
.I product of R F  gencrator  and power ccnditioning efficiency of 50 percent  wi l l  
be conservative for  low and intermediate frequencies where solid state devices 
can be used and operated direct ly  f rom batteries.  
highest res is t ivi ty  specimens,  which require  the highest frequencies,  vacuum 

F o r  the case  of the smallest ,  

tube amplif iers  must  be used So that 50' pcrcznt would not be conservative ,for 
the overal l  power amp/power conditioner. ~ I ' !  , 8  I 

~I 
I 

I , 
, ,  

In o r d e r  to account for  *-he need for the coil  to supply a restraining force 
3 to the specimen i t  was  assumed that a force of the form F = k a  

which means k 4 / 3  n a ,  where o is the density of the specimen and 
acceleration of the specimen result ing f rom the application of the force.  

value of 40  w a s  selected for k. 
cm. This yields a force of 4 0  dynes for a specimen radius of 1 cm,  which is 
consldered adequate as discussed in reference 1. We shall  henceforth drop  
the density variable in o r & r  to facilitate an overview of facility capabilities. 
Acceleration minimums w i l l  thus be higher than 10' g for mater ia l s  whose 
density is l e s s  than 10  gm crn3. 
1O"g even for  density 10 requi res  little additional power for  most  c a s e s  con- 
s idered hzl-e. 

is required 
is the 

Assuming an  acceleration of 1 c m  ~ e c - ~ ( I O - ~ 5 ) .  and a density of 10 g m / c m  3 , a 

Thus F = 40  a in which F is in dynes i f  a is in 

3 
Provision of accelerat ions considerably above 

BY cernhining equations (1) and ( 3 ) ,  a value of minimum ailowed 
required for positioning alone may be calculated. pcoil 

c o d  

Whenever t\e value of Pcoil calculated by equation (4) fell below Pcoil(min), 
t he  \ .due used i n  obtaining the total power required b y  the system was Pcoil(li:in) 
in place of Pcod and with PSpec increased a proportionate amount. 
proportional, one to the other,  by equation (4). 

(They a r e  
4 

Calculation of Maxinium Radii -~ 
The power radiated by a spherical  surfacs  is proportional to t h y  square 

of i t s  radius,  hence PSpec is proportional to K'. 

relationships discussed above, Pcoil is proporticnal to 

proportional to -- = K . 

BY application of the scaling :(cy; oil which i s  

Thus (Pcoil+ Pspec) and the total  power required 
K ' K - ~  2 

K K - ~  7 

by the facility is proportional to KO. 

To calculate th? radius of the la rges t  meltable specimen at 5000 watts 
available peak power, the rat io  of 5000 waits to the power required for a 2.5 
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ctn dia.  spc.citiren was s e t  e q u a l  to i? and a(niax) c a l c u l a t e d  from 1.25 K cni. 
H i g h e r  peak p o w e r s  of 10 a n d  20 k W  w e r e  also assumed. 
tk,*it !x, . ik powt’re 
wliiL.li i i ~ , i l c t * s  zonsicier . i t ion o f  :>,i t tery t u r n i s h r d  pe,ik F O W ~ ’  rs prac t ic . t l .  
the d‘tta for k-igurc 21 w e r e  ubtained.  

R c f c r c n c e  1 i n d i c a t e s  
xioriiially r e q u i r e d  for t i n rc s  not c x c c c d i n g  a fcw n i i n u t r s ,  

T h u s  

Elcc  t r o n  13eaiii H e a t i n g  - 
The power  r a d i a t e d  by J. s p h e r i c a l  s u r f a c e  is p o o r t i o n a l  to the s q u a r e  f P  is p r o p o r t i o n a l  t o  K . From equa t ion  ( 1 )  spec’ Peb 

2 

which  is p r o p o r t i o n a l  t o  
Rco i l  g r a d ( l l / I )  

P 

which  is I< K - ’ / K - ’  = E; . T h u s ,  a g a i n  the t o t i l  p o w e r  r e q u i r e d  of the s y s t e m  
is proport i iJ i i . i l  t o  F2 .ind the xnaximurn spcc i i -*en  Yadii w e r e  c a l c u l a t e d  a s  i n -  
dic . i t k * ( i  c ~ l ~ ~ ~ ~ ~ ~ ~ ,  f o r  i n t l u c - l i o n  h(.dting. Thc  r c s d t s  of t h e s e  c a l c u l a t i o n s  .irt’ 
g ivcn  i n  F i g u r e  12.  

of i t s  r a d i u s ,  hence  P 

2 
a(H/ I) a ([{/I) Pcoil (inin) 

L is p r o p o r t i o n a l  t o  - Spec 
2 

Disc 11 s s ion of Re s ul t s -_- - _ ~  

F i g u r e s  2 2  a n d  2 3  shcu ld  not  be m i s t a k e n  for a d e s c r i p t i o n  cf a con t inuum 
p i  p o s ~ i h l t ~  j ~ t ’ \ : i i ~ ~ ~ ~  s i z e s  z!! ot,t‘ii’nable wi th  a s i n g l e  co i l .  It m u s t  be  r e m e l n -  
b e r e d  th‘it tht-sc f i g u r e s  w e r e  dr.i\vn f o r  a s p e c i f i c ,  o p t i m i z e d  raiio of spcci:::cz 
to cui1 s i a c  i o r  s p e c i f i c  o p t i m i z e d  f r e q u e n c i e s ,  f o r  a specific forc;. for e‘ich s i z e  
s p e c i m e n  ,rnd for a s e r i e s  of & v e r a 1  d i f f e r e n t  c o i l  s i z e s  a s  ident i f ied  on the 
o r d i n a t e  as a ser ies  of s p e c i m e n  s i z e s .  
1-sed is by s e l e c t i n g  the s i z e  of s p e c i m e n  to be p r o c e s s e d  and  then  r e a d i n g  t o  the  
r i g h t  to  d e t e r m i n e  the  n i ax imun i  me l t ing  t e m p e r a t u r e  that c d n  be a t t a i n e d  for 
the  a m o u n t  of power  which  is ava i l ab le .  

One way F i g u r e s  21 a n d  2 3  are  r e a d i l y  

- 1  
I!> F L G t i r c  2 2 ,  o n  t h c  g r a p h s  icIr 10 and 1 oti.il-cn1, i t  n : a y  bt .  s t > c . ! i  that 

T h i s  i n d i c a t e s  a r e g i o n  e a c h  of the c u r v e s  b e c o n i e s  h o r i z o n t a l  a t  its l e f t  end .  
on thc Kraph f o r  which the a v a i l a b l e  power  r e s u l t s  in  in su f f i c i en t  force to meet 
t he  miiiiiiiurr f o r c e  r c q u i r e r n e n t  fo r  s p e c i m e n  s i z e s  g r e a t e r  t han  those  ind ica t ed  
by t h t .  hori7.(\vita1 l inc .  F o r  systems o p e r a t i n g  o n  s u c h  a h o r i z o n t a l  l i n e ,  the 
p c w r r  d i , . . o i : ~ t e d  in  the s p e c i m e n ,  a s  a r e s u l t  of m e e t i n g  the  m i n i m u m  f o r c e  
r e q u i r e m e n t ,  i s  i n  excess  of the quant i ty  d e e m e d  n e c e s s a r y  t o  h e a t  and  m e l t  
spcriiiwns.. 
( . ; )<  I I ~ : I I C  t n t .  Cont . i :nt*r l t>ss  i>r ( ic .c -ss in ;g  Fac i l i t y  a t  i u l l  power  only a i r a c t i o n  of 
tirii<. sili~ ti t!icit the d t . s i r c J  t c ~ i i > ~ > c ~ r c i t u i  e is a t t3 ined  without  s e v e r e  s u p e r h e a t i n g .  
In  view o i  the c v n s i d e r a t i o n s  ot  a c c e l e r a t i o n s  t o  be e n c o u n t e r e d  i > a  Sp,ice 
L, i lwr. i :vry,  the  m i n i m u m  a c c e l e r a t i o n  r e q u i r e m e n t s  of 1 c m / s e c  m a y  be  c o n -  

2 s t ? r v < i t i v <  with 0. 1 c m / s c c  p e r h a p s  m o r e  l ike ly .  If the  r e q u i r e d  n i in in iuni  
acce ler , i t io r i  u’er:’ rpc:uccd, the h 2 r i z o n t a l  1in:s i n  F i g u r e  2 2  would r i s e  to  h i g h e r  
v a l u e s  of s p t c i r n e n  r a d i u s .  

If opt,ratiori  on a h o r i z o n t a l  l ine  i s  c c n s i d e r e d ,  i t  wi l l  n e c e s s i t a t e  



It should  be noted  that  .additional consider .a t ion m u s t  be given  t o  thc f cas ib i l -  
i ty  tor p r o c e s s i n g  thc l a rgs-s t  s i z e  spec i rncns  indic.itcd i n  F i g u r e  22 .  
specimen r a d i i  exceed ing  s e v e  r n l  c e n t i m e t e r s ,  hydrodynamic  s t ab i l i t y  of the  
mol t en  m a s s  whose  in t eg r i ty  is nia in ta ined  so lc- ly  by surf.ace ttqnsiorr f o r c e s  m u s t  
be cons ide red .  EleIne i r ta ry  e s t i m a t e s  ind ica t e  tha t  pos i t ion ing  forces w i l l  l e a d  
to only i i iodcrate  s h a p e  d i s t o r t i o n s  fo r  the l a r g c s t  s i z e s  iirdicatcd i n  F i g u r c  22 .  
Another  i m p o r t a n t  phys i ca l  cons idc  r a t ion  for thcsc. l a r g e r  s i z e  s p e c i m c n s  is h e a t  
t r a n s f e r  mech.anisiiia within thc spcc in i cn  which will have  J m a j o r  cffcct upon thc  
time r t - q u i r r d  for vrvltinl: and  niay i d i c . i t c  hc,it ing p o w c r  m a r g i n s  other than the 

LO p e r c e n t  assurv.ed h e r e  to o p t i m i z e  the t r , tdc-off  be tween fac i l i ty  peak  power  
and  d u r a t i o n  of d e m a n d  for p c a k  power. 
depth  of jou lc  hea t ing  obta ined  witlx the h i g h e r  r e s i s t i v i t y  s p e c i m e n s  and s t i r r i n g  
duc to  (31rc:rotii,i~nt.tic L o r z n t z  f o r c e s  w i l l  b c  iiiipc>rtant f . i c tors  to I>c exploi ted.  

For 

It i s  cxpcc ted  that the d i s t r jbu t ion  in 
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Figure  2. E lec t romagne t i c  Sk in  Depth v 'ersus  
Frequency  a n d  Res is t iv i ty  
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Figure  3 .  
A r r a n g e d  Accord ing  to  Second Crossa.:t:r 
Po in t  in E lec t ron  Emission 

Numbers  of Candidate  M a t e r i d s  
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Figure 4.  Body Force Function 

F.:, .i, hr... , 

---. ... -3 
-\ 2 

Figure 5. Family Relationships Amongst 
Various Coil Types 
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Figure  6 .  F o r c c  Exe r t ed  Upon a 2 .  54 c m  
Diamete r  Solid Alumin-. Sphere  By 
a 5 . 5  c m  Diameter  3 - T u r n  C i r c u l a r  
Coil  C a r r y  50. 5 a m p  ( r n i s ) ,  f=100 KHz 

3 2 
F i g u r e  7. F/a C ( x )  g r a d  B (d imens ion le s s )  

vs. Dis tance  



Figure 8 .  Catculai?d Force  AlcJng Axes  of 
Symmetry f<.r Cube with Coils crf Radius 
1 . 2 5  cm,  a Distance 2 . 5  c m  fr5m tire 
Center of th? Coil System 
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vs. Distance Figure 9.  - -  
From Center of C u p  Coil Pair For 
Several Different Clip Coils 
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F i g u r e  10. Baseball  Coil GefJmetry 

Figure 1 1 .  Total Flux Density Sq,iared 
on Each Axis for Baseball Coil o f  

5.0 cm Diameter 
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Figure 1 2 .  
( V o l .  Aver.  ) for Cusp Coil v s .  Distance 
From Center of Coil for Several Different 
Coil Spacings (Coi l s  wound on 5 c m  dia. sphere) 
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Figure 13.  
In a Two Turn Cusp Coil, 2 .1  c m  Radius, 
2 . 7  cm "Spacing" with a 2 . 5  cm dia. Alum- 
inum Sphere. ( I  = 67 amp, rms) 

Measured & Calculated F o r c e s  
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Figure 14. Cube 
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Figure  15. Basebal l  

Figure 16. Cup Coil P a i r  Figure  17. Cusp Coil 
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DLA. OF COIL - 5.0 C M  
NO. OF TURPS - 2 
CONDUCTOR DIA. .- 0.61 C M  
PROXIMITY FACTCH 1.23 
L E t J G M  OF COIL - 50 C M  
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Figure 18.  Efficiency of Heating a Specimen s3. Resis t iv i ty  ior a Baseball Coil 
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Figure 19. E f f i c i e n c y  of Heat ing A S p e c i m c n  In A Bascball Coil 
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Figure 20. Eff i c i ency  of H e a t m g  A S p e c i m e n  In A Cusp Coil 
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Figure 21. 
Various Melting Temperatures and A s s u m e d  
T o t d  Facility Powers, R F  Induction Heating 
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Figure 22. Maximum Radii of Specimens For 
Various Melting Temperatures and Assumed 
Total Fa ility Powers,  Electron Beam Heating 
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R .  R .  Whymark 
I n t e r s o n i c s  Tncorpora t ed  

Ch icago ,  I l l i n o i s  60611 

The non-con tac t  p o s i t i o n i n g  of m a t e r i a l s  i n  a s p a c e  process ing  
chamber is accompl i shed  u s i n g  a new t v p e  of a c o u s t i c  l e v i t a t o r .  L i q u i d  
and s o l i d  ma te r i a l s  a r e  p o s i t i o n e d  r i s ing  a s i n g l e  s o u r c e  of sound.  F i n c  
c o n t r o l  of p o s i t i o n  may h c  oht.iincL1 by mot ion  of a n  a c i > u s t i c a l  r e f l e c t o r .  
E l e c t r i c a l  power r e q u i r e d  i s  u s u a l l y  less t h a n  100 w a t t s .  The s y s t e m  
o p e r a t e s  s a t i s f a c t o r i l y  a t  h i g h  and low t e m p e r a t u r e s  and  i s  a d a p t a b l e  
a s  a n  “add-on“ f e a t u r e  t o  e x i s t i n g  s p a c e  e x p e r i m e n t s .  C c n t a i n e r l c s s  
m e l t i n g  and s o l i d i f i c a t i o n  cnn  he performed and a f r e e l v  srispendcd 
l i q u i d  can  h e  shapcd  t o  the c o n t o u r  of t h e  sound f i e l d .  Expe r imen t s  
a re  d e s c r i b e d  i n  which  aluminum, g l a s s  and p l a s t i c  materials a r e  m e l t e d  
and s o l i d i f i e d  ?n t h e  c o n t n i n e r l e s s  s t a t e .  The s y s t e m  has a p p l i c a t i o n s  
t o  c o n t a i n e r l e s s  c r y s t a l  g rowth ,  m e l t i n g  and related p r o c e s s e s .  

INTRODUCTICN 

Ynnufac t u r i n q  p r o c r s s e s  u n d e r t a k e n  i n  an o r b i t a l  s p a c e  s t a t i o n  
may b e  seriously e f f e c t e d  by d r i f t  o f  tlie material  b e i n g  p r o c e s s e d .  
C o n t r o l  of t h e  p o s i t i o n  of t h e  m n t c r i n l  is g e n e r a l l y  d e s i r a b l e .  The oh-  
j r c t i v e  of t h i s  p a p p r  i s  t o  d e s c r i h e  a new t v p e  of a c o u s t i c  p i - r s i t inn  
c o n t r o l  sys t em t h a t  c a n  be a d ; i p t e d  t o  e x i s t i n g  s p a c e  p r o c e s s i n g  chamh.?rs 
w i t h  minimum m o d i f i c a t i o n s  t o  t h e  chambers .  The a c o u s t i c  s y s t e m  tc  b e  
d e s c r i h e d  d e p a r t s  from e x i s t i n g  s y s t e m s  i n  t h a t  o n l y  one  sound s o u r c e  
i s  u s e d .  TFle s i n g l e  sound s o c r c e  is used  t o  e x c i t e  t h e  chamber volumc 
i n t o  normill modes of v i b r a t i o n .  Whenever t h e r e  i s  a r e g i o n  i n  t h e  ex- 
pe r imen t  chamber a t  which t h e  a c o u s t i c  p o t e n t i a l  encr j iv  is a minimum. 
t h e  spec’men w i l l  h e  urged  towards  t h i s  r e g i o n  ant: r m i n  f r e e l y  sus- 
pendcd,  i f  t h e  a c o u s t i c  f o r c e s  a r e  s t r o n g  enough. L i q u i d  and  s o l i d  
mn:c r i a l s  can  h e  F r e e l v  sus*Tended hv t h i s  method, u p  t o  s e v c r n l  ounccs  
i n  vc,ight unde r  1-g. T! ie  s h n p i . s  of t h e  1 c v i t . i t c d  m a t e r i a l s  <-:in h e  
s p h e r i c a l  or d i s c - s h a p e d .  Tht- s p l i r t i c a l  b o d i e s  are l i m i t e d  i n  s i z e  t o  
a b o u t  one h a l f  wave leng th  of sound (1.7 cm d i a r r e t e r  f o r  a IOkHz l e v i t a t o r ) .  
F l a t  b l a n k s  o f  material  c a n  b e  c o n s i d e r a b l y  l a r g e r  t h x n  thn. h a l f  wave- 
l e n g t h  c r i t e r i o n  and s t i l l  r ema in  s t ? h l y  l e v i t a t e d .  Specimens ca? .  unde r  
c e r t a i n  conlli t i n n s ,  h e  snun  on a n  a x i s  f o r  dcKnss ing  p u r p o s e s ,  w i t h o u t  
t o u c h i n g  t h e  slit-cimen. The shape  of a l i q u i d  spec imen can a l s o  h e  madc 
to conform t o  t h e  s h a p e  of t h e  l o c a l i z e d  a c o u s t i c  f i e l d .  The s y s t e m  
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h a s  heen o lwra ted  i n  a r ange  o f  c o n f i g u r a t i o n s  of experiment  chambers 
tnc 1tid I iig rcac t a n g u l a r  and c y 1  i n d r i c a l  expe r imen t s  u n i t s .  

Experiments  have been conducted,  and w i l l  be d e s c r i b e d  la ter ,  i n  
which t h e  e f f e c t  of t h e  l e v i t a t o r  sound f i e l d  on a supe rcoo led  l i q u i d  
h a s  been de te rmined .  The i n d i c a t i o n s  are t h a t  t h e  sound ene rgy  coupled 
i n t o  t h e  specimen must exceed t h e  c a v i t a t i o n  t h r e s h o l d  i n  t h e  l i q u i d .  
The c a v i t a t i o n  t h r e s h o l d  is  s e v e r a l  o r d e r s  o f  magnitude l a r g e r  t h a n  t h e  
sound l e v e l s  t n a t  can  r e a s o n a b l y  be  expec ted  t o  be  coupled i n t o  t h e  
specimens.  The i n d i c a t i o n s  are t h a t  t h e  l e v i t a t o r  sound f i e l d  w i l l  
n o t  d i s t u r b  t h e  material p r o c e s s e s .  T h i s  p o i n t  is  g i v e n  g r e a t e r  c r e d e n c e  
when t h e  l e v i t a t o r  is  o p e r a t e d  under  t h e  low-g c o n d i t i o n s  p e r t i n e n t  t o  
s p a c e  p r o c e s s i n g .  The a c o u s t i c  f i e l d  s t r e n g t h s  c a n  be  reduced g r e a t l y  
and t h e r e b y  f u r t h e r  r e d u c e  t h e  e f f e c t s  of t h e s e  f i e l d s  upon t h e  material 
b e i n g  p rocessed .  

S e v e r a l  p o s i t i o n  c o n t r o l  sys t ems  f o r  s p a c e  manufac tu r ing  have 
a l r e a d y  r e c e i v e d  s t u d y  and development by o t h e r  i n v e s t i g a t o r s .  The 
t r i a x i a l  system developed a t  t h e  Je t  P r o p u l s i o n  Labora to ry  u t i l i z e s  t h r e e  
low f r equency  sound s o u r c e s  and re l ies  upon t h e  oppos ing  a c t i o n  of t h e  
acous t i . :  r a d i a t i o n  p r e s s u r e  i n  three c r o s s e d  sound beams f o r  p o s i t i o n i n g  
t h e  o b j e c t .  The e l e c t r o m a g n e t i c  p o s i t i o n  c o n t r o l  system, a v e r s i o n  o f  
which h a s  been developed a t  t h e  General  Electr ic  L a b o r a t o r i e s ,  u t i l i z e s  
t'nrpc f i e l d  roils. Thz electrcm~~zetic s y s t m  has the i inique advan tage  
of o p e r a t i n g  in a vacuum b u t  is l i m i t e d  i n  u s e  t o  e l e c t r i c a l l y  conduct-  
i n g  materials. 

PRINCIPLE OF OPERATION 

A s i m p l i f i e d  v e r s i o n  of t h e  l e v i t a t o r  is shown i n  F i g u r e  1. The 
sound s o u r c e  c o n s i s t s  of a p l a n e  c i r c u l a r  p i s t o n  t h a t  r a d i a t e s  a beam 
of sound toward a p a r a l l e l  r e f l e c t i n g  s u r f a c e  p l aced  a d i s t a n c e  nX/4 
away, where X is t h e  sound wavelength i n  t h e  l e v i t t t o r  a tmosphere and 
n i s  any i n t e g e r .  A s t a n d i n g  wave is e s t a b l i s h e d  between t h e  sound 
s o u r c e  and r e f l e c t o r  a s  shown by t h e  p r e s s u r e  p r o f i l e  i n  F i g u r e  2 .  A 
body in t roduced  i n t o  t h e  sound f i e l d  w i l l  move towards p l a n e s  of  a i n h u m  
p o t e n t i a l  ene rgy ,  co r re spond ing  t o  t h e  p l a n e s  of minimum sound p r e s s u r e  
drawn i n  F i g u r e  2 .  

The l e v i t a t e d  m a t e r i a l  i s  c o n s t r a i n e d  i n  t h e  s ideways d i r e c t i o n  
by t h e  n e a r  f i e l d  p r e s s u r e  of t h e  sound sourc2 .  Three t y p i c a l  n e a r  
f i e l d  p r e s s u r e  p r o f i l e s  a r e  d r a m  i n  F i g u r e  2 f o r  success. 've p l a n e s  
n o m a 1  t o  t h e  a x i s  of t h e  l e v i t a t o r .  These p r e s s u r e  p r o f i l e s  a r s  o b t a i n e d  
by t h e  methods d e s c r i b e d  i n  Reference 1 and are  f o r  a p i s t o n  r a d i a t o r  4 
sound wavelengths  i n  d i ame te r  co r re spond ing  t o  a sound s o u r c e  7 . 5  c m  
d i a m e t e r  r e s o n a t e d  i n  a i r  a t  20kHz. The p o s i t i o n s  of s t a b l e  l e v i t a t i o n  
correspond t o  t h e  r e g i o n s  where t h e  p r e s s u r e  is m i n i n i z ~ d  i n  t h t  conbined 
s t a n d i n g  wave f i e l d  and t h e  n e a r  f i e l d .  These rc'ci,,,-ts a r c  i n ! i % . . i t ? i  
by t h e  small c i r c l e s  i n  F i g u r e  2. The n e a r  f i e l d  p r e s s u r e  d i s t r i b u t i o n  
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is c i r c u l a r l y  symmetr ic  a b o u t  t h e  l e v t t n t o r  a x i s  so t h a t  s t a b l e  I c v i t a -  
t i on  is o b t a i n e d  :iii\wht,re i n  n sa>r i1.s of qlrt.ct.ssiv+- c i r ( -u l . i r  ? O I I ~ > ~  

s p r e a d i n g  outvartf  f rc im t1w 1avt t . i to r  . ~ x i s ,  r.wh I w i t . i t  t o r i  i-oiit. bt>in};  
p a r a l l - 1 ,  and  c l o s e l y  n e i g h b o r i n g  t h e  minimum p r e s s u r e  p l a n e s .  

F a t  t h e  l e v i t a t o r  t o  o p e r a t e  s a t i s f a c t o r i l y ,  t h e  mater ia l  b c f n g  
l e v i t a t e d  s h o u l d  n o t  be so l a r g e  as t o  o v e r l a p  s u c c c s s i v e  p r c s s i i r s  minima. 
The d i a m e t e r  of a s p h e r e ,  f o r  example.  s h o u l d  n o t  exceed  o n e  h a l f  o f  a 
sorind wave leng th  i n  t h e  g a s  a tmosphe re ,  o t h e r w i s e  p r e s s u r e s  w i l l  t end  
t o  c a n c c l .  The l i m i t i n g  s p h e r e  s i t e  f o r  s t a b l e  l e v i t a t i o n  i n  a lOkHz 
a i r - f i i l e d  l ev i ta tor  a t  room t e m p e r a t u r e  is 1.7  cm d i a m e t e r .  
o f  material c a n  b e  l e v i t a t e d  l a r g e r  t h a n  t h e  s p h e r e .  A spec imen b l a n k  
w i l l  come to  e q u i l i b r i u m  w i t h  t h e  p l a n e  o f  t h e  b l a n k  p a r a l l e l  to,  b u t  
d i s p l a c e d  a small d i s t a n c e  from a minimum p r e s s u r e  p l a n e .  The b l a n k  
t h i c k n e s s  (measured i n  a d i r e c t i o n  n o m 1  tr, t h e  p l a n e s  of minimum 
p r e s s u r e )  s h o u l d  n o t  exceed  t h e  h a l f  v n v e l e n g t h  l i m i t  a l l u d e d  t o  ea r l i e r .  
However, t h e  l a t e r a l  d i m e n s i o n s  m?y exceed n h a l f  wave leng th  and a r e  
l i m i t e d  by  t h e  r a d i a l  d i s t a n c e s  be tween t h c  p r e s s u r e  t r o u g h s  i n  t h e  n e a r  
f i e l d .  F o r  example ,  a d i s c  a p p r o x i m a t e l y  5.5 c m  diameter c o u l d  b e  l e v i -  
t a t e d  a t  t h e  minimum p r e s s u r e  p l a n e  c c ’ ,  F i g u r e  2.  This d i s t a n c e  o f  
5.5 cm c o r r e s p o n d s  t o  t h e  d i s t a n c e  be tween t h e  o u t e r  p r e s s u r e  t r o u g h s  
i n  t h e  n e a r  f i e l d ,  n t  ‘ h i s  p l . i n e .  The r s t i m n t e s  of maximum b l a n k  d i a m e t e r  
are m o d i f i e d  by  t h e  r e f l e c t i o n  of sound from t h e  b l a n k  i t s e l f .  The sound 
r p f l e c t i o n  frcm t h e  b l a n k  &.ill enhance  t h e  s t a n d i n g  wave be tween the 
b1ar.k and t h e  sound s o u r c e  b u t  t end  t o  smear t h e  n e a r  f i r i d .  RIE a i d e -  
M ~ S  r e s t o r i n g  f o r c e s  a r e  r educed  so  t h a t  l e v i t . 3 t i o n  of t h e  b l a n k  may b e  
l ess  s t a b l e .  

F l a t  h l n n k s  

An a c o u s t i c  s t a n d i n g  wave is shown i n  F i g u r e  3 ,  measured a l o n g  t h e  
a x i s  of a n  e x p e r i m e n t a l  n u c l e a t i o n  t u b e .  The n u c l e a t i o n  t u b e  was 7.5 
cm i n  d i a m e t e r  and 30 cm i n  l e n g t h ,  d r i v e n  a t  one  en6 by 9 7.h cm d i a m e t e r  
p i s t o n  r z d i a t o r  o s c i l l a t i n g  a t  20kHz. 

The f a r  end c.f t h e  met.31 ttlh,. was c l o s e d  b y  a c l o ? o e  f i t t ! n g  c i r c u I . i r  
r e f l e c t o r  t h a t  c o u l d  b e  moved p r e c i s e l y  a l o n g  t h e  t u b e  a x i s .  Thc uppe r  
c u r v e  o f  F i g u r e  3 shows the  increase i n  sound p r e s s u r e  and the c o r r e -  
spond ing  i n c r e a s e  i n  t h e  g r a d i e n t  o f  t h e  sound p r e s s u r e  a s  t h e  gas c o l u m .  
1s t uncd  hy a d j u s t i n g  t h e  p o s i t i o n  of t h e  r e f l e c t o r .  Maximum sound 
p r e s s u r e  a m p l i t u d e  is o b t a i n e d  vhpn che s e p a r a t i o n  d l s t a n c e  be tween t h e  
s o u r c e  and t h e  r e f l e c L o r  1s n X 1 4 .  The c o m p l e t e l y  untuned  c o n d i t i o n ,  
s e p a r a t i o n  e q u a l  t o  n 1 1 2 ,  ( t h e  lower  riirve 0: F i g u r e  31,  r e s u l t s  i n  a 
r e d u c t i o n  i n  t h e  sound p r e s s u r c  and hence  ;.n t h e  l e v i t a t i o n  f o r c e .  The 
r educed  g r a d i e n t s  of sound p r e s s u r e  i n  t h e  untuned  c o n d i t i o n  v o u l d  r e s u l t  
i n  a l o n g e r  t i n e  to  r e s t o r e  t h e  l e v i t a t e d  ~ J v .  n l n n t i c  s p h r r e s  i n s e r t e d  
i n t o  t h e  tuned  and e x c i t e d  t u b e  r e a c h e d  t h e i r  c q u i l l b r i u m  p o s i t i o n s  c lose 
t o  t h e  p l a i , ? s  of m i r i n i u m  p r e s s u r e .  The s m a l l  open  c i r c l e s  in t h e  uppe r  
c u r v e  of F i g u r e  3 show t h e  obse rved  l e v i t a t i o n  p o i n t s .  

The mapnf tude  o f  t h e  sound r a d i a t i o n  f o r c e  on R small s p h e r e  i n  a 
p l a n e  s t a n d i n g  wave is Riven in R e f e r e n c e  2 by t h e  t’quation: 

6 4 9  



where  

1. 

R - radius of sphcrc 
k = 2n / 1 f o r  t h e  gas a t m o s p h e r e  
p = d c n s i t y  of t h c  gas 
v - a c o u s t i c  p a r t i c l e  v c l o c i t y  

0 

L 
i n  a gas. 

J 

The minimiim p o t e n t i a l  e n e r g y  e x i s t s  a t  t h e  v t . l oc i ty  a n t i n o d a l  p l a n e s  
a s  d e s c r i b e d  i t 1  R c f c r c n c e  2 a t  which  p l a n e s  tlie sound p r e s s u r e  is  a minimum. 

A s o l i d  s p h e r e  0.4 cm r a d i u s  wou1.d e x p e r i e n c e  a r a d i a t i o n  f o r c e  
of a p p r o x i m a t e l y  1800 dYncs which  when p l a c e d  a t  a v e l o c i t y  a n t i n o d e  in 
a 20kHz p l a n e  s t a n d i n g  wave, i n  wliich t h e  r n d i a t t d  sorind i n t e n s i t v  of  
t h e  s o u r c e  was lw/cm? (160 d b  sound p r e s s u r e  l e v e l )  and t h e  s t a n d i n g  
vzve  gair? W A S  rhrt>t.fold.  h t  t h i s  s c o u s t i c  f i e l d  s t r e n g t h ,  t h e  0.4 c m  
r a d i u s  s p h e r e  c o u l d  weigh approximaceiy i .S xi .sbs  zzi: i C i X i R  l e l ~ i t n t c J  
on e a r t h .  This c o r r e s p o n d s  t a  3 d e n s i t y  o f  a h o u t  7 f o r  t h e  s p h e r e .  S i n c e  
h i g h e r  sound i n t e n s i t i e s  are  a v a i l a b l e ,  t h e  d e n s e  e l e m e n t s  e v i d e n t l y  c a n  
b e  l e v i t a t e d  t c r r t . s t l , i l l y ,  i f  d e s i r e d .  

Sound a d s o r p t i o n  i n  t h e  l e v i t c t o r  g a s  r e d u c e s  t h e  d i s t a n c e  a t  which  
a body c a n  h e  l e v i t a t e d .  For example ,  t h e  p r e s s u r e  t r o u g h s  i i i  t h e  s t a n d -  
i n t  s a v e  shown i n  F i g u r e  3 a r e  c o n s i d e r a b l y  less pronounced a s  one  moves 
away from t h e  sound s o u r c e .  

T h e  a d ; o r p t i o n  of a low i n t e n s i t y  p l a n r  harmonic sound wave is g i v t n  
i n  R e f e r e n c e  2 and 3 by t h e  e q u a t i o n :  

2 .  

where 

I is t h e  sound i n t e n s i t y  
y is t h e  d i s t a n c e  mc.r:sured i n  a d i r e c t i o n  normal  t o  t h e  wavef ron t  
o i s  t h e  a t t e n u a t i o n  c o n s t a n t  

3 .  
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where  

. . I  is  tl ic re->:iil;ii- f rvq i i cncy  
rl is t h c  shear v i s c o s i t y  c o e f f i c i e n t  of tl)e &.is 
q *  ia t h e  c o n p r e s s i o n a l  v i s c o s i t y  c o e f f  i c i e n t  
p is t h e  d c r r s i t y  of t h e  medium 
c is t h e  v e l o c i t y  of sound 

I t  is s e e n  t h a t  t h e  a t t e n u a t i o n  c o e f f i c i e n t  v a r i e s  a s  t h e  s q u a r e  
of t h e  va ' r ?  f r e q u e n c y .  Thus ,  o p e r a t i o n  of t h e  l e v i t a t o r  a t  t h e  lower  
u l t r a s o i l f c  f r e q u e n c i e s  r e s u l t s  i n  a g r e a t e r  d i s t a n c e  a t  which  t h e  o b j e c t  
c a n  b e  1 e v l t a t . e d .  A!ao, t h e  a b s o r p t f o n  give:i by e q u a t i o n  2 h o l d s  o n l y  
f o r  d i s t a n c e s  c lose t o  t h e  s o u r c e  a s  ment ioned  i n  R e f e r e n c e  2 ,  p 30. A t  
g r e a t e r  d i s t a n c e s  t h a n  one  v a v e l e n g t h  from t h e  s o u r c e  t h e  a b s o r p t i o n  is 
c o n s i d e r a b l y  g r c a t c r  t h a n  t h a t  g i v c n  hv r*qrintion 2 .  The i nc rc . i s e  i n  ab-  
s o r p t i o n  3t t h e  f u n d n n e n t a l  f r e q u e n c y  depends  upon t h e  wave a m p l i t u d e  and  
may b e  a n  o r d e r  of mahxnitude 1arRer t h a n  t h a t  p r e d i c t e d  by  e q u a t i o n  2 .  
The curves shown i n  Figure 3 c a n  be  used  a s  a Kuide t o  i n d i c a t e  t h e  a b s o r p -  
t i o n  losses i n  a 2OkHz l e v i t a t o r  and t h c  a b s o r p t i o n  i n  lower  f r e q u e n c y  
s y s t e m s  c a n  he  s ~ - ' . i l t \ d  f r o m  thesc  curves. 

ACOUSTIC CAVITY ENERGY WELL LEVITATOR 

The l e v i t a t o r  d e w r i h e d  i n  t h e  p r e c e d i n g  s e c t i o n  r e p r c s e n t s  a 
l i m i t e d  v e r s i o n  o f  t h e  more g e n e r a l  e n e r g y  w e l l  l e v i t a t o r  i n  which  reso- 
n a n c e s  a re  deve loped  t h r o u g h o u t  t h e  e n t i r e  t h r e e  d i m e n s i o n s  of t h e  expe r imen t  
chamber.  In t h i s  s e n s e ,  t h e  expe r imen t  chamber is viewed a s  a n  a c o u s t i c  
c a v i t y  t h a t  r a n  b e  e x c i t r d  i n  a r a n g e  of h i g h  and l o w  o r d e r  modes - t h e  
normal  modes of v i h r a t  l o r .  Tvpic.71 a c o u s t i c  c a v i t i z s  a r e  r e p r e s e n t e d  
5v t - x p c t . i t : t \ n t . i l  Fiirn.ic:- ti.ht.-; $ - r  fhc i n t e r f o r  v l > l i i m t -  of a m u f f l c  frirnncr. 
all o f  which volumes  ,-.re . i d a p t a h l c  d f r c c t  l y  t o  ent.rAy w c l l  l c v i t n t i o n  
t h r o u g h  normal  r o d e  e x c i t a t i o n .  

The normal modes o f  v i b r a t i o n  of  a r cc t , 7n .<u la r  e n c l o s u r e  a re  g i v e n  
by t h e  f o l l o w i n g  e q u a t i o n s  o b t a i n e d  from R e f e r e n c e s  4 and 5: 

f = 2 1 1  

I 
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where 

A rcctangu1; i r  c a v i t y  is shown i n  F i g u r e  4 e x c i t e d  i n  normal mode 
The d imcns ions  of  t h e  c a v i t y  arc e = 8 cms, t - 8 cms w i t h  

228'  Y Y 
M 

n 2 ,  n * 2 and n - 8. For a n  a c o u s t i c a l  s i g n a l  of f r equency  ZOkHz, 
iRJeeted 'into t h e  
o b t a i n e d  from ecprl t ion 5 .  These dimensions m y  be t y p i c a l  of a s m a l l  
space  p r o c e s s i n g  cknmher . 

z chamber, t h e  d i s t a n c e  e is c a l c u l a t e d  t o  be  7 cms, 

Thc i iom~l m$181c corrkssponding to  any p a r t i c u l a r  se t  of  v a l u e s  of  

given" by the d i r e c t i o n  c o s i n e s  wx/ir), (J / ( 1 ~ 1  w /to where uY- Cnqy/P --- n , n and 11 can  hc produced by s t a r t i n g  a p l a n e  sound uave  i n  t h e  d i r e c -  
t f o n  

Y z Y 
and l c t t ~ n g  t h e  wnvc r e f l e c t  u n t i l  i t  becomes a s t a n d i n g  wave. Thus, t h e  
sound g e n e r a t o r  used t o  produce l e v i t a t i o n  i n  a c a v i t y  experiment  chamber 
should be  i n s e r t e d  a t  an a n g l e  g iven  by t h e  d i r e c t i o n  c o s i n e s .  I f  t h i s  
is no t  c f f e c t c d ,  t h e  r e s u l t a n t  wave i n  t h e  experiment  chanher  w i l l  n o t  
he p c r i o d i c  and will not  correspond t o  a normal mode (See Refe rence  4 ,  
p .  3 9 0 ) .  

The so*.~! id prcssl.rrc isobars f a t  the  c n v i t v  shown i n  F i g u r e  4 .  a r c  
p l o t t e d  i n  F igure  5 f o r  t h e  S-Y p l a n e  a t  2 = 0. Note t h a t  t h e r e  are f o u r  
p r e s s u r e  minima and consequen t ly  f o u r  l e v i t a t i o n  p o i n t s  i n  t h e  X-Y p l a n e  
a t  z - 0. 

T h e  isobars shown i n  F i g u r e  5 a r c  r e p e a t e d  p e r i o d i c a l l y  as one 
moves a l o n g  t h e  Z a x i s .  S i n c e  t h e r e  are 8 h a l f  wave leng ths  i n  t h e  2 
d i r e c t i o n  (n = 8 ) .  t k r c  are consequen t ly  32 d i s t i n c t  l e v i t a t i o n  r e g i o n s  
i n  t h e  c a v i t y .  However. t!;z d e p t h  of each ene rgy  t rough  w i l l  be  governed 
h v  t h e  n b s o r p t i o n  o f  w m d .  The energv t roughs  n e a r  t o  t h e  sound s o u r c e  
w i l l  h e  stron<c'r ;n,m :host> a d i s t a n c e  away. 

7 

'v ' ir ious exampies of a c o u s t i c  cavi:v levi ta tors  are  g i v e n  i n  t h e  
n e x t  s e c t  i n n .  

T h e  sound s o u r c e  used t l iroaghout t h e  i r v e s t i g a t i o n s  is shown j n  t h e  
photoprsph Ffpurt. h.  The s o u r c e  c o n s i s t s  of a c v l i n d e r  of magnesium- 
aliiminum n l l o v  about  7.5 cm i n  d i ame te r  and of l e n g t h  e q u a l  to a one h a l f  
sound w;ivelength i n  t h e  a l l o y .  The v i b r a t o r  is suppor t ed  hy a f l a n g e  a t  
t h e  midsec t ion  - a d i sp lacemen t  node - and e x c i t a t i o n  of t h e  v i b r a t o r  is 
provitlcd h v  induc ing  eddy c u r r e n t s  i n  a metal  t u b s  turned i n t e g r a l l y  w i t h  
t h e  base of t h e  v i b r n t n r .  A f u l l  d e s c r i p t i o n  of an e a r l v  v e r s i o n  of t h i s  
v i b r a t o r  is g iven  i n  Reference 1. 
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A m u f f l e  f u r n a c e  a h o m  in F i g u r e  7 is adap ted  f o r  u s e  w i t h  t h e  sound 

sot i rce .  T h i s  is accomplished by removing a f i r e b r i c k  from t h e  u n d e r s i d e  
of t h e  f u r n a c e  and  p l a c i n g  t h e  f r o n t  end of  t h e  sound s o u r c e  so t h a t  i t  
is c e n t e r e d  i n  t h e  f i r e b r i c k  h o l e ,  p o i n t i n g  v e r t i c a l l y  upwards.  A f i x e d  
r e f l e c t o r ,  c o n s i s t i n g  of  a f l a t  s l a b  of s t a i n l e s s  s t ee l  is suppor t ed  w i t h i n  
t h e  f u r n a c e  a t  a d i s t a n c e  e q u a l  t o  4 h a l f  wavelengths  of  sound from t h e  
v i b r a t o r  s u r f a c e  and p a r a l l e l  t o  i t .  To r educe  h e a t i n g  o f  t h e  v i b r a t o r  
by t h e  f u r n a c e  h e a t ,  a ser ies  of p a r a l l e l  200 mesh, s t a i n l e s s  s t ee l  w i r e  
mesh s c r e e n s  are p laced  i n m e d i a t e l y  above t h e  v i b r a t o r  i n  a p l a n e  p a r a l l e l  
t o  t h e  v i b r a t o r  s u r f a c e .  The w i r e  mesh s c r e e n s  i n t r o d u c e  v e r y  s m a l l  ab- 
s o r p t i o n  of  t h e  sound wave, b u t  e f f e c t i v e l y  conduct  away t h e  h e a t  t h a t  
o t h e r w i s e  might impair  t h e  p e r f o m a n c e  of t h e  v i b r a t o r .  A d e t a i l e d  des-  
s c r i p t i o n  of a c o u s t i c a l  t r a n s m i s s i o n  through w i r e  mesh screeas is g i v e n  
i n  Refe rence  6. 

' I  

An e x p e r i m e n t a l  f u r n a c e  module, s u i t a b l e  f o r  d r o p  tower and r o c k e t  
expe r imen t s .  is shown i n  F i g u r e  8, equipped w i t h  t h e  a c o u s t i c  l e v i t a t o r ,  
f o r  l e v i t a t i n g  specimens of cha lcogen ide  g l a s s .  The f u r n a c e  o p e r a t e s  a t  
800°C, a t  which t empera tu re  s o l i d  specimens c a n  b e  l e v i t a t e d  and me l t ed .  
The f u r n a c e  module c o n s i s t s  of  a fused q u a r t z  t u b e  measuring 7 . 5  c m  d i a -  
lteter by 1 5  cms i n  l e n g t h ,  o u t s i d e  of which a r e  p l aced  two n i cke l - ch romim 
h e a t i n g  e l emen t s .  The t o p  end of t h e  q u a r t z  t u b e  is c l o s e d  by a r e f r a c t o r y  
c a p  through which a n  i n e r t  gas c a n  be passed by means of a n  i n l e t  t ube .  
An a d j u s t a b l e  metal r e f l e c t o r  is provided i n s i d e  t h e  q u a r t z  t u b e  t o  i n -  
c r e a s e  t h e  i e v i c a t i o n  forces. 

PERFORMANCE EVALUATION 

The s t a b i l i t y  o f  t h e  a c o u s t i c  energy w e l l  l e v i t a t i o n  p r o c e s s  can  
be gaged from t h e  t h r e e  photographs shown i n  F i g u r e  9. The uppe r  photo- 
grgph shows t h e  l e v i t a t o r  ( f r equency  2OkHz) mounted i n s i d e  a d r o p  tower 
cage and p o i n t i n g  v e r t i c a l l y  upwards. A specimen :an be seen  l e v i t a t e d  
approx ima te ly  halfway between t h e  upper s u r f a c e  of t h e  v i b r a t c j r  and t h e  
r e f l e c t o r .  
l e v i t a t e d  when t h e  e n t i r e  assembly is r o t a t e d  through 90".  The lower photo- 
graph shows t h e  system p o i n t i n g  v e r t i c a l l y  downwards. The system i s  s t a b l e  
and independent  of t h e  d i r e c t i o n  of t h e  sound beam. We t h u s  conc lude  
t h a t  t h e  energy w e l l s  a re  c l o s e d .  I n  t h e  c e n t e r  pho tographs  of F i g u r e  9 ,  
t h e  l e v i t a t e d  specimen is s h o w  p u l l e d  by g r a v i t y  t o  a p o s i t i o n  s l i g h t l y  
below t h e  p o s i t i o n  o r i g i n a l l y  occupied in t h e  upper  photograph.  The de- 
f l e c t i o n  of t h e  specimen p r o v i d e s  t h e  means t o  measure t h e  l'sideways" 
r e s t o r i n g  f o r c e s  i n  t h e  l e v i t a t o r .  I n  t h e  i n s t a n c e  c i t e d ,  t h e  l a t e r a l  
r e s t o r i n g  f o r c e s  a re  abou t  10% of t h e  l e v i t a t i o n  f o r c e s  i n  tne d i r e c t i o n  
of t h e  main sound beam. 

The c e n t e r  photograph i n  F i g u r e  9 shows t h e  specimen remaining 

The photographs shown i n  F i g u r e s  10 and 11 d e m o n s t r a t e  l e v i t a t l o n  
of l i q u i d  and s o l i d  m a t e r i a l s .  The l e v i t a t o r  f r equency  was 20kHz and t h e  
e l e c t r i c a l  power i n p u t  i n t o  t h e  v i b r a t o r  was approx ima te ly  85 w a t t s  through- 
o u t .  The l e f t  photograpn i n  F i g u r e  10  shows a l e v i t a t e d  w a t e r  d r c p l e t  
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measuring approx ima te ly  0.4 c m  i n  l e n g t h .  
t e n i n g  is obse rved .  The f l a t t e n i n g  r e s u l t s  from t h e  sound r a d i a t i o n  
f o r c e .  The d r o p l e t  shape is governed by t h e  s u r f a c e  t e n s i o n  cf t h e  
water and t h e  shape  and s t r e n g t h  of  t h e  a c o u s t i c  ene rgy  w e l l  i n  which 
i t  r e s i d e s .  By d e l i b e r a t e l y  s h a p i n g  t h e  ene rgy  w e l l ,  t h e  l i q u i d  c o u l d ,  
i n  p r i n c i p l e ,  be  formed t o  a d e s i r e d  shape  w i t h o u t  c o n t a c t i n g  s u r f a c e s .  
The r i g h t  photograph i n  F i g u r e  10 shows a s o l i d  aluminum s p h e r e  l e v i t a t e d  
b r a s s  d i s c  measuring abou t  5 cm d i a m e t e r  by 0.5 c m  t h i c k .  L e v i t a t i o n  
of t h e  d i s c  is o b t a i n e d  w i t h o u t  a s e p a r a t e  r e f l e c t o r  s i n c e  t h e  d i s c  acts  
as  its own r e f l e c t o r .  Here, g r a v i t y  is needed t o  r e t a i n  t h e  specimen 
i n  p o s i t i o n .  For s p a c e  a p p l i c a t i o n s ,  a s e p a r a t e  r e f l e c t o r  would be  re- 
q u i r e d .  The upper  photograph i n  F i g i r e  11 shows f i v e  s p h e r e s  s i m u l t a n e o u s l y  
l e v i t a t e d  i n  t h e  s t a n d i n g  wave as  i n d i c a t e d  i n  F i g u r e  3. 

A c o n s i d e r a b l e  d e g r e e  of  f l a t -  

P o s i t i o n  c o n t r o l  i n  t h e  l e v i t a t o r  is e f f e c t e d  by s imply  moving 
e i t h e r  t h e  r e f l e c t o r  or t h e  sound g e n e r a t o r .  TI.? specimen w i l l  f o l l o w  
t h e  motion of t h e  s u r f a c e  t h a t  is moved. 

A c o u s t i c  " l i f t - o f f "  of a specimen from a wire mesh s c r e e n  is shown 
i n  F i g u r e  12 .  The specimen w i l l  l i f t  from t h e  p o s i t i o n  of t h e  spoon 
i n  t h e  lower photograph t o  t h e  p o s i t i o n  of  t h e  specimen i n  t h e  upper  
photo.  

APPLICATIONS 

F r e e  Suspension Mel t ing  

Low t e m p e r a t u r e  c o n t a i n e r l e s s  m e l t i n g  is demonstrated i n  t h e  sequence 
of  photographs i n  F i g u r e  13. 
is i n t r o d u c e d  i n  t h e  l e v i t a t o r  and i s  shown i n  tho  t o p  l e f t -hand  photograph.  
P a r t i a l  m e l t i n g  of  t h e  material ,  o b t a i n e d  by means of a qusr ' tz  lamp, is 
show;? i n  t h e  t o p  r ight-hand photograph. I t  is  observed t h a t  t h e  m a t e r i a l  
h a s  taken an approx ima te ly  s p h e r i c a l  form. As t h e  v i s c o s i t y  of t h e  m a t e r i a l  
r educes  w i t h  i n c r e a s i n g  t empera tu re ,  t h e  s p h e r e  f l a t t e n s  ( lower l e f t - h a n d  
photograph)  and f i n a l l y  t h e  material  is compressed by t h e  sound v i b r a t i o n  
f o r c e s  t o  a f l a t t e n e d  d i s c - l i k e  shape.  The s p h e r i c a l  form cou ld  be re- 
t a i n e d  by r e d u c i n g  t h e  i n t e n s i t y  of t h e  sound f i e l d .  I n  low g r a v i t y ,  for 
example, t h e  sound f i e l d s  could b e  reduced i n  p r o p o r t i o n  t o  t h e  r e d u c t i o n  
i n  t b e  g r a v i t y  f i e l d .  Consequent ly ,  l i t t l e  d i s t o r t i o n  of  a s p h e r i c a l  body 
shoi.ld r e s u l t  from t h e  a c o u s t i c  l e v i t a t i a n .  A p e n a l t y ,  however is t h e  
ip..;reasing t i m e  t o  r e s t o r e  t h e  body t o  e q u i l i b r i u m ,  when t h e  sound f i e l d s  
a r e  reduced.  

A p i c o e l a s t i c  material, m e l t i n g  p o i n t  80°C, 

High t empera tu re  c o n t a i n e r l e s s  m e l t i n g  of  aluminum and g l a s s  is 
shovn i n  F i g u r e s  14  and 15 ,  r e s p e c t i v e l y ,  unde r t aken  i n  t h e  m u f f l e  f u r n a c e  
l e v i t a t o r  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  The t c p  photograph i n  F i g u r e  
1 4  shows an i r r e g u l a r ,  s o l i d ,  Gllimfnum ball . .  i n t roduced  i n t o  t h e  f u r n a c e .  
The sound v i b r a t o r  is d i r e c t e i  upwards rhrvugh t h e  bottom of t h e  f u r n a c e  
as d e s c r i b e d  p r e v i o u s l y .  The f l a t  p l a t e ,  sitli;+ed midway between t h e  bottom 
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and t o  of t h e  f u r n a c e ,  i n  t h e  r e f l e c t o r .  F u r n a c e  t e m p e r a t u r e ,  mt ias i rcd  
a t  R d f s t e n c e  of 7 cms to t h e  t e a t  of t h e  apec imen,  w a s  1000°C. 
< i i  * ~ l . i p : : d  t f m c  of 40 s e c c n d s  r) pbocclcrnph wns t nken .  shiiwn a t  t h e  hor tom 
c j !  b'tctirt% l h .  /It t h i s  p o i n t ,  t t r t .  . i 1 t t r t n i i m  h ~ t l  n i r l t ~ d  and was approx!m.it t>ly 
s p t i c r i c a l  I n  form. 

A f t e r  

F i g u r e  15 shows tvo pho tographs  of c o n t n i p r r l e s s  g l a s s  m e l t i n g .  
Each p h o t o g r a p h  was t a k e n  30 s e c o n d s  a p a r t .  I r  t h e  t o p  p h o t o g r a p h  a g h s s  
d i s c ,  1 c m  i n  d iametc i r ,  was i n a e r t e d  i n t o  t h e  f u r n a c e  and  l e v i t a t e d .  Tho 
d i s c  i s  s i t u a t e d  towards  t h e  t o p  r i g h t - h a n d  s i d e  of t h e  p i c t u r e .  The 
bo t tom p h o t o g r a p h  shows t h e  g l a s s  d i s c  m e l t e d  t o  form a s p h e r e  o f  mol t en  
g l a s s  t h a t  remained  s t a b l y  l e v i t a t e d .  The f u r n a c e  t e m p e r a t u r e  was 800°C 
f o r  t h i s  s e q u e n c e  o f  p h o t o g r a p h s .  E l e c t r i c a l  power i n t o  t h e  l e v i t a t o r  
w a s  200 w a t t s .  Sma l l  random m o t i o n s  o f  t h e  l e v i t a t e d  s p h e r e  were o b s e r v e d .  
Those random m o t i o n s  w e r e  m o s t l y  caused  by d r a f t s  e n t e r i n g  t h e  open f r o n t  
door  of t h e  f u r n a c e .  

L i q u i d  I n j e c t =  

I n j e c t i o n  of l i q u i d s  i c t o  t h e  l e v i t a t o r  may p z e s e n t  a problem i f  
t h e  l i q u i d  i s  n o t  i n l e c t e d  i n t o  a n  ene rgv  w e l l  and i f  t o o  m i l c h  l i q u i d  is 
i n s e r t e d  a t  arly one  time. Improper  l i q u i d  i n j c c t i L - n  r e s u l t s  i n  b reak -up  
of t h e  l i q u i d  d r o p l e t  and c o n s e q u e n t  fouling of t h e  expe r imen t  chamber.  
'1 * --+!--.-I b b , L  b.,"" cf ?iqi ;?d in:ec:ic.n cznxistr. of d c t n c h i - ~  t h e  drcpler frnrn t??e 
end o f  a c a p i l l a r y  t u b e .  The w e i g h t  o f  t h e  l a r g e s t  d r o p  t h a t  c a n  hang 
from t h e  end of a t u b e  of r a d i u s  a ,  is mg = Aa a y c o s  a whe ie  y is t h e  
s u r f a c e  t e n s i o n  and a i s  t h e  a n g l e  of c o n t a c t  w i t h  t h e  t u b e .  By c h o o s i n g  
a t u b e  o f  d i a T e t e r  c a l c u l a t e d  from t h i s  e q u a t i o n  t h e  s i z e  o f  t h e  d r o p  c a n  
b e  o b t a i n e d ,  t h a t  t h e  l e v i t a t o r  w i l l  a c c e p t  w i t h o u t  l i q u i d  break-up .  T h i s  
is d e m o n s t r a t e d  by t h e  r w  p h o t o s r a p h s  shown i n  F i g u r e  16 .  The t o p  photo-  
g raph  shows a w a t e r  d r Q p l e t  growing at t h e  end of a c a p i l l a r y  t u b e  t h a t  
1s i n s e r t e d  i n t o  tt.e l e v i t a t o r .  :\s t h e  d r o p  grows,  i t  w i l l  t end  t o  move 
i n  t h e  sound f i e l d .  h i t  r emain  nt t . i t - t i i .+  to thc c . i y I l l n r v  t u b e .  The 
ca:lllnrv tube I ?  n n w  moved i i n r i l  .in t-nt*r::v ~ ~ t - 1 1  i s  f tv ind  w h e r e  t h t -  d r o p -  
l e t  r e a c h e s  e q u i l i b r i u m  and ehovs  no  t e n d e n c y  t o  t r a n s l a t e .  After  a few 
s e c o n d s  t h e  d r o p l e t  vi11 d e t a c h  when i t  r e a c h e s  c r i t i c a l  s i z e  and remain  
l e v i t a t e d .  I h e  d e t a c h e d  d r o p l e t  is shown i n  t h e  bo t tom pho tograph  i n  
F i g u r e  16. Under  low g r a v i t p  a s l i g h t  gas o v e r p r e s s u r e  i n  t h e  c a p i l l a r y  
t u b e  s h o u l d  s u f f i c e  t o  e j e c t  t h e  l i q u i d  f rom t h e  c a p i l l a r y  t u b e .  

L c v i s n t e d  l i n u i d a  m r i v  b e  shaped  hv i n c r e a s i n g  or  d e c r e a s i n g  t h e  
sound p r e s s u r e  a r ,  a l t e r n a t i v e l y ,  by s h a p i n g  t h e  n c o u s t i c  e n e r g y  w e l l  i n  
which t h e  . l e v i t a t i o n  t a k e s  p l a c e .  A sequence  of p h o t o g r a i h c  o f  3 l c v i -  
t e t e d  w a t e r  dr.:p Is s h o ~ n  i n  F i g u r e  1 7 .  The p h o t o g r a p h s  w e r e  e a c h  t a k e n  
e t  a d i f f e r e n t  sound Fr -ssure  l e v e l .  I t  c a n  be s e e n  t h a t  t h e  d r o p  pro-  
{ ( r c s s i v e l y  f l a t t e n s  a s  tile sound p r e s s u r e  i s  i nc re . s sed .  
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EFFECT OF THE LEVITATOR SOUND FIELDS 
ON THE PRDCESSING OF !IATERIALS 

A series of experiments w a s  conducted t o  l n d i c a t e  t h e  e f f e c t ,  i f  
any, of t h e  l e v i t a t o r  sound f i e l d  on t h e  material be ing  processed. 
t h e  viewpoint of c l a s s i c a l  a c o u s t i c s ,  t h e  mismatch i n  a c o u s t i c a l  impedance 
between t h e  l e v i t a t o r  gas  i n  which t h e  sound f i e l d  propagates  and t h e  
m a t e r i a l  l e v i t a t e d ,  is  cons iderable ,  and t h e  energy t r a n s f e r  should be 
extremely small. 
u n i t s  and t h a t  of water 1 .5  x 105 cgs  u n i t s .  
about  3500 t o  1 r e s u l t i n g  i n  an  energy t r a n s f e r  r a t i o  equal  t o  t h e  square  
of t h i s  r a t i o ,  o r  about  1 .2  x l o 7  
could a r i s e  i n  a l e v i t a t e d  material such as s u r f a c e  o r  volume resonances 
t h a t  may i n c r e a s e  t h e  energy t r a n s f e r  from t h e  sound f i e l d .  

From 

For example, t h e  a c o u s t i c a l  impedance of a i r  is 42 cgs  
The impedance mismatch is 

t o  1. However, o t h e r  d i s tu rbances  

To check the  s e n s i t i v i t y  of a material process  t o  t h e  l e v i t a t o r  
sound f i e l d ,  t h e  fo l lowing  experiments were conducted. A d r o p l e t  of ben- 
zophenone (M.P. 47OC), measuring 4 m diameter ,  w a s  l e v i t a t e d  and allowed 
t o  supercool  i n  t h e  l e v i t a t o r  whi le  f r e e l y  suspended. I t  w a s  observed 
t h a t  t h e  d r o p l e t  supercooled by 16Z 01 clie mel t ing  po in t  tzmperature  with-  
ou t  any ind ica t io i l  of c r y s t a l l i z a t i o n .  During t h e  cool ing  process  t h e  
drop was viewed cont inuous ly  under a microscope us ing  a po la r i zed  l i g h t  
source t o  i n d i c a t e  any tendency of t h e  l i q u i d  t o  s o l i d i f y .  

Tn the second experiment,  i t  w a s  decided t o  i r r a d i a t e  a supercooled 
l i q u i d  by soupl ing  sound i n t o  the  l i q u i d  by d i r e c t  immerslon of an  u i t r a -  
son ic  t ransducer .  The a c o u s t i c  energy t r a n s f e r  is  high,  i n  t h i s  cond i t ion ,  
such t h a t  50 t o  60% of t h e  sound energy geners ted  i n  t h e  t r ansduce r  is 
propagated i n t o  the  l i q u i d .  The experimental  appa ra tus  is shown i n  t h e  
top  photograph of F igure  18. The metal c y l i n d r i c a l  s t u b  of t h e  a c o u s t i c  
t ransducer  can be seen immersed i n  t h e  l i q u i d  (benzophenone) i n  t h e  fore-  
ground of t h e  photagraph. A t  t h e  bottom r i g h t  sAde a s m a l l  a c o u s t i c  probe 
can be seen  which is used t o  d e t e c t  t h e  sound f i e l d .  This  probe is con- 
nected t o  a narrow band e l e c t r i c a l  f i l t e r  t h a t  can be switched i n t o  t h e  
c i r c u i t  ar?d used t o  suppress  t h e  d i r e c t  a c o u s t i c  s i g n a l  rece ived  from the  
t ransducer .  The l iqLid  was supercooled,  as  shown by the  bottom curve of 
t he  supercool ing  curves  p l o t t e d  i n  F igu re  19. A t  a temperature  of 3O.a0C 
t he  t ransducer  w a s  exc i t ed  a t  t h e  inc reas ing  v o l t a g e s  l a b e l l e d  on t h e  
curve.  A t  a t ransducer  d r i v e  v o l t a g e  of Z?Ovol t s ,  a c o u s t i c  c a v i t a t i o n  
w a s  v i s u a l l y  observed i n  t h e  l i q u i d  benzoph-none, whereupon t h e  l i q u i d  
c r y s t a l l i z e d  a t  a high ra te ,  shown by a st.;rp i r c r e a s e  i n  temperature  
of t he  l i q u i d  - t h e  lowei curve i n  F igure  19  - and shown by t h e  c r y s t a l l i z a -  
t i o n  ev ident  i n  t h e  photographs i n  Figx- t !  18.  J u s t  p r i o r  t r J  t h e  incep t ion  
of c r y s t a l l i z s t i o n ,  t he  acous t i c  pr>b%rdica ted  a no i se  s i g n a t u r e  shown 
by the  osc i l l o scope  t r a c e s  i n  the  photograpns.  The n o i s e  s i g n a t u r e  was 
c h a r a c t e r i s t i c  of sonic  c a v i t a t i o n  (See References 1, 7 t o  1 1 ) .  P r i o r  
t o  the  incc t i o n  of c a v i t a t i o n  the  a c o u s t i c  i n t e n s i t y  i n  the  l i q u i d  w a s  
s u b s t a n t i a l ,  and from the  a c o u s t i c  probe r ead ing ,  was ca l cu la t ed  t o  ex- 
ceed 0 .1  watt/". 
on the  c r y s t a l l i z a t i o n  process  could be observed as  shown i n  F igure  1s. 

A t  t he  0 .1  w a t t / m 2  c c o u s t i c  r a d i a t i o n  l e v e l ,  no e f f e c t  

656 



The e v i d e n c e  a p p e a r s  to  i u d i c a t e  t h a t  t h e  sound f i e l d n  must r e a c h  t h e  
c a v i t a t i o n  l e v e l  for t h e s e  f i e l d s  t o  e f f e c t  c r y s t a l l i z a t i o n  of t h e  
m . i r t * r i . i l .  . \TI  t~ucc*p t i cn  ut-iilJ fit. In n s p c c i f i c  inst .1ncc i n  G!!ich a d r l i h -  
t .r .~:t* . \ t  t t n p t  W.IS  m. l# i t \  t o  t . t f ~ i p l c  t h c  );,1s-born sotirid c*rlcrjiv t o  t l i c  m.itt-r 1 . 1 1  , 
for purposes  of a c o u s t i c  mixing of t h e  material, homogenizat ion or o t h c r  
a c o u s t i c  p r o c e s s i n g  f a c t o r s .  I n  t h i s  e v e n t ,  t h e  sound f r equency  cou ld  
be a d j u s t e d  t o  r e s o n a t e  t h e  material and i n c r e a s e  t h e  ene rgy  c o u p l i n g .  
These f a c t o r s  c o n s i d e r e d  f u r t h e r  in t h e  Appendix. ' 

CONCLUSIONS 

The a c o u s t i c  ene rgy  w e l l  l e v i t a t o r  is  c a p a b l e  of l e v i t a t i n g  and 
p o s i t i o n i n g  l i q u i d s ,  and s o l i d  d e n s e  materials of s i z e s  u s e f u l  i n  s p a c e  
p r o c e s s i n g  expe r imen t s .  The method c a n  b e  s c a l e d  t o  a f u l l  s c a l e  s p a c e  
manufac tu r ing  process. The v i r t u e  of s i m p l i c i t y  is r e t a i n e d  i n  t h e  
l e v i t a t o r .  w h i l e  o p e r a t i n g  i n  h i g h  t empera tu re  environments  e x c e d i n g  
LO00"C. A gas a tmosphere  is n e c e s s a r y  t o  conduct  t h e  sound, h i t  t h e  
g a s  p r e s s u r e  can  b e  reduced a t  t h e  c o s t  of r e d u c i n g  t h e  l e v i t a t i o n  f o r c e s .  
C o n t a i n e r l e s s  s h a p i n g  of materials can be accompl i shed ,  though precise 
shap ing  imuld r e q u f r e  c a r e f u l  d e s i g n  of t h e  experiment  chamber t o  form 
t h e  t'nrrgy w e l l s  t o  t h e  p r o p e r  shape.  Prec ise  p o s i t i o n i n g  c a n  be ob- 
t a i n e d  by moving a r e f l e c t i n g  s u r f a c e  or by moving t h e  sound s o u r c e .  By 
thfs means. a specimen can  b e  t r a n s l a t e d  from a h o t  r e g i o n  t o  a co ld  r e g i o n .  
The ene rgy  w e l l  l e v i t a t o r  is a d a p t a b l e  io a rang:e nf spece expeiJ3;nei;ts. 
S t r i p  materials, f l a t  b l a n k s  and discs are p a r t i c u l a r l y  e a s i l y  handled.  
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APPENDIX 

Mechanisms of  Acoust ic  Cav i t a t ion  and E f f e c t  
On--grxs t a l  1 i 53 t ion- 

We have concluded earlier t h a t  c a v i t a t i o n  levels of sound e v i d e n t l y  
are necessary  t o  jnduce nuc lea t ion  and c r y s t a l l i z a t i o n  of a supercooled 
l i q u i d .  
r e l a t e d  e f f e c t s  can occur  and what t h e i r  s i g n i f i c a n c e  may be. 

W e  d i s g i e s s  a t  t h i s  po in t  t o  eva lua te  how t h e s e  c a v i t a t i o n -  

Cavi taLion processes  s tar t  when a bubble o r  o t h e r  nuc lean t  enters 
a sound f i e l d .  A bubble t rapped i n  a sound f i e l d  w i l l  b e g i t  t.0 grow - 
a process  known aa  r e c t i f i e d  d i f f u s i o n .  I f  t h e  l o c a l i z e d  soiind i n t e n s i t y  
is low, t h e  bubble  vi11 cont inue  t o  o a c i l l a t e .  The bubble  may grow t o  
resonant  s i z e  o r  coa le sce  wi th  o t h e r  bubbles  and bacome v i s i b l e  t o  t h e  
naked eye. Gaseous c a v i t a t i o n  such as t h i s  g ives  rise t o  a 1l.ne spectrum 
of a c o u s t i c  n o i s e  t h a t  may be neasured - d t h  a broad band a c o c s t i c  probe,  
as  mentioned ear l ier .  P res su re  and p a r t i c l e  v e l o c i t i e s  i n  t h e  gaseous 
c a v i t a t i o n  s ta te  do no t  much exceed those  i n  t h e  inciden': sound f i e l d .  
As sii-h, gaseous c a v i t a t i o n  gene ra l l )  is found t o  p l ay  only  a minor r o l e  
i n  changing t h e  p r o p e r t i e s  of l i q u i d s .  This f a c t  is brought  o u t  i n  a 
m u l t i p l i c i t y  of r e f e r e n c e s  of which References 7 t o  11 have been s e l e c t e d .  
High sound i n t e n s i t i e s ,  u s u a l l y  >f  t he  o rde r  of 0.3W/cm2 o r  g r e a t e r  g ive  
r ise  t o  vaporous c a v i t a t i o n .  Vaporous c a v i t a t i o n  arises as  fol lows:  
h b S I ~ s  n; il ~ i z e  siic!: rhzt  t h e i r  resonant  f requency is h ig5e r  than t h e  
inc iden t  sc7ind frequency behave non l inea r ly  as  shown i n  "neic=ieccc 7. 
These bubbles  grow a t  about  t h e  rect i f ied d i f f u s i o n  growth rate, but  a t  
a c r i t i c a l  s i z e ,  t h e  bubbles  c o l l a p s e  wl th  extreme v i o l e n c e  genera t ing  
l o c a l i z e d  shock waves t h a t  f u r t h e r  n u c l e a t e  t'ie l i q u i d  t h a t  surrounds the  
o r i g i n a l  vo ids .  Temperatures i n  t h e  collapsin;! voLd may be  extreme, and 
may exceed lo4 degrees  Kelvin.  
spectrum and t h i s  spectrum can be  used as  a " labe l"  f o r  t h e  e x i s t e n c e  of 
vaporous c a v i t a t i o n  i n  a l i q u i d .  Vaporous c a v i t a t i o n  is t h e  p r i n c i p l e  
mechanism whereby sound can induce fundamentt l  changes in a l i p i d  such 
a s ,  f o r  example, i nc reas ing  t h e  nuc lea t ion  rB tes  cf id l i q u i l .  

The acoustic n o i s e  shows a cont inuous 

The evidence from t h e  photographs i n  F igure  18, showing t h e  e f f e c t  
of d i r e c t  sound i r :adiat ion of supercooled benzophecone, is reconsidered 
i n  the  l i g h t  of t hese  cons ide ra t ions .  The top  le f t -hand  photograph shows 
t h e  ccnd i t ion  wi th  no sound r a d i a t i o n  - t h e  o s c i l l o s c o p e  t r a c e  shows no 
v e r t i c a l  d e f l e c t i o n  i n d i c a t i n g  that no sound is being  rece ived  a t  t h e  
a c o u s t i c  probe. 

The bottom lef t -hand photograph shows a small v e r t i c a l  t r a c e  pro- 
duced by 0 .1  W/cm2 sound r a d i a t i o n  a t  20kHz of the  l i q u i d .  
is  found t o  be a n o i s e  s i g n a l  c o n s i s t i n g  of a l i n e  spectrum and corresponds 
t o  the  gaseous c a v i t a t i o n ,  a s  a l luded  t o  earlier. Vaporous c a v i t a t i o n  i s  
incepted ve ry  suddent ly  a t  a s l i g h t l y  h ighe r  sound level as  seen  v i s u a l l y  
i n  the  top  right-hand photograph taken 100 mi l l i s econds  la te r .  The vapor- 
ous c a v i t a t i o n  is i d e n t i f i e d  by t h e  streamers eaanat ing  from t h e  bottom 

This t r a c e  
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. .  

f ace  of t h e  t ransducer  and moving i n  a curved pa th  t o  t h e  r : g h t  of t h e  
p i c a r e .  The osc i l l o scope  t r a c e  shows the  c h a r a c t e r i s t i c  jump i n  t h e  
accusLic n o i s e  l e v e l  due t o  the  a d d i t i o n  of  t h e  cont inuous no i se  - f u r t h e r  
i d e n t i f y i n g  t h e  ex i s t ence  of vaporous c c v i t a t i o n .  
t h e  s tar t  o f  vaporous c a v i t a t i o n ,  w e  have t h e  start of  t iucleat ion and 
c r y s t a l l i z a t i o n  i n  t h e  l i q u i d  as shown i n  t h e  bottom r i i ;h t  photograph. 
A few seconds a f t e r  t h i s  p i c t u r e  w a s  taken t h e  whole con ta ine r  of super-  
cooled benzophenone had s o l i d i f i e d .  
disappeared even though t h e  sound remains on. 
of benzophenone absorb t h e  sound and prevent  t he  sound from reaching  t h e  
a c o u s t i c  probe. 

A l m o s t  i n s t a n t l y  wi th  

Note t h a t  t h e  osc i l l o scope  trace has  
This is because t h e  c r y s t a l s  

The evidence from this experiment is  t h a t  t h e  vaporous c a v i t a t i o n  

As discussed  earlier, i t  is  very  improbable 
threshold  must be  exceeded f o r  t h e  sound t o  cause c r y s t a l l i z a t i o n  and 
nuc lea t ion  of t h e  m a t a i a l .  
t h a t  t h e s e  l e v e l s  of sound energy can be coupled from the  l e v i t a t o r  t o  
a f u l l y  suspended l i q u i d .  

.' 
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ACOUSTICAL POSITIONING CHAMBER FOR SPACE PROCESSTNG 

T. G. Wang*, M. M. Saffren, and D. D. Elleman 
Jet Propulsion Laboratory 
Pasadena, California 91103 

SUMMARY 

By readily levitating, positioning, and manipulating materials 

placed in it, the acoustical resonator can serve a variety of space 

prcxessiix opera t iens ,  s x h  BS drad-ng crySta1.s; degassing, and stirring 

of melts, and casting. 

*Paper presented by T. G. Wang. 
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l'hc rlt,tiio,i u t i 1 i z c . s  tlie f a c t  tliat when a n  a c o u s t i c a l  s t a n d i n g  WRVC i s  e x c i t e r l  

w i t h i n  :in c i i c l o s u r c ,  or resonator ,  t h e  p r e s s u r e  i s  g r e a t e r  a t  t h e  n o d e s  of t!ie 

~ : I V I >  , i r - i i ) :  i t  i i c l t '  t i i . i i i  tlic ant i n o d e s  ( t l i e r e ,  p r a c t i c a l l y  z e r o )  ; c o n s e q u e n t l v ,  

l i q u i d s  nnd ? , ~ r t i c l c . s  i n t r o d u c e d  i n t o  t h e  r e s o n a t v r  w i l l  be d r i v e n  away from 

ti:t. . i f .  t . I L -  t . ; i . i ~ ; ! ~ c . r  \:ails t o w a r d  tiie Z n t i i i o d e s ,  w I i e r 2  t h e y  col lL,ct  . i i i d  

r t - r ia i i i  l i n t  i 1 t i i t '  e s c i t a t i o n  ceases.  S l i g h t l y  m o d i f y i n g  tha a c o u s t i c  f i e l d  w i l l  

rLit . i tc tile c o l l e c t e d  n;i t t!r ial ,  a t e c l i n l q u e  r e c e n t l y  p r o v t n  i n  o u r  l a b o r a t o r y  

:iv :: i > ~ : i . i \ :  .I i d  ? < i t n i t  in;.: st>ap I i u S b l e s  a n d  s t y r o f o a n i  ba l l s .  . .  

!:,c ::-;.:i!! i r , l r t '  I I W  I ; I I I ~  . i p p l ; c a : i ~ n s  to s p a c e  prccesqing: zone  m e l t i n , ! .  c . i s t i n ~ : ,  

c r y s t a l  ;;rtit:in<, ~ ~ 1 s t  i r i q  o f  c o m p o s i t e s ,  c a s t i n g  materials s i t h  d i s p e r s e d  v o i d s ,  

a n d  i i i ( . r i i c : i l  s y n t ; i c s i s .  , \ l t e r i n g  t h e  s h a p e  of t h e  r e s o n a t o r  w i l l  a l t e r  tile 

s11,ipc ( i t '  t ! , t >  < i : i t L i i , d a l  r e g i o n  a n d  c a u s e  a m c l t  t o  assume a p a r t i c u l a r  f o r a i  -- 
f n r  i i i s t < i : i ~ - ( > ,  t i i a t  o f  n c y l i n d e r ,  one p a r t i c u l a r l y  s u i t e d  t o  z o n e - r e f i n i n g  3 

m 2 l  t .  I:::r!lcii:a. I Y  s n i ind  waves a t  f r e q u e n c i e s  c o r r e s p o n d i n g  t o  resmiaiit modcs 

I > :  t ,. . : '  : i ! !  : T s c i l l a t t - ,  niid S O  s t i r  i t .  A movnhle  w a l l  i n  tiic rL's[>:i,:tnr 

, ! : , : ,  . . e  J I . ,.: ' . : . i t , i i i ;  t!ie . i n i t n o d e s  move a p . i r t .  R o t , z t i n S  L'IL, m . 1 ~  ~ ' . i : i  

de ; : i s  ,i-,J r g n t  rL>l t!ie s e g r e g a t i o n  oE s : l b s t a n c e s  w i t h i n  i t .  Laser a n d  i o n  bcnms 

C ~ I V  h t .  : I  . O . J  : , y r  t . n i i t a c t l e s s  l i e a t i n g  o f  t h e  m e l t .  

. .  

. .  . .  
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The r e s o n a n t  chamber and the s p e a k e r  d r i v e r  u n i t s  a re  a c o u s t i c a l l y  coupled tliroiigli 

t h e  twelve I /8"  h o l e s  which a r c  d r i l l e d  r n d i i l l l y  s y n n w t r i c a l l y  n r o u n d  ttic c c n t c r  

of t h r e e  o r t h o g o n a l  p l anes .  T h i s  arrangement  w i l l  p i c k  o u t  t h e  p a r t  of t h e  wave 

f r o n t  t h a t  h a s  same pliase a n g l e  t o  e n t e r  t h e  r e s o n a n t  box. Mien t h e  chamber w;ss 

d r i v e n  a t  t h e  one o f  i t s  r e sonance  nodes by a c o u s t i c a l  compress iona l  d r i v e r s ,  the 

ambient p r e s s u r e  is  maximiim a t  t h e  nodes of t h e  wave and is minimum a t  t h e  a n t i -  

nodes. Consequent ly  t h e r e  i s  a tendency for l i q u i d s  and p a r t i c l e s  i n t r o d u c e d  into 

such  e n c l o s u r e s  t o  be d r i v e  toward the a n t i n o d e s  where t h e  materials c o l l e c t  and 

remain u n t i l  e x c i t a t i o n  c e a s e s .  

Thc avc ragc  ambient p r e s s u r e  change AF i n  a sound wave is 

Where P i s  t h e  e x c e s s  p r e s s u r e ,  11 is t h e  p a r t i c l c  v e l o c i t y ,  and 5 is d e n s i t y  O F  
ncdiun.  

The p r e s s u r e  p r o f i l e  i n  o u r  system can  be d e r i v e d  as f o l l o w i n g :  

T h c  wave cqriat ion $ f o r  our r c c t a n g r i l a r  chamber can be csprcssed n s  

i w  t i w  t i w  t 
X z c o s  k Y e + + z  c o s  k z e Y z $ = S x  c o s  k X e + I D y  

X 

Wliere art? the  cc~np lex  v e l o c i t y  p o t c n t  iLil  a m p l i t u d e s  o t  standin!: %.ivL-> o f  

f rcqrrency (11 a n d  wavelength c o n s t a n t  k w i t h  a v e l o c i t y  C .  
+ X , Y , Z  

X , Y , Z  X , ] , Z  
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t h e  p a r t i c l e  v e l o c i t y  U by d e f i n i t i c n  is  

U - A+ 

Thc momentum c o n s e r v a t i o n  c o n d i t i o n  g i v e s  us 

( 3 )  

Thus, AP i s  minimum a t  c e n t e r  o f  t h e  chamber as  shown i n  F i g u r e  (II), when 

d r i v e r s  a re  o p e r a t e d  a t  l o w e s t  r e sonance  modes of t h e  chamber. 

For t h i s  a c o u s t i c a l - l e v i t a t i o n  d e v i c e  t o  p o s i t i o n  and shape a m e l t ,  i t  must b e  

a b l e  t o  m a i n t a i n  r e sonance  even  as t h e  ambient  t e m p e r a t u i e  changes  from one 

extreme t o  a n o t h e r .  Temperature  ex t r emes  w i l l  be  caused  by f i r s t  m e l t i n g  qnd 

:!:e> r e s o l i d i f y i n g  t h e  ma te r i a l  w i t h i n  t h e  chamber. JPL h a s  deve loped  an  au to -  

m a t i c  f r equency  c o n t r o l  (based  on a phase-locked ioopj Lo reiiitziii recc)nz11c~ 

d e s p  i t  e t empe ra t u r e  e x c u r s i o n s  w i t h i n  t h e  c hambe r . 
I n  a f o r c e d  o s c i l l a t i o n  sys t em t h e  complex d i s p l a c e m e n t  X i s  

j I J t  -j Fe 

w [h + j iwm - s / w ) l  s =  

wliere F i s  t h e  d r i v i n g  f o r c e ,  R i s  t h e  r e s i s t a n c e ,  EI is t h e  mss, and S is t h e  

r e s t o r i n g  c o n s t a n t .  Without  s o l v i n g  t h e  rea l  p a r t  of t h i s  e q u a t i o n ,  one can  

e a s i l y  s e e  t h a t  a r e sonance  where wm = s/w, t h e  complex d i sp lacemen t  X i s  90 

phase l a g  w i t h  r e s p e c t  t o  t h e  d r i v i n g  f o r c e .  T h i s  is a w e l l  known b u t  r a r e l y  

mentioned p r o p e r t y  of  a c o u s t i c a l  systems.  The p r i n c i p l e  of phase l o c k i n g  i s  t o  

mon i to r  t h e  d r i v i n g  f r equency  so t h a t  t h e  i n p u t  s ignal  h a s  90 phase l e a d  w i t h  

r e s p e c t  t o  t h e  a c o u s t i c a l  s i g n a l  i n s i d e  t h e  chamber a t  a l l  t imes.  

0 

0 
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We t e s t e d  t h e  c o n t r o l l e r  by s i m u l a t i n g  a t e m p e r a t u r e  s h i f t  w i t h  hc l fum-a i r  

mixtures--chang5qg t h e  gas i n  t h e  chamber from 1002 s i r  tlirough i n r e m e d i a t e  

m i x t u r e s  t o  100% hel ium. 

v c l o c i t y  of sound s i m u l a t e d  a change of  t empera tu re  from 25 

fundamental  r e sonance  f r equcncy  of  t h e  chamber v a r i e d  from 1 . 5  t o  4 . 2  KHz d u r i n g  

t h e  s i m u l a t e d  t e m p e r a t u r e  rise. The a u t o m a t i c  c o n t r o l l e r  ma in ta ined  t h e  p r e s s u r c  

p r o f i l e  i n  i t s  o r i g i n a l  p a t t e r n  th roughou t  t h e  t es t .  S i g n i f i c a n t l y ,  a Styrofoam 

s p h e r e  l e v i t a t e d  a t  t h e  c e n t e r  O P  t h e  chamber remained t h e r e  th roughou t  t h e  test  

w i t h  no measured motion o r  o s c i l l a t i o n ;  t h i s  i n d i c a t e d  t h a t  no unwanted o s c i l l a -  

t i o n  was o c c u r r i n g  i n  t h e  s e r v o  system. 

T h i s  v a r i a t i o n  in g a s  d e n s i t y  and r e s u l t i n g  change of  
0 t o  2000°C. The 

The a c o u s t i c a l  wave p a t t e r n  does  change as  a f u n c t i o n  of  boundary c o n d i t i o n s  a t  

tlie w a l l s .  Would t h i s  change make material b e i n g  p rocessed  come i n  c o n t a c t  w i t h  

t!ic ~ ~ 1 1  o f  tlie c!innher, and then  t h e  m a t e r i a l  c n  t h e  w a l l  d i s t o r t  t h e  wave 

p a t t e r n  and  produce i n s t a b i l i t i e s ,  c a u s i n g  c a t a s t r o p h i c  f a i l u r e  of l e v i t a t i o n ?  

The zzs:-?or is E O ,  L U ~  msppcd ~ i i t  t h e  a c c s t i c a l  p a t t e r n  of  t h e  chamber w i t h  a 

l a v e r  of : ~ n t e r  i n  i t .  As you c a n  see from F-3, t h e  sound i n t e n s i t y  ma in ta ined  

i t s  synxrietrv u n t i l  t h e  water l a y e r  r eached  a t h i c k n e s s  of  3 cm. A t h i c k  l a y e r  of 

w a t e r  on t h e  w a l l  h a s  t h e  same e f f e c t  a s  d e c r e a s i n g  t h e  chamber dimensions by 

tlie water l a v e r ' s  t h i c k n e s s .  Repea t ing  t h e  experiment  w i t h  o i l  and w i t h  a l o c h o l  

gsve t h e  sane r e s u l t s .  So w e  see no fundamental  d i f f i c u l t y  i n  u s i n g  t h i s  d e v i c e  

f o r  s p l n t  c o o l i n g  a s  developed by B e l l  Telephone Labora to ry  where by m e l t s  a r e  

q u i c k l y  coo led  by p r o j e c t i n g  them o n t o  a we t t ed  s u r f a c e .  

.. - - 

How d o e s  a t empera tu re  g r a d i e n t  a f f e c t  t h e  a c o u s t i c a l  wave p a t t e r n s  i n  a space- 

manufac tu r ing  f u r r a c e ?  A zero-g environment e l i m i n a t e s  g r a v i t a t i o n - i n d u c e d  

convec t ion .  A molten material  p o s i t i o n e d  i n  t h e  middle  of t h e  chamber can o n l y  

d i s p e r s e  i t s  h e a t  by r a d i a t i o n .  Due t o  t h i s  i n e f f i c i e n t  h e a t  t r a n s f e r ,  t h e  

t empera tu re  around t h e  molten marerial w i l l  be much h i g h e r  t h a n  a t  t h e  w a l l .  \ J i l l  

t h i s  extreme t e m p e r a t u r e  g r a d i e n t  a f f e c t  t h e  s o u n d - i n t e n s i t y  p r o F i l e ,  and what 

w i l l  t h e  a c o u s t i c  wave do t o  t h e  t empera tu rz  g r a d i e n t ?  As you w i l l  see,  n o t  

much happens. 

. .__. . . . . . . .  . .. .. . ..... I , ,  , , I ,  ,.,..,.,,I I , 



We t ook  n glass cy1indt.r 24-in. l o n g  and 7-in.  i n  d i a .  and f i t t e d  a disk h e a t e r  

i n t o  one end and a speake r  d r i v e r  on t h e  o t h e r ;  w e  measurcd t h e  t empera tu re  and 

sound i n t e n s i t y  p r o f i l e s  f i r s t  indcpendf. ,ntly t h e n  s imul t ancou l sy .  F-4 and F-5 
s h o w  the r e s u l t s .  The t e m p e r a t u r e  g r a d i e n t  d o e s n ' t  d i s t o r t  t h e  r e s o n a n t  condi-  

t i o n .  

much a l t e r i n g  of t h e  shape of the p r o f i l e .  That is, n e i t h e r  w i l l  t h e  t empera tu re  ' 

g r a d i e n t  a f f e c t  t h e  p o s i t i o n i n g  a b i l i t y  of  t h e  chamber n o r  t h e  a c o u s t i c  f i e l d  

s i g n i f i c a n t l y  modify m e l t i n g  and s o l i d i f i c a t i o n  p r o c e s s e s .  

The a c o u s t i c a l  € i e l d  s l i g h t l y  improves t h e  lieat c o n d u c t i v i t y  of gas w i t h o u t  
/ ;  

I 
AS one a n t i c i p a t e d  u s e ,  a n  a c o u s t i c a l - l e v i t a t i o n  "furnace" can  s e r v e  t o  grow 

u l t r a - p u r e  s i n g l c  c r v s t n l s  w i t h  a minimum of d e f r c t s .  Moreover i t  would be con- 

v e n i e n t  t o  be a b l e  t o  grow a c r y s t a l  and t h e n  t e s t  i t  i n  t h e  same chamber t o  

p r e v e n t  c o n t a m i n a t i n g  or i l :~>.!ing i t  i n  a t r a n s f e r  from t h e  f u r n a c e  t o  a s e p a r a t e  

tes t -chamber .  i ' e s t i n r :  i n  t lw  Eurnace would a l s o  save  t i m e .  To test t h e  p u r i t y  

of u l t r a p u r e  m e t a l s ,  f o r  example,  a conven ien t  method is t o  measure i t s  r e s i s t i v i t y  

a t  v e r y  iu i j  :czpr:ctii;cs. The r e s i s t i v i t y  measurements cou ld  be made by t h e  eddy- 

c u r r e n t s  mignet i c a l l y  induced i n  a l e v i t a t e d  sampie e l l m i n i i i ~ i g  say Eeed t o  p u t  

e l e c t r i c a l  l eads  on t h e  s a m p l e .  Jfeasurements of t h i s  t y p e  are o f t e n  conducted a t  

t e m p e r a t u r e s  below 2 .GI , .  

How does such  a t empera tu re  a f f e c t  t h e  acous:ic l e v i t a t i o n  chamber? Tes t s  were 

c a r r i e d  o u t  a l . S K ,  and the a c o u s t i c  p a t t e r n  showed no d r a m a t i c  d e v i a t i o n  from 

t h a t  at room temper.?turc.  

While we can e x p e c t  s i g n i E i c a n t  e v o l u t i o n  of t h i s  and nany o t h e r  s p a c e  p r o c e s s i n g  

equipment once spclce p r o c e s s i n g  b e g i n s ,  t h i s  e v o l u t i o n  c a n  b e g i n  now on E a r t h .  

I n  tbis r e s p e c t  we s h o u l d  mention tht? appaza tus  u t i l i z i n g  a high-power a c o u s t i c  

d r i v e r  shown i n  F-6. The d r i v e r  i s  a :iigh-Q aluminum c y l i n d e r  w i t h  a resonance 

frequency of approx in ; i t r l v  1 6  F'Hz. 

w a t e r  d r o p l e t s ,  glass s p h e r e s ,  and m e t a l  p l a t e s  a s  ahown i n  F - 7 ,  F-5 and F-9. We 

p l a n  t o  use  i t  i n  t h e  l a b o r a t o r y  t o  s t u d y  c r y s t a l  growth o f  l e v i t a t e d  m e l t s .  

In  a 1-g f i e l d  t h e  a p p a r a t u s  can  l e v i t a t e  
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FIC'LJRE 1. TRI-AXIAL ACOUSTIC POSITIONING CKWBER. FIGURE 2. THE ONE-DIMENSIONAL PRESSURE PROFILE. 
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FIGURE 3 .  THE BOUNDARY EFFECT. 
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FIGURE 4. THE TEMPERATURE PROFILE. 
687 



F'IG"RE 6. THE H I G H  POWER ACOUSTIC DRIVEX. 
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FIGURE 7. ACOUSTICAL, LEVITATED WATER DROPLETS. 
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FIGURE 8 .  ACOUSTICAL LEVITATED GLASS SPHERE. 
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FLUID MOTIONS I N  A LOW-G ENVIRONMENT 

BY 
* 

P . G .  G r o d z k a ,  S . V .  Bourgeo i s ,  M . R .  B r a s h e a r s ,  
and L. W. Spradley 

Lockheed M i s s i l e s  & Space  Company, Inc. 
Huntsville, Alabama 35807 

SUMMARY 

The  i m p o r t a n c e  of n a t u r a l  convection and other  fluid mot ions  in low-g 
s p a c e  p rocess ing  is now well  recognized.  Recent  s p a c e  e x p e r i m e n t s  in  the 
a r e a s  of n a t u r a l  convection and m a t r r i a l  p r o c e s s i n g ,  a s  we l l  a s  r e s u l t s  of 
t heo rc t i ca l  s tud ie s ,  have yielded much  needed information on fluid behavior  
in  low-g env i ronmen t s .  The s t a t e  of knowledge of fluid motions in low-g 
env i ronmen t s  is reviewed and . the  d imens iona l  ana lys i s  approach  used t o  
a s s e s s  the r e l a t ive  i m p o r t a n c e s  of v a r i o u s  driving f o r c e s  for fluid flow in 
four  of the Skylab m a t e r i a l  p rocess ing  expe r imen t s  outlined. R e s u l t s  of 
dimensional  a n a l y s e s  for the Skylab e x p e r i m e n t s ,  subscqucntly conf i rmed  by 
ac tua l  s p a c e  da t a ,  a r e  p re sen ted .  Final ly ,  t he  l i m i t s  of d imens iona l  ana lys i s  
in  2ssessz:tr:t StUdies a r e  i ~ d i r a t e d .  

INTRODUCTION 

Fluid phases  a r e  an inherent  f ca tu re  of most  projected s p a c e  m a n u -  
In t h e s e  p r o c e s s e s  p roduc t s  a r e  produced f r o m  fluids facturing p r o c e s s e s .  

which a r e  manipulated in  a va r i e ty  of ways.  
m a y  consis t  of levitating heated,  uncontained fluid m a s s e s ;  heating and cool- 
ing contained fluid m a s s e s ;  applying va r ious  f o r c e s  to  fluid m a s s e s  for 
shapinq pu rposes ;  and applying variotis fo rce  fields for mixing,  s r p a r a t i n g  or  
positioninq pu rposes .  
may be gene ra l ly  c lassi f ied a s  t h o s t .  a r i s i n g  f r o m  d i r e c t  f o r c e  application 
( s t i r r i n g ,  pumping, and film forming ) and spontaneous fluid mot ions  a r i s i n g  
f r o m  a var ie ty  of i nd i r ec t  c a u s e s .  
a r e  na tu ra l  convpctive motions caused by va r ious  combinat ions of t h e r m a l  
o r  conren t r a t ion  g rad ien t s  and va r ious  fo rce  fields.  
of a liquid on a solid o r  on another  liquid which occur  in o r d e r  t o  d e c r e a s e  
s y s t e m  f r e e  energy a r e  a l s o  rsarnples  of the l a t t e r  c a t r g o r y .  In low-g en- 
v i ronmen t s  m o s t  oi  the aforementioned motions,  both forczd and spontancous,  
will  diffcr substantially f rom motions init iated b y  s i m i l a r  rr.c-gs i n  a on?-g 
pnvironmcnt.  F'lui 1 motions a s  a function G f  g r av i ty  level  a r e  of conce rn  in 
low-g s p a c e  processing appl icat ions because  fluid niotions can affect  not only 
t h e  shapes  of fluid m a s s e s  but a l s o  i i i ternal  prof i les  of t e m p e r a t u r e ,  ccn -  
c ent ra t ion,  ar,d immi s ci  b l  e pa r t ic  1 c ci i 3 t r i bu t  i o n .  

Fluid manipulat ions in. iow-g 

Fluid inntions rt7sultin: f rom va r ious  manipulat ions 

Among t h e s e  l a t t e r  spontaneous mot ions  

Flows such  as  spreading 

T h c s e pos si bi li  t i es can 

:y 
P a p r r  presented by P . G .  Grodzka 
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a i i o r d  uniqiic oppor tun i t i e s  fo r  p r o c e s s i n g  a d v a n t a g e s  or c a n  b e  t h e  s o u r c e  
of unci #.si ral)l t ,  p robl  ~ m s  . 

Until  rccct i t ly ,  l i t t l e  in for lna t ion  on a c t u a l  f luid b e h a v i o r  in the 1mv-g 
e n v i r o n m e n t  w a s  a v a i l a b l e .  E s p e r i m e n t s  and  d e m o n s t r a t i o n s  p e r f o r m e d  
a b o a r d  Apollo 14, 1 5 ,  16, 17 and  Skylab  11, 11, and  I V  a s  w r l l  as r e s u l t s  of 
r e c e n t  t h e o r r t i c a l  s t u d i e s ,  h o w e v e r ,  h a v e  begun t o  n a r r o w  t h e  knowledge  g a p  I 

i n  t h e  a r e a .  In t h e  r e m a i n d e r  of t h i s  p a p e r  the  s t a t e  of knowledgr  of fluid 
m o t i o n s  i n  low.-& e n v i r o n m e n t s  is r ev iewed .  
iol lowing fluid f lows and  behav io r s :  n a t u r a l  convec t ion;  f lows a s s o c i a t e d  wi th  
s p r e a d i n g ;  f lows a s s o c i a t e d  with s u r f a c r  d e f o r m a t i o n ;  s h e a r  induced  f lows;  and  
t r a j c c t o r i e s  of l ev i t a t ed  fluid m a s s e s .  Following t h e  r e v i e w  of low-g fluid be-  
h a v i o r s ,  a b r i e f  ou t l ine  of t h e  d i m e n s i o n a l  a n a l y s i s  a p p r o a c h  u s e d  t o  a s s e s s  
t h r  r r l a t i v r  i m p o r t a n c c  o f  v a r i o u s  d r iv ing  f o r c c s  fo r  f lu id  flow in four  of t h e  
Skylab  m a t e r i a l  p r o c e s s i n g  r x p e r i m c n t s  is out l ined .  R e s u l t s  of d i m e n s i o n a l  
a n a l y s r s  frJr t h e  Skylab  e s p c r i m e n t s  : ;ubsequent ly  c o n f i r m e d  by a c t u a l  s p a c e  
d a t a ,  arc. p r e s c n t r d .  !-inally, the  l i n i i t s  of c l imcns iona l  a n a l y s i s  in  a s s c s s -  
n icn t  s t u d i e s  a r e  ind ica t ed .  

T h e  r e v i e w  is d iv ided  in to  t h e  

REVIEW O F  LOW-G FLUID MOTIONS 

Convrctivte flo\vs a r c  c l a s s i f i e d  a s  i n t e r n a l  o r  r x t c r n a l .  I n t e r n a l  f lows 
a r c  tiiosc- i n  Lvv'nich L i l t ,  i o i d l  Cuid <<>iitziiicd *vvi:I;in 3 c z v i t y  ~r ~ n c l o ~ ~ r p  i s  
a i i e c t e d ;  t h e  m o t i o n s  of Lvater hea ted  in a k e t t l e ,  for  e x a m p l e .  
f lows only a small p o r t i o n  of t h e  t o t a l  f luid is a f f ec t ed  s ign i f i can t ly ;  a p l u m e  
of w a r m  s n i o k r  r i s i n g  f r o m  a c i g a r e t t e ,  fo r  e s a m p l e .  Both c a s e s  a r e  of 
intt.rt:st for s p a c e  m a n u f a c t u r i n g  p u r p o s e s .  I n t e r n a l  convrc t ion ,  h o w e v e r ,  
i s  o i  i m m e d i a t e  r e l e v a n c y  b e c a u s e  of m a n y  c u r r e n t  s p a c e  e x p e r i m e n t  d e s i g n  
c o n s i d e r a t i o n s .  E x f c r n a l  convec t ive  f lows a r r  m o r e  r e l e v a n t  t o  s p e c i f i c  d e -  
t a i l s  ol a p r o c c s s r s  m c c h a n i s i n ,  e . ? . ,  c o n v r c t i v r  p l u m e s  i r o m  a growing  
dcndr i t ( , .  
1 ~ o i i n ~ I a i - y  1: iyi . r  so lu t ions ,  a s s l i m i n <  that t h r  iluicl oritsiclc, t h c  boundary  lay1.r 
i s  i ~ n a ! t ~ ~ c t ~ ~ d ,  art '  u s i i a l l y  a d r q u a t c  ! o  d c s c r i l ~ v  r s t r r n a l  p r o b l c n i s .  M o r c  
c o t n p l e s  so lu t ions  a r e  usua l ly  r e q u i r e d  fo r  i n t e r n a l  p r o b l e m s .  
v r c t i v c  flows in  1ow-L: c n v i r o n m c n t s  w r r e  r c v i t w r d  in  a r r c r n t  p a p e r  [l]  . 
l i igi i l ights  of that w o r k  along \<it11 br ie f  accoun t s  o i  some  dcve lopmen t s  a r c  
p r r s y n t r d  subsequen t ly .  E s t e r n a l  convec t ion  i s  a l s o  r e v i e w e d  b r i e f ly .  B r -  
fore thcstx r c v i c w s  a r c  c o n s i d e r c d ,  h o w e v e r ,  i t  m a y  be  w r l l  t o  r e i t e r a t e  t h r  
cau t ion  s ta tc t i  in Kci ' c rcncc  1 r c g a r d i n q  ex t rapola t ing  e x p e r i m e n t a l  o r  t heo -  
r c t i c a l  r c s u l t s  on  c o n v r c t i o n  ob ta in rd  for  one  s e t  o r  r a n g e  of boundary  c o n -  
rlitinns t o  nno thc r  s c t  o r  r a n z c  of horindary c,mclitinr.s. quch a c t i o n ,  i f  rlonr 
\vithniit car t , !u l  consirlt.ratio:i. c a n  r(5siilt in  st,riciiis c r r o r .  

In e x t e r n a l  

T h r o r c t i c a l  t r r a t n i c n t s  of t h e  two c a s e s  a r c  q u i t e  d i s s i m i l a r .  

. .  

I n t e r n a l  con-  

Int t . rnal  - .~ Convc-ction (LLig,hljght-s--of R c f r r c n ~ ~ ~ l  s-nd Sonic  R r c c n t  Drivr l -  
In l ~ w - g  e n v i r o n m e n t s  convec t ive  dr iv ing  i o r c c s  o t h e r  than  g r a v i t y  
- 

oprnt-ntsj  
w i l l  be o i  c o m p a r a b l e  o r  p r r d o m i n a n t  i m p o r t a n c e .  
drivinlr  forc t - s  arc v a r i o u s  a c c c l c r a t i o n s  ( including g r a v i t y ) ,  s u r f a c r  t r n s i o n  
(vapor/'Iiq:iid i n t c r f a c c ) ,  i n t e r f a c i a l  t e n s i o n  ( l iqu id / l iqu id  i n t e r f a c e ) ,  P ~ C C -  

t r i c  i iclcls,  n i agnc t i c  f i e l d s ,  and  i n t e r n a l  m o l e c u l a r  f o r c e s .  

Among t h c s e  p o s s i b l r  

, 
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On e a r t h  a c o n s t a n t  g r a v i t y  a c c c l e r a t i o n  of 080 cm/sec2 (one -g )  is 
e x p e r i e n c e d  by bodiLs.  
t i o n s  o c c u r  to va ry ing  c s t e n t s  dcpcnding  on tht- m i s s i o n  p l ; a s r .  
l c v c l s  r c s u l t  f r o m  s p a c e c r a i t  r o t a t i o n ,  Aravi ty  g;:aciic'nts, solar wind and  
solar p r e s s u r e .  Vary ing  g - l e v c l s  r e s u l t .  from eng ine  b u r n s ,  a t t i t u d c  c o n t r o l  
m a n e u v e r s ,  and  o n b o a r d  v i b r a t i o n s  from m a c h i n e r y  o r  a s t r o n a u t  m o v e m e n t .  
Vary ing  g - l e v e l s  h a v e  b e r n  c a l l e d  g - s p i k e s ,  d i s t u r b a n c e  e n v i r o n m e n t s ,  or 
g - j i t t e r .  

In a spacecraft both c o n s t a n t  and  v a r y i n g  accelera- 
S teady  2- 

Convec t ion  c a u s e d  by cons t an t  g r a v i t y  ac  e l e r a t i o n s  c a n  b e  of s igni f -  
i c a n t  v i g o r  in  c e r t a i n  s i t u a t i o n s  even  at t h e  lo-' g - l e v e l  o r  1oa:er. T h e  
m a j o r  d e t e r m i n i n g  p a r a m e t e r s  a r e  a m o u n t  of fluid involved  and  hea t ing  
d i r e c t i o n  wi th  r e s p e c t  t o  t h e  g r a v i t y  v e c t c r .  
17 h e a t  f low a n d  convec t ion  e x p e r i m e n t  [2, 3,4, 5 1 ,  as we l l  as t e m p e r a t u r e  
a n d  p r e s s u r e  d a t a  f r o m  t h e  Apol lo  1 5  c r y o g e n i c  t a n k s  [ 6 ,  71 s h o w  t h a t  g- j i t t ( . r  
a l s o  c a n  r r s u l t  i n  cnnvcc t ion  of s i g n i f i c a n t  v igor  e v r n  in  r e l a t i v e l y  sn i a l )  con-  
t a i n e r s .  F u r t h e r i n o r e ,  g - l i t t e r  is a p t  t o  be m n r r  of a p r o b l r m  in  low-s  en -  
v i r o n m r n t s  t han  i n  a one-g envi ronrnpnt  b r c a u s e  s t  t-ady g -accr l ta ra t  ions  havc  
a darnping e f f r c t  on g - j i t t e r .  C m n p u t e r  s t u d i e s  a r e  c u r r e n t l y  unde rway  t o  
d e t e r m i n e  f r e q u e n c y ,  ampl i tud t . ,  and  - r ibra t ion  form effects. T1:ese s t u d i e s  
a r e  u t i l i z ing  an e s i s t i n g  c o m p u t e r  so lu t ion  of the  N a v i e r - S t o k e s  equat ion;  f o r  
n a t u r a l  convec t ion  in  a n  e n c l o s u r e  [8] . T h e  so lu t ion  w a s  mod i f i ed  t o  inc lude  
t h e  e f f ec t s  of a t i m c - v a r y i n g  g -1evr l .  
as tes t  c a s e s :  ( 1 )  a sine wave  g v e r s u s  time wi th  a p e r i o d  of 1 s e c a n d  and  
( 2 )  a saw- too th  p r o f i l e  with a c r i o d  o f  0.5 s e c o n d .  T h e  m e a n  g - l e v e l  w a s  

rr?ztrix c?f c s s p s  \I:Srs n r n r o s c p c !  w i t h  
a m p l i t u d e s  r ang ing  f r o m  10-2 t o  g .  T h r e e  d i f f e r e n t  conf igu ra t ions  
h a v e  been  u s e d  t o  d e t e r m i n e  t h e  e f f e c t  of g e o m r t r y  on g - j i t t e r  convec t ion .  
A c y l i n d e r  of m e r c u r y ,  a r c c t a n g u l a r  box of w a t e r ,  a n d  a c y l i n d e r  oi  h e l i u m  
g a s  w e r e  u s e d  as  t y p i c a l  conf igu ra t ions .  

Da ta  f r o m  t h e  Apol lo  14 and  

Two g -  j i t t e r  p r o f i l e s  h a v e  been  u s e d  

.-_ v . u I I b . u  -: ?.A fro: g = l . 0  tz  g = ic-g. r -  - - - - - -  

A n a l y s i s  o f t h e  r e s u l t s  cf t h e  c o m p u t e r  r u n s  is  s t i l l  i n  p r o g r e s s ,  but 
T h e s e  ci.n p r e l i m i n a r y  d a t a  d o c s  show s o m e  i n t e r e s t i n g  t r e n d s  a n d  e f f ec t s .  

be  s u m m a r i z e d  as  fol lows:  ( 1 )  t h e  s i n e  w a v e  g - p r o f i l e  h a s  v e r y  l i t t l e  effect  
c;n t h c  heat t r a n s f r r :  ( 2 )  t h r  s aw- too th  q - j i t t e r  p ro f i l c  s ign i f icant ly  a f f r c t s  
t!it. : lo \v  pattcxrns and  hea t  t r a n s i t , r  lc,r g - l r v e l s  of loe3 a n d  i a r g c > r ;  ( 3 )  t h r  
l i qu ids  show more g - j i t t e r  e f f e c t s  t han  t h e  g a s ;  (4 )  m a x i m u m  t e m p e r a t u r e  
d i f f e r e n c e s  o f  10% w e r e  o b s e r v e d  be tween t h e  cons t an t  g so lu t ions  a n d  t h e  
g - j i t t e r  s o l u t i o n s .  
( 5 )  g - j i t t e r  changed  t h e  cons t an t  g un ice l l  flow p a t t e r n s  i n  t h e  c y l i n d e r  of 
m e r c u r y  t o  a m u l t i c e l l  p a t t e r n ;  and  (6)  ,a - j i t t e r  a p p e a r s  t o  have  m o r e  of a n  
e f f c c t  on "heat ing f r o m  t h e  s i d r "  p r o b l e m s  than  on "heat ing f r o m  b t low"  
p r o b l e m s .  N o  q u a n t i t a t i v r  r e s u l t s  wi l l  be  presc,nted a t  t h i s  t i m e  pending a 
m o r e  c o m p l e t e  a n a l y s i s  of t h e  a n a l y t i c a l  d a t a .  

( T h i s  c o r r e s p o n d s  t o  20°C out o f  200°C on the  a v r r a g c ) ;  

C;loscly rc1atc.d t o  g -  jittt,r convrc t ion  is :!:crmoacoustic convc,ction. 
-4 suddenly  hca ted  wa l l  c a u s e s  ad jacvn t  ilriid to expand.  
pans ion  s e t s  u p  a c o u s t i c  \va\ .es  \vhich p r o p a g a t e  into the f lu id .  G i \  a . 
suf f ic ien t  hca t  r a t e ,  c e r t a i n  con ta ine r  d i m e n s i o n s ,  and d i s s i p a t i v e  m r c h -  
anisr-ns, a t h e r m o a c o u s t i s  v ib ra t ion  c a n  b r  sus=tained as  long a s  t h e  a p p r o -  
p r i a t e  boundary  conc!itinns a r c  m a i n t a i n e d .  

' i ' i > 1 5  5Liddcn e s -  

Krc.?nt t h r o r c t i c a l  s t u d i c s  

64 3 

:* 



pred ic t  significant low-g the rmoacous t i c  convection in  g a s e s  given a suffi-  
civntly hiqh hcaatiq r a t r  [ B ]  . 

Sur face  t ens ion -d r iven  ce l lu l a r  convection w a s  demons t r a t ed  on both 
the  Apollo 14 and 17 spacef l ights  [2, 3 , 4 ,  5). 
s e r v e d  i n  the  Apollo 14 flight experiment  showed conclusively tha t  ce l lu l a r  
convection can  be caused  by s u r f a c e  tension a lone .  The  Apollo 14 expe r i -  
m e n t  fu r the r  shawed that ,  a s  in 1-g,  a c r i t i c a l  value of the t e m p e r a t u r e .  
g rad ien t  m u s t  be exceeded before  ce l lu l a r  convection is inii iated.  
m o r e ,  a polygonal ce l lu l a r  pa t t e rn  was  s e e n  as  the  p r e f e r r e d  pa t t e rn  in a 
thin liquid l a y e r  of uniform th i ckness .  S i m i l a r  flow p a t t e r n  expe r imen t s  
w e r e  conducted a b o a r d  Apollo 17. T h e  Apollo 17 d a t a  showed tha t  t he  s i z e s  
of the obse rved  s u r f a c e  tension ce l l s  compared  qu i t e  wel l  with the  values  
predicted b P e a r s o n ' s  l i nea r  ana lys i s  of s u r f a c e  tension-driven ce l lu l a r  
convection [ 9 ] .  The  expe r imen t s  fu r the r  showed that  t he  s u r f a c e  tension-  
d r iven  ce l lu l a r  convection o c c u r s  a t  lower t e m p e r a t u r e  g r a d i e n t s  in low-g 
environments  than in 1-1: environments .  The e a s i e r  convection onset  in 
low-g thaa in  1-g was s u r p r i s i n g  becalis'e Nield 's  l i n e a r  ana lys i s  of ce l lu l a r  
convection [lo] which c o n s i d e r s  t h e  coupling between s u r f a c e  tension and 
g rav i ty  p red ic t s  that  s u r f a c e  tension and gravi ty  r e i n f o r c e  each other  s t rong ly .  
F u r t h e r m o r e ,  Nield's  ana lys i s  h a s  received expe r imen ta l  \*erification in one-g 
{l ' l ] .  A nurmbcr of explanations for the su rp r i s ing  Xpollo 17 r e su l t  w e r e  con- 
s i d e r e d .  It w a s  concluded t h a t  the formation of l a r g e  su r face  tension- 
d r i v e n  ce l l s  which tcnd t o  be the  s a m e  s i z e  a s  those  cau.sed by gravi ty  is 
hindered by g rav i ty .  Sinai ier  s i z e  ~ L I K . L L ~  teiisioii-dyi*.,Tn c e l l s ,  h n w e v c r i  
re inforced g rav i ty -d r iven  c e l l s .  The o c c u r r e n c e  of a c r i t i c a l  condition for 
convection onset  in  the Apollo 17 c a s e  is the r e s u l t  of t h e  influence of the r e -  
taining s i d e  wal ls .  Data-mer2 a l s o  obtained f r o m  the  Apollo 17 expe r imen t s  on 
the  flow pa t t e rns  a t  t he  onset  of convection in  low-g. 
w e r e  obse rved ,  a n  observat ion somewhat  at v a r i a n c e  with the gene ra l  belief 
that ro l l s  a r e  a s soc ia t ed  with gravi ty-dr iven convection and c e l l s  w i t h  s u r f a c e  
tens  ion - driven convection . 

The ce l lu l a r  convection ob- 

F u r t h e r  - 

Both r o l l s  and cel ls  

b-iqurt:s 1 ,  2 and  3 show c e l l u l i r  convection ot2taine.d in  a ground tcs:. 
in the Xpollo 14 fliqht t c s t ,  and in the Apollo 17 (light t e s t .  
a pan of oil  containing suspended aluminum flakes to  r e n d e r  the flow pa t t e rn  
vis ible  was heated f r o m  below. 

In these  p i c tu re s  

Non-cel lular ,  su r f ace - t ens ion -d r iven  convection waL demons t r a t ed  o r  
obse rved  in  a number  of flight expe r imep t s  ( s e e  R e f e r e n c e  1 for  de t a i l s ) .  
Ripp1t.s obse rved  on s o m e  of the s a m p l e s  c rys t a l l i zpd  f r o m  the m e l t  in the 
Skylab mul t i -pu rpose  f u r n a c e  f u r t h e r m o r e  bring t o  mind the su r face - t ens ion  
q e n r r a t e d  phenomenon of rythymic c rys t a l l i za t ion .  
observl-d in ground expe r imen t s  o v r r  forty y( .ars  aqo .  Thin films of a num-  
b e r  of mol t en  subs t ances  have been observed to  crysta!li.ze in  a rythyinic 
fashion [12]. One explindtion of rythymic c rys t a l l i s a t ibn  [13] is that t he  
evolution of la tent  heat,rmce c rys t a l l i za t ion  begins, render  s surrounding m e l t  
m o r e  mobile  and d imin i shes  i t s  s u r f a c e  tension.  The mobile  m e l t  is t h e r e -  
fo re  drawn toward cool:-r portions of t hc  m r l t  b y  t he  h i che r  surfacc: tension 
of the cooler  m e l t .  
peating the cyc le .  

This  phenomenon was 

A r idge  of  m e l t  f o r m s  which quickly c r y s t a l l i z e s ,  r e -  
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E l e c t r i c a l l y - d r i v e n  fluid f lows w e r e  o b s e r v e d  i n  t h e  Apollo 16  Electro- 
tha t  t h e  o b s e r v e d  p h o r e s i s  D e m o n s t r a t i o n  [14]. The Apollo 16 d a t a  i n d i c a t e  

f lows w e r e  p robab ly  of t h r  ta lcc t ro-osmot ic  v a r i r t y .  
howevvr ,  indicatc.s tha t  flows car1sc.d by po la r i za t ion  f o r c e s  in a q u e o u s  c l e c t r o -  
l y t e  so lu t ions  a r c  a l s o  p o s s i b l e  ( s e e  R c f c r c n c e  1 for d r t a i l s ) .  

Ri.crnt e x p l o r a t o r y  w o r k ,  

F ina l ly ,  some i n f c r r e d  ev idence  w a s  found for p h a s e  change  convec t ion  
in  some r e t u r n e d  flight s a m p l c s .  
usua l ly  h a s  a s o m e w h a t  h ighc r  dens i ty  than  t h e  l iquid and  h r n c e  a smaller 
v o i u m e .  
l iquid;  l iquid f lows toward  t h e  sol ioifying i n t e r f a c e .  
of c r y s t a l l i z a t i o n ,  a n u m b e r  of fluid flow phenompna c a n  o c c u r .  
c r y s t a l l i z a t i o n  s p e e d s  ( such  a s  o c c u r s  when s u p c r - c o o l e d  m e t a l s  c r y s t a l l i z e ) ,  
a c o u s t i c a l  d i s t u r b a n c e s ,  cav i ta t ion  effects, g r a i n  s i z e  t r a n s i t i o n ,  d e v r l o p -  
m e n t  of cavi ta t ion  p i t s  on c o n s t r a i n e d  surfaccss ,  and  t h e  p r e s e n c e  of p r e s s u r e  
p u l s e s  c a n  w c u r .  ( S C C  R r f c r e n c r  1 t'or d c t a i l s . )  

Whcn a l iqu id  f r e c z c s  t h e  so l id  f o r m e d  

T h i s  s h r i n k a g e  on f r cez ing  c a u s c s  a c o r r e s p o n d i n g  fluid flow i n  t h e  
Depending on t h e  s p e e d  

At h igh  

E x t c r n s l  Convrc t ion :  Analy t ica l  so lu t ions  for s t c a d y  l a m i n a r  convec t ion  
have  bcc.n obta ined  for ThT> follo\v!ng c a s e s  [15] : 

Vertical  s u r f a c e  in  a t h e r m a l l y  uns t r a t i f i ed  m e d i u m  

V e r t i c a l  s u r f a c e  i n  a s t ab ly  s t r a t i f i e d  m c d i u m  

V c r t i c a l  s u r f a c e  in a s t ab ly  s t r a t i l i e d  m e d i u m  with v i s c o u s  
d i  s s i pa t i on  

x.7crtica! s u r f a c p  ::,it!: a diiet r iboted enprgy  sc)urce  in t h e  
fluid 

V e r t i c a l  su r f ac t .  wi th  m a s s  a- tdi t ion 

P lumr  s a r i s i n g  i r o m  concen t r a t ed  r n c r g y  s o u r c r s ,  and  

h i s y m m e t r i c  flows. 

T h e  l a s t  two  c a s e s  a r e  o i  p a r t i c u l a r  i n t e r e s t  at  t h e  m o m e n t  b r c a u s e  of t h e i r  
r e l e v a n c y  t o  convec t ion  a s s o c i a t r d  with g r o w i n <  dcxndritr c r y s t a l s .  F o r  cx-  
a m p l e ,  si;v-er c r y s t a l ;  \vert' gro\vn fvom bi l \ . f . r  n i t  r a t c  so lu t ion  a b o a r d  Skylab  
I\' ( i k y l a b  I V  C;c;-ncc Dvmons t r a t ion  ?\.' 1 3 6 ) .  .1 t i c ,  g r o w t h  m e c h a n i s m  in -  
volved e l e c t r o c h e m i c a l  r educ t ion  of s i l v e r  i ons  by c o p p e r  m e t a l .  
g round  p e r f o r m a n c e  of t he  d c m o n s t r a t i o n  convt.ctive p l u m e s  could b e  s e e n  
with t h e  a i d  of a s c h l i c r e n  s y s t c n i  t o  v e  r i s ing  f r o m  growing  s i l v e r  d e n d r i t e s  
and  h l l i n g  f r o m  t h e  coppe r  w i r e .  N e e d l c s s  t o  s a y  t h e  s i l v e r  c r y s t a l s  r c -  
t u r n e d  f r o m  thc  Skyla5  I V  d c m o n s t r a t i o n  w e r e  d i f f e ren t  in  a n u m b e r  of rp- 

s p e c t s  f r o m  t h c  g round  g r o w n  c r y s t a l s ,  the  d i i i t ~ r ~ ~ n c c s  Leing t h e  r r s u l t  of 
d i f l e r c n t  convvct ion v i g o r s  and  p a t t e r n s .  
a r e  s? i l l  in  progvc'ss. A br ief  r e p o r t  of p r t . l i m i n a r y  r e s u l t s .  howrvcar, is 
a v a i l a b l e  [16]. 

During  a 

A n a l y s r s  of t h e  r i p e r i m e n t a l  d a t a  

Boundary  laycr  tlow associat(7tl w i t ; .  LI hvatcd v r r t i c a l  wal l  i s  a u c l l -  
known canccp t  in iluid i n c c h a n i c s .  A schc ina t i c  of the  s t r e a m l i n e s  a s s o c i a t e d  
with a convec t ive  boundary l a y e r  is shown in  the  s k e t c h  on the  following page:  
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Wall Heated ~~ t u rbed  

Gravi ty  

T e m p e r a t u r e  and velocity prof i les  a s s o c i a t e d  with a convective boundary 
l a y e r  may be r e p r e s e n t e d  a s  follows [ l i ’ ] :  

ih.7 

w h e r e  T is t e m p e r a t u r e  
u is velocity 
6 is boundary l a y e r  t h i c l a e s s .  

It may occur  in  s o m e  c a s e s  that velocity and t e m p e r a t u r e  do not fall off t o  
the i r  values  in  t h e  bulk of the fluid a t  the s a m e  point. 
of t h e r m a l  and momentum boundary l a y e r s  s e p a r a t e l y .  
solution growth, concentFation boundary l a y e r s  a l s o  apply [I 81. Obviously 
if a p r o c e s s  i s  control led in one-g by mass o r  h r a t  t r a n s p o r t  r a t e s ,  the 
p r o c e s s  will  be v e r y  much affected by a reduced gravi ty  environment .  
the c a s e  of dendr i t e  growth we can expect significant g rav i ty  effects because 
dendr i t i c  growth is general ly  a g r e e d  to  be a mass o r  heat  t r a n s p o r t  con- 
t r o l l e d ’ p r o c e s s .  The s t r e a m l i n e s  a s soc ia t ed  with a dendr i t e  growing from 
solution in z one-g environment  would probably a p p e a r  somewhat  as shown 
i n  t h e  sketch on the follo-wing page: 

In that c a s e  we speak 
In c a s e s  such as  

In 
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G r a v i t y  

In the  c l a s s i c a l  c a s e  of convection f r o m  a v e r t i c a l  p l a t e  t h e  th i ckness  
of t he  boundary l a y e r  is p ropor t iona l  t o  

- 1 /4  x G r x  

w h e r e  C r  is the  Grashof  number  and is given by 

3 AT x 
2 G r x  = e .. Y w h e r e  

x = vert.ica1 d i s t ance  f r o m  bottom of p l a t e  

g = grav i ty  acce le ra t ion  

p = vo lumet r i c  expansion coefficient 

AT = t he  t e m p e r a t u r e  d i f f e rence  a t  x 

y = kinematic  viscosi ty .  

At low-g the Grashof  number  becomes  qu i t e  small and t h e  boundary-layer 
approximation no  loqger  appl ies  [19]. 
l a y e r  approximation -0 longer  app l i e s ,  however ,  is a n  individual m a t t e r  
depending on the p a r t i c u l a r  c i r c u v - s t a n c e s  o r  boundary conditions of a n  
experiment  o r  p r o c e s s .  
al l  csiivzction cannot be automatical ly  a s s u m e d  unimportant .  
it has  been shown tha t  while convection i s  negligible i n  c o m p a r i s o n  with con- 
duct;.on n e a r  a heated body, i t  becomes  as impor t an t  a t  d i s t ances  f r o m  the  
body of the  o r d e r  of (Gr ) -n  where  n v a r i e s  between 113 and 1/2 depending 
on body shape  f20] . 

The  exact  point a t  which a boundary- 

Also even a t  v e r y  low-g o r  small Grashof  n u m b e r s  
F o r  example ,  
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It is expec ted  tha t  t h e  Ykylab IV s i l v c r  c r y s t a l  g r o w t h  d e m o n s t r a t i o n  
w i l l  p r o v i d c  in fo rma t ion  on how rnnvec t inn  aflt.cts d , ,ndr i t ic  g r o w t h .  The  
only o t h e r  known,  r e p o r t e d  s tudy  which h a s  c o n s i d e r e d  t h i s  q u e s t i o n  ex- 
p l ic i t ly  is one  in which t i n  crystals  w e r e  g r o w n  in a cen t r i fuge  [Zl]. It w a s  
found in tha t  s tudy  tha t  the f i r s t  s t a g e s  of crystal  g r o w t h  c o n s i s t e d  of p l a t e -  
l i k e  d e n d r i t e s .  
a p p r o x i m a t e l y  I g  - 5g. 
g r o w t h  d i r e c t i o n  at 5 g w a s  c a u s e d  by convec t ivc  effects. 

B .  SPREADING FLOWS 

T h e  c r y s t a l s  exhib i ted  no  p r e f e r e n c e  i n  o r i en ta t ion  unt i l  
It is specu la t ed  tha t  t he  o b s e r v e d  change  i n  c rys ta l  

Low-G Liquid Conf ipu ra t ions  a n d  Films: Low-g l iqu id  behav io r  d e -  
pendent  on one  l iqu id  s p r e a d i n g  o r  wetting a so l id  or a n o t h e r  l iquid h a s  a 
n u m b e r  of po ten t i a l  Icw-g s p a c e  p r o c e s s i n g  appl ica t ions :  c a s t i n g ,  f o r m a t i o n  
of i n v e r s e  bubbles ,  coa t ing ,  encapsu la t ion ,  a n d  b r a z e  joining.  

A l iquid t r a n s f e r r e d  f r o m  one  con ta ine r  t o  a n o t h e r  o r  i r o m  one  g r a v i t y  
env i ronmen t  to a n o t h e r  wi l l  exhibi t  v a r i o u s  fluid mot ions  unt i l  a n  e q u i l i b r i u m  
conf igura t ion  is a t t a i n e d .  
of g r a v i t y  but so  a l s o  i s  t h e  a t t a i n m e n t  r a t e .  
f i gu ra t ions  a t t a i n a b l e  a t  z e r o - g  a r e  s u m m a r i z e d  in  F i g u r e  4 .  

Not onl; is t h e  equ i l ib r ium a t t a ined  as  a funct ion 
T h e  types  o f  e q u i l i b r i u m  con-  

In t h e  Apollo 14 Heat  Flow and Convect ion  D e m o n s t r a t i o n  [4, S] t h e  flow 
,,-,tern n- e c x p t r i m e n t  -.-:as d e s i z n ~ d  t o  cc7ntain a th in ,  i lncnvered  l a y e r  of o i l  i n  
a pan whose  bot tom w a s  t o  bc h c a t c d .  T h e  p a n  w a s  des igned  with a we t t ab le  
bot tom and  unwet tab le  s i d e s .  It w a s  expec ted ,  t h e r e f o r e ,  t h a t  a l a y e r  of o i l  
somewha t  as shown i n  t h e  r e c t a n g u l a r  g e o m e t r y ,  10% fu l l  c a s e  c ,  of F i g u r e  4 
would be obta ined .  
t he  s idewa l l s  w e r e  wet t ing  when the  e x p e r i m e n t  w a s  p e r f o r m e d  in low-g  so 
that  a conf igura t ion  somewha t  as shown in the r e c t a n g u l a r  g e o m e t r y ,  10% ful l  
c a s e  a,  of F i g u r e  4. 
following schematic i o r  .?pollo 17. 

However ,  e i t h e r  b e c a u s e  of ag ing  o r  o t h e r  unknown effects, 

The  c e l l  was redes igned  with baiiles as  shown in  the  
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T h e  new a r r a n g e m e n t  p e r f o r m e d  w e l l  a n d  s ign i f i can t  data w e r e  obta ined  [2,3]. 

Dur ing  t h e  Sky lab  I V  S c i e n c e  D e m o n s t r a t i o n s ,  A s t r o n a u t  P o g u e  d e -  
l igh ted ly  r e p o r t e d  tha t  he had  hivented a z e r o - g  d r ink ing  cup .  
c o n s i s t s  of t h e  following e s s e n t i a l s :  

His invent ion  

7 Conta ine r  

Z e r o - g  Dr inking  Cup  Invented by A s t r o n a u t  Pogue  

A s t r o n a u t  P o g u e  d e m o n s t r a t e d  h i s  invent ion  and  even  showed a drawing  of i t  
on TV tape [23] . '  

T h e  time i n t e r v a l ,  t ,  fo r  a l iqu id  t o  a t t a i n  a new conf igura t ion  when its 
g r a v i t y  e n v i r o n m e n t  is suddenly  changed ,  e.g ., d r o  t o w e r  o r  sounding r o c k e t  
t e s t s ,  c a n  be e s t i m a t e d  from t h e  following f o r m u l a  f24] 

w h e r e  
I< = a cons t an t  d e p w d e n t  on con ta ine r  g e o m e t r y  and  

D = s ign i f i can t  c o n t a k e r  d i m e n s i o n  

p = l iquid d e n s i t y  

cr = l iqu id /vapor  s u r f a c e  t ens ion .  

m a g n i t a d e  of g r z v i t y  c h a n g e  

T h e  p reced ing  f o r m u l a  r e s u l t e d  from a n  exper in le i : ta l  s tudy .  M o r e  ins ight  
in to  t h e  r o l e s  of con tac t  a n g l e  and g r a v i t y  can  be ga tned  by cons ide r ing  t h e  
c o m  l e t e  m o m e n t u m  c o n s e r v a t i o n  equat ion  f o r  l iqu id  i lcw in c a p i l l a r y  tubes  
[ 2 5 f .  T h i s  is g iven  by: 

2 0  c o s 9  - p g h - % h dt dh - p ( g f  - ph 7 d2h = 0 

d t  r r 
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w h e r e  ! 

r = tube rad ius  

8 = contact angle  betiveen l iquid and tube 

h = liquid height in  tube 

' p = coefficient of viscosity.  

This  equation docs not have a s i m p l e  solution. 
tell us  that the  rate of capi l lary c l i m b  is dependent both on th.e contact angle  
and the grav i ty  level .  

ment  [ Z b p  based on considerat ions such a s  d iscussed  in the preceding p a r a -  
g r a p h s  pred ic ted  a n  i n c r e a s e d  r a t e  and uniformity of spreading in low-g and 
bet ter  brazed joints as  a r e s u l t .  Another predicted low-g effect w a s  a m o r e  
s y m m e t r i c a l  i n t e r f a c e  at  the  f ree  s u r f a c e  of the  f i l ler  and capi l lary s p r e a d -  
ing in a wider g a p  than possible  in  a one-g environment .  
were  fulfilled in  t h e  flight exper iment .  

However,  the equation does 

A refl ight ana lys i s  of the  Skylab M552 Exothermic Brazing Ekperi-  

Both predict ions 

Related t o  r a t e s  of spreading o r  capi l la ry  r i s e  a r e  th icknesses  of liquid 
F o r m u l a s  have becn der ived for dr te rmining  the liquid film th ickness ,  f i l m s .  

ho, on the  s u r f a c e  of a solid withdrawn f r o m  a liquid a t  r e s t  [ 2 7 ] .  
io rmulas  a r e  a s  folluws: 

T h e s e  

0 For  s m a l l  withdrawal veloci t ies  (uo /.A << a )  

2 / 3  u -  1/6 - 1/2 
ho = 0.93 ( p  u0) (Pg 1 

0 F o r  l a r g e  withdrawal velocit ies (uo p >> a) 

Spreading ir. zero-g  on a flat s u r f a c e  will occur  i f  

- 
s v  - aSL - uLV 2 O s = o  

w h r r e  CT r e p r e s e n t s  interfacial  tension and t h e  s u b s c r i  ts S,  -L, and V indicate 
the  sol id ,  liquid and vapor phases, r espectively [28, 29f .  If S is negative,  the  
liquid will again conform t o  i t s  min imam energy configuration which is a 
s p h e r i c a l  segment  with a solid-liquid control  a r e a ,  A, defined by PO] 

700 

I 

I 



I1 IIIIIIII IIIII I Illlllllll I I I Ill1 I I lllll I I1 

w h e r e  
8 = contact  ang le  
V = volume of the liquid 

For s’z 0, t h e  rate of sp read ing  depends on the v i scos i ty  and densi ty  of 
the  l iquid and the  s u r f a c e  roughness .  Many a n a l y s e s  ex i s t  f o r  the r a t e  and 
m a n n e r  of spreading and film th i ckness  under the controll ing influence of  
g rav i ty  [31, 321 , bat t h e s e  r e l a t ionsh ips  cannot be appl ied t o  ze ro -g  c a s e s .  
The preceding disc . iss ions of spreading o r  wetting a l s o  have not cons ide red  
any r a t e  effects connected with t h e  contact  between liquid and sol id .  
r ea l i t y ,  however ,  a number  of contact ang le  non-equi l ibr ium effects h a v e  
been obse rved  [33]. 

In 

A s u r f a c e  wetting demons t r a t ion  w a s  p roposed  and approved for  Skylab 
I V .  T h e  p u r p o s e  of t he  wetting demons t r a t ion  w a s  to  inves t iga t e  the  m a n n e r  
in  which l iquids s p r e a d  ove r  so l id s .  Th i s  is impor t an t  in the  poss ib l e  s p a c e  
manufacturing of thin film m a t e r i a l s ,  especial ly  in  the  adhesion casting p r o -  
c e s s .  
feasibi l i ty  of t h i s  p rocess ing  technique. 
conduc to r s ,  unique laminated s t r u c t u r a l  m a t e r i a l s ,  e l ec t romagne t i c  switch-  
ing dev ices  for c o m p u t e r s ,  e l ec t ro -op t i ca l  and magneto-opt ical  m a t e r i a l s  
for l a s  e r  communicat ions dev ices .  Only m a t e r i a l s  no rma l ly  onbcard S k y l a b  
w e r e  r equ i r ed  for this deinonstrat ion.  

T h e  spreading speed and th i ckness  dniformity wil l  d e t e r m i n e  the 
P r a c t i c a l  appl icat ions include s e m i -  

Tl- - L _  -L-- - z i i c  rrsc.t~rt;~al i i b j e c i i v ~  nf this drimtiilsiralion W A S  t c >  c ib~* . r t )e  the  s p ~ e a - d -  
ing r a t e  and the un i fo rmi ty  of t h i ckness  0f.a wetting liquid as  i t  s p r e a d s  o v e r  
a solid s u b s t r a t e .  
o v e r  t he  e n t i r e  s u r f a c e  with a th i ckness  on the  o r d e r  of molecu la r  spac ings .  
The driving f o r c e  for t h i s  spreading is sol id- l iquid-gas  s u r f a c e  e n e r g i e s .  
F u r t h e r  i n t r i n s i c  sp read ing  of t he  r ema in ing  liquid o c c u r s  by l iquid-gas i n t e r -  
facial energy.  
pletely.  N o  data  ex i s t  for t he  predict ion of t h e  i n t r i n s i c  bulk spreading r a t e ,  
but t i m e  t o  approach  uniform th i ckness  may exceed r e a s o n a b l e  p r o c e s s  times 
b y  o r d e r s  of magxitnde [28,3 11. 

port ion of Science Demons t r a t ion  T V -  107, Fluid Mechan ics  S e r i e s  p]. 
TV-107 s e r i e s  consis ted of: 

Init ially,  a thin l a y e r  of liquid wil l  immedia t e ly  s p r e a d  

This l a t t e r  sp read ing  will be m u c h  s l o w e r ;  o r  may s t o p  c o m -  

The  Skylab I\: a s t r o n a u t s  w e r e  unable t o  conduct t he  s u r f a c e  wetting 
The  

A. Oscillation Damping T i m e  
B.  Sur face  Wetting 
C.  Droplet  Impac t s  and Coa le scence  
D .  Vortex Forma t ion  and Damping. 

T h e  A ,  C ar.d D port ions w e r e  completed,  however ,  during the  Skylab IV 
m i s s i o n .  

P r e l i m i n a r y  r ev iew of t he  avai lable  T V  films indicates  that contact 

Wetting 
angles  of g rape -co lo red  wa te r  on g l a s s  w e r e  approximately 90 dpprees  fJr 
a 1.5-inch d i a m e t e r  d rop le t  which was fi lmed during T V  107-A.  
of Krytox oi ls  on sol id  s u b s t r a t e s  may have been f i lmed during the floating . 
zone demons t r a t ion ,  TV-1’31. 
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Drops  and Lnver p e  Drops: Producing unique composi tes  by d ispers ing  
one i m m i s c i b l e  m a t e r i a l  within another  is a c u r r e n t  s p a c e  process ing  con- 
cept  [34]. In the Apollo 14 Composi te  Casting Demonstrat ion Experiment  [35] 
g r e a t e r  dej i rces  of d i spers ion  of two immisc ib le  m a t e r i a l s  (parafiir, and sodium 
a c e t a t e  t r ihydra te )  within each o ther  w e r e  obtained in s a m p l e s  process-d  d u r -  
ing flight than i n  s a m p l e s  similarly processed  on the ground.  Another notable 
fea ture  of the s p a c e  p r o c e s s e d  aamples  was  the formation of duplex d i s p e r -  
s ions o r  c losed she l l s  of one fluid surrounding and  sur rounded by another  fluid. 
A number of var ious  s a m p l e s  w e r e  a l s o  2 r o c e s s e d  in  the  low-g environments  
of a d r o p  tower ,  a n  ail r.raft during a cl imb-dive m a n e u v e r ,  and aboard  Skylab 
[36,37]. T h e s e  a l s o  showed g r e a t e r  d e g r e e s  of d i spers ion  than s a m p l e s  pro-  
c e s s e d  on ear th .  

D r o p  formation is governed by the sum of a number of f o r c e s ,  a s  given 
by t h e  following relat ionship [38]. 

w h e r e  F is a gravi ty  force,  F a kinetic force ,  F a n  in te r fac ia l  tension f o r c e ,  
and Fd a drag  f o r c e ,  The  d r o p  volume a t  the moment  of d r o p  formation,  Vdr,  
can  be thought of as composed of two p a r t s  [38]: an  equi l ibr ium volume,  Veq, 
and a dynamic volume, v d  o r  

g k U 

where  q i s  the  flow r a t e  of liquid into the drop,cm3/sec,and t 
period during which the  d r o p  is re leased .  
re la t ionships  w e r e  obtained [38] presents  fur ther  mathemat ica l  development 
of re la t ionships  predicting d r o p  volumes for drops  formed a t  non-wetted 
capi l la r ies  in llquid-liquid s y s t e m s .  The cited work,  however ,  does not take 
into account the ro l?  o i  in t r r fac ia l  tension-drivrn convection in determi,iin,: 

is the t i m e  
The work f r o m  whfck the precedir.2 

V d .  

To the  authors’knowledg e a full mathemat ica l  t r e a t m e n t  ir.cluding inter  - 
facial  tension coni-cction h a s  a s  yct not been published. 
Davies and o thers  [ 3 9 ] ,  however,  indicates that LiterfAcial tension convection 
does play a very  important  r o l e  in d r o p  o r  emulsion formation.  F o r  example,  
the spontaneous emulsification of benzene, toluene, or xylene and s t rong solu- 
t ions of dodecylamine hydrochlor ide is at t r ibuted t o  in te r fac ia l  turbulence 
qcnr ra tcd  by in t r r fac ia l  tension gradien ts .  
t r ~ r L n 2  a\\ iy ~ l r , i p c .  

The work of 5 . T .  

The turbulence h i s  the  effect of 

Very l i t t le  is known about the fernlation of dLplex d i s p e r s i o n s  o r  c losed 
she l l s  of one fluid surrounding and surrounded by another  fiuid. 
f luid she l l s  have been found in a number  of liquid-liquid systems [4OJ oil  in 
water  and water  in oil.  

Such closed 

Closed she l l s  of g a s  w i t h h  a liquid ( inverse  b u t b l e s )  
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h a v e  also been  r e p o r t e d .  . T h e  poss ib i l i t y  of producing  duplex  d i s p e r s i o n s  
( s o m c t i m r s  c a l l e d  i n v e r s e  bubb les )  in  z e r o - g  w a s  d i s c u s s n d  i n  3n e a r l i e r  
r e p o r t  [41]. 
i n  t h e  following s k e t c h  t a k e n  from Reference 42.  

T h e  m e c h a n i s m  by which  i n v e r s e  bubbles  a r e  f o r m e d  is shown 

G a s  bubble  Approach  by oppos i te  
d e fo rmed  
by eddy film 

s i d e s  to g ive  a n  a i r  
D eta  c hmen t  of 
i n v e r s e  bubble 

If two  i m m i s i b l e  l i qu ids  a r e  p r e s e n t  i n  a t h i r d  l iqu id ,  a poss ib i l i t y  of s t i l l  
ano the r  t v p e  of i n v e r s e  bubble  e x i s t s .  
"wets"  a n o t h e r .  
in  t h e  following ske tch ,  

Suppose  one  l iquid p r e f e r e n t i a l l y  
Bubble  ( d r o p l e t )  c o a l e s c e n c e  may then  O C C u i  cis i E u s t r a t c d  

Liquid C 

Bubbles  Approach  B ibb le s  
Coa le  sc  e S p r e a d s  o v e r  "A" 

Recen t  e x p e r i m e n t s  with p u r e  w a t e r  and  with w a t e r  conta in ing  s u r f a c e  
a c t i v e  agcn t  [-I31 have  shown tha t  i n v e r s e  bubbles  ( th in ,  sphe r i ca l .  films of 
a i r  enc losed  by l iqu id)  a r e  s e n s i t i v e  t o  e l e c t r i c  f i e ids .  Appl ica t ion  of a n  
e l e c t r i c  f ie ld  d e s t r o y s  t h e  bubbles ,  sugges t ing  tha t  s e l f - g e n e r a t e d  e l e c t r i c  
f iplds  m a y  b r  r e j p o n s i b l e  for  i n v c r s e  bubble s t ab i l i t y .  A n L t h e r  s tudy [44], 
howt,vc-r,  i nd ica t e s  t ha t  fluid flow may- a l s o  play a r o l e .  
w e r e  f loated on a w a t e i  s u r i a c e .  It w a s  d e m o n s t r a t e d  tha t  a concave  film 
of vapor  flowing r ad ia l ly  s u p p o r t s  t h e  floating d r o p s .  
c a u s e s  i n t e r n a l  m o t i o n s  in t h e  f loat ing d r o p s .  
i n t e re s t ing ly  enough,  d e t e r m i n e d  tha t  a n  i n v e r s e  bubble  is m o r e  s t a h l a  i f  
t h e  effect  of g r a v i t y  c a n  b e  o v e r c o m e ,  so  tha t  tile bubbie would n o t  r i s e  or 
s i n k .  
c e n t e r  of a ro ta t ing  l iquid mass and  found tha t  as  expec ted  thr i n v c r s c  :Ju>!>ics 

D r o p s  of w a t r r  

T h e  r a d i a l  flow a l s o  
Still o t h e r  i n v e s t i g a t o r s  [4?], 

They dev i sed  a n  e x p e r i m e n t  i n  which t h e  i n v e r s e  bi~b!:Ir is  i ~ f - l r l  i n  t L i P  
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l a s t ed  as  long a s  the rotat ion continued. 
dynamics i s  c l r a r l y  one  vzhich should r ccc ive  mort- drvclopment .  

C. SURFACE DEFORMATION-INDUCED FLOWS 

The a r e a  of i n t e r f a c i a l  f o r c e s  and 

Flows i n  th i s  s ec t ion  a r e  a d d r e s s e d  t o  motion induced by : lorma1 (per- 
pendicular)  stresses a t  a l iquid-vapor  interface.  T h e s e  n o r m a l  s t r e s s e s  a r e  
typified by the  mechan ica l  ( je t t ing)  f o r c e  of thc e lec t ron  beam i n  the Skylab 
M 5 5 1  (E lec t ron  B e a m  Welding) and M 5 5 3  (Sphere F o r m i n g )  expe r imen t s  [ 26 ] .  
Such s t r e s s e s  r e s u l t  in  s u r f a c e  de fo rma t ions ;  and,  in  combination with s u r -  
face tension and ine r t i a  f o r c e s ,  can  lead to  sloshing ac t ions  and even s p l a t -  
t e r ing  (unstable s lo sh ing ) .  
The  following d i scuss ion  i l l u s t r a t e s  s u r f a c e  deformation-induced flow in 
s p a c e  p rocess ing  appl icat ions.  

T h e s e  motions a r e  accentuated in low gravi ty .  

Sloshin?: During e l ec t ron  beam welding, sloshing of the  molten m e t a l  
l eads  t o  the phenomenon known a5 spiking which o c c u r s  in the p a r t i a l  pene t r a -  
t ion welds of the s t a i n l e s s  s t e e l  s a m p l e s  in  the M 5 5 1  e x p r r i m e n t .  This phe- 
nomenon i s  i l l u s t r a t ed  in F i g u  e 5. The  foilowing m e c h a n i s m  was proposed 
for spikinq[45, 463. 
t h e  weld (no m r l t  b a r r i e r  r e m a i n s ) ,  a spike is fo rmed .  The seve r i ty  of t he  
spiking d rpends  on t h r  frequency of t he  oscil lation and thc  wcldinq speed as 
wel l  a s  the .material  p r o p e r t i e s .  
i n c r e a s e d  porosity in the fusion zone i f  contaminant g a s  bubbles a r e  t rapned 
ai i'rie weld h s z  *.-:h,en t h e  m-giir-n r~.ii.ta: 
bubbles a r e  then frozen i f  the  cooling r a t e  is sufficiently r ap id .  
may  a l s o  induce cold shuts  and c r a c k s  as  the  m e l t  falling back into the cavity 
might  not bond t o  the  a l r eady  f rozen  spike wal ls .  
cient mixing in the  m e l t  and shoiild prodiice a very homogeneous fusion :me. 

A t heo re t i ca l  ana lys i s  of t he  me l t -beam di-namics descr ;bed above and 

Each t i m e  t h e  e lectron beam p e n e t r a t e s  to  the b a s e  of 

The  sloshing of the m e l t  can g i v o  r i s e  to  

f l o w s  back i z t s  the cavi ty .  T h e s e  
Sloshing 

It a l s o  l ea6s  to  ve ry  cff i -  

in  Figure 5 show that  spiking frequency i s  predictpd bv [26,46]  

Tile preceding ana lys i s  considered welding a horizontal  p l a t e  f r o m  above. 
Equation ( 1 )  should no? be exprcted t o  g e n e r a t e  exact ,  r i go rous  r e s u l t s  t o  
match ac tua l  ?vi551 Pxperimrntal  data .  It can ,  h o w r v c r ,  be uti l ized t o  p r e -  
dict  a low gravi ty  var ia t ion in thc s ta inlcs- .  s t r e l  e l ec t ron  beam \vplds. A s  
pred ic t rd  in Equation ( I ) ,  spiking frequency v a r i e s  i nve r se ly  with gravi ty  
level .  Using the  experimental  conditions,  physical  prope*-ties and beam 
p a r a m F t e r s  for the M551 s t a i n l e s s  s t e c l  rxpc r imen t  and a s suming  levels  of 
supe rhea t  i n  the m e l t ,  Equation ( 1 )  pred ic t s  oscil lation frequencies  shown 
in F igu re  6 .  
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In t h e  l i m i t  as g -c 0, Equat ion  (1)  y i e l d s ,  

IP.. - 2o/a  
V 

w = f  4 p h  2 

o which  m e a n s  tha t  sp ik ing  canno t  o c c u r  bclow 2027 C for  s t a i n l e s s  steel .  T h e  
s u r f a c e  t e n s i o n  f o r c e  o v e r c o n i e s  any  je t t ing  d u e  t o  v a p o r i z a t i o n  at  l o w e r  s u r -  
i a c e  t e m p e r a t u r e s .  T h i s  is ind ica t ed  by i m a g i n a r y  n u m b e r s  in  Equa t ion  ( 2 ) .  

Spla t t e r ing :  In t h e  M551 e x p e r i m e n t  a q u e s t i o n  ar ises  a s  t o  t h e  s t a b i l i t y  
D i  t h e  m o l t e n  dwe l l  pool  i n  low g r a v i t y .  
m o l t e n  puddle  f o r m e d  dur ing  t h e  dwc l l  m o d e  of t h e  M551 e x p e r i m e n t ,  w h e r e i n  
t h e  l iquid m i u h t  not  a d h e r e  and  s e p a r a t e  f r o m  t h e  so l id  d i s k  o r  v io len t  s p l a t -  
t e r i n g  m a y  occiir d u c  t o  u n s t a b l e  o s c i l l a t i o n  of t h c  rne l t / vapor  i n t e r f a c e .  
T h i s  s p l a t t e r i n q  could  be  c a u s e d  by t h e  m o m e n t u m  f o r c e  a s s o c i a t e d  wi th  t h e  
impingin< e l c c t r o n  b r a i n .  

An ins t ab i l i t y  m i g h t  d e v e l o p  in  t h e  

T h e  l a t t e r  i n s t ab i l i t y  m e c h a n i s m  h a s  b e e n  t r e a t e d  r e c e n t l y  by B e r g h n i a n s  
He p e r f o r m e d  a t h e o r c t i c a l  s tudy  of fluid i n t e r f a c e  s t ab i l i t y  wi th  s p e c i a l  [47]. 

a t t r n t i o n  beinq q iven  t o  t h e  r o l e  of s u r f a c e  t e n s i c n .  
p o s s i b l e  app l i ca t ion  to  t h c  s p l a t t r r i n g  of m o l t c n  i n c t a l  a s  o b s e r v e d  du r ing  
e l e c t r i c  a r c  weld ing .  

It w a s  m o t i v a t e d  by i t s  

. .  B e r g h m a n s ’  s i c l i l y  ciiiic:”idrd thzt  t h c  *.vcid pnei i n t P r r d r r  would b e  stab!? 
if t h e  following condi t ion  w a s  m e t ,  

2 w h e r e  We = 2 P, R/u is a modi f i ed  Weber  n u m b e r ,  B o  = ( p L  - p v )  g R /D is  
a Bond n u m b e r ,  P, is t h e  a v e r a g e  b e a m  m e c h a n i c a l  p r e s s u r e  e x e r t e d  o v e r  
t h r  dwe l l  puddle  and  K is t h e  b c a m  r a d i u s .  T h e  a n a l y s i s  is e x a c t  i f  v i s c o u s  
and i n r r t i a  c f f ec t s  a r e  u n i m p o r t a n t  as  i a r  a s  s t ab i l i t y  is c o n c e r n c d .  O t h r r  
aa -un ip t ions  a r c  t h e  ra( l ia1 p: ( ’ s s u r c  d is t r ih i i t ion  in t h c  b\-aim i m p i n e e m e n t  
a r  (’a is  s p o n c n t i a l  anti tht,  \)cain rarliris i s  :it>k!iiiblL> in  c o n i p a r i s o n  to  t h e  
dwel l  pool  r a d i u s .  

T h e  c r i t e r i o n  e x p r e s s e d  by Equat ion (3 )  w a s  app l i ed  t o  e a c h  of t h e  ihf551 
m a t e r ; a l s  and  for  grav’ ty  l e v e l s  be tween g r o u n d  t e s t s  ( g ~  = 980 c m / s e c 2 )  and  
t h o s e  of Skylab (g  = 1 0 - 5  C E ) .  B r a m  d i a m e t e r  “ a s  a l s o  v a r i e d  be tween 0.635 
and  C.07 c m  wi th  c o r r e s p o n d i n g  avc’rage b e a m  p r e s s a r e s  of 15.3 a n d  1060 
d y n r s  / c m 2 ,  r c s p c c t i v e l y .  F o r  e a c h  o i  t h e  pr t?ccding  c a s e s ,  

7 05 

t h c r e f o r c ,  t h e  momcntu rn  f o r c e  of t h e  e l e c t r o n  b e a m  wi l l  not  be  a c a u s e  of 
w r l d  pool  s p l a t t c r i n g  in t h e  , L i551  e x p c r i m c n t .  

. 



D .  SHEAR-INDUCED FLOWS 

When l iquid c o n t a i n e r s  r o t a t e  o r  v i b r a t e ,  t h e  wa l l s  i nduce  t angen t i a l  
s t resses  o n  t h e  l iquid which  induce  nonun i fo rm Elow within t h e  li  uid.  Escel-  
l e n t  t r e a t i s e 8  on  t h i s  ty  e of flow in low-g a r e  g iven  by Habip  [483, A b r a m s o n  
[49,50], and  Moiseyev  5 1 1  for  v ib ra t ing  c o n t a i n e r s ;  w h e r e a s  C r e e n s p a n  1 5 2 1  
and  Ben ton  [53] g i v e  a n a l y s e s  for  ro t a t ing  c o n t a i n e r s .  

T r a n s i e n t  ro t a t ion  and  v i b r a t i o n  of c o n t a i n e r s  m a y  be  s ign i f i can t  i n  
c e r t a i n  space p r o c e s s i n g  a p p l i c a t i o n s ,  s u c h  as dur ing  sounding r o c k e t  f l igh ts .  
J u s t  b e f o r e  t h e  low-g p o r t i o n  of t h e s e  f l i gh t s ,  t h e  r o c k e t s  a r e  d e s p u n  f r o m  
150 down t o  1 5  rpm. Even wi th  d e s p i n  p l a t f o r m s ,  d e s p i n  wi l l  l e a d  to s p i n -  
down r a t i o s  of 5 rpm down t o  1 rpm. 

T h e  t i m e  to r e a c h  a n e w  s t e a d y - s t a t e  f low p r o f i l e  when c o n t a i n e r  r o t a -  
t ion  is suddenly  i n c r e a s e d  f r o m  a cons t an t  a n g u l a r  ve loc i ty  t o  a n o t h e r  is  
t e r m e d  sp inup ,  
F o r  a f in i te  c y l i n d r i c a l  con ta ine r  comple t e ly  f i l l ed  wi th  l iqu id ,  sp inup  and  
sp indown times a r e  shown in  F i g u r e  7 for v a r i o u s  R o s s b y  n u m b e r s .  
R o s s b y  n u m b e r ,  E ,  is  g i v e n  by E = 1 - I Io /A1  f o r  sp inup  and  by F = ( A l / A o )  - 1 
for  sp indown w h e r e  i\ 

a n q u l a r  ve loc i ty .  

wh i l e  t h e  c o n v e r s e  s i t ua t ion  is  r e f e r r c c ,  t o  as spindown t i m e .  

T h e  

= i n i t i a l  c o n t a i n e r  a n g u l a r  ve loc i ty  and .\ 
0 1 

= f ina l  

In a sounding r o c k e t  wi th  a d e s p i n  p l a t f o r m ,  E is a p p r o x i m a t e l y  -0.8.  
Util izinq typ ica l  s p a c e  p r o c e s s i n g  c o n t a i n e r  d i m p n s i o n s  ( ( c y l i n d e r  8 i n c h e s  
long by 0 .75  inch  d i a m e t e r ) ,  t h e  sp indowq t i m e s  ( to  r e a c h  1% of f ina l  s t a t e )  
for  v a r i o u s  f lu ids  a r e  shown below: 

* Spindown 
Flu id  (Seconds)  

IM e r c u r  y 120 
W a t e r  50 
K r y t o s  oil ( A Z )  2 8  
Car l )on  d ioxidc  1 3  
He1i~i .n  4 

T h u s  i t  c a n  be s e e n  tha t  t h e s e  s h e a r  induccd  f lows c a n  b e  i m p o r t a n t  when 
th ree -min l ; t e  low-g sounding r o c k e t  f l igh ts  a r e  con templa t ed .  F o r  o t h e r  
s p a c e  p r o c e s s i n g  e n v i r o n m e n t s  s u c h  as  Skylab  o r  ASTP,  v ib ra t ion  r a t h e r  
than  ro t a t inq  s h e a r  f lows a r e  m o r e  i m p s r t a n t  [Z). 

E. TRA.JECTORIES O F  LEl'ITATED FLUID hlASSES 

A p r a c t i c a l  c o n s i d e r a t i o n  in  a n u m b e r  of low-g s p a c e  p r o c e s s i n g  con-  
c e p t s  is how t o  m a n i p u l a t e  m a t t e r  so  tha t  d l iquid m a s s  c a n  be f r e e l y  l ev i t a t ed  
a n d  then  h e a t e d ,  cooled ,  o r  s t i r r e d .  T h e  f i r s t  c o n s i d e r a t i o n  in ach iev ing  t h i s  
ob jec t ive  is how t o  pos i t ion  t h e  l iquid or so l id  mass in  a f r e e l y  l ev i t a t ed  

* 
At 1 a t m  a n d  r o o m  t e m p e r a t u r e .  
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condition, 
during p rocess ing .  

T h e  second considerat ion is how t o  keep  the  l iquid posit ioned 

In low-g a fluid m a s s  may be s e t  into r e l a t i v e  motion ( in t e rna l  o r  con- 
vec t ive  motions a r e  h e r e  excluded)  by a number  of f o r c e s .  
may be 

Among t h e s e  

React ion f o r c e s  due t o  vaporizat ion o r  degassing 

Various act ion fo rces  s u c h  as the  impingement  of a n  
e l e c t r c n  beam o r  je t  of g a s ,  and 

0 At t rac t ive  and r epu l s ive  f o r c e s  gene ra t ed  by g rav i ty  
and e l e c t r i c  o r  magne t i c  f ie lds .  .. 

M 5 5 3  M a t e r i a l s  P u 
(g/cm3) (dyne/cm) 

N i  7.85 20 50 

N i -  1270 Sn 7.80 1500 

Relat ive motion is opposed by cches ive  and adhes ive  f o r c e s .  

?i’hese concep t s  w e r e  applied to the M553 expe r imen t  flown a b o a r d  the 
Skylab [30]. 
(obtained f r o m  e lec t ron  beam mel t ing )  in a vacuum c h a m b e r  and achieve con- 
t a i n e r l e s s  low g rav i ty  solidification, 
mo l t en  s p h e r e ,  a t r a j e c t o r y  p r o g r a m  was  developed that  included al lowances 
for the e l ec t ron  beam f o r c e ,  deployment velocity cons ide ra t ions  ( s u r f a c e  
tension e;lrcts ) ,vaporizat ion fo rce  based on thr t -e-dimensional  t e m p e r a t u r e  
h i s to ry ,  Skylab orbi t  cons ide ra t ions ,  and additional g e n e r a l  fo rce  rout ine.  
The g e n e r a l  fo rce  rout ine was  included specif ical ly  to  a l low ana lys i s  of ex- 
pcrirr.r:ts c ~ n d r ? c r a ?  i!i Y C -  1 3 5  airc . i=ai t  Zging  L;a!!istics t r z j r c t a r i r s  t o  
achieve low-q env i ronwen t s .  
s e r v e d  as  input t o  the rout ine.  

The objective of t he  rxpe r imen t  was  t o  drploy liquid s p h e r e s  

In o r d e r  t o  p red ic t  t h e  motion of t he  

A c c e l e r o m e t e r  data  r e c o r d e d  during the flights 

_ -  
R T 

( c m )  (set) 

.3175 .011 

.3175 .013 

A typical  s equence  of events  consis ted of init iation of t he  e l ec t ron  beam 
with impingement  on a solid m e t a l  cyl inder .  F o r m a t i o n  t i m e s  for  s p h e r i c a l  
port ions o c c u r s  v e r y  rapidly a f t e r  melting as  shown by t h e  calculat ion in 
Tab le  I .  Fully molten s p h e r e s  w e r e  usually abtained in 3 t o  6 seconds.  Os-  
cil lations (30 t o  40 Hz)  occur  due  to  p e r t u r b a t i o r s  and t o  “ove r shoo t”  a s  a 
r c.,ult of s u r f a c c  tension s u r f a c e  a r e a  min imiza t ion .  

Viscous effects will d a m p  out t he  osci l la t ion in t i m e ;  however due  to the 
relatively low viscosi ty  of liquid m r t a i s ,  t he  timt- i s  on the o r d c r  of t ens  of 
seconds for s p h e r e s  of a fract ion of a c e n t i m e t e r  in d i a m e t e r .  In fact  for a 
0.6 c m  nickel s p h e r e ,  a 3 second decay tim? constant r e s u l t s  r equ i r ing  1 5  
scconrfs for 99”” decay and 30 st-conda i o r  99.99@0, 
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Afte r  co tnp lc t c  m e l t i n g ,  t h e  e s p c r i m e n t  w a s  d e s i g n e d  t o  deploy  t h e  
m o l t r n  s p h e r e .  
jc-ctory i f  dep loymen t  o c c u r r e d  r ap id ly  a f t e r  e l e c t r o n  b e a m  cutoff .  
s c h r m a t i c  o f  t h i s  s i t ua t ion  i s  s h n u n  in l.-i<ure 8 c o r r e s p o n d i n g  t o  a p a r t i c u l a r  
riin in a k fa rch  1 : ' i L  I<C-1 3 5  r \ rpr r i i i ivn t .  

I t  w a s  found tha t  t h e  v a p o r i z a t i o n  f o r c e  c o n t r o l l e d  the  tra- 
A 

A pho tograph ic  s e q u e n c e  f r o m  the  s a m e  flight i s  shown in F i g u r e  9. 
H e r e  t h e  s p e c i m c n  ad1irrc.d t o  t h e  p r d c s t a l  far  0.3 s r c o n d  a f t e r  comple t e ly  
me l t ing  (t = 0 c o r r e s p o n d s  t o  a comple t e ly  m o l t e n  sphe re ! .  T h i s  t i m e  a l lowed 
i s o t h e r m a l  c o r r e l a t i o n s  t o  r e s u l t  b e f o r e  dep loymen t  t h u s  producing  a g r a v i t y  
c o n t r o l l e d  mot ion  ( the  g r a v i t y  componen t  in the  f i l m  w a s  d i r e c t e d  to the  l o w e r  
left). 
g r a p h s .  
and 54. 

T h e  o s c i l l a t i o n s  abou t  t h c  s p h e r i c a l  shape a r e  a l s o  ev ident  in t h e  photo-  
F o r  ii d e t a i l e d  d i s c u s s i o n  t h c  r e a d e r  is r e f e r r e d  t o  R e f e r e n c e s  30 

PREDICTING LOW-G FLUID M O T I O N  \'IA DIM ENSIONAL ANALYSIS 

D i m e n s i o n l e s s  p a r a m r t e r s ,  s u c h  a s  t h e  Rayle igh  a n d  M a r a n g o n i  n u m -  
b e r s ,  m a y  hr thoueht  of a s  r a t i o s  of phys ica l  f o r c e s .  
r a t i o  is >> 1 ,  t h e  f o r c e  a s s o c i a t e d  with t h e  n u m e r a t o r  d o m i n a t e s  t h a t  of t h e  
d e n o m i n a t o r ,  and  v i c e  v e r s a  w?en t h e  r a t i o  is << 1 .  In c e r t a i n  we l l  s tud ied  
p r o b l e m s ,  c r i t i c a l  va lues  r s i s t  for  t h e s e  d i m e n s i o n l e s s  p a r a m e t e r s  ( r a t i o s )  
s u c h  tha t  a c h a n c e  of s t a t e  o c c u r s  as i h c  c r i t i c a l  va lue  i s  r x c e e d e d  and  one  
i o r c r  ov i - r con i r s  t h r  o t h e r .  

Thus  Xvhen a p a r t i c u l a r  

T h e  l i k r l i hood  cf n a t u r a l  convec t ion  a r i s i n g  in  a fluid and  i t s  o r d c r  of 
m3gnituriib I ;  ii d u v s  i ~ c i u ' i  czii t j ~  r s t i m a t c d  f o r  bac - , ya~cy  (g rzv i t j ' )  indzct~r !  
condi t ions  by e s a m i n i n g  a d i n i e n s i o n l r s s  p a r a m e t e r  ca l l ed  t h e  Ray le igh  n u m -  
b e r  ( R a ) .  
mo t ion  in f luids  with f r f e  s u r f a c r s  b y  rxamin ing  a d i m r n s i o n l e s s  p a r a m e t e r  
i e r m r d  t h c  h i a r a n g o n i  n u m b e r  (IMa). T h t s e  n u m b e r s  a r e  def ined  by 

A s i m i l a r  a n a l y s i s  can  be appl ied  fo r  s u r f a c e  t ens ion - induced  

w h t r  e 
c =  
J =  

A T  = 
1, = 

c c =  
v =  
a =  

o =  

g r a v i t y  
t h r r m a  1 e s p a n  c i 
t e m p e r a t u r p  d i t i e r c n c e  a c r o s s  t h e  f luid 
dppth oi' width of t h e  fluid 
si ir  f acc  t r n s i o n  
a i so l , i t  c i ; iscc>i  t v  
k in t \m 2 i i c v i  s c o $ 4  t y  
ti1 ('r m a 1 r i  i f ((1 s i v  i t  y . 

c o e f f i c i e nt 

T h ?  l<ayIri:k rlumbt-r - t h e r e f o r r ,  t h c  weighted  r a t i o  of t h e  bu.)yancy f o r c e  
t o  t h r  viscoris  [.>rc-r, :.b. . . . r r a s  '.hv h la rangon i  n u m b e r  i s  t h e  c o r r e s p o n d i n g  
r a t i o  of s u r i a t - r  tc-nsir.,: i -, q i scous  Corce. hi each  n u m b e r ,  t h e  n u m e r a t o r  
con ta ins  t h p  d r iv ing  iorcP with t h e  d e n o m i n a t o r  r e p r e s e n t i n g  t h e  r e s t r a i n i n g  

I 

v . .  c .._ ! \ . 



f o r c e .  
as t h e  n u m b e r s  i n c r e a s e .  As they s u r p a s s  t h e i r  critical v a l u e s ,  t h e  d r i v i n g  
fori es overcot l ie  v i s c o u s  r c s t r a i n i n g  f o r c e s  a n d  a change  in flow o c c u r s :  i.e., 
a t r a q s i t i o n  from no-flo\v t o  l a m i n a r  convec t ion  or from l a m i n a r  to turb i i len t  
conve5:tion o c c u r s .  

T h u s  t h e  t endency  for  ach iev ing  s u s t a i n e d  convec t ive  mot ion  is g r e a t e r  

%\ 

T‘ne r a t i o  of R a  and  M2 t o  t h e i r  r e s p e c t i v e  c r i t i c a l  v a l u e s  (Ra, and 
Ma,), wi:ich a r e  d e t e r n i i n c d  by g e o m e t r y ,  t ype  of con ta inmen t  and  d i r e c t i o n  
of hea t ing ,  d e t e r m i n e s  t h e  o n s e t  and  magn i tude  of fluid flow. I f  e i t h e r  R a /  
Rac  o r  iMa/’Mac exceed  uni ty .  flow wi l l  o c c u r  a n d  hea t  t r a n s f e r  t h r c q h  t h e  
f lu id  i n c r e a s e s  b e c a u s e  t h e  convec t ive  heat ing is s u p e r p o s e d  to the  conduc t ive  
and  r a d i a t i v e  m o d e s  ex is t ing  b e f o r e  flow in i t i a t e s .  
:he m a c n i t u d r  (ve loc i ty )  of flow i n c r e a s e s  unt i l  t u r b u l e n c e  f inal ly  o c c u r s  and  
t h e  a m o u n t  of convec t ive  h e a t  t r a n s f e r  a l s o  i n c r e a s e s .  
is l i n e a r  on a log-log plot  i n  a g iven  r e g i m e .  When heatirig f r o m  t h p  s i d e  i n  
a g r a v i t y  f ie ld ,  for e x a m p l e ,  t h e  c r i t i c a l  Rayle igh  nu1nbr.r is shown t o  be  
z e r o  f r o m  t h e o r e t i c a l  c o n s i d e r a t i o n s  [55]. E x p e r i m e n t a l  r c s u l t s  have  shown,  
howrc.vrr, tha t  a c c r t a i n  f ini te  c r i t i c a l  condi t ion  m u s t  be  e s c e e d c d  b e f o r e  h e a t  
t r ans i e :  i s  i n c r e a s e d  ovtxr t ha t  of conduct ion  a n d  r a d i a t i o n  [jb]. Upon hea t ing  
f r o m  be low,  the  l iquid l a y e r  r e m a i n s  s t a b l e  t o  fluid flow as  we l l  a s  convec t ive  
hea t  t r a n s f e r  unt i l  a r e l a t i v e l y  l a r g e  c r i t i c a l  condi t ion  is exceeded .  F o r  a 
l iquid layer  bounded on bot tom with a so l id  w a l l  (hea t ing  e l e m e n t )  a n d  on t o p  
\vitl? a f r r c  su r fac t= .  R a  

As t h e s e  r a t i o s  i n c r e a s e ,  

Normally t h i s  r e l a t i o n  

i s  a p p r o x i m a t e l y  1100 [ 57 ] .  

T h e  p r r c z d i n q  q u a n t i t i e s ,  Mac  and  Ra,, a r e  dependent  on such  p r o p -  
e r t ies  nf i i i t -  iILlid aiid coi ; ta iner  2 s  !he P r a n d t l  n u m b e r .  Biot  n u m b e r ,  a s p e c t  
r a t i o ,  h e a t e r  v c r s c s  fluid t h e r m a l  conduct iv i ty ,  s i d c w a l l  t h c r m a i  cond i i ions .  
aiid s u i t a c e  de io rn iab i l i t y  ( c r i s p a t i o n  and  3 o n d  n u m b e r s ) .  
B io t ,  and  Bond n u m b e r s  a r e  d i m e n s i o n l e s s  r a t i o s  which  of ten a p p e a r  i n  niany 
o t h e r  engineer ing  P r o b l e m s .  T h e  a s p e c t  r a t i o  is a m e a s u r e  of t h e  g e o m e t r i c a l  
s y m m e t r y  of the  fluid c o n t a i n e r ,  and  as s u c h  i t  also a p p e a r s  f requent ly  i n  many  
eng inee r ing  p r o b l e m s .  
uti1:zed in  t h e  s t c d y  of c a p i l l a r y  waves .  
t h e s e  d i m e n s i o n l e s s  n u m b e r s  a r e  d i s c u s s e d  in R e f e r e n c e  2. 

C 

The  P r a n d t l ,  

The c r i s p a t i o n  g roup  a p p e a r s  less  f r equen t ly  ,-tad i s  
T h e  def in i t ion  and  ut i l i ty  of e a c h  of 

Thc prc.ccdin< t l isci iss ion h a s  dtv-nonstratcd t h r  uti l i ty  o f  d imcns ion l t - s s  
nu inbpr s  io r  d e s c r i b i n g  c e r t a i n  f lu id  ilow phenomena .  It w a s  noted tha t  t 1 i t . s ~  
n u m b e r s  a r e  c s t r P m e l y  use fu l  i n  we l l  s tud ied  p r o b l e m s  w h e r e  r a n g e s  in  t h e i r  
v a l u ~ s  have  been  idcnt i t ied  with f low r e g i m e s .  In o t h e r  less s tud ied  p r n b l p m s ,  
t h r  s t a t r  of t h e  a r t  of nond imens iona l  n u m b e r s  is at a v e r y  p r i m i t i v e  stagt- a n d  
thtxy m u s t  br  used  d i s c r e t e l y .  
fol lows.  

An e x a m p l e  of t h e i r  u s e  in  a complex  s i tua t ion  

One o; the- Skylab  M512 e x p e r i m e n t s ,  M553  5 p h c r e  Formint : ,  i nvo lv rd  
m r l t i n z  nick,>! CDCcirirns i n  a vacuum c h a m b r r  and al lowing t h e  m o l t e n  s p h c r c  
to  dcp lcy  Li . i J .  
less  f r eez ing .  

?he rnsu ing  t r c r - f l o a t  t i m e  u,ould t h c n  g i v e  r i se  t;, c o n t a i n r r -  
T h e  n i zke i  w a s  m e l t e d  by a n  c l v c t r o n  b e a m  (eb) .  

Appl ica t ion  of d i m e n s i o n a l  a n a l y s i s  [58, 591 t o  t h e  gocprn ing  equat ions  
for Ftb m e l t i n g ,  coupled with g round-based  and  low-xravi ty  c s p c r i m r n t s ,  e n -  
a b l r d  prcd ic t ion  a f  :hc c s t r n t  of r educ t ion  o r  i n c r e a s e  of mot ion  in t h r  m o l t e n  
m r t a l  and ’or the. c h a n e r  in flow p a t t r r n  in e b  mel t ing  in s p a c e .  P o s s i b l e  
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physical  f o r c e s  which could induce fluid flow in  the M 5 5 3  expe r imen t  and 
t h e i r  c a u s e s  include [54]: grav i ty ,  L o r e n t z  f o r c e s ,  e l ec t ros t r i c t ion ,  magneto-  
s t r i c t ion ,  e l ec t ros t a t i c  f o r c e s ,  s u r f a c e  tension,  solidification sh r inkage ,  
e l ec t ron  beam mechanical ,  thermal  expansion, vibrat ion,  cen t r i fuga l  and 
Coriolis,  vapor  p r e s s u r e ,  i n e r t i a  f o r c e s  and viscous fo rces .  

The preceding f o r c e s ,  which could influence fluid flow and solidifica- 
t ion,  a p p e a r  explicitly in  the  conservat ion equations which apply t o  formation 
of a molten pool by e l ec t ron  beam heating [54] . 
the preceding equations and pe r fo rming  a n  o r d e r  -of-magnitude compar i son  on 
the va r ious  d imens ion le s s  g roups  which r e s u l t  [58, 5 9 3 .  The  key t o  success fu l  
ana lys i s  is in choosing the p r o p e r  r e f e r e n c e  va lues ;  i.e., s i n c e  no f r e e s t r e a m  

I 
I 8  F r o m  t h e  many  poss ib l e  f o r c e s ,  

' 

, 
the  controll ing physlcal  f o r c e s  can be de t e rmined  by non-dimensioning each of  j 

I 

velocity e x i s t s ,  which f o r c e s  d o  we equate to  e s t i m a t e  a " c h a r a c t e r i s t i c i t  o r  
"typical" velocity.  Choosing the p rope r  c h a r a c t e r i s t i c  velocity is very impor  - I 

I 
1 tant.  s i n c e  the r e f e r e n c e  t i m e ,  t e m p e r a t u r e ,  etc., usually depend on this  velocity.  

Examination of fi lm taken during both K C - 1 3 5  low g rav i ty  flight expe r i -  
m e n t s  and ground t e s t s  indicated that  s u r f a c e  flow veloci t ies  for  nickel  spec i -  
m e n s  w e r e  approximately 20 c n / s e c .  Of t he  poss ib l e  f o r c e s  affecting 
e l ec t ron  beam melting only those  shown in Tab le  I1 yield c h a r a c t e r i s t i c  velo- 
c i t i e s  of this  o r d e r  of magnitude. T h e s e  driving f o r c e s  cons i s t  of couplings 
involving su r face ' t cns ion ,  g rav ' t y  o r  Lorentz  ( e l ec t romagne t i c )  f o r c e s  with 
ine r t i a  f o r c e s .  

Ine r t i a  = 1,orentz 

Inc r t i a  = Gravi ty  

I Velocity 1 

1 (0' E 2 L / p ) ' l 3  

(6 L) 18 a t  1 g E  

I V a l u e  ( c m / s e c )  
Controll ine F o r c e s  Functional F o r m  f o r  Nickel in M553 

Tension I I I 

6 at 10-4 gE 

?':scous = Loren tz  1 (0' E' L2/p )1 /2  l 7  
The  d imens ion le s s  momentum equation which d e t e r m i n e s  fluid flow in 

electron beam melt ing becomes  (upon choosing the s u r f a c e  t ens ion - ine r t i a  
c;ia r a c t e r i s t i c v c loc  it y ) , 

- 1 a? 1 p ( V  2 0) 2 v = - - V P t V 2 T t +  %O 

Nst 2NOh *Oh at 4- - 



w h e r e  

U 

NSt = Stokes number  = p t/pL 

= durat ion o i  p r o c e s s / r e s i d e n c e  t i m e  

= Ohnesorge  number  = p / v m -  
= v i scous  f o r c e / s u r f a c e  t ens ion  f o r c e  

2 = Bond number  = p g  L /ST 
N B o  

= grav i ty  f o r c e / s u r f a c e  tension 

NM1 = magne t i c  i n t e rac t ion  n u m b e r  

= B 2 L / 2 p ' S T  

= magne t i c  f o r c e / s u r f a c e  t ens ion  

ing physical  p rope r ty  data  f o r  nickel  and 
1 

the  M553 expe r imen t ,  the equation r e d u c e s  to 
he  b e a m  p a r a m e t e r s  for  

3 

- 1  

w h e r e  
G = 10 

G 2 10 

for e a r t h  g rav i ty  

fcji' expected S k y k t  gravity. 

This  o rde r -o f -magn i tude  ana lys i s  i nd ica t e s  that  s u r f a c e  tension d r iven  con- 
vection will o c c u r  both in  ground t e s t s  and fo r  Skylab conditions because  
Noh << 1 .  F u r t h e r m o r e ,  a c o m -  
pa rab le  d e g r e e  of g rav i ty  d r iven  convection wil l  ex i s t  on g round  t e s t s ,  but 
wil l  be negligible i n  the reduced g r a v i t y  of Skylab. Thus different  f o r c e s  will  
con t ro l  convection on e a r t h  v e r s u s  Skylab. The preceding ana lys i s  a l s o  indi-  
c a t e s  that  e l ec t romagne t i c  o r  Lorentz  f o r c e s  will be negligible with r e g a r d  t o  
causing fluid motion.  

This  is conf i rmed  by K C - 1 3 5  A1553 t e s t s .  

' The  s u r f a c e  tcnsion driving f o r c e  cons ide red  above is actual ly  a s u r -  
face tension g r a d i t i t  caused  by r a d i a l  and l a t e r a l  t e m p e r a t u r e  g r a d i e n t s .  
Ignoring convection, g r a d i e n t s  of a t  l e a s t  s e v e r a l  hundied d e g r e e s  Ce l s ius  
p e r  c e n t i m e t e r  have been predicted during melt ing.  It can  be shown by d i -  
mens iona l  ana lys i s  (equate  i n e r t i a l  and viscous t e r m s )  tha t  t h e  motion 
caused by t h e  ini t ia l  t e m p e r a t u r e  g r a d i e n t s  wil l  occu r  ir l e s s  than 3.1 second 
and  can p e r s i s t  for  60 seconds a i t e r  removing the driving f o r c e .  This m e a n s  
that t n t i r c  will be s o m e  fluid motion durin,g solidification i f  the  M 5 5 3  s p e c i -  
m m s  f r e e z e  a f t c r  3 2  t o  48 seconds a s  predicted 
spcc imens  is approximately 3 seconds .  

Mclting t ime for t h e s e  

Values of the per t inent  d imens ion le s s  g r o u p s  for  t he  remaining M553 
m a t e r i a l s  a r e  given in Table  111. 
evident f rom the  preceding conclusions for  p u r e  nickel.  

As can  be s e e n ,  n o  s ignif icant  changes a r e  
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I 

I 

1 
Oh NBo N o h  

Ni-Sn 4.4  1.50 22'32 

Ni-Ag 5 . 0  1.53 1991 
Ni-Cu 4 . 4 ~ ~  1.54 2107 

M:. t c r i a  1 

* -I- 

Oh N o h  

NBo - -  

3437 .34  

3043 .30  
3241 .32  

Ear ly  esaminat ions of KC- 135 and ground film indicated fluid veloci t ies  
of 300 c m / s c c .  Dimensional  ana lys i s  based on a c h a r a c t e r i s t i c  velocity of 
300 c m / s e c  would havc yielded the  following c c n ~ r . ~ l l j n g  f o r c e s  r a t h e r  than 
those  shown in Table 2: coupling involving s u r f a c e  tension,  g rav i ty  or  Loren tz  
f o r c e s  with viscous f o r c e s .  This  would have led t o  e r r o n e o u s  coefficients 
appra r inq  in Equation 2 and ent i re ly  different conclusi3ns a s  t o  decay t i m e s  
and controlling f o r c e s  on e a r t h  v e r s u s  Skylab p rocess ing .  This indicates  the 
impor t ance  of choosing the p r o p e r  c h a r a c t e r i s t i c  velocity and t h e  i m p o r t a n c e  
nf d i s c r p t e  aFpl icat ion of d imens iona l  ana lys i s  t o  complex p r o b l e m s .  

A compilation of fluid veloci t ies  (on the  molton s p h e r e  s u r f a c e s )  meas- 

The va r i a t ions  i n  res i i l ts  a r e  probably due  t o  
ured f r o m  movies  taken during Skylab, K C - 1 3 5  a i r c r a f t  and t e r r e s t r i a l  p r o c e s -  
sing is shown in Table  IV 1541. 
differences in m a t e r i a l  composi t ions and beam set t ings (i.e., focus,  impac t  
point, voltage and a m p e r a g e )  r a t h e r  than gravi ty  effects .  A s  d i s c u s s e d  
z a r l i e r  only s u r f a c e  tensio,i and gravi ty  f o r c e s  a r e  predicted t o  produce t h e s e  
veloci t ies .  
was an o r d p r  of maqnitudc lower than that obtained f r o m  s o m e  low gravi ty  
l i C - 1  3 3  a i r c r a f t  and c r c u n d - b a s r d  m o v i r s ,  but b a s  s i m i l a r  t o  ground and 
KC-135 mcasuremt*r ,+s a l s o  obtained long af,er complete  mel t ing.  It can be 
concluded that  no significant difference in magnitude of convection o c c u r r e d  
between Skylab, K C -  135 and ground p rocess ing ,  which reinforce? the theo ry  
of s u r t a c e  tension as  the dominating f o r c ?  for fluid motion. 
s t r a t e s  the utility of dimensional  ana lys i s  in  the evaluatior. of complex Thysical 

T h e  one velocity m e a s u r e m e n t  obtainable f r o m  the  Skylab mov ie  

Th i s  demon-  

p r  ob1 e m s  : 

8 

8 

Pred ic t ion  of vigorous convection on Skylab 

Selection of controll ing driving fo rces  and 
c h a r a c t c r i s t i c  t i m e s  arid veloci t ies  for fluid 
motion. 



Table  IV - M553 Surface Velocity 1 4 r a s u r e m e n t s  

-. 

~ ~~ ~~ 

P r o c e s s i n g  
Environment  

Skylab 

G r  ound 

KC-135 

Ground 

Ground 

.. 

Gravi ty  
Level* 
(g 1 _ - _  . 

1 

6 - 1 0  

1 

3 

1 

Sphere  
M a t e r i a l  

._--_ 

Ni-Ag 

hi -Ag 

N i  -Ag 

* 
Normalized by E a r t h  gravity.  

N i  

N i  
~ -. 

Fluid 
Velocity . 
(m/s e?) - -. .. 

0.02 
0.35 t o  
0.40 

0.20 
0.10 

!:io” 
0.33 
0.12 

T i m e  of Measurement  

- 

Very long a f t e r  mel ted 

From e a r l y  t o  complete  
melt 

B e f o r e  full m e l t  
Right a f t e r  full m e l t  

B e f o r e  complete  m e l t  

Half mel ted  

y s i s :  ~ In conclusion, the preceding discus-  
s ions h a v e  demunsii-Lied tile iitiliiy of dimcnsi=i.!ess r . u z b e r s  f e r  G ~ s i .  ribino 0 

c e r t a i n  fluid flow phenomena. It w a s  noted that order-of-magnitude,  dimen- 
s ional  ana lys i s  is ex t remely  useful in  well  studied p r o b l e m s  w h e r e  ranges  
in the i r  values have been identified with flow reg imes .  In o ther  less studied 
problems,  the s ta tus  of nondimensional numbers  is a t  a v e r y  pr imi t ive  s t a g e  
and  careful ,  d i s c r e t e  u s e  must  be made  of them. 

At a minimum, t!ie following information m u s t  be known before  rea l i s t ic  
r e s u l t s  c a n  be obtaived: 

0 All the possibly important  physical  for  :es and 
energy t r a n s f e r  mechanisms,  

0 Confident e s t i m a t e s  of important  c h a r a c t e r i s t i c  
o r  re ference  quant i t ies  such as velocity, t emper-  
a t u r e ,  length, etc. ,  and 

The algebraic  manipulations 158, 591 requi red  to  
evaluate  o r d e r  -of - m agnirudc and dimensional  
ana lyses .  

0 

Meaningful dimensional  ana lys i s ,  however, r e q u i r e s  both physical  insight 
and  comprehension and is not m e r e l y  an  e x e r c i s e  in  a lgebra.  A g r e a t  deal 
of information can  thus b e  obtained i f  dimensional a‘ialysis is coupled with 
the genera l  equations and boundary conditions that d e s c r i b e  the problem. 
Fur t ; ie rmorc ,  i t s  s u c c e s s  depends on the validity and existonce of these 
basic  gene rzl equations that d e  sc r ibe  t h e  re la ted  pk-p s :=ai phenomena. 
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F I G .  1 - BENARD CELLS G E N E R A T E D  IN GROUND T E S T  
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FIG. 2 - CELLULAR C O W E C T I O N  OBSERVED I N  APOLLO 14 
T E S T .  NOTE THE CONCENTRATION OF LIQUID I N  
THE C R E V I C E  A T  THE EDGE OF THE PAN. 
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FIG. 3 - CELLUIAR CONVECTION OBSERVED I N  APOLLO 1 7  TEST 
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10% Full @ 50% Full 0 @ 90% Full  

a .  Alcohol (Contact Angle, Oo)  

Q 
Tetrabromoethane (Contact Angle, 40°) b. 

Q Q 
c .  Mercury (Contact Angle, 1 2 5 O )  

90% F u l l  

a .  Alcohol (Coniact Angle, Oo) a 
40°) b .  Tetrabrcmoethane (Contact Angle, 

c .  Mercury (Contact Angle, 125O) 

FIG. 4 - EQUILIBRIUM CONFIGURATIONS OF LIQUIDS i?J 7YR3-g @a 
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FIG. 5 - SPIKING MECHANISM I N  ELECTRON BEAM WELDING E63 

FIG.  6 - MELT SLOSHING I N  M551 ELECTRON BEAM MELTING OF STAINLESS STEEL 
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FIG. 7 - NORMALIZED INSTANTANEOUS DEVIATION a OF ANGULAR 
VELOCITY FROM THE FINAL VALUE VERSUS DIMENSION'LESS TIME 
T IN (A) HYDRODYNAMIC SPIN-UP AND (B) HYDRODYNAMIC 
SPIN-DOWN, FOR VARIOUS ROSSBY NUMBERS €53 
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F o r c e  
Net Vaporizat ion E lec t ron  
Direct ion B e a m  

Molten Sphe re  

/- 
Gravity 
Direct ion 

C e r a m i c  P e d e s t a l  

a. J u s t  By!'c?re eh Cutoff I s o t h e r m a l  Conditions Reached 

b. T r a j e c t o r y  After Deployment 

FIG. 8 - SCHEMATIC OF TRAJECTORY SEOUENCE 
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FIG. 9 - T L i J E C T O R Y  SEQUENCE - NARCH 1972 K C - 1 3 5  FLIGHT ( N I C K E L )  
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SUMMARY 

Electrophoresis  has  contr ihctxl  significantly to t h e  methodology of biological 
sciences,  and shows the potential for l a rge  sca le  fractionation of a wide range of 
wt.disally impo,rtant suhsrances,  including living ce l l s .  Gravity plays an  important 
role  i n  the electrophoretic p rccess ,  and hence rne iriipi,iiaiicc zf :he N z s s  effofl to 
develop a zero-gravity separation facility a s  par t  of i t s  shuttle program.  The p r e s -  
ent paper  reviews the cur ren t  s ta te  of a r t  in e lectrophoresis ,  with par t icular  
emphasis  on the ro le  of gravity and pic possible uscx of is tachophoresis .  This  tech- 
nique uti l izes a discontinuous buffer sys tem,  and appears  to  be the only high 
resolution electrophoret ic  technique current ly  available for  separat ion of living 
cel ls .  

IKTRODUCTION 

Electrophoresis  i s  defined a s  the t ranspor t  of e lectr ical ly  charged ions or  
par t ic les  in a direct  cur ren t  e lectr ic  field.  It i s  the most  elegant and useful tech- 
nique for  separation of complex kiologic31 mixtures  of proteins .  A s  a resu l t ,  t he re  
tias been a grea t  proliferetion of electrophoretic techniques which have been applied 
i o  a wide a r r a y  of other substances a s  well (1-3j.  

Xfost of thc. .!?plications of e lectrophoresis  a r e  Ori s n  anaiytical o r  micropre-  
parative sca1.c:. I t  ha5  not yet been possible tc scalt, up electrophoresis  to  provide 
commercially significant quantities of mater ia l s  with the resolution obtainable on a 
smal l  sca le .  Another a rea  in which electrophoresis  has  yet to  reach  i t s  full poten- 
tial i s  in separat ions of living ce l l s .  
a r e  attr ibutable to  gravity.  
phoresis  facility has  st imulated the imagination of so ma..iy sc ien t i s t s .  
development of such a facility may constitute a major  breakthrough in this  field 
and bring about the realization of the fu!I potential of :ne separat ing capabili t ies of 
e lectrophoresis  . 

At leas t  in part ,  both of these shortcomings 
This  is why Nasa’s concept of a z e r o  gravity e lectro-  

The 
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The scientific,  biomedical and even economic implications of such r. develop- 
ment could be of major  significance.  Large  quantities of human blood proteins  a r e  
daily fractionated by r a the r  a rcha ic  methods involving alcohol and sa l t  fractionation, 
result ing in low purity and poor  yields,  s o m e  of the f ract ions being completely un- 
civniiahle on a commercial  s ca l e  (4). The same  situation prevai ls  with enzyme and 
protein-hormones.  
plications.  

All of these products have :videspread clinical and r e sea rch  ap- 

Even more  promising i s  the possibility of applying electrophoresis  t o  cel l  
separation. While i t  i s  well established, on an analytical sca le ,  that different ce l l s  
have charac te r i s t ic  electrophoretic mobili t ies,  their  electrophoretic L ~p-iration i s  
a s  yet very difficult and none of the techniques has  yet shown the high resolution ob- 
tainable with proteins (5-7). Fure  cel l  populations have widespread potential uses in 
a variety of applicztions ranging from their  direct  transplantation to  t issue culture,  
preparation of specific an t i se ra ,  vaccines,  etc. 

ROLE OF GRAVITY I N  ELECTRG'HORESIS 

A t  firs:, e lectrophoresis  was ca r r i ed  OUT. ir, free solutions, but i t  was soon 
real ized that problems a r i s e  due to convective disturbances in the bulk of the liquid. 
We can out1ir.e severa l  major  causes  of these disturbances:  

( A )  t h e  samp!c  to be separated,  be it protcins o r  ce l l s ,  contribute to the density of 
the solution o r  suspension, causing i t  tG be higher than that of the pu re  soivent, 
which  is U S U ~ ! ! ~  BE appropriate  !?iiffPr. TI,: difference in density between solu- 
tion and pure  solveilt i s  in it:-elf suificiznt to cause convective dis turbances i f  
the solute i s  present  ii; significant concentration. The  problem is compounded 
during the separation process ,  a s  the original sample separa tes  !qto different 
comparrments o r  zones,  according to  the character is t ic  mobility of each com- 
ponent of t h e  mixture.  
densiry g r a d i m t s .  

Each such zone i s  accompanied by i rs  own individual 

(h) I n  somc i n s t s n : e s  the par t ic les  mny be sufficiently la rge  to  sediment noticeably, 
v.hich, of coursi ' ,  i s  t h e  ca se  with living cel ls .  While there  a r e  c number of 
tcchniqies  which utilize differential sedimenvation for meaningful separat ions 
( 8 ) ,  in the context of e iectrophoresis ,  this  i s  usually undesirable,  especially a s  
it i s  s u p e r i m p s c d  upon the convective flow of the suspension a s  a whole, described 
above . 

(c) ?he passage of e lectr ical  cur ren t  cLi:ises heating of the solution. A s  the vesse ls  
are  exterral ly  cooled, radial  temperature  gradients  a r i s e ,  again causing gravity- 
conc!itionc.d convection. Even in absence of cmvect ive dis turbances,  unequal 
temperature  resu l t s  in ilnequal t ransport  r a t e s ,  causing bowing of zor,es. 

(d) Character is t ic  e lectr ical  charge is exhibited by most  interfaces ,  including the 
walls of the vesse ls  within which electrophoresis  is car r ied  out.  These  charges  
a r e  neutralized by local accumulation of opposite ch-rge within the fluid, in the 
irr.mediate neighborhood of the interface.  When a n  e lec t r ic  field is applicci, it 
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causes  a flow of the  charged f:uid along these interfaces ,  r e f e r r ed  t o  a s  e lec t ro-  
osmosis .  Often, this again causes  a typical parabolic bowing of the boundaries 
o f  niigr3ting sc\ltittls. 

Gravity is the  obvious causative agent in the f i r s t  t h ree  of above dis turbances,  
it bcring,%we&, without effect on electroosmosis .  T h u s ,  by the  s imple  s t ra tagem 
of going into zcro gravi ty ,  some of the niajor dis turbances in e lectrophoresis  a r e  
c l  i m i na t ed . 

Other approaches to the control of these phenomena a r e  possible.  Complete 
avoidance of a l l  gravi ty  effects is obtainable hy working i n  gels o r  o ther  solid sup- 
porting mcdia of fine enough porosity to effectively hinder bulk flow, but not fine 
enough to  prevent molecular  t ransport  p:ienoniena. A complex electrophoretic method- 
ology has  evolved around the USV ?f such solid supporting media which :ve need not 
rev i tw here ,  s ince they <io not en ter  into consideration for  space  processing.  It i s  
thost. tect niqucs which have givcn u s  the best n-icthods for  analysis  and microprepara-  
r ive  scpaiat ion of proteins .  Unfortunately, these a r e  mostlv inapplicable to  living 
ce l l s ,  because of the i r  l a rge  s i ze .  Our next speaker ,  Dr .  Van Oss, will sure ly  have 
m o r e  pertinent coinments on this subject.  Surprisingly enough, the use  of these anti- 
convective supporting m d i a  has not solved the prohlcm of l a rge  sca le  protein separat ion,  
for  a variety of reasons too complex to  discuss  at the  present t ime.  

:’jncjiilt.i <,iicofi\.i..iis;e i j i<asurc is :c r: s:~bil:z:?g d c n ~ i p ~  rrrqn’icn( I n  ;:-le 
J e-- - - .  

Tisel ius  method, the proteins  themselves  fu!fill this ro le ,  but a s  a resul t  their  com- 
plete separation i s  not possible,  and only frontal  analysis  i s  used. More  versat i le  i s  
t h e  u s e  of sucrose  (or  other  s imi l a r  solutes) gradients ,  s teeper  than any density gradient 
engendered by the elcctrophoretic p rocess .  Sucrose of different concentrations i s  
layered in a vertical  columr;, and remains  essevtially undisturbed by the electrorhoret ic  
process, as the sucrose  i s  riot electrica!ly charged.  This  approach not only overcomes 
density-caused convecrive flows, hut a l so  completely suppresses  e lec t roosmosis .  It i s  
not q u i t e  c i ca r ,  at  presc’nt, why this i s  so .  Sucrose i tself ,  could 1;avc a da r ipn inL  ef- 
fect on thc elcctr icai  potcnti 3 1  of t h e  \Val1 v c s x l s ,  s imilar ly  to  the well known effect of 
m o r e  complex polysaccharides,  such a s  agarose .  On the other  hand, i t  i s  a l so  possible 
that t h e  sucrose  density grat i i tm is sufficient t o  prevent t h e  flow of the fluid in the v e r -  
t ical  direction, along the vertical  walls of the column, simply causing microcirculation 
of the fluid a t  each level of the concentration gradient .  

Another mcthod of stallilizing fluids against  gravity effects has  been pioneered by 

This  
flannig (6).  
o f  g lass ,  a r d  the v i scos ip  of t h i s  film is s t ~ f l i c i c ~ r i t  tc) m i n i m i z e  convective f lows .  
system is used in so-called continuous curtain electrophoresis  type of apparatus ,  where  
thc  whole film of fluid i s  continuously flowing downwards hctween the cooled plates ,  
while the eiectrophoretic t ranspprt  i s  car r icd  oljt in a direction perpendicular to the 
flow of liquid. 
effects ,  it causes parabolic zone profiles duc to  the downward flow Gf the  whole liquid, 
a s  c l i~cussed  j y  Str ickler  and Sa&s (Y), These shortcomings notwithstanding, this tech- 
nique has  given so fa r  the best published data on separat ions of living se l l s .  An 
ing:cnious q p a r a t u s  bascd on t h i s  principle ~ P S  been proposed for space testing, and i s  
scheduled to  be tested in the forthcominp Apollo-Soyuz flight. Spice  does not permi t  u s  

A thin f i lm of f l u i d  (0. i -0 .  2 cri:) is c m i t c l i n c d  hrmvct%n two paral lc l  plates  

\ihilc the viscosity of the film i s  sufficient tr) minimize the convective 
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t o  descr ibe  the apparatus in dctail ,  and it is to be regret ted,  for the completeness of 
thc prcscnt symposium, that a separate  paper on this subject was not included. 

Numcrous other  methods have been suggested for overcoming the gravity effects,  
such a s  the rotating horiyontal tubes explored by Hjerten (IO), bur have not gained 
gcneralized acceptance. 

It i s  thus obvious that consciously o r  not, the whole methodology of electrophoresis  
h d s  evolved around the need to circumvent the effect of gravity;  this has  given r i s e  to  the 
multiple methods involving anticonvective support media,  and the various other  approaches 
just outlined. 

nasica!ly, two alterr,atives a r e  available in free solutions: various s ta t ic  column 
techiiqucs o r  t h e  flowing techniques. In either case,  if we deal with a background of 
homq:encous elec?roly?e distribution, we have Tisel ius  e lectrophoresis  (frontal analysis) ,  
various zone electrophoresis  methods (differing from the Tisel ius  technique in giving com- 
plete separation of components into separate  zones), o r  the microscope electrophoresis 
(no separstion a t  all  - just microscopic examination). On the other hand, i t  i s  possible 
to superimpose discontinuities onrG the electrolytic sys tem.  In many ways these tech- 
niqucs a r c  i a r  more  intcresting, the disccntinuities adding new discrimination parameters  
onto the el e c t r op horc t i c p r  i) cess  : 

(a) If  membranes and/or f i l t e rs  a r e  inserted into the migration paiilway, - i~ 'e klavc a famliy 
of allied techniques known a s  forced-flow electrophoresis ,  electrophoresis-convection, 
o r  electrodecantation ( 1  1- 12). All a r e  high throughput methods, capable of la rge-  
scale  industrial application, but have only limited resolution, and a r e  t t e r e fo re  
outside the scope of the present  inquiry. 

(h) If gel density i s  made sufficiently kigli, an element of molecular sieving i s  super-  
imposed upon the electrophoretic separatio.1 (13). 
than zonc r lectrophoresis ,  hut the method has  low throughput. Unfortunat?ly, it has 
not k e n  possible to  devise Sufficiently pcjrous ge ls  to permit  the application of this  
principle to ce l l s .  

This resu l t s  in fa r  better resolutirn 

(c) Equallv high resolutiorr i s  obtained in isoelectr ic  focusing, (14), where a continuous 
ptl gradient i s  crcatcd in the pathway of migrating par t ic les .  
plicahlc e i ther  i n  free solution o r  in ge ls ,  but i s  unfortunately not usable with ce l l s ,  
their  isoelectr ic  point heicg inconip<-tible with their  survival .  

The technique is ap- 
' 

(d) One can also introduce t h e  sample to be separated in the Interface between two homo- 
genous buffers,  meeting some special  requirements .  This  technique is r e fe r r ed  to  
a s  isotachophoresis, and has  character is t ics  quite different f rom the above methods.  
W e  set upon examining this  in detail for  possible use in the space facility, a s  it 
sccmed to offer some unique advantages for both high res-)lution cell separation, 
and la rge  sca le  protein fractionation. 
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PRINCIPLE OF ISOTACHOPHORESIS 

The funda.ncnta1 theoretical  basis  of this  technique was provided by Kohlrausch 
in 1897 (1$, and his principles  were f i r s t  applied to electrophoresis  by Kendall (16). 
The method was revived largely by hlart in and Everaer t s  (17), but only in  recent years 
havc various r e s e a r c h e r s  real ized the potential usefulness of the principles involved 
(18-21). 

These can be il lustrated with the aid of the s imple diagram presented in F ig .  1. 
The sample anions S' t o  be fractionated a r e  inser ted between two homogeneous buffer 
zones formed by the leading anions L-, and the terrniiiiililig unioiis T', the unique 
requirement for the !eading and terminating anions bcirg that they bracket the electro-  
phoretic mobilities ( m ) of al! the sample anions, with the leading ion mobility being 
higher,  and the terminating ion mobility lower than thosc of the sample ions: 
( mL> ms>niT ). 
the same  countcrion d.  When an e lec t r ic  ficld is applied, the leading ions wili mi-  
g ra t e  towards the anode at  their  character is t ic  velocity in the given field. The sample 
ions and the terminating ions will have to migrate  a t  the s a m e  velocity o r  the lender  
ions (isotachophoresis = equal ra te  t ransport) ,  a s  otherwise an ion-free gap would 
separate  the migrating ionic compartments ,  As the mobility of sample and terminator  
ions is !nwtr,  the ficld ( volts/cm ) in each compartment automatically adjusts  itself 
to a s s u r e  egual velocity. In the course of ~ ? I C  :inCtisiia:icR, the saw~i ie  ions scparate 
into their  constituent components, arranged in  o r d e r  of decreasing mobili t ies.  This  
field charige in each compartment is il lustrated in F ig .  2, together with the mobility 
profile.  

Electr ic  ncutra1;ty i s  preserved by having in all compdrtments 

Several  impoRant consequences ensue: 

(a) There i s  a relativel) s imple relation between concentration of leading CL and 
terminating inns C T ,  givcn h); the Kohlrausch regulating func:ion, where the 
indexes 1 and 3 refer t o  the respective zones according to  diagram in Fig. 1 .  
In i t s  s implest  form,  

-- cL - mL (mr +Q 
C m m + m  T T'L 

The same relationship r t revai ls  for each species  of the sample ions of intermediate 
ninhilitics. Thv.i, the. cmcentrat inn of sample ions a f te r  equilibrium is reached i s  
inticpendcnt of the concvntration at which they were applied. Instead, the cmcen-  
tration i s  exclusively dependent on the leader ion concentration, and the sample 
compartment expands o r  contracts to fill i t s  Kohlrausch regulated volume. A s  an 
indication of the o rde r  of magnitude, for  a 20mM chloride leader  concen:ratioa, the 
corresponding protein concentration may be of the o rde r  of 10%. This i s  the basis  
of the "stacking gel" principle in discontinuous o r  disc  e lectrophoresis  according 
to  Ornstcin (22) and Davi 8 (23), where isotachophoresis is employed to  sharpen the 
initial bcundaries. 
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(b) The concentration af each ion within the Kohlrausch regulated compartments is 
cnnstc3nt. ra ther  than prescnting the usual Gaussian distritiution curvc,  charactcr-  
is t ic  of other  forms of clectrophoresis .  

(c) The boundaries separating the various ionic compartments a r e  extremely sharp,  
there  k i n g  a minimum of overlap between ionic spec ies .  This will be discussed 
at g rea t e r  length in the following section. I 

(a) Once equilibrium is established, the separated compartments will migrate  without 
fur ther  change for a s  long a s  s p 8 w  is available. Thus,  unlike in zone elearo- 
phoresis ,  there  is no progressive spreading o r  deterioration of zones, due to  
diffusion. 1 

( e )  The boundarics separating ionic compartments a r e  self-restor ing,  and the sharp  
boundaries will reform if disturbed due to  a random movement of the fluid. Both 
convection and diffusion a r e  thus counteracted by the sharp  potential drop exist-  
ing bctween the subsequent compartments.  

( 0  Sample Compartments a r e  contigums to each other and never separate  from each 
other t o  form an  intermediate buffer zone Characterist ic of other forms  of electro- 
phorcsis .  !f separaticn is desired; a so-called spacer  ion of suitable mobility 
has tu be added. F o r  this p u q c s e  the commercial  product Ampholine is frequently 
used (LKB Producter - Stockholm), which is a mixture of near  infinite distribution 
of s imi la r  condensation products of poIy3mino-polycarboxylic acids  (24), providing 
a continiious mobility and pH spectrum. 

(g)  The heating in the column i s  not uniform, a s  different ionic compartments have 
The temperature  r i s e  is thus a complicated function of 

This  point 
different applied fields.  
both radial cooling and frontal migration of eacn ionic compartment.  
is a i s 0  discussed in one of the following sections.  

W e  have not found a single l i terature  reference indicating that isotachophoresis 
might be appl'cahle for  cell  separations,  but there  appeared to  be no theoretical 
reasons  why this  could not be done. It was f? l t ,  therefore ,  that several  of above 
factors  make isotachophoresis a particularly attractive technique for  the space facility 
Our r e sea rch  effort has been directed largely towards th i s  goal,  and comprised theo- 
re t ical ,  engineering and experimental  evaluation of the problem. 

STRUCTURE OF T H E  i 0 M C  SPECIES INTERFACE IN ISOTACHOPHORESIS 

While it is well known that the interface betwezn contiguous ion compartments 
in isotachjphoresis  is very sharp  (1?-21), i t s  exact s t ruc ture  has  never been calculated,  
W e  have therefore proceeded with a theoretical  evaluation of this  interface.  A prel imi-  
nary paper  treating this  subject,  but neglecting the effect of diffusion, is presently in 
p r e s s  (25, cf a l so  26). 
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At present  we wish to give a resume of the extension of this  work including the 
c-ffccts of diffusion (27), which causes  a broadening of the interfaces ,  and a continuous 
d i s t r ' i t i \ i t  i o n  of ,111 ions rhrou~hout the cr.tirc. clcctrr1i;lioretic column. 
discrcte s'impI~. (<IS opposed to continuous Irontal) scparat ions,  t h e  t x i l k  of the conccn- 
tration change of the individual ion spec ies  occurs in a very shor t  length of the column. 
We rcfer to the distance over  which the concentration changes f rom 99% to  1% of its 
initial value (as  determined by the Kohlrausch regulating function) a s  the interface 
thickness,  A . A theoretical  prediction of the thickness of isotachophoretic inter-  
faces  i s  of importance in evaluating the maximum resolution cf the method for  
preparative applications, and in determining in what ways experimental  pa rame te r s  
may be varied to  achieve optimal performance.  

l lowcvc~r,  in  

W e  consider a steady s ta te ,  isothermal ,  one-dimensional analy s i s  of the inter-  
face which would exist  between leader  and terminator  in a sample-free model. The 
leader  and terminator  a r e  taken to  be cations having a common counterion (anion). 
The governing equatiorls for the one-dimensional interface i n  isotachophoresis a r e  
the species  continuity equations for t5e leader ,  terminator ,  and common counter-ion, 
and Gauss 's  law. These equations may be put in dimensionless form and manipulated 
t a  yield the following third-order  differential  equation: 

The boundary conditions a r e  determined from the Kohlrausch regulating function 
and clectroneutrali ty considerations for  regions removed from the interface.  

A solution to  eqilation (1) is assumed of the form 

where K = p 2  1 /N1 . 
Substitution of t h e  assumed solution in equation (I) yields an equation of the form 
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As an indication of how well our assumed solution sat isf ies  equation (1) w e  define 
the error in the sys tem to be 

I n  g e n e r a l ,  the e r r o r  will be a function of x ,  and the exponent N1 mgst  be chosen 
i:: such a way a s  to minimize the maximum e r r o r  fo r  each set of experimental  conditions 
considered 

The results 'of the numerical  calculations indicate that the assumed solution sa t i s -  
fies equation (1) with a maximum e r r o r  of 3 h u t  7 1/2? f o r  values of 8 2  g rea t e r  than 0.5 
Leader  and terminator  interface thicknesses were  found to  be equal and their  variation 
with CY is shnwn in Fig 3 f o r  various values of the parameter  P 2 
and e lec t r ic  field prof i les  a r e  shown i n  Fig. 4. Fur ther  detai ls  of this analysis  may be 
found i n  reference 27 

Typical concentration 

As a numerical  example,  for  the seph-ation of Sodium and Potassium ions with 

F o r  a terminator  
C h i G i i d C  3 5  r=znter:cn, 2: a iemn-rariirr y - - - - - -  of ~ O O C  ~ r t i i  2 tciij-jiiistiji .;ol:ag~ grac'ient 
of 20 volts/cm, t h e  interface thickness is of the o rde r  of 0. 15 mm 
voltage gradient of 200 volts/cm the interface thickness is of t h e  o rde r  of 0.04 mm 
should be reemphasized that this interface thickness is independent of t h e  length of each 
ionic compartment - throughout each of which, no ma t t e r  how long, uniform concentration 
prevai ls  

It 

DETERMINATION OF TRANSVERSE TEhPER ATUR E DISTRIBUTIONS 
IN ISOTACHOPHOR ESIS COLlNNS 

We have also given special  consideration to  r h e  problem of temperature  gradients  
The tempera ture  gradients  a r e ,  of course ,  of basic importance for  i n  isotachophoresis.  

a l l  electrophoretic processes ,  but m o r e  so for  isotachophoresis,  where we need to con- 
s ide r  not only radial  but a l so  longitudinal gradients  (28). 
because of the  advancing sample and terminator  f ronts ,  each of which compartments hds 
a higher e lectr ical  f ield,  
because of the  speed a t  which meaningful separat ions may be obtained, often before the 
temperature  tquil ihrium has been reached.  The problems of radial  t empera ture  d is t r i -  
bution in a column of c i rcu lar  cross-sect ion and of t r ansve r se  temperature  distribution 
in a column with rectsngular  cross-sect ion have been solved for  both steady s ta te  and 
t ransient  conditions.  The solutions obtained a r e  valid away from :he vicinity of any sepa- 
ration fronts s u b j x t  to  the following assumptions: 

Longitudinal gradients  a r i s e  

W e  must  a l so  be concerned with non-equilibrium conditions, 

(1) 9perat ion occurs  in a gravity free environment: 
(2) Convection may he  neglected: 
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(3) Tempera ture  dependence of thcrmal propcrt ies  (densi.ly. specific 

( 1) k'lcct r ical  conductivity of the supportiiig medium is l inearly dependent 

(5) The supporting medium i s  essentially a t  rest with t h e  ionic spccies  

heat, and thermal  condirtivity) may be neglected; 

o n  tcnipc.r.irure In thc range of rcmpcraturc  of intcrcst; 

drift ing through It in the axial direct ion,  

.A:$sumption (2) is reasonahle,  in view of ( l ) ,  provided that electroconvective cf- 
fec ts  may be ignored; this point remains to be investigated. 
checked against a perturbation solution which permi ts  variable propert ies  to be accounted 
fo r  ( i n  the steady state) and it appears  that the assumption i s  justified and fur ther  leads 
to cc3nservative es t imates  from 3 design standpoint. Assumption (5) will need *o be re- 
laxed for a system which employs counterflow of the supporting medium (e g 
fluids). 

Assumpticn (3) has been 

in free 

Numerical calculatic,ns have beer, performed for the case  of an isotachophoretic 
column of c i rcu lar  cross-sect ion.  
f o r  a range of heating r a t e s  S, for one value of wall thickness F,Assuminp a cooling bath 
temperature  of 0 * C and allowing a maximum temperature  in the tube of 37' C (to avoid 
"cooking" l i v i n g  cells), the maximum aIIowable value of d i s  accordingly 0.1355 (de- 
noted 

Fig.  5 shows the variation of temperature  p with t i m e  t 

C 

;:R i!?lspc~:tim of Fig 5 shzws t h g t  for a given value of 5 1 ,  there  will be some  
va lue  of Sabove which % will always be exceeded in some finite amount of rimla. ii:e 
term this value of S for which Qc is approached asymptotically Smax 

Since the electric 'f icld decreases  in going from terminator  to  leader  electrolyte 
F ig  6 depicts the steady s ta te  zones,  S will a l so  decrease  from terminator  to leader  

temperature  profile for various values of S 
temperature ,  this leads to velocity profiles which become progressively less "bowed" 
from terminator  t o  leader zones 

Since ionic mobility i s  proportional to  

Since the sharpness  of the ionic interfaces increases  with increasing electr ic  
field strength,  i t  may be desirabic  to operate  at  values of S grea te r  than Smay . This  
requi res  that E' and R 1  be chosen in  s u c h  a way that the t ime required for  separation 
i s  less than the t ime a t  which g c  is exceeded. An analysis of the l imitations imposed 
by this  requirement is ;n the process  of being completed a t  this t ime.  

Sumer ica l  calculations for  the case  of a rectanhular cross-section a r e  presently 
u n d e r  way, and it i s  h o y d  that the resu l t s  Gf the analyses descriherl he re  will be pubiished 
i n  the n e a r  future.  

STUDIES O N  POSSIBLE INSTABILITIES I N  ELECTROPHORESIS * 

As  part  of our  theoretical s-udies,  we have undertaken an analysis of fluid behavior 
i n  e lectrophoresis .  A detailed manuscript  is now in preparation ( 2 9 ) ,  anct Ice v:is!i tn r( 'i>f>i I 

here only the approach taken. In the study of electrophoretic phenomena, 1a:ninar flo\c> a r t '  
usually assumed,  but instabilities could occur .  One example is due to the combined effects 
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of large c lcc t r ic  ficltis and tempera ture  vir ia t ions in the charged fliikis 
to the Benard instability (for a layer  of fluid heated from below) in hydrodynamtcs (30). 
with thc c*lt.ctric ftcld E playing now the role of g rav i ty .  

It IS analogous 

A S  a prcl iminary s tep  we study the "Benard instatiility" i n  very much the s a m e  
sp i r i t  a s  in the Lamb's semi-c lass ica l  theory of " laser  instahility" (3 1) 
i n g  to  hlaxwell equations, hydrodynamic equations a r e  c n i p l q d  
attention to t h e  threshold region, the normal-mode method i s  used and an  equation of 
tilts form 

Correspond- 
By restr ic t ing our  

(R - Rc) V - EV3 - Y) 

is obtained at steddy s t a t e .  H i s  the Rayleigh numher and tht. mode amplitude V i s  the 
"order  parameter" .  The saturation t e rm c ~ 3  i s  due,  in our thcorv,  not t o  the nonlinear 
constitiiclnt relations like i n  the l a s e r  case ,  but to the non-lint-aritics inhc*rent in t h e  
hydrodynamic cquations themselves .  I n  other  words. the convrctive processes  a r e  
reeponsih\e 
obsc>rvcd dependence of the Nusselt number on the Ravleigli nuniher . 

A simple application of the resul t  i s  given :o explain the exrer imental ly  

!sc:achcphcresis hzs received ~ z i n i y  twr? A t ) i i i i i a i i l i i i s :  ' I  (a) a s  a n  ana!yt!cal tech- 
nique for  rapid separat ion of smal l  molecular weight ions,  such a s  acetat€,  bicarbonate, 
e t c .  These separat ions a r e  usually car r ied  out in free solution, using capi l la r ies .  (b) 
Isotachoptioresis shows considerable promise for  preparative protein separat ions,  be- 
cause of the high concentration of proteins i n  the separated compartments ,  and the sha rp  
intercompartmental  boundaries.  Though some  protein work has  k e n  ca r r i ed  out in free 
solutions i n  zapi l lar ies ,  (21 ,  32) most  work i s  car r ied  out in g.cls. 

Our initial efforts were  centered on obtaining protein srparat ion in capi l lar ies ,  
where viscous effects tend to minimize convectivc clistrirlxinct,s. Three  additional modes  
of anti-circumventing gravi ty  effects  were  employed. These were  rotation of capi l lar ies  
around tt,eir horizontal axis ,  the inclusion of high viscositjr so luhle  polysaccharides into the 
electrolyte  sys tem,  and rapid migration a t  high potential g rad ien ts .  \Vith these sys tems,  
one can e a s i l y  demonstrate  the unusual propert ies  of isotachnplioresis: t h e  extremely 
sharp  boundaries between sample and buffer, t he  self stabilizing proper t ies  of t h e  bound- 
a r i e s ,  e tc .  
pa infully ohvious: this is t h e  very  la rge  density p-aditmt Iwtwccn conccnt rated protein 
compartments  and +he leading and terminating buffers. As 3 r c , F i i l t ,  r h c  boundaries could 
not  he stahil ize4 by any of the palliative methods employed, and a complex s e r i e s  of phe- 
nomcna wcrc observed, such a s  boundary slumping, bowing, c t c .  
typical photograph of separat ion of r ed  cel ls  from stained albumin in a capillary tube. 

I'nfortunately, a major  problem of protein isotachophorcais a l so  became 

I n  F ig .  7 NC show a 

We h.?d to turn to  ge ls ,  therefore ,  f o r  optimal protein Separation. Two gels were  
employed, agarose  and polyacrylan:i.de. In such ge ls  protein separation is readily obtain- 
able .  The length of protein compartments  is proportional to  the protein quantity applied 

738 



as  is apparent from Fig. 8, showing increasing length of the ferr i t in  bands, approximately 
proportional to  the volume of the 10% protein applied (cf 2 1 ,  32) .  Unfortunately, the r e a r  
Imundaries in protcins a r e  not always flat, but a t  times show an upw,ard curvati ire,  w'lich 
wc call doming, 
which a t  prcscnt  s t i l l  remains il l  unders*ood. The re  a r e  ob\ iously some s t rong radial  
fields in isotachophoresis,  which have been previously not descr ibed in  the l i t e ra ture .  

Consiclcrahl<s efforts h a w  gone into understanding of the doming effect, 

Rcst example of this  radial  ficld effect is obtainable with dyes .  In the sequence of 
pho:ogr3phs presented in Fig.  9, we show a sample of Ponceau S , which was applied in 
a siab-application into polyacrylamide gel, just  below the Icader- terminator  interface.  
I n  thc sequence of photographs presented, one can readily see the near  instantaneous 
spreading of the dye a c r o s s  the whole cross-section of the tube, a s  the terminator  front 
i s  sweeping ac ross  the sample a r e a .  This spreading i s  f a r  more  rapid than accountable 
for on the basis  of diffusion alone, and clear ly  demonstrates  the unusual propert ies  of 
isotachophoretic interfaces .  
and proteins a r e  always flat, showing no t race  of the bowing that one could expect ori basis  
of radial  temperature  gradients .  This  ansencr of bowing, and rapid spreadinp :,f boundaries 
ac ross  the aviable interface a r e  indications of radial  e lec t r ic  fields,  present  y under both 
theoretical  and experimental  investigation, 

It i s  a!so significant that the front boandaries of both dyes 

I n  Fig.  10 w e  a r c  presenting another s e r i e s  of photographs, i l lustrating the u n -  
usual behavior of isotachophoretic sys tems.  In the Polyacrylamide gel ,  f i r s t  a regular  
iso:achnphcre:ic n n  zf the Pznceau S dye was car r ied  nut, allowing the migration of the 
dye to proceed t i l l  about half the length of the gel column. Then a second sample of the 
dye was applied to the top of the gel ,  but this second samplz was now located in the te rmi-  
nator compartment,  and not the leader- terminator  interface.  The migration of this  
second dye sample proceeds by regular  zone electrophoresis ,  and the dye migra tes  much 
m o r e  rapidly than a t  the interface,  the e lec t r ic  field being higher in the terminator  than 
in the sample.  The difference between the sharpaess  of the isotachophoretic bands, and 
the diffuse zone bands i s  obvious and can a l so  be s'-,own in free solution. 
the second dye sample catches up with the f i r s t  samy.:e, and forms a single isotacho- 
phoretic boundary of g rea t e r  length, with the usual shr; p boundaries.  
i l lustrations a r e  presented only to i l lustrate  the restor..-:ive proper t ies  of isotachophoretic 
boundaries. 

Within minutes,  

These few 

Other work has been ca r r i ed  out i n  sucrose  density gradients ,  borrowing the tech- 
nique and instrumentation of isoelectr ic  focusing. This has  shown excclient resolution of 
dyes,  where concentration gradients  due to sample a r e  smal le r  than with proteins .  With 
proteins ,  only t ransi tory sharpening of boundaries was observed, these soon degenerating 
and convecting a s  a resul t  of the sharp  density ;;radients. Similar i s  the behavior of cell 
suspensions, and in Fig. 11 we show the 'ransitory separation in ficoll gradients  of human 
and sheep red blood ce l l s .  
s e t s  in. 
boundary stabilization. 

With fur ther  boundary sharpening, convection unfortunately 
W e  a r e  at  present  studying mu.ch s teeper  density F a d i e n t s  a s  possible means of 

SKYLAR EXPERIMENTS 

An opportunity presented itself to  include a s imple electrophoresis  e,xperiment into 
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the las t  Skylab mission, as par t  of the demonstration experiments.  The  main l imitations 
imposed were the short  lead time in which the experiment had to  be prepared,  the l imited 
power available (only 28 volts), and the requirement for  the whole pac::age to flt a volriine 
defiacd by a cylinder of 3.5" diameter ,  3.5" long. Within these narrow confines it ap- 
peared possible to  design an  apparatus  which would give the answers  to two important 
questions: 

(a) will proteins,  a t  ze ro  gravity,  give comparable pat terns  to those presently obtain- 
able in ge ls  only, or w i l l  other factors ,  notably electroosmosis ,  cause distortion 
of the pat terns? 

(b) will cells a t  zero  gravity provide sharp  boundaries comparable  to  those of proteins? 

Both of these questions appeared of significance f o r  the future direction of the isotacho- 
phosesis woik. 

T o  this end, a s imple electrophoretic assembly was constructed,  consisting of 
two plexiglas modules. The observation channel was 3/16" in diameter ,  1" long, and 
two electrode vesse ls  were  commensurate.  Non-gassing electrodes were  used, a silver 
dMdt? ad d paLILxiiun ca thode  . The modules were made in Tucson, (thanks a r e  due to  
h l r .  Anthony Clark-on for  the construction) and the assembly completed in Huntsville. 
Fig. 12 shows the completed apparatus .  The two modules were  completely filled with 
degassed fluids in the high altitude chamber,  a l so  in Huntsville, largely through the ef- 
iuiis u i  hir .  Xaii  ui iviSFC dud i v i i .  Sl,lolki. 

One of the two modules contained a mixture of two colored proteins,  fe r r i t in  and 
hcmoglobin contairied within the movabie sl ide,  which was uscd a s  the sample injector.  
Laboratory experiments in ge ls  have clearly shown that under the conditions of the flight 
experiments,  it i s  easy to obtain the separation of the two proteins,  provided a color less  
spacer ,  Apmpholine, is added. The lcader  buffer was 20 mM chloride-tris  buffer, 
pH 7 .2 ,  and the terminator  was 380 mM tris-glycine,  pH 8 .3 .  

1 h e  second module contained a su.Tension of human red  blood cells.  The most  
immedia te  problem was the preservat ion of the RBC over  the severa l  weeks between 
launch-time and execution of the experiment.  Laboratory experirnen:s had indicated 
that the best  preserving medium was defibrinated whole plasma.  This  szmple was thus 
prepared by defibrinating whole blood, (human) by shaking i t  with g l a s s  beads. Genta- 
mycin was added a s  prec-,-rvative . The leading b d f e r  was the same  a s  above, with 5% 
dextrose added for  isotonicity. Because of the probability of cell sedimentation during 
the centrifugal effect of lift-off, the v h o l c  c3thode coniprnrtnic~nt w a s  filled wit11 the cell  
slJspension, snd  a small  s t i r r e r  w a s  incorporsted into i t ,  to periiii;  the as t ronauts  a re- 
suspension of the cells. 

This  perr-itted only a frontal  analysis of the cell migration. Numerous laboratory 
experiments had been conducted t o  prove beforenand that cel ls  do migrate  isotachophoretically . 
from such a p1asr.a suspension. This  wss possible to  accomplish a l so  by frontal aaalysis ,  
i n  a ver t ical  upward migrating mode, the cell suspension being self-stabilized against  con- 
vection by the autogenic dezsity gradient.  '.: showed that in such a system, the Kohlrausch 
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regulated cell concentration is considerably less than that of the whole blood. A range 
of concentrations of cells is obtained, a s  the plasma proteins  contribute to forming a 
scrics of mixed isotachophorctic s teps ,  with the plasma proteins and o ther  plasma ions. 

The resu l t s  of the two experiments  were unfortunately quite disappointing. The  
main reason for  this  appeared to.:be significant leakage of the  fluids from both modules, 
resulting in inany a i r  bubbles in the chambers ,  though all  fluids were carefully degassed 
p r io r  to  cell  loading. I t  i s  most likely that the leakage occurred  during the lift-off phase,  
3s a resul t  of the increased accelcration, the testing of the sea l s  not having been ca r r i ed  
out under thesc conditions. The protein experiment was a complete fa i lure ,  a s  t he re  was 
no obscrvable migration of a r y  colored proteins when the astronauts  pushed in the slid- 
ing gate  with the sample.  Spectrophotometric examination of the modules' contents, upon 
return from the Skylab, showed a uniform distribution of the sample in a l l  fluids. An 
examination of the s i lver  anode showed that d t  no t ime was the re  any cur ren t  through 
thc cell ,  though there  was electr ical  continuity of a l l  connections. The most  iikely ex- 
planation i s  that an a i r  bubble ccrmplctely prevcnted passage of the electr ical  cur ren t .  

The re su l t s  with the cell suspension were  better, though it was  a l so  m a r r e d  by 
presence of a i r  bubbles. Ncvertheless, the advancing front showed l i t t le  bowing, the 
view being partially obstructed by a i r  bubbles. A typical photograph is shown in Fig.  13. 
Lpon completion of forward migration, the  cur ren t  polarity was revcrsecl', and the as t ro-  
nauts c leared the a i r  bubbles from the observation channel by mechanical agitation. They 
:her! rept'air?d :tic fronti! migration a second t ime.  The  phctograph reproduced in Fig.  11 
shows an extremely sharp  boundary, with a blunt paraboiic proiiis-.. ii is iirL;lcoltur;a:ely 
not possible to s ta te  c lear ly  if  th is  is due to electroosmosis  only, o r  to contribution of 
other events which occurred,  including the reversed  polarity migration step.  Nor was 
this second migration passage necessar i ly  a purely isgtachophoretic run,  a s  t he re  may 
have been considerable mixing of buffers in the preceeding operations.  Reversal  of 
polarity rendered the boundary strikingly more  diffuse, this  r eve r se  migration being in 
a zone mode, as shown in Fig. 15. 

CONCLUSIONS 

The sharpness  and self-restor ing propert ies  of boundaries in isotachophoresis 
make it an at t ract ive candidate for  space applications. This i s  most  Gbvious from the 
comparison of the sharp boundaries obtained in the Skylah experiment,  as compared to 
the d i f fuse  boundaries obtained in p r io r  Apollo experiments (33, 34). It is most  un- 
fortunate , nevertheless,  that the Skylab experiment did not provide m o r e  Mini t ive  
answers  a s  to  boundary shapes in z c x .  g a v i t y  isotachophoresis.  It is hoped for  that 
thesc qucstions will be answrred hy ttic p1annt.d cxpcriments  for  the foAThcoming Apollo- 
Soyuz tes t  program, where two mndified isotachophoresis modules will be flown, 
together with several  zone electrophoresis  modules. 

Nevertheless,earth-bound laboratory experiments and the Skylab demonstration 
have shown that isotachophoresis is applicable to  separation of living cel ls .  This  may 
eventually p-rmit  the development of techniques of cell  separation with sharper  resolution 
than possible by zone electrophoretic m e t h d s .  
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The results so far  obtained from the Apollo missions, and the Skylab demonstra- 
tion, have clearly indicated the advantages of a zero gravity e1ectrophores:s facility. 
Numerous problems remain, such as the development of optimal buffers systems com- 
patible with cell survivai, etc.  

Nor a r e  all problems confined to isotachophoresis. Fo r  the deve!opment of 
the space facility numerous technical details remain to be solved. These include some 
hardware problems, which appear to be rather trivial at f irst  glance; but which present 

most obvious of these is the collection of the separated fractions, The Hannig approach 
of continued collection of fr:ction i s  one possible solution. Another approach has been 
developed a t  Huntsville by Dr. Snyder and his collaborators. This is the radial freez- 
ing of thc whole electrophoretic column, which is then sectioned whi le  still frozen. 
This is the approach which will be taken in the forthcoming Apollo-Soyuz mission. 
It has the notable advantage that a number of different samples can be run with the 
same basic electrophoretic apparatus, each sample being cotdined to a different tube. 
A third approach has been proposed by John G .  Watt of the Protein Fractionatinn Center 
in Edinburgh. It comprises the isoelectric focusing of proteins in a s-pare column, 
and the lateral expulsion of the fluid content into a series of collecCng tubes, arranged 
along the whole lcngth of the electrophoretic column. Severai qther possibilities a r e  
still on the drawing boards. 

1 , ~ serious engineering problems, when coupled with fluid behavior a t  zero gravity. The 
' 

In  conclusion, one may only say that the recent Apollo and Skylab experiments 
have cieariy &moiistia:=d the prnrr!Isr nf Nasa's clectrophoresis program, and the 
possible advantages of electrophoresis at zero gravity. The potential benefits of the 
development of a zero gravity electrophoretic facility may fully warrant the consider- 
able energies expended in this direction. 
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LIST OF SYMBOLS 

SYMBOL MEANING 

E 

E* 

"1 

S 

X 

T 

Dimensionless e l e c t r i c  field 

Elec t r ic  field (volts /cm ) 

Dimensionless te rmina tor  ionic number density 

Dimensionless heating r a t e  

Dimensionless distance along ax is  of tube 
re fer red  to  moving coordinate system 

Dimensionless leader  mobility pa rame te r  

Di mens i onle s s count e r i on m o hil i ty pa r a m ere r 

I 

h m e n s i o n l e s s  heat t ransfer  coefficient 

Dim ens  ionle ss terminator  i nte r fa ce  t hi c k nes s 

Dimensionless lcnder  interface thickness 

Leader  o r  te rmina tor  interface thickness ( mm ) 

Di mens  i o nl t s s die 1 e c t r i c cons t a nt 

I)1 m ens i onl e s s t em pe ra  t u r e' 

Qmensionless  s r c  ady s ta te  tempera ture  

Dimensionless number density in terminator  zone 

Dimensionless radial  distance 

Dimensionless wall thickness 

Diinensionless t ime 

. 
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FIG. 1 SCHEMATIC PRESENTATION O F  I O N  D I S T R I B U T I O N  I N  ISOTACHOPHORESIS .  
LEADER IONS HAVE T H E  H I G H E S T  M O B I L I T Y ,  TERMINATOR IONS LOWEST. 
COUNTERIONS MAY HAVE BUFFERING ACTION.  

I I 

SI 

F I G .  2 S C H M A T I C  F I E L D  AND M O B I L I T Y  P R O F I L E S  A F T E R  KOHLRAUSCH E Q U I L I B R I U M  

1 
HAS BEEN E S T A B L I S H E D .  L , L U D E R  ION? ,  T , TCRMIFATBP. TONS, S 
AND S-*,  RESOLVED SAMPLE I O N S .  

FUNCTION O F  M O B I L I T I E S .  

F I E L D  STRENGTH I S  I N V E R S E  

746 



llll1ll1lll1ll1l1l1l1llllIlIIll ll1l1ll I l l  I I 

I-_ r 11.. 3 LEA!?E?? AX9 TE?.?!TNAT(?? T W E R F A C E  T H I C K N E S S .  
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FIG. 4 CONCENTRATION AND EI,ECTK!C FTET,D PROFILES. 
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FIG. 5 TEMPERATURE AS A FUNCTION OF TIME FOR = 2 / 3 .  

c 

FIG. 6 STEADY STATE TEMPERATURE PROFILES FOR VARIOUS HEATING RATES AT E = 0 . 8 .  ~ 
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F I G .  7 I S O T A C H O P H O R E T I C  S E P A R A T I O N  OF ERYTHROCYTES (LONG 
ZONE) FROM S T A I N E D  ALBUMIN I N  A CAPILLARY.  

F I G ,  8 P R 7 P O : I l  LUh'ALITY OF I S O T A C H D W O R E T I C  COMPARTMENT LENGTH TO 
Qbi~Nl!TY O F  P R O T E I N  ADDED. F E R R I T I N  WAS C'SED, AND ITS S E L F -  
REGULATED CONCENTRATION I S  ABOUT 10% W I T H  20 mM LEADER 
CONCENTRATION. 

749 



- 
- .  

f.5 ;,, 
P 



FIG. 11 SEPARATION OF HLPlAN ANT, SHEEP RED CELLS IN A FICOLL GRADIENT. 
SEPARATION WAS ONLY TRANS ITCRY D Y E  TO CONVECTIVE DISTURBANCES.  

FIG. 1 2  SKYLAB APPARATUS SHONING THE PlOUNTINC: OF THE ?WG SAMPLE - 
CONTATNTNC: YJDI'LES. 751 
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F I G .  13 S K Y T A R  PHOTOGR.APl1 OF ADL’ANCING ISOTACHOPHORETTC FRONT O F  THE RED 
BLOOD C E L L  SUSPENSIOX. THE E.XACT SHAPE O F  THE BOrRVARY I S  
BLURRED BY A I R  BUBBLES. 

F I G .  14 SKYLAB PHOTOGRAPH DURING SECOND RUN O F  T H E  BLOOD MODULE. T H E  
S H A R P  BOUNDARY X A S  THE P R O F I L E  O F  A BLUNTED PARABOLA. 
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FIG.  1 5  REVERSAL OF CURRENT IN SKYZAB EXPERIMENT SHGWS THE DIFFUSE 
BOUNDARY T Y P I C A L  CF ZONE E L E C T R O P H O R E S I S .  
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PREPARATIVE ELECTROPHORESIS OF LIVING LYMPHOCYTES 

BY 

C. J. van Oss*,  P. E. B i g a z z i ,  C. F. Gil lman 
Department of  Mocrobiology and The Cen te r  f o r  Immunology 

School  of Medicine,  S t a t e  U n i v e r s i t y  of  New York a t  B u f f a l o  
1 B u f f a l o ,  New York 14214 
, / .  

and 

R. E. A l l e n  
A s t r o n a u t i c s  Labora to ry  

H u n t s v i l l e ,  Alabama 35812 
Georgd C. Marshall Space F l i g h t  Cen te r  

SUMMARY 

Vert ical  l i q u i d  columns c o n t a i r i n g  low m o l e c u l a r  we igh t  d e x t r a n  
d e n s i t y  g r a d i e n t s  can  be  used f o r  p r e p a r a t i v e  lymphocyte e l e c t r o p h o r e s i s  
on e a r t h ,  i n  s i m u l a t i o n  of 0 g r a v i t y  c o n d i t i o n s .  Another  method t h a t  
has  been t e s t e d  a t  1 G ,  is  t h s  e l e c t r o p h o r e s i s  OF lymphocytes i n  a n  up- 
ward d i r e c t i o n  i n  v e r t i c a l  columns. 
can  be s e p a r a t e d  a t  one t ime  i n  a 30.cm g l a s s  column o f  8 mm i n s i d e  d i a -  

problems. t h e  s e p a r a t i o n  at 1 G 13 less t h a n  i d e a l ,  b u t  i t  is  expec ted  
t h a t  a t  0 g r a v i t y  e l e c t r o p h o r e s i s  w i l l  p rove  t o  be  a u n i q u e l y  powerful  
c e l l  s e p a r a t i o n  t o o l .  The t e c h n i c a l  f e a s i b i l i t y  of  e l e c t r o p h o r e s i n g  
i n e r t  p a r t i c l e s  a t  0 C h a s  been proven earlier,  d u r i n g  t h e  f l i g h t  of  
Apo l lo  1 6  111. 

By bo th  methods up t o  lo7 lymphocytes 

ii, +l I--..-- n..- L.. - - - . . - - L 4 - -  - -A --,a+..c...t?tino 
L 1 ,"ULa .  "UC L" L " L , " S C L * " ' .  P L A Y  . a L U - Y C L . L V L A " . .  

at 12 - - i - -  
ULCI-CL, 

INTRODUCTION 

C d r t a i n  c a l l s  w i t h  q u i t e  d i f f e r e n t  b i o l o g i c a l  p r o p e r t i e s  ( n o t a b l y  
T and B lymphocytes) d i f f e r  physio-chemical ly  o n l y  i n  t h e i r  s u r f a c e  
p o t e n t i a l  [ 2 ] .  Thus t h e  o n l y  p h y s i c a l  methods f o r  s e p a r a t i n g  such c e l l s  
i n t o  groups of c e l l s  w i t h  d i f f e r e n t  s u r f a c e  p o t e n t i a l s  are e l e c t r o p h o r e t i c  
ones.  Normally,  however, c e l l c  sediment  t o  t h e  bot tom of  the expe r imen ta l  
vessels i n  t h e  t i m e  r e q u i r e d  f o r  e l e c t r o p h o r e t i c  s e p a r a t i o n .  I n c r e a s i n g  
t h e  medium's d e n s i t y  by add ing  s o l u t e s  creates osmot i c  and o t b e r  problems. 
Thus t h e  i d e a l  c o n d i t i o n  f o r  t h e  e l e c t r o p h o r e t i c  s e p a r a t i o n  of ce l l s  must 
be sought  a t  0 g r a v i t y ,  ir. s p a c e .  ! l eve r the l e s s ,  t h e  methodology f o r  
e l e c t r o p h o r e t i c  c e l l  s e p a r a t i o n  in ;pace f i r s t  h a s  t o  b e  worked o u t  on 
e a r t h ,  a t  g r a v i t y  = 1. 

To t h a t  e f f e c t  two approaches  c a n  be  used:  1) Descending e l e c t r o p h o -  
r eds  i n  a v e r t i c a l  column, s t a b i l i z e d  by a d e n s i t y  g r a d i e n t ,  and 2) Ascen- 
d i n g  elec:r,.Tphoresis i n  a n o n - s t a b i l i z e d  ve r t i ca l  column. Both approaches  
are s t u d i e d  a e r e  and b o t h  y i e l d  v a l u a b l e  i n f o r m a t i o n ,  i n d i s p e n s a b l e  f o r  t h e  

*Paper p r e s e n t e d  by C.  J. van 0 9 s .  
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e l a b o r a t i o n  of 0 G e l e c t r o p h o r e s i s  methodology. 

T and B lymphocytes,  once s e p a r a t e d ,  w i l l  n o t  on ly  serve i n  f u r t h e r  -- i n  v i t r o  r e s e a r c h ,  bu t  a l s o  i n  the t r ea tmen t  of a v a r i e t y  of immunological 
diseases (aganauaglobulins , DiGeorge's syndrome) , var ious  malignancies  
such as Hodgkins d i s e a s e  and ch ron ic  lymphatic leukemia,  and o t h e r  types of 
cancer  and ch ron ic  i n f e c t i o n s .  

DESCENDING ELECTR3PHORESIS I N  A DENSITY GRADIENT 

Elec t rophores i s  Buffer  

A phosphate b u f f e r ,  of  pH 7 . 7 ,  r / 2  = 0.022, w i t h  a conduc t iv i ty  of 0.26 
mho cm and an  osmola l i t y  of  265 m.Osm/L.  (When, f o r  p r a c t i c a l  r easons ,  t he  
cells  must be e lec t rophoresed  i n  a medium t h a t  is  s u f f i c i e n t l y  c ryopro tec t an t  
to a l low them t o  be f rozen ,  4% g l y c e r o l  is added t o  t h i s  b u f f e r ,  which then 
raises the  osmola l i t y  t o  780 m.Osm/L). The b u f f e r  c o n s i s t s  of 12 p a r t s  of :  

0.189. Na2HPO4 

4.32% glucose  

0.18% Na2HP04 

0.80X FaC1. 

A 0.02% KH2PO4 

p lus  one p a r t  o f :  

B 0.02% KH2P04 

The d e n s i t y  g r a d i e n t  was prepared by w e r l a y i n g  a 5% Dextran T 10 
(Pharmacia, Piscataway,  N. J.) (average molecular  weight  = 10,000) s o l u t i o n  i n  
the  above b u f f e r ,  on top of an 11% s o l u t i o n  of t h e  same material. Other  
ce l l s  have been s u c c e s s f u l l y  e l ec t rophoresed  i n  d e n s i t y  g r e d i e n t s  of much 
h ighe r  molecular  v e i g h t  dext rans  [ 3 ] ,  but  i n  our  exper ience  s i g n i g i c a n t  lympho- 
c y t e  agglomerat ion occurred i n  dext ran  s o l u t i o n s  of  p r a c t i c a l l y  a l l  molecular  
weights  above 10,000, so t h a t  t he  T 10 dex t r an  v a r i e t y  proved t h e  only  one 
t h a t  could be used wi th  t h i s  type of c e l l .  

The g r a d i e n t  w a s  e s t a b l i s h e d  5y c a r e f u l  hand mixing. I t  could a l s o  be 
obta ined  w i t h  a two-vessel s t i r r e d  g r a d i e n t  maker. The r e s u l t s  proved to be 
t h e  same, as checked by measuring the  r e f r a c t i v e  index a t  var ious  i n t e r v a l s ,  
w i th  a re f rac tometer .  

E l e c t r i c  F i e l d  

The lymphocytes were electrDphoresed under an e lec t r ic  f i e l d  of k 10 
mA, y f e l d i n g ,  a t  a t o t a l  p o t e n t i a l  d i f f o r m c e  ac ross  the  tube of 3 6 0  V ,  3 . 6  W. 

Cool i n q  

Cooling of the  c y l i n d r i c a l  columns w a 3  a c c m p l i s h e d  by means of a wa- 
t e r  j acke t  connected t o  a Lo-Temprol r e f r i g e r a t e d  w r t e r  bath.  Continuous 
c i r c u l a t i o n  of c o l d  water maintained a temperature  of +4"C. For t h e  com- 
p l e t e  appa ra tus ,  see Figures  1 and 2. 

Cells 

Some experiments  were done wi th  c u l t u r e d  human lymphoid ce l l s  ( R m I  
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6410), which were grown and ma in ta ined  i n  Eag le ' s  E s s e n t i a l  Medium with 1oT. 
f e t a l  c a l f  serum, 
f e r e d  s a l i n e  (PBS) b e f o r e  be ing  a p p l i e d  t o  t h e  column. 
suspended on t o p  of t h e  g r a d i e n t .  

The c u l t u r e d  ce l l s  were wash.?d twice i n  phospha te  bu f -  
4 x 106 c e l l s  were 

F o r  f r e s h  human lymphocytes ,  human b u f f y  coat p r e p a r a t i o n s  ( c o u r t e s y  
of  t h e  B u f f a l o  Regional  Red Cross  Blood Cen te r )  were s u b j e c t e d  t o  F i c o l l -  
Hypaqut! [4]  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  and t h e  lymphocytes were c o l -  
l e c t e d  snd washed i n  PBS. 
res is experiment  . 3 x LO6 ce l l s  were g e n e r a l l y  used p e r  e l e c t r o p h o -  

E l e c t r o p h o r e s i s  Tube 

A 30 c m  long ,  8 mn i n s i d e  d i a m e t e r  g l a s s  t ube  was u s e d ,  c o a t e d  on 
t h e  i n s i d e  w i t h  a 1.5% a g a r o s e  g e l  (made i n  t h e  e l e c t r o p h o r e s i s  b u f f e r ) ,  
and plugged a t  t h e  bot tom w i t h  a 2 c m  deep 1.5% a g a r o s e  plug.  The bottom 
s t o o d  i n  t h e  lower e l e c t r o d e  v e s s e l ,  w h i l e  t h e  top  o f  t h e  t u b e  was con- 
n e c t e d  t o  the  upper  e l e c t r o d e  v e s s e l  by mesns of  an a g a r o s e  wick  encased 
i n  a g l a s s  U-tube ( i n v e r t e d ) .  

F r a c t i o n  C o l l e c t i n g  

A f t e r  e l e c t r o p h o r e s i s  t h e  c e l l s  were c o l l e c t e d  by p i e r c i n g  t h e  
a g a r o s e  p l u g  w i t h  a 21-gauge n e e d l e  and c o l l e c t i n g  5 d rops  p e r  t e s t  tube.  

ASCENDING ELECTROPHOFLES I S  

- E l e c t r o p h o r e s i s  B u f f e r  

The ce l l s  were s e p a r a t e d  by e l e c t r o p h o r e s i s  i n  a n  upward d i r e c t i c n ,  
u s i n g  a phospha te  b u f f e r ,  of pH 7.7 ,  r/2 = 0.01 ( b u f f e r  A ) ,  w i t h  a conduc- 
t i v i t y  of  0.12 mho c m  and an o s m o l a l i t y  of approx ima te ly  265 m.Osm/L.  

E l e c t r i c  F i e l d  

With t h i s  b u f f e r  an e l e c t r i c  f i e l d  of  10 V / c m  was o b t a i n e d ,  w i t h  a 
c u r r e n t  of  5 mA. The c e l l s  were e l e c t r o p h o r e s e d  for 2.5 hour s  under t h e s e  
c i r cums tances .  

Coo l ing  

The c o o l i n g  arrangement  w a s  t h e  saxe as d e s c r i b e d  above. 

C e l l s  

The c e l l s  used were t h e  same a s  t h o s e  d e s c r i b e d  above. 

E l e c t r o p h o r e s i s  Tube 

E i t h e r  t he  same tubes  ( aga rose -coa ted )  as d e s c r i b e d  above were i i s c d ,  
o r  i n  t h e i r  s t e a d ,  uncoated l u c i t e  t ubes  of  comparable s i z e .  
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F r a c t i o n  S o l l e c t i n g  

When a p l a s t i c  t ube  was u s e d ,  i t  w a s  a l so  f i t t e d  a t  t h e  bot tom w i t h  
an a g a r o s e  p lug  ( s e e  above) .  A f t e r  e l e c t r o p h o r e s i s ,  3 o r  4 1 ml f r a c t i c n s  
were c o l l e c t e d  from t h e  t o p  o f  t h e  e l e c t r o p h o r e s i s  t u b e ,  by a s p i r a t i o n  w i t h  
a 5 m i  s y r i n g e ,  t h rough  a 30 c m  n e e d l e .  

METHOD OF k W Y S 1 S  

A f t e r  t h e  f r a c t i o n s  were c o l l e c t e d  and c o u n t e d ,  w i t h  a Spencer  Im- 
proved Neubauer Counting Chamber, t hey  were ana lysed  f o r  s u r f a c e  innnuno- 
g l o b u l i n s  by i m n o f l u o r e s c e n c e .  An e q u a l  volume of  1/16 d i l u t i o n  of f l u o -  
r e s c e i n a t e d  r a b b i t  anti-human IgG w a s  added t o  t h e  c e l l s .  A f t e r  30 minu tes  
a t  4°C t h e  ce l l s  were c e n t r i f u g e d  a t  2,000 RPM and t h e  e x c e s s  c o n j u g a t e  de- 
can ted .  A f t e r  2x washing i n  c o l d  PBS, t h e  p e r c e n t a g e  o f  p o s i t i v e  f l u o r e s c e n t  
ce l l s  (B c e l l s )  w a s  de t e rmined  by microscopy ( R e i c h e r t  Zetopan f l u o r e s c e n c e  
microscope) .  

RESULTS OF DESENDINC- 'b ECTROPHORESIS 3 
I n  F i g a r e  3 t h e  r e s u l t s  of  a t y p i c a l  d e n s i t y  g r a d i e n t  experiment  are 

shavn. The two f a s t  b a t c h e s  c o n t a i n e d  more T than  B c e l l s  and t h e  f a s t e s t  
of t h e s e  had 82% T c e l l s  (on ly  189. B ce l l s  l e f t ) ,  which r e p r e s e n t s  a n  e n r i c h -  
ment f a c t o r  of 3 . 3 .  The y i e i d  was ciose i o  30%. Among thz =---*;..-- L I ~ C C L V L I ~  U U A J  - - ' -*  

t h o s e  a r e  shown on which R/T cel l  r a t i o  a n a l y s i s  by immunofluorescence w a s  
done,  wh ich ,  on accoun t  of t i m e  l i m i t a t i o n s ,  w a s  only f e a s i b l e  w i t h  one 
f r a c t i o n  o u t  of t h r e e .  

Thus, descend ing  d e n s i t y  g r a d i e n t  e l e c t r o p h o r e s i s  gave  f a i r l y  good 
r e s u l t s  w i t h  c u l t u r e d  human lymphocytes.  With f r e s h  p e r i p h e r a l  hunan lym- 
phocy tes ,  t h i s  method, p o s s i b l y  due t o  a somewhat g r e a t e r  o v e r l a p  of  elec- 
t r o p h o r e t i c  m a b i l i t i e s ,  - roved  less  s a t i s f a c t o r y .  The a s c e n d i n g  e l e c t r o -  
p h o r e s i s  approach ,  d i s c c s s e d  below,  a p 2 e a r s  n o r e  promising f o r  t h a t  t ype  
of ce l l .  

RESULTS OF ASCENDING ELECTROPHOPSSIS 

Ascending e l e c t r o p h o r e s i s  g i v e s  good r e s u l t s  w i t h  f r e s h  h-uan p e r i -  
p h e r a l  lymphocytes.  I n  a n  e x c e p t i o n a l l y  s u c c e s s f u l  expe r imen t ,  shown i n  
F i g u r e  4 ,  t h e  f r - c t i o n  t h a t  was e n r i c h e d  from t h e  o r i g i n a l  727, T c e l l s  t o  
969. T c e l l s  i n  t h e  f i r s t  r u n ,  was e l e c t r o p h c r e s e d  a second ti-, y i e l d i n g  a 
f a s t  f r a c t i o n  v t t h  2 x !06 100% T c e l l s ,  r e p r e s e n t i n g  20% o f  t h e  c e l l s  t h a t  
were made t o  e l e c t r o p h o r e s e  t h e  second t i n e .  I n  F i g u r e  5 two f r a c t i o n s ,  w e l l  
s e p a r a t e d  from one a n o t h e r ,  are v i s i b l e  i n s i d e  t h e  e l e c t r o p h o r e s i s  t ube .  
In F i g u r e  6 t h e  r e s u l t s  a r e  s h a m  t h z t  p e r t a i n  more o f t e n  t h a n  t h e  excep-  
t i o n a l l y  f a v o r a b l e  ones g i v e n  i n  F f g u r e  4 :  a t  t h e  second e l e c t r o p h o r e s i s  t h e  
p r o p o r t i o n  o f  T c e l l s  cou ld  o n l y  be improved from 92% t o  95%, a t  t h e  expense 
of a 40% loss of c e l l s .  

Recovery of  B c e l l s  from t h e  slow f r a c t i o n ,  a f t e r  two e l e c t y o p h o r e s e s ,  
seldom r e s u l t s  i n  more than  90% pure  B cel ls ,  d u e ,  e.g., t o  clumping o f  B 
ce l l s  and t r a p p i n g  af T c e l l s  i n  t h e  clumps. A t  0 g r a v i t y  c l a n p i n g  may be  
e q u e l l y  d i f f i c u l t  t o  avo id  b u t  t h e  s e d i m e n t a t i o n  of t h e  clumps and t h e i r  
c m t a m i n a t i o n  of t h e  s l o w e s t  f r a c t i o n s  w i l l  n o t  occu r .  
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CONCLUSION 

The r e s u l t s  o f  b o t h  t h e  descend ing  and a s c e n d i n g  e l e c t r o p h o r e t i c  
lymphocyte s e p a r a t i o n  a t  g r a v i t y  = 1 show t h e  p o s s i b i l i t i e s  as w e l l  as t h e  
p r o b a b l e  l i m i t s  t o  l p p h o c y t e  e l e c t r o p h o r e s i s  on e a r t h .  A t  t h e  same t i m e  
t h e  methodology deve loped  will p e r m i t ,  by f a i r l y  s i m p l e  e x t r a p o l a t i o n  t o  
e l a b o r a t e  t h e  methodology t o  b e  used a t  0 G. 
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FIG. 1 PHOTOGRAPH OF THE ELECTROPHORESIS TUBES (ONE AT LEFT AND 
ONE IN THE ?I?DDLE, BESEATH THE BOTTOP1 SHELF), THE COOLED 
WATER CIRCL'TATUF (RIGHT) A N D  THE POWER SUPPLIES ( I N  THE 
MIDDLE ON TNE TOP ASD BOTTOM SHELVES).  

FIG. 2 PT!OTXRAPH OF A JACKETED ET,EC?RDPHOKESIS T L q E ,  W I T H  I T S  
POWER SUPPLY STILT-. PARTlY L'T.;TELE ARC'S'E I T ,  ON THE SHELF. 
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FIG. 3 GRAPH OF THE RESULTS OBTAINED I N  A DESCFXDTNC: ELECTRO- 
PHORESIS OF H L J N  LYMPHOCYTES (RPNT 6410) .  

U 

FIG. 4 GRAPH OF THZ RESULTS OBTAINED T N  A DOUBLE ASCENDIMG 
ELECTROPHORESIS OF FRESH H L W N  PERIPHERAL LYNPHOCYTES. 
THIS WAS A N  EXCEPTIONALLY SLTCCFSSFllL SEPARATION. 

7 61 



t 

FIG. 5 PHOTOGRAPH OF THE SEPARATED BANDS OF LYMPHOCYTES V I S I B L E  
I N  A T I P I C A L  ASCENDING ELECTROPHORESIS E X P E R ? " T  WITH 
FRESH HUMAN PERIPHERAL LYMPHOCYTES. 

U 

Y C W O  RlCROIO.lIIC Iuu 

. U 

F I G .  6 GRAPH OF THE RESULTS OBTAINED I N  A DOUBLE ASCENDING 
ELECTROPHORESIS OF FRESH HUMAN PERIPHERAL LYMPHOCYTES. 
THIS IS THE TYPE OF SEPARATION USUALLY OBTAINED. 
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MATERIALS SCIENCE AND MANUFACTURING I N  SPACE: 
THE NBS PROGRAM OF GROUND BASED RESEARCH 

BY 

E. P a s s a g l i a  and R. L. Pa rke r*  
N a t i o n a l  Bureau of S t a n d a r d s  

Washington, D. C. 20234 

INTRODUCTION 

NBS work €or NASA i n  s u p p o r t  o f  NASA's Space P r o c e s s i n g  Program is  
d e s c r i b e d .  The o b j e c t i v e s  of t h e  NBS program are t o  perform ground-based 
s t u d i e s  of t h o s e  a s p e c t s  of s p a c e  that  cou ld  p o s s i b l y  p r o v i d e  a un ique  
environment  f o r  making materials more p e r f e c t  o r  more ?me. The approach  
t aken  d e a l s  p r i m a r i l y  w i t h  e x p e r i m e n t a l  and t h e o r e t i c a l  s t u d i e s  of t h e  
p o s s i b l e  e f f e c t s  of t h e  absence  of g r a v i t a t i o n a l  f o r c e s  on t h o s e  materials 
p r e p a r a t i o n  p r o c e s s e s  where t h e  p r e s e n c e  of g r a v i t y  may b e  i m p o r t a n t  i n  
r e d u c i n g  p e r f e c t i o n  o r  p u r i t y .  me materials p r e p a r a t i o n  p r o c e s s e s  
s t u d i e d  compr i se  6 t a s k s  in t h e  areas of c r y s t a l  growth,  p u r i f k a t i o n  and 
chemica l  p r o c e s s i n g ,  and t h e  p r e p a r a t i o n  of compos i t e s .  They i re :  

(1 )  C r y s t a l  P e r f e c t i o n  i n  C z o c h r a l s k i  Growth 

( 2 )  

( 3 )  Vacuum E f f e c t s  in t h e  P r e p a r a t i o n  of Composite Materials 

E v a p o r a t i v e  P r e p a r a t i o n  of U l t r a h i g h  P u r i t y  Fiateriais 

( 4 )  h e l t  Shape in W e i g h t l e s s  C r y s t a l  Growth 

(5) Vapor T r a n s p o r t  S y n t h e s i s  and C r y s t a l  Grodth o f  Oxides 

(6)  S u r f a c e  T r a c t i o n  and Other  S u r f a c e  Phenomena 

*Paper p r e s e n t e d  by R. L. P a r k e r .  
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II I II 

T h i s  r e p o r t  d e s c r i b e s  NBS work f o r  NASA i n  s u p p o r t  o f  NASA's S p a c e  
P r o c e s s i n g  program.  The o b j e c t i v e s  of  t h e  NBS program are  to  p e r f o r m  
ground-based s t u d i e s  of t h o s e  a s p e c t s  of  s p a c e  t h a t  c o u l d  p o s s i b l y  p r o v i d e  
a u n i q u e  e n v i r o n m e n t  f o r  making mater ia ls  more p e r f e c t  or more p u r e .  The 
a p p r o a c h  t a k e n  d e a l s  p r i m a r i l y  w i t h  e x p e r i m e n t a l  and  t h e o r e t i c a l  s t u d i e s  
of  t h e  p o s s i b l e  e f f e c t s  o f  t h e  a b s e n c e  of g r a v i t a t i o n a l  f o r c e s  o n  t h o s e  
n u t e r i a l s  p r e p a r a t i o n  p r o c e s s e s  where  t h e  p r e s e n c e  o f  g r a v i t y  may b e  
i m p o r t a n t  i n  r e d u c i n g  p e r f e c t i o n  or p u r i t y .  Thc mater ia ls  p r e p a r a t i o n  
p r o c e s s e s  s t u d i e d  c o m p r i s e  6 t a s k s  i n  t h e  areas of c r y s t a l  g rowth ,  p u r i f i -  
c a t  i o n  and c h e m i c a l  p r o c e s s i n g ,  and t h e  p r e p a r a t  i o n  of  c o m p o s i t e s .  

The r e s u l t s  o b t a i n e d  f o r  e a c h  t a s k  are g i v e n  i n  d e t a i l  i n  t h e  body 
of t h e  r e p o r t .  E r i e f l y ,  i n  Task. 1 - C r y s t a l  P e r f e c t i o n  i n  C z o c h r a l s k i  
Grcwth - a n  i n t e n s i v e  s t u d y  h a s  been  pe r fo rmed ,  and  optimum s o i i d i f i c a t i o n  
p a r a m e t e r s  d e t e r m i n e d  f o r  t h e  p r o d u c t i o n  o f  h i g h l y  p e r f e c t  c o p p e r  c r y s t a l s  
by t h e  C z o c h r a l s k i  g rowth  p r o c e s s ,  r i s ing  x - r a y  t o p o g r a p h s  and  r o c k i n g  
c u r v z  measurements  o f  c r y s t a l  p e r f e c t i o n .  I n  Task  2 - E v a p o r a t i v e  P r e p a r a -  
t i o n  of  U l t r a h i g h  P u r i t y  Materials - a c a l c u l a t i o n a l  p r o c e d u r e  i n v o l v i n g  
t h e  u s e  o f  complex c h e m i c a l  e q u i l i b r i a  w a s  d e v e l o p e d  and  showed t h a t  
e x t e n s i v e  p u r i f i c a t i o n  c a n  b e  o b t a i n e d  i n  e v a p o r a t i v e  p u r i f i c a t i o n .  I n  
Task  3 - Vacuum E f f e c t s  i n  t h e  P r e p a r a t i o n  o f  Composi te  Materials - t h e  
s c a n n i n g  c l e c t r o n  m i c r o s c o p e  w a s  used t o  s t u d y  t h e  e f f e c t s  o f  s t r a i n ,  
s u r i a c - e  c o . i t i n g s  and spec imen  t i l t  ir. c1c.c- t ron c!i : lnnell ing p a t t e r n s .  I n  
Task  4 - ?!elt Shape  i n  W e i g h t l e s s  C r y s t a l  Growth - t h e  d i f f e r e n t i a l  e q u a t i o n  
f o r  t h e  s h a p e  of t h e  l i q u i d - v a p o r  i n t e r f a c e  i n  t h e  p r e s e n c e  o f  a g r a v i t a t i o n a l  
f i e l d  h a s  been  e x t e n d e d  t o  t h e  c a s e  of  v e r y  small g r a v i t a t i o n a l  f i e l d s ,  and  
m e a s u r a i e n t s  o f  c o n t a c t  a n g l e s  i n  l i q u i d s  on  t h e i r  o m  s o l i d s  have  begun. I n  
Task  5 - i 'apor T r a n s p o r t  S y n t h e s i s  and  C r y s t a l  Growth o f  Ox ides  - t h e  Z r O g -  
T q O j  s y s t e m  was i n v e s t i g a t e d  i n  c h e m i c a l  v a p o r  t r a n s p o r t  r e a c t i o n s  a n d  m e t  
w i t h  s c v e r e  problercs  i n  t h e  q u a r t z  r e a c t i o n  t u b e s  and  r e s u l t e d  i n  v e r y  small  
c r y s t a l  s i z e s ;  a d d i t i o n a l  e x p e r i m e n t s  i n  p u r e  v a p o r  p h a s e  g r o w t h  o f  HgC12 
a p p e a r  p r o m i s i n g .  I n  T<q.ik 6 - S u r f a c e  T r a c t i o n  and O t h e r  S u r f a c e  Phenomena - 
t h e  p a t t e r n  o f  t h e n n o c a p i l l a r y  c o n v e c t i o n  c e l l s  i n  a l i q u i d  d r o p  w i t h  a n  
a x i a l l y  symmet r i c  t e m p e r a t u r e  f i e l d  on t h e  s u r f a c e  w a s  deduced .  

Whi le  i t  would be p r e m a t u r e  t o  d raw,  a t  t h i s  s t a g e ,  e x t e n s i v e  
c o n c l u s i o n s  from t h e s e  s t u d i e s  on space  p r o c e s s i n g ,  i t  i s  c lear  t h a t  t h e  
r o l e  of  g r a v i t y  i n  materials p r o c e s s i n g  c a n  have  s i q n i f i c a n t ,  and  p o s s i b l y  
l i m i t i n g ,  e f f e c t s  on  p u r i t y  and p e r f e c t i o n  o f  materials,  and  t h a t  e x t e n s i v e  
e x p e r i m e n t a l  and  t h e o r e t i c a l  i n v e s t i g a t i o n s ,  i n  ground-based  e n v i r o n m e n t s ,  
are  i m p o r t a n t  b a s e - l i n e  i n f o r m a t i o n  needed  f o r  t h e  e f f i c i e n t  u s e  o f  t h e  s p a c e  
env i ronmen t  i n  materials p r o c e s s i n g .  
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Task 1 (Acct. No. 179-11-11-03) 

CRYSTAL PERFECTION I N  CZOCHRALSKI GROWTH 

M. Kuriyam.., J. C. E a r l y ,  W. J. B o e t t i n g e r  and  H .  E. B u r d e t t e  
I n s t i t u t e  f o r  Materials R e s e a r c h ,  

N a t i o n a l  Bureau  of S t z n d a r d s  

SUMMARY 

I n  t h e  a b s e n c e  o f  g r a v i t y ,  t h e r m a l  c o n v e c t i o n ,  i . e . ,  c o n v e c t i o n  
induced  by g r a v i t y  a c t i n g  on  d e n s i t y  d i f f e r e n c e s  i n  t h e  me l t ,  would b e  
e x p e c t e d  t o  b e  n e g l i g i b l e .  F l u i d  f l o w  i n  t h e  m e l t ,  i n c l u d i n g  t h e r m a l  
c o n v e c t i o n ,  p r o b a b l y  a f f e c t s  c r y s t a l s  grown from t h e  mel t .  At p r e s e n t .  
t he  r e l a t i o n s h i p  be tween c r y s t a l  g rowth  c o n d i c i o n s ,  i n  p a r t i c u l a r  f l u i d  
f l o w  c o n d i t i o n s ,  and t h e  d e g r e e  o f  c r y s t a l  p e r f e c t i o n  h a s  n o t  been  w e l l  
e s t a b l i s h e d  f o r  metals .  An i n t e n s i v e  s t u d y  h a s  been  pe r fo rmed  and  
r e p o r t e d  h e r e  o n  optimum s o l i d i f i c a t i o n  p a r a m e t e r s  f o r  t h e  p r o d u c t i o n  o f  
h i g h l y  p e r f e c t  c o p p e r  c r y s t a l s  by C z o c h r a l s k i  g rowth .  I n  t h i s  r e s e a r c h ,  
t h e  c r y s t = l  p e r f e c t l o n  h a s  been  a s s e s s e d  by n o n - d e s t r u c t i v e  methods  of 
x- ray  d i f f r a c t i o n ,  s u c h  as  Borrmann anomalous  t r a n s m i s s i o n  and  r o c k i n g  
Curve measurements  by d o u b l e  c r y s t a l  d i f f r a c t o m e t r y .  The c o p p e r  s i n g l e  
c r y s t a l s  have  been  grown unde r  v a r i o u s  growtn  c o n d i c i o n s  where che r u i a i i o l ,  
o f  s tLd  and  of  t h e  m e l t  2nd t h e  d i a m e t e r  of t h e  b o t t l e - n e c k  a re  chosen  
as  v a r i a b l e s .  X-ray t o p o g r a p h s  have  been  a n a l y s e d  a l o n g  w i t h  t h e  d a t a  
o b t a i n e d  from r o c k i n g  c u r v e  measurements .  T a b l e s  of g rowth  c o n d i t i o n s  and 
q u a n t i t a t i v e  d a t a  o f  r o c k i n g  c u r v e  w i d t h s  a r e  p r e s e n t e d  i n  t h i s  r .-port  w i t h  
t h e  x-ray t o p o g r a p h s .  Optimum growth  p a r a m e t e r s  r e s u l t i n g  i n  h i g h l y  p e r f e c t  
c r y s t a l s  have  been  d e t e r m i n e d .  P o s s i b l e  mechanisms f o r  o b t a i n i n g  h i g h l y  
p e r f e c t  c r y s t a l s  have  been  d i s c u s s e d .  

IKTRODUCTION 

Al though  f o r  many y e a r s  c e r t a i n  s e m i c o n d u c t i n g  m a t e r i a l s ,  s u c h  as 
S i  and C e  have  been  grown from t h e  m e l t  p h a s e ,  f r e e  of d i s l o c a t i o n s ,  i t  h a s  
n o t  s e n e r a l l y  been  p o s s i b l e  t o  grow s i z a b l e  metal  c r y s t a l s  f r e e  o f  d i s -  
l o c a t i o n s .  The r e a s o n s  f o r  t h i s  a r e  s t i l l  n o t  e n t i r e l y  c l e a r .  The d i f f i -  
c u l t y  i n  growing  h i g h l y  p e r f e c t  metal c r y s t a l s  may be a t t r i b u t e d  t o  t h e i r  
l o w  d i s l o c a t i o n  e n e r g y  and h i g h  d i s l o c a t i o n  m o b i l i t y ,  compared w i t h  t h o s e  
f a c t o r s  f o r  s e m i c o n d u c t i n g  c r y s t a l s .  Tmper 'ections c a n  b e  produced  by 
in?  . ; f t v  p n r t i c l e s  p r e s e n t  i n  th:- melt which nay o r i g i n a t e  i n  t n e  c o n t a i n e r  
r i s t * t l  t .o  l i o l d  t h e  m e l t .  

I n  a d d i t i o n  t o  t h e s e  d e f e c t  s o u r c e s ,  one  c e r t a i n l y  c a n n o t  n e g l e c t  
s o u r c e s  r e l a t e d  t o  t h e r m a l  c o n d i t i o n s .  Among them, t h e  p r e s e n c e  o f  t h e r m a l  
c o n v e c t i o n  and  o t h e r  f l u i d  f l o w  phenomena i n  t h e  melt may a f f e c t  s o l i d i f i c a -  
t i o n  p r o c e s s e s  r e s u l t i n g  i n  t h e  b u i l d - u p  o f  i n h o n r g e n e o u s  s t r a i n  f i e l d s  
s u f f i c i e n t l y  l a r g e  t o  c a u s e  d i s l o c a t i o n s  t o  m u l t i p l y .  S i n c e  t h e r m a l  c o n v e c t i o n  
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I 

is i nduced  p r e d o m i n a n t l y  by g r a v i t y  a c t i n g  on d e n s i t y  d i f f e r e n c e s  i n  t h e  
m e l t ,  i t  is u s u a l l y  i m p o s s i b l e  t o  c o n t r o l  c o m p l e t e l y  f l u i d  f l o w ,  e s p e c i a l l y  
c o n v e c t i o n ,  d u r i n g  c r y s t a l  g rowth  on t h e  e a r t h ' s  s u r f a c e .  

A t  t h e  p r e s e n t  t i m e ,  t h e  r e l a t i o n s h i p  be tween  t h e  c r y s t a l  g r o w t h  
c o n d i t i o n s  a n d  t h e  d e g r e e  of c r y s t a l  p e r f e c t i o n  h a s  n o t  b e e n  w e l l  e s t a b l i s h e d  
for  metals. As a c o n t i n u a t i o n  and  a n  e x p a n s i o n  of o u r  p r e v i o u s  work ,  a n  
i n t e n s i v e  s t u d y  h a s  b e e n  pe r fo rmed  and  r e p o r t e d  h e r e  on  optimum s o l i d i f i c a -  
t i o n  p a r a m e t e r s  f o r  t h e  p r o d u c t i o n  of l a r g e ,  h i g h l y  p e r f e c t  metal c r y s t a l s  
by C z o c h r a l s k i  growth .  In t h i s  r e s e a r c h  a s  w e l l  a s  i n  t h e  p r e v i o u s  s t u d y ,  
a n o n - d e s t r u c t i v e  a s s e s s m e n t  of t h e  c r y s t a l  p e r f e c t i o n  of  t h e  grown c r y s t a l s  
is i n d i s p e n s a b l e .  F u r t h e r  deve lopmen t  h a s ,  t h e r e f o r e ,  been  c o n t i n u e d  on 
h i g h  r e s o l u t i o n  X-ray d i f f r a c t i o n  methods  f c r  t h e  c h a r a c t e r i z a t i o n  o f  s u c h  
c r y s t a l s .  H e r e a f t e r ,  o u r  p r e v i o u s  work w i l l  b e  r e f e r e d  t o  a s  R e p o r t  I*. 

In t h e  p r e s e n t  r e p o r t ,  e m p h a s i s  w i l l  b e  p l a c e d  o n  s t u d y i n g  t h e  
r e s u l t a n t  c r y s t a l  p e r f e c t i o n  f rom t h e  f o l l o w i n g  a s p e c t s :  

a .  r e p r o d u c i b i l i t y  o f  c r y s t a l  p e r f e c t i o n  f o r  g i v e n  g rowth  
c o n d i t i o n s ,  

b.  "bo t t l e -neck ing ' '  e f f e c t s  i n  t h e  p r o c e s s e s  o f  c r y s t a l  g rowth ,  

c .  a n n e a l i n g  e f f e c t s  a f t e r  s ample  c r y s t a l s  a r e  p r e p a r e d  i n  a 
d i s c  form.  

I n  s t u d y i n g  c r y s t a l  p e r f e c t i o n  as  a f u n c t i o n a l  of  f l u i d  f l o w ,  i t  is n e c e s s a r y  
f i r s t  t o  e s t a b l i s h  t h e  f a c t  t h a t  t h e r e  i s ,  i n d e e d ,  a r e l a t i o n  be tween t h e  
c r y s t a l  p e r f e c t i o n  and  t h e  f l u i d  f l o w  c o n d i t i o n s .  I n  R e p o r t  I ,  w e  h a v e  
d i s c u s s e d  s u c h  a r e l a t i o n ,  based  on o u r  p r e l i m i n a r y  e x p e r i m e n t s .  However, 
i t  w a s  n o t  c o n c l u s i v e  w h e t h e r  or n o t  t h e  v a r i a t i o n s  of  c r y s t a l  p e r f e c t i o n  
a r e  c a u s e d  by f l u i d  f l o w  c o n d i t i o n s ,  p e r  se ,  o r  by o t h e r  f a c t o r s ,  s u c h  a s  
t h e  p e r f e c t i o n  of  s e e d  c r y s t a l s ,  and  t h e  p r o c e d u r e s  of h a n d l i n g  grown 
c r y s t a l s .  I n  v i ew of  t h i s ,  i t  i s  i m p o r t a n t  t o  c h e c k  w!iether one  c a n  
r e p r , d u c e  t h e  s m c  d e g r e e  of c r y s t a l  p e r f r c t i o n  f o r  a g i v e n  f l u i d  f l o w  
c o n d i t i o n .  T h i s  c h e c k  c a n n o t  be  done  w i t h o u t  i n c l u u i n g  a s p e c t s  b and  c ,  
a l t h o u g h  a n a l y s i n g  t h e  r e s u l t s  i n  a s p e c t  a a l o n e  seems s u f f i c i e n t  enough 
t o  d e f i n e  t h e  optimum f l u i d  f l o w  c o n d i t i o n s  i n  t h e  m e l t  f o r  t h e  p r e s e n t  
p u r p o s e .  

EXPERIXENTAL PROCEDURES 

The d e t a i l q  of  t h e  e x p e r i m e n t a l  p r o c e d u r e s  and t h e  p r i n c i p l e s  of 
x - r - y  d i f f r a c t i o n  mechanisms which  a r ?  r e q u i r e d  t o  pe r fo rm t h e  p r e s e n t  
work have  been  d e s c r i b e d  i n  R e p o r t  I .  I n  t h e  p r . ? sen t  r e p o r t .  o n l y  chnn,qes 
and  improvements w i l l  b e  d i s c u s s e d ,  a l o n g  w i t h  a b r i e f  d e s c r i p t i o n  of  t h e  
t e c h n i q u e s  w e  u s e .  

* Government O1-der H-8483L1, K a t i o n n l  A e r o n a u t i c s  and S p x e  A d m i n i s t r a t i o n ;  
NBS R e p o r t  10873. 

767 



The s c h e m a t i c  diagram of  t h e  C z o c h r a l s k i  p u l l i n g  a p p a r a t u s  i s  shown 
i n  F ig .  1, where t h e  p r i n c i p l e  v a r i a b l e s  d e f i n i n g  growth c o n d i t i o n s  are 
denoted by x ( p u l l i n g  s p e e d ) ,  y (seed r o t a t i o n )  and z ( c r t i c i b l e  r o t a t i o n ) .  
The p u l l i n g  speed is g e n e r a l l y  between 0.013 cm/min. and 0.1 cm/min. 
speed d o e s  n o t  c a u s e  as s i g n i f i c a n t  a change i n  d i a m e t e r ,  e x c e p t  f o r  c r y s t a l s  
hav ing  a small b o t t l e - n e c k  d i a m e t e r  (‘0.05 cm), as  does  t h e  t e m p e r a t u r e  i n  
t h e  m e l t .  When t h e  crysLal i n i t i a l l y  grows w i t h  a v e r y  small b o t t l e - n e c k  
d i a m e t e r ,  t h e  p u l l i n g  speed  a f f e c t s  t h e  d i a m e t e r  of t h e  growing p a r t  
s i g n i f i c a n t l y  u n t i l  t h e  b o t t l e - n e c k  r e g i o n  comple t e ly  clears t h e  t o p  of 
t h e  fu rnace .  

The 

C r y s t a l  b o u l e s  were grown by narrowing t h e  d i ame te r  a t  one r e g i o n  of 
t h e  bou le  and i n c r e a s i n g  t h e  d i a m e t e r  f o r  t h e  r e s t  of t h e  b o u l e  t i l l  t h e  
d e s i r e d  c r y s t a l  d i ame te r  (1.5 cm - 3.0 cm) is reached .  Narrowing t h e  
c r y s t a l  d i ame te r  ( t h e  b o t t l e - n e c k )  c a n  be produced by i n c r e a s i n g  t h e  
t e n p e r a t u r e  of t h e  m e l t .  Two examples of  c r y s t a l  b o u l e s  s r e  shown i n  F i g .  2. 
Because of  ex t r eme ly  iiarrow b o t t l e - n e c k s ,  t h e  removal of c r y s t a l  b o u l e s  
from t h e  p u l l e r  r e q u i r e d  t h e  f o l l o w i n g  p rocedures  t o  be adop ted  t o  p r e v e n t  
any f l e x i n g  of  t h e  c r y s t a l  i n  t h e  neck r e g i o n  which would induce  s t r a i n s  and 
d i s l o c a t i o n s .  When t h e  bou le  h a s  c o o l e d  t o  room t empera tu re ,  a mold is 
p laced  around t h e  bou le ,  b u t  n o t  t ouch ing  i t .  The mold is t h e n  f i l l e d  w i t h  
molten p a r a f f i n  (a t  approx ima te ly  4 O o C ) .  When t h e  wax h a s  c o o l e d ,  t h e  
c r y s t a l  is r e l e a s e d  from t h e  p u l l e r .  The wax s u p p o r t s  t h e  neck w h i l e  t h e  
c r y s t a l  is mounted on a n  a c i d  s a w .  

A t  k a s t  t h r s c  s l i c e s  GZ naxpls c r y s t a l s  ~ e t e  cr?t f r o g  different 
r e g i o n s  of each  bou le .  
t h r e e  d a y s  i n  a hydrogen (dew p o i n t  = -90°F) f low f u r n a c e .  The t h i c k n e s s e s  
of  t h e  s l i ce s  w e r e  de t e rmined  by u s e  of  t h e  Borrmann (anomalous t r ansmis -  
s i o n )  e f f e c t  o f  x-ray d i f f r a c t i o n .  F i g .  3 i l l u s t r a t e s  s c h e m a t i c a l l y  t h e  
expz r imen ta l  arrangement  and t h e  d e r i v a t i o n  of  t h e  t h i c k n e s s  e q u a t i o n  

One of t h e  s l i c e s  w a s  annea led  a t  1000°C f o r  

D = (Lo - L S ) / t a n  0 .  

I n  t h e  p r e s e n t  work, t h e  s l i t  p l aced  i n  t h e  x-ray beam b e f o r e  t h e  c r y s t a l  
is 0.01 cm wide. A photograph of a n u c l e a r  p l a t e  used f o r  t h e  d e t e r m i n a t i o n  
of t h i c k n e s s  is shown i n  F i g .  4 ,  where t h e  (111) Bragg d i f f r a c t i o n  w a s  used 
w i t h  Cu K n l  r a d i a t i o n .  

For t h e  c h a r a c t e r i z a t i o n  of t h e  p x f e c t i o n  of sample c r y s t a l s ,  w e  
have a s e d  two d i f f e r e n t  x-ray o p t i c a l  a l i g n m e n t s ,  namely an asymmet r i ca l  
t opograph ic  camera and a h i g h  r e s o l u t i o n  doub le  c r y s t a l  s p e c t r o m e t e r .  The 
former,  which w i l l  b e  c a l l e d  ATC h e r e a f t e r ,  w a s  des igned  i n  o r d e r  t o  e n a b l e  
us  t o  su rvey  a l a r g e  number of  sample c r y s t a l s  e f f e c t i v e l y  i n  a s h o r t e r  
time pe r iod  than  t h a t  r e q u i r e d  f o r  o r d i n a r y  topography. Although t h i s  was 
accomplished a t  t h e  expense of h i g h  r e s o l u t i o n ,  t h e  q u a l i t y  of topographs 
from t h e  ATC remained j u s t  a s  good a s  i n  o r d i n a r y  x-ray topography. (It 
w a s  one of  t h e  r equ i r emen t s  f o r  t h i s  d e s i g n  t o  m a i n t a i n  such h igh  q u l i t y  
i n  t h e  topographc.)  
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In t h e  ATC, t h e  f i r s t  c r y s t a l  is a s i l i c o n  c r y s t a l  whose s u r f a c e  
makes a n  a n g l e  o f  13.5" w i t h  t h e  (111) d i f f r a c t i n g  p l a n e .  The i n c i d e n t  
x-ray beam f a l l s  on t h e  c r y s t a l  s u r f a c e  almost p a r a l l e l  to i t ,  and  t h e  
(111)  d i f f r a c t 2 d  beam a p p e a r s  w i t h  a size of 1 . 7  cm x 2.5 cm, b e i n g  
s u f f i c i e n t l y  l a r g e  enough t o  cover t h e  e n t i r e  area of sample  c r y s t a l s .  
Care must b e  t a k e n  w i t h  t h e  f i r s t  c r y s t a l  so that i t  would n o t  s u p e r i m p o s e  

. i ts  own s u r f a c e  s t r u c t u r e  on t o p o g r a p h s  of t h e  s t r u c t u r e  of t h e  sample  
c r y s t a l .  T h i s  r e q u i r e m e n t  o f t e n  i n d u c e s  an  u n a v o i d a b l e  l a c k  o f  i .dea l  
h i g h  r e s o l u t i o n  in t h e  ATC. The s c h e m a t i c  d i ag ram of t h e  ATC is shown in 
Fig. 5. Topographs  are t a k e n  from t h e  sample  c r y s t a l  (Cu) b o t h  in trans- 
m i s s i o n  geometry ,  where  t h e  (111) d i f f r a c t i o n  o f  c o p p e r  is used ,  and  i n  
r e f l e c t i o n  geomet ry ,  where  t h e  (220) d i f f r a c t i o n  is used .  ! 

To o b t a i n  d i f f r a c t i o n  r o c k i n g  curves and  h i g h  r e s o l u t i o n  t o p o g r a p h s  
a t  v a r i o u s  l o c a t i o n s  on t h e  sample  c r y s t a l s ,  t h e  h i g h  r e s o l u t i o n  d o u b l e  
c r y s t a l  s F e c t r o m e t e r  ( h e r e a f t e r  c a l l e d  t h e  s p e c t r o m e t e r )  h a s  been  used  w i t h  
a s c a n n i n g  s t a g e  mounted on i t .  The s c h e m a t i c  d i ag ram of t h e  s p e c t r o m e t e r  
is shown in Fig .  6, where t h e  f i r s t  c r y s t a l  is o n l y  shown i n  r e f l e c t i o n  
geometry .  A pho tograph  o f  t h e  s p e c t r o m e t e r  in o p e r a t i o n  is  shown in F i g .  7 .  
A s i l i c o n  c r y s t a l  of d i s c  s h a p e  whose s u r f a c e  is  a (110)  c r y s t a l l o g r a p h i c  
p l a n e  h a s  b e e n  chosen  as t h e  f i r s t  c r y s t a l  t o  o b t a i n  a w e l l  c o l l i m a t e d  
monochromatic beam from t h e  ( 2 2 0 )  n r a g g  d i f f r a c t i o n  b o t h  in r e f l e c t i o n  and 
t r a n s m i s s i o n  geometry .  Between t h e  x- ray  s o u r c e  of a p o i n t  f o c u s  x - r ay  
t u b e  and  t h e  f i r s t  c r y s t a l ,  a h o r i z o n t a l  s l i t  of 6 nm~ and a vert!.cal s l i t  
of 0 .3  mm h a v e  been  i n s e r t e d .  When t h e  f i r s t  c r y s t a l  is i n  r e f l e c t i o n  
geometry .  t w o  v e r t i c a l  s l i t s  o f  0.15 mm and 0.10 m, r e s p e c t i v e l y ,  are  
? l s . c ~ d  B d i s r l n c e  of 3 cm ; ? p ~ r t  fro-, ~ a c h  othci ~ E ~ C T S  t:te srcutiri c r y s c a i .  
When t h e  f i r s t  c r y s t a l  is in t r a n s m i s s i o n  geomet ry ,  no sli ts  a re  i n s e r t e d .  

The q u a l i t y  o f  t h e  beam was checked  by measu r ing  '.',e r o c k i n g  c u r v e s  
o f  a d i s l o c a t i o n  f r e e  germanium c r y s t a l  which w a s  p l a c e d  a t  t h e  second 
c r y s t a l  p o s i t i o n .  The f u l l  w i d t h  a t  h a l f  maximum (FWHM) o f  t h e  r o c k i n g  
curire from t h e  (220)  germanium d i f f r a c t i o n  w a s  d e t e r m i n e d  t o  b e  1 2 . 8  
s e c o n d s  of a rc  in t h e  S i  (220)  s u r f a c e / G e  (220) s u r f a c e  mode and  15.5 
s e c o n d s  of arc  in t h e  Si (220)  t r a n s m i s s i o n l G e  (220)  s u r f a c e  mode, where 
Cu K a  r a d  ia t ion is used  t h r o u g h o u t .  

EXPERIMENTAL RESULTS 

1. F l u i d  Flow C o n d i t i o n s  

The f l u i d  f l o w  c o n d i t i o n s  in t h e  m e l t  d u r i n g  c r y s t a l  g rowth  a r e  
c l a s s i f i e d  i n t o  g r o u p s  by d i f f e r e n t  sets of v a l u e s  o f  t h e  p r i n c i p l e  
v a r i a b l e s ,  a n g u l a r  v e l o c i t y  of c r u c i b l e  and  seed r o t a t i o n ,  as  l i s t e d  i n  
T a b l e  I .  BY i n t e r c h a n g i n g  t h e  v a l u e s  of  y and z ,  w e  o b t a i n  A w i t h  o p p o s i t e  
s i g n s .  Based on t h e  r e s u l t s  in Repor t  I and t h e  r e s u l t s  i n  t h e  p r e s e n t  
work, t h e r e  a p p e a r s  t c  b e  no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  r e s u l t a n t  
c r y s t a l  p e r f e c t i o n  due  t o  t h e  d i f f e r e n c e  i n  t h e  sign of  A .  T h e r e f o r e ,  we 
do n o t  d i s c r i m i n a t e  f l u i d  f l o w  c o n d i t i o n s  from e a c h  o t h e r  when t h e  s i g n  o f  
A is changed by exchang ing  t h e  v a l u e s  of y and 2. 
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In  a d d i t i o n ,  w e  have i n t r o d u c e d  a n o t h e r  parame:er i n d i c a t i n g  t h e  
d i a m e t e r  of t h e  b o t t l e - n e c k s  grown d u r i n g  t h e  c r y s t a l  growth p r o c e s s .  
The re  are a lways  a t  least  two d i f f e r e n t  b o t t l e - n e c k  d i a m e t e r s  chosen  i n  
each group;  one is v e r y  narrow,  u s u a l l y  less t h a n  1 mn and t h e  o t h e r  between 
2 ml and 4 rmn. 

2. S p e c t r o s c o p i c  Data 

I n  T a b l e  11, w e  l i s t  t h e  v a l u e s  o f  rock i i ig  c u r v e  w i d t h s  (FWHM) 
observed i n  b o t h  t r a n s m i s s i o n  and s u r f a c e  r e f l e c t i o n  geometry f o r  a l l  t h e  
growth c o n d i t i o n s ,  i n c l u d i n g  a n n e a l i n g .  The c r y s t a l  i s  c o n s i d e r e d  t o  b e  
more p e r f e c t ,  t h e  smaller t h e  obse rved  wid th .  The c r y s t a l s  are ranked ,  a s  

.. shown i n  t h e  e i g h t h  and n i n t h  columns, i n  i n c r e a s i n g  o r d e r  of t h e i r  w i d t h s .  
The a n n e a l e d  c r y s t a l s  are ranked s e p a r a t e l y  w i t h  t h e  l e t t e r  A accompanied 
by t h e i r  r ank .  The r a n k s  based on t h e  t r a n s m i s s i o n  d a t a  shou ld  be judged 
a l o n g  w i t h  t h e  v a l u e s  of pL,  because ,  even  w i t h  t h e  same d e g r e e  of p e r f e c -  
t i o n ,  t h i c k e r  c r y s t a l s  show narrower w i d t h s .  

I n  most c r y s t a l s ,  t h e  p e r f e c t i o i i  is no t  uniform th roughou t  t h e  
c r y s t a l .  Rocking c u r v e s  t aken  a t  d i f f e r e n t  l o c a t i o n s  from t h e  same c r y s t a l  
are shown i n  F ig .  8,  where t h e  (220) d i f f r a c t i o n  is set  i n  r e f l e c t i o n  
geometry.  O the r  examples of loczl r o c k i n g  c u r v e s  a r e  shown i n  F i g .  9 ,  
where t h e  (111) d i f f r a c t i o n  is  s e t  i n  t r a n s m i s s i o n  geometry ( V L  - 25) .  I n  
t h i s  f i g u r e ,  t h e  h o r i z o n t a l  a x i s  r e p r e s e n t s  n d e c r e a s i n g  g l a n c i n g  a n g l e  t o  
t h e  r i g h t .  The l i t t l e  humps on t h e  r i g h t  s i d e  of t h e  i n d i v i d u a l  p r o f i l e s  
co r re spond  t o  t h e  Bragg d i f f r a c t i o n  due t o  Cu K q 2  r a d i a t i o n .  The - s e p a r a t i o n  
of tne a 1  and a2 peaks  i n  tk le  Si (?7O)/cu (??1) n o n - p a r a l l e l  (11) settine is 
-20.8 second of a r c ,  which is g i v e n  by t h e  d i f f e r e n c e  between t h e  s e p a r a t i o n  
o f  a1 and a2 due t o  S i  (220) and t h a t  due  t o  t h e  Cu (111) d i f f r a c t i o n .  

T y p i c a l  r o c k i n g  ci i rve p r o f i l e s  a r e  shown i n  F i g .  1 0  and 11 f o r  v a r i o u s  
c r y s t a l s .  I n  F i g .  10, t h e  c u r v e s  w e r e  o b t a i n e d  i n  b o t h  t r a n s m i s s i o n  and 
s u r f a c e  r e f l e c t i o n  geometry o f  the copper  c r y s t a l  w i t h  t h e  f i r s t  c r y s t a l ,  
S i  (220) ,  i n  t r a n s m i s s i o n  geometry.  The h o r i z o n t a l  a x i s  r e p r e s e n t s  a n  
i n c r e a s i n g  g l a n c i n g  a n g l e  t o  t h e  r i g h t .  The smaller peaks co r re spond  t o  
t h e  a: d i f f r a c t t o n :  t h e  s e p a r a t i o n  i n  t h e  r e f l e c t i o n  geometry i s  c a l c u l a t e d  
t o  be +153.0 seconds  of a rc .  F i g .  11 shows t h e  r o c k i n g  c u r v e  p r o f i l e s  from 
a c r y s t a l  of good q u a l i t y  (g037303) and a t y p i c a l  r o c k i n g  c u r v e  from a 
c r y s t a l  of poor  p e r f e c t i o n  (11035302). The l a t t e r  c r y s t a l  d i d  n o t  produce 
o b s e r v a b l e  anomalous t r a n s m i s s i o n .  

3 .  X-Ray Topographs of t h e  Grown C r y s t a l s  

As mentioned p r e v i o u s l y ,  d i f f r a c t i o n  topographs  were t a k e n  by two 
d i f f e r e n t  x-ray a l i g n m e n t s ,  t h e  ATC and t h e  scann ing  s p e c t r o m e t e r .  The 
topographs taken by t h e  ATC u s u a l l y  gave t h e  e n t i r t .  viow of t h e  sample 
c r y s t a l s ,  iinl-.ss t h e  c r y s t a l  s i z e  w a s  l a r g e r  t h a n  t h e  s i z e  of t h e  x-ray 
beam. Examples of t h e  topographs* a r e  shown i n  F i g s .  1 2 3 ,  b and 1 3 a ,  b 
i n  b o t h  t h e  r e f l e c t i o n  and t h e  t r a n s d s s i o n  geometry from a s  grown c r y s t a l s .  

* 'f.7n.r o f  tkc, enlnr-cements of t h e  topographs  are  forined a s  compozi te  photn- 
$:rsi;)Iiq as a I y . s r 1 1  t o f  l i m i t a t i o n s  o f  the microscope used i n  t h e  enlnrgt ,nt ,nt  
ter i inique.  
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S i n c e  f o r  l a c k  o f  s p a c e  w e  canno t  show a l l  t h e  topographs  h e r e ,  w e  s h a l l  
d e s c r i b e  t h e  q u a l i t i e s  o f  t h e  c r y s t a l s  as-grown i n  v a r i o u s  growth C o n d i t i o n s ,  
based on t h e i r  t opographs .  

The c r y s t a l s  grown i n  Growth Cond i t ion  I w i t h  a narrow neck g e n e r a l l y  
produced s u r f a c e  topographs  ( o b t a i n e d  by a s u r f a c e  Bragg d i f f r a c t i o n )  almost 
as  good as t h o s e  shown i n  F i g s .  12a and 13a, b u t  w i t h  a c o n t i n u o u s  d i s t r i b u -  
t i o n  of d a r k n e s s  ( e x c e s s  i n t e n s i t y )  areas which w e  c a l l  " s t r a i n  contours" .  
The t r a n s m i s s i o n  topographs  ( t a k e n  i n  t r a n s m i s s i o n  geometry) i n d i c a t e d ,  
howevcr, much p o o r e r  q u a l i t y  i n  t h o s e  c r y s t a l s ,  showing t h e  anomalous t r a n s -  
m i s s i o n  o n l y  i n  a b o u t  509: of  t h e  t o t a l  area.  

I n  c o n t r a s t ,  t h e  c r y s t a l s  grown i n  Growth C o n d i t i o n  I w i t h  a wide r  
neck showed much poore r  q u a l i t y  i n  t h e i r  s u r f a c e  topographs ,  i n  c..hich n o t  
o n l y  t h e  straic c o n t o u r s ,  b u t  rrany l i n e s  o f  i m p e r f e c t i o n s  appea red .  These 
c r y s t a l s  u s l i a l ly  d i d  n o t  produce good t r a n s m i s s i o n  topographs .  

The c r y s t a l s  grown i n  Growth C o n d i t i o n  11 kere o f  a q u a l i t y  s imi la r  
ro t h o s e  grown i n  Growth C o n d i t i o n  I w i t h  l a r g e r  necks.  The s t i r f a c e  topo- 
g r a p h s  showed many s t r a i n  c o n t o u r s  and o f t e n  t h e  topograph  images d i d  n o t  
cove r  t h e  e n t i r e  exposed area of t h e  c r y s t a l s .  The t r a n s m i s s i o n  topographs  
were broken up i n t o  many areas ,  L n d i c a t i n g  t h a t  t h e  p e r f e c t  c r y s t a l  areas 
were v e r y  much l i m i t e d  w i t h i n  s m a l l  l o c a l  r e g i o n s .  These  r e s u l t s  were 
c o n s i s t e n t  i n  t h i s  growth c o n d i t i o n ,  r e g a r d l e s s  of t h e i r  b o t t l e - n e c k  
d i a m e t e r s .  

'l'he c r y s t a l s  g r u w i r  ifi GiZGth Ccodlti~n 111 v i i ; i  ii i i A T i i G V  ncck 
g e n e r a l l y  d i s p l a y e d  t h e  b e s t  q u a l i t y  of p e r f e c t i o n .  F i g .  1 2 a ,  b and 
F ig .  13a, b are examples o f  t h e  topographs  from t h e  cryst,. .la grown i n  
t h i s  c o n d i t i o n .  The s u r f a c e  topographs showed much fewer , r a t e r - t y p e  
images than  t h o s e  t a k e n  from t h e  c r y s t a l s  grown under  o t h e r  growth 
c o n d i t i o n s .  The number of v i s i b l e  d i s l o c a t i o n s  i n  t h e  s u r f a c e  topographs  
a r e  found t o  r a n g e  between 11 and 100 d i s l o c a t i o n s  p e r  c m 2  for t h e  
c r y s t a l s  as-grown i n  t h i s  c o n d i t i o n .  The t r a n s m i s s i o n  topographs ,  however, 
r e v e a l  m o r e  i m p e r f e c t i o n s  i n  t h e  i n t e r i o r  o f  t h e  c r y s t a l s ,  as  shown i n  
F i g .  12b and 13b. 0r.e of t h e  common f e a t u r e s  i n  t h e  t r a n s m i s s i o n  topo- 
g r a p h s  from t h e s e  c r y s t a l s  is shown i n  F ig .  13b, a l t h o u g h  t h i s  c r y s t a l  
happened t o  show t h i s  f e a t u r e  i n  a somewhat exagge ra t ed  f a s h i o n .  I n  t h i s  
topograph,  m n y  l i n e s  r u n s  normal t o  t h e  <111> d i r e c t i o n .  The Bragg 
d i f f r p c t i o n  i n  t h i s  c a s e  i s  Q11).  Also,  a d d i t i o n a l  l i n e s ,  though less 
v i s i b l e ,  run  n o m 1  t o  t h e  <111> d i r e c t i o n .  I n  a d d i t i o n ,  t h e r e  a p p e a r  
b l a c k  and w h i t e  bands p a r a l l e l  t g  t h e  <110> d i r e c t i o n .  Those l i n e s  are  
caur.ed by ex tended  d i s l o c a t i o n s  a s s o c i a t e d  w i t h  a s t a c k i n g  f a u l t ,  runn ing  
a h o s t  p a r a l l e l  t o  t h e  <101> d i r e c t i o n .  The l i n e s  p robab ly  r e p r e s e n t  
Lomer -Co t t r e l l  l o c k i n g  of t h e  i n t e r a c t i n g  d i s l o c a t i o n s .  

The c r y s t a l s  grown i n  t h i s  c o n d i t i o n  b u t  w i t h  7 l a r g e  neck d i a m e t e r  
g e n e r a l l y  produced topographs  of a l m o s t  t h e  same q u a l i t y  of p e r f e c t i o n  a s  
t h e  c r y s t a l s  grown i n  Growth C o n d i t i o n  I w i t h  a l a r g e  b o t t l e - n e c k .  The 
t r a n s m i s s i o n  topograplts c o n s i s t e d  o f  several r e g i o n s ,  i n d i c a t i n g  t h a t  t h e r e  
were f e w  h i g h l y  p e r f e c t  r e g i o n s  th roughou t  t h e  c r y s t a l s .  
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The crystals growii i n  Grrtup C o n d i t i o n  J.V c o u l d  not  be i n v e s t t g a t e d  
by x-ray topography,  as  t h e y  were n o t  s i n g l e  c r y s t a l s .  

Under Growth C o n d i t i o n  V, r e g a r d l e s s  o t  t h e  b o t t l e - n e c k  (Iiameter, 
t h e  c r y s t a l s  d i s p l a y e d  t y p i c a l  mosaic s t r u c t u r e s ,  a s  shown i n  Fig .  14a.  
No transmiss i o n  topographs  were produced. 

Now w e  t u r n  t o  t h e  a n n e a l i n g  e f f e c t s .  As i n d i c a t e d  i n  T a b l e  11, a t  
leas t  one c r y s t a l  from t h e  b o u l e s  i n  e a c h  growth c o n d i t i o n  w a s  a n n e a l e d .  
As shown i n  F i g .  14b,  t h e  s u r f a c e  topograph from a n  a n n e a l e d  c r y s t a l  of 
Growth C o n d i t i o n  V is j u s t  a s  bad as  F i g .  1 4 a ,  i n d i c a t i n g  t h a t  t h e  T o s a i c  
s t r u c t u r e  was n o t  a t  a l l  a f f e c t e d  by a n n e a l i n g .  The a n n e a l e d  c r y s t a l s  of 
Growth C o n d i t i o n  11 showed p o l y g o n i z a t i o n ,  which u s u a l l y  r e s u l t e d  i n  t h e  
f o r m a t i o n  of s e v e r a l  s u b g r a i n s .  

A l l  t h e  topographs  t aken  from t h e  a n n e a l e d  c r y s t a l s  i n  Growth 
C o n d i t i o n s  I and 111 showed a n  e q u a l l y  h i g h  d e g r e e  of p e r f e c t i o n  i n  b o t h  
s u r f a c e  and t r a n s m i s s i o n  geometry.  The r e s u l t a n t  d e g r e e  of p e r f e c t i o n  w a s  
a l m o s t  independent  of t h e  b o t t l e n e c k  d i a m e t e r s .  Examples of t h e  s u r f a c e  
and t r a n s m i s s i o n  topographs  a r e  shown i n  F i g .  15a, b and F i g .  16a ,  b ,  
r e s p e c t i v e l y  of Growth C o n d i t i o n  I and Growth C o n d i t i o n  111. A s  s e e n  i n  
t h e  t r a n s m i s s i o n  topographs ,  t h e  Lomer -Co t t r e l l  l o c k s  of d i s l o c a t i o n s  
d i s a p p e a r e d  and d i s l o c a t i o n  n e t v o r k s  appea red  r a t h e r  randomly. 

The number of d i s l o c a t i o n s  coun ted  OD t h e  s u r f a c e  topographs  f o r  
t hese  a n n e a l e d  z:;;stals vas 1.ps.s t h a n  2 3  d i s l o c a t i o n s  p e r  c m 2 ,  t h e  smallest  
number observed cas 7 d i s l . / c m i .  The d i s l o c a t i o n  d e i t 5 i t i z S  c t x  59 cbta iued 
from t h e  t r a n s m i s s i o n  topographs  which show a l l  t h e  d i s l o c a t i o n s  i n  t h e  
i n t e r i o r  of t h e  c r y s t a l s .  I n  t h i s  case, t h e  d i s l o c a t i o n  d e n s i t y  i s  e q u a l  
t o  t h e  number of d i s l o c a t i o n s  m u l t i p l i e d  by t h e  l e n g t h  of e a c h  d i s l o c a t i o n  
d i v i d e d  by t h e  volume where t h e  d i s l o c a t i o n s  a r e  c o u n t e d .  The a v e r a g e  
number of d i s l o c a t i o n s  t h u s  o b t a i n e d  was 15 d i s l o c a t i o n s  p e r  cm2.  The 
smallest nuinber w a s  12.8 d i s l o c a t i o n s  p e r  c m 2 .  
t h e r e  were always s u b g r a i n  b o u n d a r i e s  obse rved ,  which were, of c o u r s e ,  
c o n s i d e r e d  t o  be pi led-up d i s l o c a t i o n s ,  b u t  were n o t  i nc luded  i n  t h e  c o u n t  
of i n d i v i d u a l  d i s i o c a t i o n s .  These s u b g r a i n  b o u n d a r i e s  would have e v e n t u a l l y  
been d r i v e n  o u t  of t h e  c r y s t a l s ,  i f  w e  had annea led  t h e  c r y s t a l s  f o c  a 
l o n g e r  p e r i o d  of time. 

I n  t h e s e  a n n e a l e d  c r y s t a l s ,  

I n  Fig. 17a and b ,  w e  show t h e  compos i t e  t opographs  t a k e n  from t h e  
same c r y s t a l  as  i n  F i g .  15a and b by t h e  s c a n n i n g  s p e c t r o m e t e r .  The 
r e s o i u t i o n  is  much h i g h e r  i n  F i g .  1 7  t h a n  F i g .  15.  The s t r i a t i o n - l i k e  
background which is s e e n  i n  F i g .  15 is n o t  p r e s e n t  i n  F i g .  17 .  T h i s  back- 
ground was caused by t h e  image s t r u c t u r e  d u e  t o  t h e  a symmet r i ca l  s i l i c o n  
c r y s t a l .  In t h e  t r a n s x i s s i o n  topograph o f  t h e  s c a n n i n g  s p e c t r o m e t e r ,  t h e  
d e t a i l s  o f  t h e  d i s l o c a t i o n  networks a re  c l e a r l y  v i s j - b l e .  A few examples 
of e n l a r g e d  topographs t a k e n  by  t h e  s p e c t r o m e t e r  a re  shown i n  Yig. 183, b 
and c ,  r e p r e s e n t i n g  a .h igh ly  p e r f e c t  r e g i o n ,  an  i n t e r m e d i a t e  r e g i o n  and a 
h i g h l y  d i s l o c a t e d  r e g i o n ,  r e s p e c t i v e l y .  

J 
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CONCLUSION AND DISCUSSION 

We would l i k e  t o  emphasize one of our  p r i n c i p l e s  fo l lowed  i n  
conduc t ing  t h e  p r e s e n t  work. A t  p r e s e n t ,  many peop le  b e l i e v e  t h a t  
g rov ing  p e r f e c t  c r y s t a l s  is st i l l  an a r t  where p e r s o n a l  s k i l l s  p l a y  
s i g n i f i c a n t  r o l e s .  Although w e  do n o t  o b j e c t  t o  t h i s  view, and o f t e n  
a g r e e  v i t h  t h i s  v i e 3  based on o u r  e x p e r i e n c e ,  w e  have a t t e m p t e d  t o  
eliminate such  a n  a r t  from t h e  p r e s e n t  work. I T h i s  a t t i t u d e  p robab ly  
r e s u l t e d  i n  producing c r y s t a l s  less p e r f e c t  t h a n  t h e y  c o u l d  be.  However, 
w e  see s i g n i f i c a n c e  i n  e s t a b l i s h i n g  r e p r o d u c i b i l i t y  of  t h e  r e s u l t a n t  
c r y s t a l  p e r f e c t i o n  as a f u n c t i c n a l  of growth c o n d i t i o n s ,  r a t h e r  t han  a 
f u n c t i o n a l  of t h e  "art" p a r t  of c r y s t a l  growth technology.  I n  t h e  
p r e s e n t  work, we grew c r y s t a l s  as r o u t i n e l y  as  p o s s i b l e ,  w i t h  t h e  least  
e f f o r t  of human c o n t r o l .  Once t h e  v a r i a b l e s  were s e t ,  w e  d i d  n o t  a t t e m p t  
t o  modify t h e s e  v a r i a b l e s  i n  r e sponse  t o  l o c a l  p e r t u r b a t i o n s  which occur red  
from tfme t o  t i m e  d u r i n g  growth. During t h e  growth p r o c e s s ,  we were tempted 
n o r e  o f t e n  than  n o t  t o  c o r r e c t  t h e  d i a m e t e r  by chang ing  t e m p e r a t u r e s  o r  t o  
i n c r e a s e  t h e  p u l l i n g  o r  r o t a t i o n  speed when t h e  m e l t  s u r f a c e  s t a r t e d  
v i b r a t i n g  o c c a s i o n a l l y .  However, w e  made none of t h e s e  p o s s i b l e  c o r r e c t i o n s .  

I n  t h e  p r e s e n t  work, t h e  s p e c t r o s c o p i c  d a t a  i n d i c a t e d  t h a t  Growth 
Cond i t ion  111 g e n e r a l l y  produced c r y s t a l s  of higiier p e r f e c t i o n ,  a l o n g  w i t h  
c r y s t a l s  produced under Growth C c n d i t i o n  I w i t h  narrow necks.  Thes? r e s u l t s  
a re  i n  good agreement  w i t h  t h e  o b s e r v a t i o c s  o f  t h e  x-ray topographs.  The 
topographs o b t a i n e d  by t h e  scann ing  spec t romete r  f u r t h e r  helped t o  d i s t i n g u i s h  
thc s.;btlc d i f f e r e n c e s  in c h p  rps t$canr  q i i a l i t i e s  from co i id i t i cn ;  1 ar,d 111. 
Those topographs i n d i c a t e d  t h a t  Growth Cond i t ion  I11 w i t h  narrow b o t t l e - n e c k s  
u s u a l l y  produced c r y s t a l s  of b e t t e r  q u a l i t y  than  Cond i t ion  I. The o t h e r  
growth c o n d i t i o n s  a r e  c l e a r l y  i n f e r i o r  t o  Conditic-s I and 111. I t  i s ,  
t h e r e f o r e ,  co rc luded  t h a t  Growth Cond i t ion  I11 is most optimum f o r  growing 
a s i n g l e  c r y s t a l  of h i g h  p e r f e c t i o n ,  when t h e  b o t t l e - n e c k  is made less  t h a n  
one m i l l i m e t e r  i n  d i a m e t e r .  

I f  one a n n e a l s  as-grown c r y s t a l s  a f t e r w a r d ,  Growth C o n d i t i o n s  I and 
111 w i t h  narrow b o t t l e - n e c k s  r e s u l t  i n  a lmos t  t h e  same d e g r e e  of c r y s t a l  
p e r f e c t i o n .  However, c r y s t a l s  grown i n  t h e  o t h e r  c o n d i t i o n s  d i d  n o t  show 
much improvement i n  q u a l i t y  as  a r e s u l t  of a n n e a l i n g .  It  is, t h e r e f o r e ,  
f u r t h e r  concluded t h a t  a n n e a l i n g  becomes most e f f e c t i v e  o n l y  when t h e  grown 
c r y s t a l s  a r e  a l r e a d y  h i g h l y  p e r f e L t .  

I n  t h e  optimum growth c o n d i t i o n ,  t h e  d r . i s i t y  of  d i s l o c a t i o n s  can  be 
a s  low a s  11 d i s l o c a t i o n s  p e r  cm2 for "as-grown" c r y s t a l s ,  and as l o w  a s  
7 d i s l o c a t i o n s  p e r  c m 2  f 3 r  aanea led  c r y s t a l s .  
d e n s i t y  measured from t h e  t r a n s m i s s i o n  topographs was 1 2 . 8  d i s l o c a t i o n s / c m 2  
which is in good agreement w i t h  t h e  d i s l o c a t i o n  d e n s i t i e s  determined from 
s u r f a c e  topographs.  

The lowest  d i s l o c a t i o n  

Apart  from t h e  growth c o n d i t i o n s  t h a t  x.2 s t u d i e d  From t h e  v i ewpo in t  
of f l u i d  f low,  i t  may b e  wor thLh i l e  t o  mention t h a t  g r a v i t y  -can be  cons ide red  
a s  a d r i v i n g  f o r c ?  t o  produce s l i p  i n  t h e  c r y s t a l s  d u r i n p  t h e i r  growth 
p r o - r s s ,  a s  i n d ! c a t c d  i n  t h e  p r e v i o u s  s e c t i o n .  The we igh t  of t h e  c r y s t a l  may 
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c a u s e  s l i p  when t h e  c r y s t a l  is b e i n g  p u l l e d .  However, t h e s e  d i s l o c a t i o n s  
i n t e t a c t  w i t h  each o t h e r ,  forming 1,omc~r-CottrelI  l o c k s  and becoming immobile. 
Then t h e  r e s u l t a n t  c r y s t a l  becomes h i g h l y  p e r f e c t .  This presumably t a k e s  
p l a c e  i n  Growth C o n d i t i o n s  I and 111. I f  wide-spread s l i p  occurs or i f  
many d i s l o c a t i o n s  form randomly, as i n  t h e  c a s e  of t h e  o t h e r  growth 
c o n d i t i o n s ,  t h e n  t h e  l o c k i n g  would n o t  t a k e  p l a c e  and t h e  d i s l o c a t i o n s  
would s t i l l  be  mobile  and a f fec t  t h e  subseq i i en t ly  grown p a r t  of t h e  c r y s t a l ,  
r e s u l t i n g  i n  a l e s s  p e r f e c t  c r y s t a l .  The l a c k  of  g r a v i t y  i n  s p a c e  may 
f avor  t h e  growing of p e r f e c t  c r y s t a l s  f r o g  t h i s  p o i n t  of view,  which may 
be e n t i r e l y  independent  of f l u i d  f low c o n d i t i o n s .  

Because of t h e  l a c k  of time, w e  could n o t  i n v e s t i g a t e  c r y s t a l  
p e r f e c t i o n  i n  Growth C o n d i t i o n s  111 in more d e t a i l  by t h e  u s e  of 'nigh 
r e s o l u t i o n  scann ing  spec t romet ry .  I t  i s  h i g h l y  d e s i r a b l e  t o  p u r s u e  t h e  
s t u d y  of t h i s  g r o v t h  c o n d i t i o n  combined w i t h  "art" p a r t  of c r y s t a l  growth 
t e c h n i q u e s  and e s t a b l i s h  Lhe c o r r e l a t i o n  between t h e  c r y s t a l  p e r f e c t i o n  
and t h e  f l u i d  f low motion. 



Table 1 

+10.0 rpm 

croup - 
Nrim b e r  

I 
-4.0 rpm 1 0 , 1 3 , 1 6 , 2 6 , 2 7 ,  I 

38 * 39 I 

I 

+?O.O rpm 
. . - - . . . 

+6.0 rpm 

.- . 
I1 

i +10.0 rpm I 31 .32 .33  

-12 .6  rpm 14.15.34 i 

. - _  I ~- 

I 

I 

V 

Cruc ib le  
- Rotation (Y) 

- 5 . 4  rpm 

+h.O rpm 

-20 .6  rpm 

+ N . O  rpm 

- 6 . 6  rpm 

D i f f e r e n c e  Crys ta l  

- 6 . 0  rpm +0.6 rpm 2 1 , 2 2 , 2 3 , 2 4 , 2 5 ,  
29 .35 .36  

I 
20 .28 .30 .37  I - 0 . 6  rpm i -20.0 rpm 

* Boule number 2 1 ,  f o r  example,  s t a n d s  f u r  t h e  f i r s t  t h r e e  d ! t i t s  071 
o f  the  number of sample c r y s t a l s .  
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Table I1 

v 
U 
3 Growth 

C o n d i t i o n  I 
T h i c k n e s s  Neck C r y s t a l  

Diameter S l i c e  Growth mm 
Number T r e a t m e n t  mm 

030302 
030303 
037303 

I11 037302 

1 1; ! 

0.40 
0 . 4 0  
0 .  h5RO 
0.5A83 
0.3488 
0 .50  
0.7549 
0 . 2 4 6 3  
0 .3838 

Y l y c r y s t a l l i n e  B o u l e  

034303 A s  Crown 
3 034301 Annealed  

r~ 

~ 0 .5502  
i 0.5629 
~ 0 . 2 5 5 0  

A s  Grown 
Annealed  
As Grown 
Annealed  
As Grown 
Annea l e d  

!?-- 1 
il 

0 . 8 9 3 4  
0.7989 

0 .4638 
0 .1439 
0 .7101 

0 . 4 0  

0.25 
0 . 2 0  

F 

2 2 0 )  S u r f a c e  ( 1 1 1 )  T r a n s m i s s i o n  ' P e r f e c t i o n  
FWHM Ranking  LIL R e f l e c t  i o r i  

FI n i u  c WIU-I S e c o n d s  o f  Arc  econt l s  of Ari: 1 S u r f a c e  !Transmission 
70 
70  
35  
35 
29 
47 
36 
3s 
32 

u 1  no t  r e s o l v e d  
' 1 1  ' '2 not r e s o l v e d  

18 
1 4  
1 4  

11 
20 
1 2  

Not O b s e r v e d  

7 
7A 
2 
2 
lA 
5 
SA 
2 
3A 

-- 
-- 
3 
1 
4A 
7 
2A 
I 
3A 

22.05 
22.05 
36.27 
32.43 
19.23 
27.56 
41.60 
13.58 
21.15 

~ 

46 
3 3  
50 
40 

~ ~~~ ~ 

1 7  
11 

15 
M u l t i p l e  P e a k s  

2 
4A 1 2A 
6 5 
6A 1, 5 A  

30.33 
31.03 
14.06 

9.87 

32 
37 
4 3  
3 1  
3 5  
3 1  

1 4  
10 

1 2  
1 7  
11 

F l u l t i p l e  Peaks 

1 1 
2A 1 A  
3 5 

3A 
2 

2A 
2 
2A !; 2A 

1, 

I 

49.24 
44.03 
22.05 
25.56 

7 . 9 3  
39.14 

I. 
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0 FIGURE 4 PHOTOCRAPH OF NUCLEAR PLATE USED TO 

DETZRMTNE T H E  T H I C K N E S S  OF C O P P E R  
CRYSTAL. 1.02 8 301 

F I G U R E  5 S C H E M A T I C  DIAGRAM OF T H E  ASYMMETRICAL 
T O P O G R A P H I C  CAMERA I L L U S T R A T I N G  BOTH 
T H E  S U R F A C E  R E F L E C T I O N  AND TRANSMISSION 
MODE 



COUNTER fl SYSTEM 
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SURFACE 

MODE 

DIRECTION 

TRANSMISSION 
MODE 

X - R A Y  TUBE r 

'ED 

F I G U R E  6 SCHEMATIC DIAGRAM OF T H E  H I G H  RESOLUTION 
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Task 2 (Acct. No. 179-11-22-01) 

EVAPORATIVE PREPAFATION OF ULTRAHIGH PURITY MATERIAL" 

R. C. P a u l e ,  J.  G. E a r l y  and W. J. B o e t t i n g e r  
I n s t i t u t e  f o r  Materials Research,  

N a t i o n a l  Bureau of S t a n d a r d s  
Washington, D. C .  20234  

SUMMARY 

A c a l c u l a t i o n a l  p rocedure  i n v o l v i n g  t h e  u s e  of complex chemica l  
e q u i l i b r i a  h a s  been developed t o  d e s c r i b e  t h e  p u r i f i c a t i o n  o f  r e f r a c t o r y  
materials i n  space .  High t e m p e r a t u r e  e v a p o r a t i v e  p u r i f i c a t i o n  of r e f r a c -  
t o r i e s  i s  c o n s i d e r e d  under vacuum c o n d i t i o n s  and under c o n d i t i o n s  o f  v e r y  
low o x i d i z i n g  o r  r e d u c i n g  ambient  p r e s s u r e s .  The c a l c u l a t i o n s  show t h a t  
e x t e n s i v e  p u r i f i c a t i o n  can  b e  o b t a i n e d  and t h a t  v e r y  low o x i d i z i n g  o r  
r e d u c i n g  ambient  p r e s s u r e s  c a n  be used t o  c o n t r o l  t h e  r a t e s  of p u r i f i c a t i o n .  
T h i s  method cou ld  a l s o  b e  used t o  a l l o w  t h e  y r o d u c t i o n  of doped mater ia ls  
t o  p r e - s e l e c t e d  l e v e l s .  

C o n s i d e r a t i o n  is g i v e n  t o  t h e  a s sumpt ions  a f f e c t i n g  t h e  p u r i f i c a t i o n  
c a l c u l a t i o n s ,  and a n  e x p e r i m e n t a l  program is  b e i n g  developed t o  check t h e  
c a l c u l a t e d  r e s u i t s .  This p~ug: id i i l  iii-.-~:-<ss X L S S  s p s c t r c a e ~ r . i  c: nleasuiensfits  
on a sessi le  d rop  of mol t en  A 1 2 0 3 .  

L e v i t a t i o n  expe r imen t s  u s i n g  R.F. s u s p e n s i o n  and h e a t i n g  t e c h n i q u e s  
i n  vacuum have been s t a r t e d  on a number of metals i n c l u d i n g  t i t a n i u m  and 
zirconium. 

INTRODUCTION 

Hot c o n t a i n e r s  used i n  t h e  p r o d u c t i o n  and p u r i f i c a t i o n  of r e f r a c t o r y  
mater ia l s  a r e  t h e n s e l v e s  a c o m o n  s o u r c e  of c o n t a m i n a t i o n .  Space w i t h  i c s  
z e r o  g r a v i t y ,  h i g h  vacuum c o n d i t i o n s  o f f e r s  a n  o p p o r t u n i t y  f o r  c o n t a i n e r l e s s  
p u r i f i c a t i o n  of r e f r a c t o r i e s .  The h e a t i n g  and d i s t i l l i n g  o u t  of i m p u r i t i e s  
i s  a n a t u r a l  means of p u r i f i c a t i o n .  Evapora t ive  p u r i f i c a t i o n  of r e f r a c t o r i e s  
no rma l ly  i n v o l v e s  many complex e q u i l b r i a  s i n c e  numerous minor  i m p u r i t i e s  are 
p r e s e n t  and s i n c e  t h e  h i g h  t e m p e r a t u r e s  invo lved  a l l o w  cany  " s i d e "  r e a c t i o n s .  
The g e n e r a l  formalism f o r  t h e  c a l c u l a t i o n  of complex e q u i l i b r i a  h a s  been 
mod i f i ed  and adap ted  t o  d e s c r i b e  e v a p o r a t i v e  p u r i f i c a t i o n .  Four c lasses  of 
Zroblcms have been i n v e s t i g a t e d .  The e v a p o r a t i n g  g a s e s  a r e  d e s c r i b e d  under  
con . ! i t i ons  of (1)  c m s t a n t  p r e s s u r e ,  ( 2 )  c o n s t a n t  volume, ( 3 )  vacuum, and 
( 4 )  vacuum b u t  w i t h  a low o x i d i z i n g  or r e d u c i n g  ambient  p r e s s u r e .  The 
l a t t e r  two c o n d i t i o n s  ( 3  and 4 )  are of p a r t i c u l a r  i n t e r e s t  t o  t h i s  p r o j e c t  
s i n c e  t h e y  a l l o w  f o r  g r e a t e s t  i s o l a t i o n  o f  sample and l e a s t  chance  of 
c o n t a i n e r  con tamina t ion .  

*Paper p r e s e n t e d  by R.  L. P a r k e r .  
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CALCULATIONS 

There is much work i n  t h e  l i t e r a t u r e  dezl!ing w i t h  t h e  c a l c u l a t i o n  of 
complex e q u i l i b r i a ( 1 - 7 )  
however, d o  n o t  d e a l  w i t h  t h e  problem a t  hand and would have r e q u i r e d  
e x t e n s i v e  m o d i f i c a t i o n s .  We, t h e r e f o r e ,  developed our  own e q u a t i o n s  and 
computer programs. M o d i f i c a t i o n s  and a d a p t a t i o x s  were made t o  Kandiner 
and R r i n k l e y ’ s ( 1 )  g e n e r a l  formalism f o r  t h e  c a l c u l a t i o n  of complex 
e q u i l i b r i a .  Some b a s i c  changes were r e q u i r e d  t o  p r o p e r l y  d e s c r i b e  
e v a p o r a t i o n  i n t o  vacuum. 

A v a i l a b l e  c a l c u l a t i o n s  cnd r.amputer programs, 

The g e n e r a l  formalism f o r  t h e  c a l c u l a t i o n s  is n o t  p a r t i c u l a r l y  
d i f f i c u l t ,  b u t  t h e  a c t u a l  c a l c u l a t i o n s  do g e t  i nvo lved  and d o  r e q u i r e  t h e  
a i d  of a computer.  The c a l c u l a t i o n s ,  i n  g e n e r a l  terms, c a n  be d e s c r i b e d  
as  f o l l o w s :  . 

One needs t o  de t e rmine  t h e  number of moles  of  a l l  chemica l  s p e c i e s  
i n  a system d u r i n g  p * J r i f i c s t i o n  and t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  
of moles between ttra condensed phase and t h e  e v a p o r a t i n g  ( g a s )  
phase.  F a r  t h e  s a ~ e  3 f  s i c n p l i c i t y  one wants  t o  work w i t h  t h e  
minimum i n f o r m a t i o n  needed t o  f u l l y  d e s c r i b e  t h e  system. T h i s  5s 
equivn1c: i i  t o  de t e rmin ing  3 se t  of indeiwndent  chemica l  s p e c i e s .  
All chemica l  s p e c i e s  a r e  t h e r e b y  s e p a r a t e d  i p t o  two g roups :  
Fadependent components and dependent  c o n s t i t u e n t s .  The s o l u t i o n  
t o  o u r  problem tnen  d e a i s  piki f i : i ly  v i t h  rhr deteriiifiiaticn s f  t h e  
amount of each independent  component. Independent  mass b a l a n c e  
e q u a t i o n s  a r e  w r i t t e n  f o r  each  component. These e q u a t i o n s  do n o t  
d i r e c t l y  involve.  any d e p y d e n t  c o n s t i t u e n t s ,  and t h e  Newton- 
Raphson i t e r a t i o n  m e t h o ~ l \ ~ , ~ )  i s  used t o  s i m u l t a n e o u s l y  s o l v e  t h e  
nass b a l a n c e  e q u a t i o n s .  

The dependent  c o n s t i t u e n t s  are  determined from e q u i l i b r i u m  
c o n s t a n t  r e l a t i o n s h i p s  which o n l y  i n v o l v e  t h e  a c t i v i t i e s  and 
p r p s s u r e s  of t h e  independent  components. I d e a l  s o l u t i o n  p r o p e r t i e s  
a r e  used  t o  d e s c r i b e  t h e  ,ondensed phase a c t i v i t i e s  and ,  f o r  t h e  
vacuum e v a p o r a t i o n  case, t h e  Knudsen e q u a t i o n  is used t o  d e s c r i b e  
t h e  p r e s s u r e s  i n  terms of t h e  number of  moles.  A series of 
s e q u e n t i a l  s o l u t i o n s  a r e  o b t a i n e d  € o r  f i x e d  e v a p o r a t i o n  t i m e s  
w i t h  t h e  c.ondensed phase r e s u l t s  from each  ma themat i ca l  s o l u t i o n  
be ing  used a s  i n p u t  f eed  d a t a  i n  t h e  f o l l o w i n g  problem. I t  is  
t h u s  p o s s i b l e  t o  s e q u e n t i a l l y  fsllw t h e  e v a p o r a t i v e  p u r i f i c a t i o n  
of ii r r a t e r i a l .  

I r i p  , i ! \ t ” i t .  v.e:>t.r.il c a l c i ~ l ~ t i n n n l  a p p r n ~ c h  i s  very s t ’ne ra l  and a l l o w s  f o r  
r e l n t i v c l y  easy and d i r e c t  mod i . f i ca t ions  t o  d e s c r i b e  a v a r i e t y  of s i t u a t i o n s  
of p r a L t i c a l  i n t e r e s t .  A manusc r ip t  d e s c r i b i n g  t h e  c a l c u l a t i o n s  and examples 
of t h e i r  u se  has  been w r i t t e n  and NBS approved,  and w i l l  be  submi t t ed  f o r  
p u b l i c a c i o n .  
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RESULTS 

Our  c a l c u l a t i o n s  shov t h a t  good e v a p o r a t i v e  p u r i f i c a t i o n  of r e f r a c -  
t o r i e s  i n  vacuum c a n  be o b t a i n e d ,  and t h a t  t h e  i n t r o d u c t i o n  of a low 
o x i d i z i n g  o r  r e d u c i n g  ambient  p r e s s u r e  can be used t o  c o n t r o l  rates o f  
v a p o r i z a t i o n .  

T a b l e  1 shows t h e  r e s u l t s  f o r  c a l c u l a t i o n s  of A 1 2 0 3  e v a p o r a t i v e  
p u r i f i c a t i o n  i n  vacuum a t  2400 K ,  where 10 ppm (mole b a s i s )  FeO and Si02 
i m p u r i t i e s  a r e  i n i t i a l l y  p r e s e n t .  Row 3 of t h e  t a b l e  shows t h a t  t h e  r a t e  
o€  A 1 2 0 3  loss is v e r y  low, w h i l e  rows 4 and 5 show t h a t  FeO and S i02  are 
r a p i d l y  l o s t  from t h e  m e l t .  The FeO and Si02 c o n c e n t r a t i o n s  are  approx ima te ly  
ha lved  o v e r  a p e r i o d  of o n l y  1.15 seconds .  The remaining 1 2  s p e c i e s  i n  t h e  
t a b l e ,  under  t h e  head ing  "Moles of S p e c i e s  P r e s e n t , "  r e p r e s e n t  t h e  moles o f  
g a s e s  v a p o r i z e d  d u r i n g  each t i m e  i n t e r v a l  (0-0.005 seconds ,  0.005-0.28 
seconds ,  0.28-0.46 seconds ,  e t c . ) .  F i n a l l y  t h e  i n s t a n t a n e o u s  p r e s s u r e s  o f  
a l l  s p e c i e s  a r e  r e p o r t e d  a t  t h e  bot tom of t h e  t a b l e .  I t  i s  e v i d e n t  t h a t  t h e  
c a l c u l a t i o n s  y i e l d  c o n s i d e r a b l e  i n f o r m a t i o n .  The computer r e s u l t s ,  a s  
i n d i c a t e d  by t h i s  t a b l e ,  a re  a u t o m a t i c a l l y  o b t a i n e d  from t h e  s o l u t i o n  of 
each problem. 

C a l c u l a t i o n s  showing v e r y  h i g h  r a t e s  of p u r i f i c a t i o n  (as above)  may 
no t  be comple t e ly  a c c u r a t e  i n  d e s c r i b i n g  t h e  e v a p o r a t i v e  p r o c e s s .  High 
r a t e s  of p u r i f i c a t i o n  can r e s u l t  i n  a d e p l e t i o n  of i m p u r i t i e s  a t  t h e  
su r face  a n d  a c o n c e n t r a t i o n  g r a d i e n t  can  occur .  The c a l c u l a t i o n s  assume 
a c c m p l e t e l y  mixed, homogeneous m e l t .  Numerous p r o c e s s e s ,  however, c a n  
occur  t o  minimize t h e  c o n c e n t r a t i o n  g r a d i e n t .  Task 6 ( S u r f a c e  T r a c t i o n  
and Othe r  S u r f a c e  Phenomena), be ing  c a r r i e d  o u t  by A .  L. Dragoo, is l o o k i n g  
i n t o  some of t h e s e  p r o c e s s e s .  A g e n e r a l  view of t h e  problem would seem t o  
minimize conce rn  r e g a r d i n g  s u r f a c e  d e p l e t i o n  and c o n c e n t r a t i o n  g r a d i e n t s  
s i n c e  p r a c t i c a l  p u r i f i c a t i o n  t i m e s  can be of t h e  o r d e r  of 10 m i n u t e s  r a t h e r  
t h a t  t h e  above 0-1.15 seconds .  Mixing p r o c e s s e s  can  occur  d u r i n g  t h e s e  
l o n g e r  t i m e  p e r i o d s .  F u r t h e r  i n v e s t i g a t i o n s  i n t o  t h i s  p o s s i b l e  problem 
area are s t i l l  needed. 

P u r i f i c a t i o n  r . i t es  can b e  slowed t o  a l l o w  b e t t e r  mixing,  o r  to b e t t z r  
-- c o n t r o l  t h e  e v a p o r a t i o n  p r o c e s s .  One shou ld  n o t  o v e r l c o k  t h e  p o s s i b i l i t y  
of c o n t r o l l e d  low l e v e l  dop ing  of mater ia l s  t o  p r e - s e l e c t e d  l e v e l s .  Slower 
p u r i f i c a t i o n  of A1203 can  be o b t a i n e d  by expos ing  t h e  m e l t  t o  a low ambient  
oxygen p r e s s u r e .  Such a p r e s s u r e  can  be k e p t  low enough t o  m a i n t a i n  
vacuum (Knudsen) f low c o n d i t i o n s  and y e t  be h igh  enough t o  s h i f t  c h e m i c a l  
e q u i l i b r i ?  and slow t h e  v a p o r i z a t i o n  r a t e s .  T a b l e s  2 and 3 l is t  r e s u l t s  
f o r  t h e  e v a p o r a t i v e  p u r i f i c a t i o n  of A1203 c o n t a i n i n g  1 0  ppm C a O .  T a b l e  2 
i s  f o r  t h e  "pt:re" V ~ C ~ J I L ~  c a s e  and Tab le  3 is f o r  a "vacuum" c o n t a i n i n g  

atm oxygen. The h i g h e r  oxygen pressures  shown i n  T a b l e  3 r e s u l t  i n  
e q u i l i b r i u m  s h i f t s  away from t h e  reduced vapor s p e c i e s  Ca(g> [Ca(p)+O(g)+CaO(l) ] 
and t h i s  c a u s e s  s lower  r a t e s  of p u r i E i c a t i o n .  F i g u r e  1 shows t h e  ra t2  ot 
CaO removal b o t h  f o r  t h e  c a s e  of "self-developed" oxygen ( T a b l e  2)  and 
f o r  t h e  case of Po e q u a l  t o  a t m  (Table  3 ) .  
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I t  is c l e a r  t h a t  many mod i f i ca t ions  i n  o x i d i z i n g  o r  reducing  
cond i t ions  can  be used t o  achieve  d e s i r e d  vapor i za t ion  ( p u r i f i c a t i o n )  
goa 1s. 

Some r e s u l t s  from t h i s  Task and from Task 6 were presec ted  a s  a 
t a l k  a t  t h e  1 2 t h  Aerospace Sc iences  Meeting of t h e  AIAA he ld  January  30 - 
February 1, 1974 i n  Washington, D.C. This  t a l k  by A. L. Dragoo and 
R. C. Paule w a s  e n t i t l e d  "3roduct ion of U l t r apure  Materials: Con ta ine r l e s s  
Evaporation and t h e  Roles of Di f fus ion  and Maragoni Convection." 

DISCUSSION 

I n  us ing  t h e  above c a l c u l a t e d  r e s u l t s  one must ask :  
are the  c a l c u l a t i o n s ? "  One can p a r t i a l l y  answer t h i s  ques t ion  by no t ing  
t h a t  if the  c a l c u l a t i o n a l  assumptions a r e  c o r r e c t ,  then  t h e  c a l c u l a t i o n s  
should be accu ra t e .  I t  appears  t h a t  w e  should be a b l e  t o  p i ck  p u r i f i c a t i o n  
cond i t ions  of p r a c t i c a l  i n t e r e s t  t h a t  w i l l  s a t i s f y  the  assumptions.  I n  
gene ra l ,  t h e  m e t h d  of evapore t ive  p u r i f i c a t i o n  should be f e a s i b l e .  We 
must, however, stiAl p ick  optimum cond i t ions  and be a b l e  t o  p r e d i c t  t he  
e x t e n t  of p u r i f i c a t i o n .  

"How a c c u r a t e  

Some ques t ions  t h a t  need t o  be cons idered  i n  t h e  e v a l u a t i o n  of t h e  
accuracy of the  c a l c u l a t i o n s  a r e  as  fo l lows:  

Are tnere s i g n i f i c a n t  vapor s p e c i e s  o t h e r  than those  used i n  t h e  
calculat iccs?  

Are the  l i t e r a t u r e  va lues  of t he  thermodynamic equ i l ib r ium c o n s t a n t s  
c o r r e c t ?  

Is i d e a l  s o l u t i o n  behavior  observed? (Because of t h e  l o w  impur i ty  
l e v e l s  considered w e  would expect  Henry's l a w  t o  be obeyed, bu t  
t h i s  does no t  i n s u r e  t h a t  t he  i m p u r i t i e s  w i l l  obey Raoul t ' s  law.) 

Is t h e r e  adequate  mixtng of t he  m e l t  t o  avoid s u r f a c e  d e p l e t i o n  and 
conc er. t r a  t ion  g r sd ien  ts ? 

w e  t h e  evapora t ion  c o e f f i c i e n t s  equal  t o  u n i t y  o r  near  u n i t y ?  

We aro- now engaged i n  a n  exper imenta l  program t o  g e t  a n  o v e r a l l  check on 
these  and o t h e r  p o s s i b l e  prcblem areas. We plan  t o  d i r e c t l y  observe 
evapora t ive  p u r i f i c a t i o n  from A 1 2 0 3  s a m p l e s  and t o  be a b l e  t3 check t h e  
c a l c u l a t i o n s .  I f  necessary ,  c o r r e c t i o n  f a c t o r s  could be developed t o  
desc r ibe  any non-ideal behavior .  

CUKRLUT A N I  FUTURE EXPERIMENTS 

Our c u r r e n t  work is  ip. p repa ra t ion  f o r  t h e  experimental  measurement 
Work of impuri ty  vapor i za t ion  f r o m  A 1 2 0 3  us ing  t h e  TOF mass spec t rometer .  

is  centered on improving usable  M.S. s e n s i t i v i t y ,  and on improving 
q u a n t i t a t i v e  M.S. measurements. A molecular  beam chopping system has  
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been b u i l t  and a lock - in  a m p l i f i e r  added t o  t h e  sys t em t o  a l l o w  modulated 
beam d e t e c t i o n  of s p e c i e s  coming from a sessi le  d r o p  of mol t en  Al,O,. 
Lock-in d e t e c t i o n  w i l l  be p a r t i c u l a r l y  impor t an t  for measuring e v a p o r a t i n g  
s p e c i e s  such  as  01 and 02 s i n c e  t h e s e  s p e c i e s  a r e  normally p r e s e n t  i n  t h e  
M.S. background. The modulated beam system is  now o p e r a t i o n a l .  

A new c a l i b r a t e d  He and X e  l e a k  system h a s  been i n s t a l l e d  i n  o u r  M.S. 
t o  improve r e p r o d u c i b i l i t y .  S c a l e s  have been added t o  s e v e r a l  i n s t r u m e n t  
p o t e n t i o m e t e r s  f o r  b e t t e r  r e p r o d u c i b i l i t y .  New,  more l i n e a r  e l e c t r o n  
m u l t i p l i e r  s t r i p s  have been i n s t a l l e d  on t h e  M.S. 

A c o n s i d e r a b l e  e f f o r t  h a s  been devo ted  t o  min imiz ing  t h e  M.S. back- 
ground t o  i n c r e a s e  t h e  u s a b l e  s e n s i t i v i t y .  I n  a d d i t i o n  t o  e x t e n s i v e  leak-  
c h e c k i n g ,  w e  have found i t  n e c e s s a r y  t o  water c o o l  t h e  w a l l s  of t h e  f u r n a c e  
t o  a v o i d  e x c e s s i v e  o u t g a s s i n g .  A new smaller water-cooled f u r n a c e  w i t h  a 
lower h e a t  l oad  is now b e i n g  b u i l t  and w i l l  r e p l a c e  our  c u r r e n t  f u r n a c e  f o r  
t h e  h e a t i n g  of t h e  A l 2 O 3 .  

M.S. measurements w i l l  be  made on e v a p o r a t i n g  mol t en  A 1 2 0 3  t o  
d e t e r m i n e  any  non- idea l  b e h a v i o r .  This t y p e  of expe r imen t  shou ld  a l l o w  f o r  
a n  o v e r a l l  check  of t h e  c a l c u l a t i o n s  and ,  i f  n e c e s s a r y ,  for t h e  development  
of c o r r e c t i o n  f a c t o r s .  O the r  r e f r a c t o r y  m a t e r i a l s  may a l s o  b e  t e s t e d .  

I n  o r d e r  t o  v e r i f y  t h e  p r e d i c t e d  r a t e  of p u r i f i c a t i o n  and e f f i c i e n c y  
of p u r f f t r a t i o n ,  c o n t a i n e r l e s s  p u r i f i c a t i o n  expe r imen t s  by l e v i t a t i o n  
m e i t i n g  can  be performed on e a r t h  usiiig iiiecals. '?he r e c e n t  i i t e i a ; u r e  
r e v e a l s  t h a t  t h e  b i g g e s t  problem o f  c u r r e n t  l e v i t a t i o n  t e c h n i q u e s  is  t h a t  
o n l y  one c o n t r o l  f u n c t i o n  i s  a v a i l a b l e  f o r  c o n t r o l l i n g  l e v i t a t i n g  f o r c e  and 
h e a t  i n p u t  and t h u s  i n  g e n e r a l  t h e s e  v a r i a b l e s  c a n n o t  be c o n t r o l l e d  
i n d e p e n d e n t l y .  I n  o r d e r  t o  m a i n t a i n  long  t ime l e v i t a t i o n  of metals a t  a 
s e l e c t e d  t e m p e r a t u r e  t o  a l l o w  d i f f e r e n t i a l  e v a p o r a t i o n  i n t o  a vacuum, one 
a l t e r n a t i v e  i s  t o  l e v i t a t e  w i t h o u t  h e a t i n g  u s i n g  low f r e q u e n c y  power and 
have a s e p a r a t e  method of h e a t i n g  t h e  m e t a l  and a c h i e v i n g  t h e r m a l  
e q u i l i b r i u m .  

Some p r e l i m i n a r y  expe r imen t s  w e r e  c a r r i e d  o u t  i n  a commercial  l e v i t a -  
t i o n  m e l t i n g  a p p a r a t u s .  C o i l s  of s t a n d a r d  cone d e s i g n  were used w i t h  a 
450 KHz RF power s u p p l y  i n  b o t h  vacuum and i n e r t  gas  environments .  A 
v a r i e t y  of m e t a l  samples  weighing between 5 and 1 5  grams have been l e v i t a t e d  
fo r  s h o r t  p e r i o d s  of time and rlost have been s u c c e s s f u l l y  m e l t e d .  The 
samples  have inc luded  t i t a n i u m ,  coppe r ,  vanadium, aluminum, c h r o m i m ,  
y t t r i u m  and z j r con ium.  I n i t i a l  e f f o r t s  t o  c o n t r o l  t h e  s t a b i l i t y  and t h e  
t e m p e r a t u r e  of t h e  l e v i t a t e d  metal e s p e c i a l l y  i n  t h e  vacuum environment  
through t h e  u s e  of t h e  power knob on t h e  RF u n i t  have n o t  been s u c c e s s f u l  
w i t h  t h e  e x c e p t i o n  of aluminum where t h e  p re sznce  of t h e  o x i d e  s k i n  a p p e a r s  
t o  p l a y  a s t a b i l i z i n g  r o l e .  

S e v e r a l  m o d i f i c a t i o n s  were made on t h e  l e v i t a t i o n  v n i t  t o  improve 
e f f i c i e n c y  and i n c r e a s e  t h e  power d e l i v e r e d  a t  t h e  c o i l .  Experiments  a r e  
underway t o  i n v e s t i g a t e  t h e  behav io r  of s m a l l e r  s i z e d  samples  o f  t h e  
p r e v i o u s l y  l e v i t a t e d  metals. 
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A l e v i t a t i o n  c o i l  w a s  designed which g r e a t l y  improved t h e  la teral  
s t a b i l i t y  of t h e  l e v i t a t e d  m e l t .  mis enabled a pyrometr ic  d e t e r m i n a t i o n .  
of the  temperature.  Experiments have been conducted which g e n e r a l l y  
conf i ?  n t he  t h e o r e t i c a l  p r e d i c t i o n s  of s e v e r a l  papers  on :he e f f e c t s  o f  
sample s i z e ,  r e s i s t i v i t y ,  d e n s i t y ,  and c o i l  c u r r e n t .  P lans  are being made 
to  t r y  t o  l e v i t a t e  metals wi th  a lower frequency R.F. genera tor  (10 Wz). 
The use  of a He atmosphere enabled t h e  l e v i t a t i o n  of v a r i o u s  metals a t  a 
cons tan t  (bu t  uncon t ro l l ab le )  temperature  f o r  as long a s  20 minutes.  A 
l i t e r a t u r e  survey on t h e  evapora t ive  p u r i f i c a t i o n  of metal-gas syscems has  
been s t a r t e d  i n  order  t o  choose a system f o r  experiments which CL;I be  ' 

vacuum p u r i f i e d  and which can be s t a b l y  l e v i t a t i o n  melted.  

We have been s tudying  i n  d e t a i l  mass spec t romet r ic  modulated beam 
ope ra t ion  and lock-in d e t e c t i o n  i n  order  t o  des ign  and bui ld  a n  improved 
quadrupole mass spec t romet r i c  modulated beam system. This  will b e  used to 
measure impuri ty  spec ie s  evaporat ing from oxide  samples .  Appropriate  
observa t ions  of phase r e l a t i o n s h i p s  of composite s i g n a l s  a s soc ia t ed  wi th  
modulated beams w i l l  a l low t h e  sepa ra t ion  of information regard ing  the  
pa ren t  vapor spec ie s .  ;n a d d i t i o n  t o  i d e n t i f i c a t i o n  of pa ren t  species,  
the  r e l a t i v e  amounts of each spec ie s  can be d e t e m i n e d .  
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T a b l e  1 

2 3  2 Vacuum F v a 7 o r a t l o n  of A I  0 + 10 ppm FcO and Sicl 
. -. - - . - - . - 

Yoles of Species Present 

Temperature ( K )  

C u m l .  Time (Sec) 0.005 

L i a u i d s  

A1203 

- 
1 . 000 0 E+OO 

F e0 9.9821E-06 
sio2 9.3667E-06 

Gases 

0 

O2 

A102 

A1,O 

A 1  
A10 

- 
.', 1 0 

FP 
t'co 
S i  
s i o  
S i 0 2  

2 2  

1.8199E-07 
6.1007E-09 

8.914 6E-08 
1.2000E-08 
6.6628E-10 

1.8579E-09 

1.3292E-11 

1.7815E-08 
8.2998E-11 
2.2587E-13 
3.32622-08 
2.01 38E-11 

.28 

l.OOOGE+OO 

9.0607E-06 
8.353eE-06 

6.2370E-06 
2.059 3E-07 

3.1734E-05 
4.2074E-07 
2.3009 E-08 

6.664l.E-08 

3.6359L-10 

5.7128E-07 
3.62i5E-09 
6.7909E-12 
9.8495E-07 
5.8734E-10 

Pressure n i  Sne r i e s  Present tX tn )  A.- L 

Gases 

0 
02 
A 1  
AI. 0 
A102 

A 1 2 0  

A1 0 ,  2 .  
Fe 
FeO 
s i  
s i o  
s io2 

3.5140E-06 
i . 6 6 5 9 ~ - n 7  

2.2352E-26 
3 . 7 9 7 6 ~ 0 7  
2 .4  700E-08 

7.501 3E-08 

4.60615-10 

6.4267E-07 
3.3961E-09 

1.0661E-06 
7.5356E-10 

5 . 7 7 a 8 ~ - 1 2  

3.4610E-06 
1.6161E-07 

2.2867E-06 
3.8265E-07 
2.4514E-08 

7 . 7 3 2 7 5 0 8  

f.. 6766E-10 

5.922SE-07 
3,0826E-09 
4.9931E-12 
9.0729E-07 
6.3161E-10 

2400 

.A6 

1.0000E+00 

8.5012E-06 
7.441GE-06 

6.3661E-06 
2.0833E-07 

3.3121E-06 
4.3523E-07 
2.3590E-08 

6.9864E-08 

j.7780E-iu 

5.5694E-07 
2.5330E-09 
6.3420E-12 
9.1167E-07 
5.3881E-10 

3.4303E-06 
1.5875E-07 

2.3175E-06 
3.84 37E-07 
2.4405E-08 

7.8718E-08 

4.7185E-10 

5.6368E-07 
2.8923E-09 

8.1546E-07 
5.6264E-10 

4.5279E-12 

.81 

9.9999E-01 

7.491GE-06 
5.9152E-06 

6.0993E-06 
1.96526-07 

3.2990E-06 
4.2682E-07 
2.2778E-08 

7.0130E-08 

3.73392-10 

4.8504E-07 
2.1720E-09 
5.0603E-12 
7 . 1 6 2 2 ~ 0 7  
4.1677E-10 

3.3774E-06 
1.5389E-07 

2.3721E-06 
3.87 36E-0 7 
2.4216E-08 

8.1202E-08 

4.7923E-10 

5.0180E-07 
2.5486E-09 
3.7127E-12 
6.5834E-07 
4.4724E-10 

1.15 

9.9999E-01 

6.6129E-06 
4.7170E-06 

5.8593E-06 
1.8638E-07 

3.2725E-06 
4.1799E-07 
2.2022E-08 

7.0015E-08 
7 c o n q c  i n  

4.2203E-07 
1.8657E-09 
4.02P7E-12 * 

5.6293E-07 . 
3.234OE-10 

d."V"LY -I" 

3.3343E-06 
1.5000E-07 

2.4182E-06 
3.8986E-07 
2.406l.E-08 

8.3313E-06 

4.5542E-10 

4.48 70E-07 
2.2499E-09 
3.0377E-12 
5.3178E-07 
3.5665E-10 
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Tab le  2 
Vacuum Evapora t ion  of t \ l 2 O 3  + 10 ppm CaG 
. . _ _  -__- ~ .._-_ - - 

Yoles  of ~- - S p e c i e s  P r e s e n t  

Temperd t u r e  (K) 2400 

Cuml. T i m e  ( S e c )  0.005 20 .oo 40.00 60.00 

L i q u i d s  

A 1  2o 1.0000E+00 9.9975E-01 9.9950E-01 9.9925E-01 

CaO 9.9998E-06 9.2986E-06 8.6465E-06 8.0401E-06 

Gases 

0 

O 2  
CL-I 
A 1 
A10 
A10, 

& 

A 1  - 
'\l2O2 

1.6143E-07 
4.8005E-09 

1.8S5OE-10 
1.06?01.:-07 
1.274l.E-08 
6.2753E-10 

2.3hllE-09 

1.1602E-11 

6.4560E-04 
1.3197E-05 

7.0120E-07 
A.2b76.5-04 
5.0957E-05 
2.5097E-06 

9.4435E-06 

4.6402E-08 

Pres s -u re  of Species .- Present (Atm) 

Gases 

0 
.- 

0 ,  
C a  
A 1 
A10 
A102 

Al20 

A1202 

3.1171E-06 
1.3103E-07 

5.3606E-09 
2.67542-06 
4.0321E-07 
2.3264E-08 

9.5332E-08 

5.1926E-10 

3.1170E-06 
1.310SE-07 

5.3581E-09 
2.6756E-06 
4.0322E-07 
2.3264E-08 

9.5338E-08 

5.1927E-10 

6.4 54SE-04 
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VXCLXI?! EFFECTS IS THK I'KEPAKATION O F  COMPOSITE MATERIALS * 
BY 

H .  Yakowitz and D. E. Newbury 
I n s t i t u t e  for Materials R e s e a r c h ,  

N a t i o n a l  Bureau of S t a n d a r d s  
Washington ,  D .  C .  20234 

SUMMARY 

U s e f u l  c o m p o s i t e s  u s u a l l y  have  s t r o n g  c o n t i n u o u s  bonds  be tween matrix 
and core,  Improved boiiding migh t  be o b t a i n e d  by improving  t h e  f i n a l  vacuum 
u n d e r  which t h e  c o m p o s i t e  is p r e p a r e d  s o  a s  t n  remove most a d s o r b e d  g a s e s  
from t h e  m a t r i x - c o r e  i n t e r f a c e .  Good bonding  c a n  b e  e x p e c t e d  when s t r a i n s  
between n a t r i x  and co re  a r e  minimal and c o h e r e n t .  Hence, t h i s  e x p l o r a t o r y  
phase  of t h e  s t u d v  v a s  l a r g e l y  devo ted  t o  o b t a i n i n g  a means t o  s t u d y  t h e  
bond b o t h  m i c r o s c o p i c a l l y  a n d  w i t h  r e g a r d  t o  d e t e r m i n i n g  s t r a i n s  a t  o r  n e a r  
t h e  bond. For t h i s  p u r p o s e ,  t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  w a s  c h o s e n  as  
t h e  p r imary  t o o l .  A means t o  u s e  e l e c t r o n  c h a n n e l l i n g  p a t t e r n s  p r e p a r e d  i n  
t h e  s c a n n i n g  e l e c t r o n  mic roscope  t r  o b , a i n  s t r a i n  d a t a  w a s  f o r m u l a t e d .  The 
e f f e c t  of s t r a i n ,  s u r f a c e  c o a t i n g s  and spec imen t i l t  w i t h  r e s p e c t  to t h e  p r i n a r y  
e i e c t r o n  beam was s t u d i e d .  D i v e r g e n t  beam x- ray  m i c r o d i f f r a c t i o n  p a t t c r n s  
w p r p  aiso p r e p a i 4  in :hc scn:::,i::;: e l e c t r o r ?  m i c r o s c o p e  a s  a means t o  o b t a i n  
s t r a i n  da t a  a t  t h e  mic romete r  l c v e l  of s p a t i a l  r e s o l u t i o n .  

A number of c a p o s i t e  t e s t  spec imens  have  been  r e c e i v e d  t h r o u g h  
Y a r s h a l l  from G e n e r a l  Dynamics and a r e  c u r r e n t l y  unde rgo ing  SEM e x a m i n a t i o n .  

INTRODUCTION 

Composi te  mater ia ls  a r e  w e l l  known e n t i t i e s .  Such materials h a v e  
b e e n  r ised f o r  3 l o n ~  t i n e  i n  a n  e f f o r t  t o  o b t a i n  improved m a t e r i a l  
c h a r a i  t r r i s t i r s  tlir~>{i<!i < onbinini!  d i . ~ i x i l a r  c o n s t i t u e n t s  s u c h  a s  s o f t  
m z t r i c e s  w i t h  v e r y  ha rd  c o r e s .  One of t h e  keys  t o  p r e p a r i n g  u s e f u l  
c o m p o s i t e s  is to  o b t a i n  s t r o n g ,  c o n t i n u o u s  bonding  be tween t h e  matrix and  
c o r e .  On- of t h e  ways improved bonding  migh t  be  o b t a i n e d  would be  t o  
improve t h e  vacuum under  which t h e  f i n a l  c o m p o s i t e  is p r e p a r e d .  I n  t h i s  
c a s e ,  more adso rbed  g a s e s  c a n  be removed acd  b e t t e r  bonding  is p o s s i b l e .  

The pu rpose  of t h e  w o r k  c a r r i e d  o u t  i n  t h e  f i x ? t  p h a s e  w a s  t o  
e x p l o r e  whe the r  a r  n o t  bonding  c o u l d  be  s t u d i e d  by means of e l e c t r o n  
c h a n n e l l i n g  ? ; i t t e r n s  in  t h e  scann ing  e l e c t r o n  mic roscope .  I n  t h i s  f i r s t  
p h a s e ,  o r l l y  c o n v e n t i o n a l  m a t e r i a l s  were used i n  order  t o  e s t a b i i s h  
t e c h n i q u e s .  One of t h e  main o b j e c t i v e s  was t o  cor re la te  c h a n n e l l i n g  
p a t t c r n s  w i t h  d i v e r g e n t  beam ( K o s s e l )  x - ray  p a t t e r n s  i n  o r d e r  tc o b t a i n  
q u a n t i t a t i v e  s t r e s s - s t r a i n  d a t a  from t h e  c h a n n e l l i n g  p a t t e r n .  Such a 
p r o c e d u r e  would allow mapping of t h e  s t r a i n  f i e l d  i n  t h e  v i c i n i t y  o f  the  
m a t r i x - c o r e  i n t e r f a c e .  The lower t h e  s t r a i n s ,  t h e  3e t te r  t h e  bond. 

*Paper p r e s e n t e d  by  R.  1.. P a r k e r .  
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T h i s  method c a n  p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  t h e  strcss- 
s t r a i n  c o n f i g u r a t i o n  in a mater ia l .  I n  p a r t i c u l a r ,  t h e  Kosse l  i n t e r n a l  
s tress-strain a n a l y s i s  y i e l d s  for the  sampled volume: 

a. 

b. 

C .  

d .  

e. 

f .  

Average  Cauchy s t r a i n s  

F r i n c i p a l  s t r a i n s  and t h e i r  a x e s  

P r i n c i p a l  s tresses and  t h e i r  a x e s  

Maximum s h e a r  s t r a i n  in a n y  ( h k l )  p l a n e  

T o t a l  s t o r e d  e las t ic  e n e r g y  

S h e a r  s t o r e d  e l a s t i c  e n e r g y  

However, t h e  time and e f f o r t  needed  t o  o b t a i n  a s u f f i c i e n t  amount 
o f  d a t a  from a g i v e n  mater ia l  by t h e  K o s s e l  method is p r o h i t f : f v e l .  
r r o b l e m  is t h e  l a r g e  amount of d a t a  r e q u i r e d  t o  d e s c r i b e  t h e  r e s u l t s  of a 
s i n g l e  p o i n t  u s i n g  t h e  Kosse l  i n t e r n a l  s t r e s s - s t r a i n  a n a l y s i s .  Yore t h a n  
one-hundred s e p a r a t e  measurements  a r e  needed t o  c o m p l e t e l y  d e s c r i b e  t h e  
p o i n t .  Hence, u s i n g  t h e  Kosse l  method a l o n e  r e p r e s e n t s  a p z a r l y  i m p o s s i b l e  
s i t u a t i o n  f o r  c a r r y i n g  o u t  a p r a c t i c a l  t a s k .  T h e r e f o r e ,  a n o t h e r  means of 
d e t e r m l n i n g  q u a n c i t a t i v e  s c r e s s - s c r a i n  rebLlutiSiaLp5 ai t h e  i i i k r ~ m t e r  
l e v e l  of s p a t i a l  r e s o l u t i o n  w a s  s o u g h t  f o r  t h i s  t a s k .  The most  a p p e a l i n g  
method is t o  u s e  e l e c t r o n  c h a n n e l l i n g  p a t t e r n s  p r e p a r e d  w i t h  t h e  a i d  o f  t h e  
s c a n n i n g  e l e c t r o n  mic roscope .  T h i s  is b e c a u s e  t h e  s c a n n i n g  e l e c t r o n  micro-  
s c o p e  i t s e l f  p r o v i d e s  a n  i d e a l  means t o  locate  and examine r e g i o n s  of 
i n t e r e s t  on t h e  spec imen ,  and  e l e c t r o n  c h a n n e l l i n g  p a t t e r n s  c a n  u s u a l l y  b e  
o b t a i n e d  r a p i d l y  from t h e  r e g i o n  o f  i n t e r e s t .  

Ano the r  

ScGnning E l e c t r o n  Microscopy 

In t h e  s c a n n i n g  e l e c t r o n  microscop:, an  e l e c t r o n  beam of 1 t o  5 0 W ,  
h a v i n g  a small d i a m e t e r ,  r a n g i n g  f rom l O O A  t o  l u m ,  is  scanned  i n  a s q u a r e  
r a s t e r  on a spec imen.  The beam i n t e r a c t s  w i t h  t h e  spec imen t o  p roduce  
('50eV), x - r ays  and v i s i b l e  l i g h t  which c a n  b e  mon i to red  c o n t i n u o u s l y  by 
a p p r o p r i a t e  d e t e c t o r s .  The d e t e c t o r  s i g n a l  i s  used  t o  c o n t r o l  t h e  
b r i g h t n e s s  of t h e  f l y i n g  s p o t  of a c a t h o d e  r a y  t u b e  (CRT) wh ich  is scanned  
i n  synchron i sm w i t h  t h e  same ras ter  a s  t h e  spec imen.  A one-to-one 
c o r r e s p o n d e n c e  is made t o  e x i s t  be tween p o i n t s  on  t h e  spec imen and t h e  
image on t h e  c a t h o d e  r a y  tube .  Thus ,  t h e  mic rograph  i s  b u i l t  up. The 
s c a n n i n g  e l e c t r o n  mic roscope  is u s e f u l  for s u r f a c e  a n a l y s i s  b e c a u s e  o f  ( 1 )  
t h e  h i g h  s p a t i a l  r e s o l u t i o n  which c a n  b e  a c h i e v e d ,  ( 2 )  t h e  l a r g e  d e p t h  o f  
f o c u s  - a b o u t  100  t i m e s  g r e a t e r  t h a n  a n  o p t i c a l  mic roscope ,  and  ( 3 )  the 
l a r g e  v a r i e t y  o f  c o n t r a s t  mechanisms which  r e s u l t  from beam-specimen i n t e r -  
a c t i o n s .  For f u r L h e r  d e t a i l s  see Ref.  [ 2 ] .  
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E l e c t r o n  C!i,innc l l i , n g -  yjat-t-c-rjxj 

E l e c t r o n  ch.ir,nel l i n x  r o n t r ; i s t  a r ises  hccni i se  e l e c t r o n s  c a n  p e n e t r a t e  
c * r y s t . i l s  more c2;isily , i lc>i i ) :  c , t > r t a i n  d i r , . i . t  i t x i 5  t11. in  o t h r r s  ( F i g .  I ) .  When 
t h e  e l e c t r o n s  ,ire a S l c  t o  t w t c r  op(:n p;iss;jh;t:s (cIi.,rint.ls) i n  the c r y s t a l  
l a t t i c e s ,  t h e y  p e n e t r a t e  d e e p l y ,  a n d  few e s c a p e .  
a n g l e  t h e  beam makes w i t h  t h e  c r y s t a l ,  t h e s e  c h a n n e l s  become d i f f i c u l t  t o  
e n t e r ,  and  t h e  e l e c t r o n s  i n t e r a c t  w i t h  t h e  s p e c i m e n  n e a r e r  t h e  s u r f a c e  SO 

t h a t  more e s c a p e .  An e l e c t r o n  c h a n n e l l i n g  p a t t e r n  c a n  b e  o b t a i n e d  by 
r o c k i n g  t h e  beam t h r o u g h  a r a n g e  of a n g l e s  i n  t h e  form of a c o n e .  

By s l i g h t l y  a l t e r i n g  t he  

E l e c t r o n  c h a n n e l l i n g  p a t t e r n s  ore c a p a b l e  of p r o v i d i n g  i n f o m a t i o n  
a b o u t  t h e  c r i e n t a t i o n  of t h e  c r y s t a l  '3s wc: l l  ;JS i t s  p e r f e c t i o n .  To date ,  
almost  t h e  o n l y  q u a n t i t a t i v e  u s e  o f  e l e c t r o n  c h a n n e l l i n g  p a t t c r n s  h a s  b e e n  
i n  o r i e n t a t  i o n  d e t e r m i n a t i o n .  T h i s  i s  b e c a u s r  t h e  r e l a t i o n s h i p s  b y  w h i c h  
t h e  s t a t e  o f  p e r f e c t i o n  c;in b e  d e t r r m j n c v l  c o n t a i n  f a c t o r s  s u c h  as  t h e  
s o - c a l l e d  e x t i n c t i o n  l e n g t h 3 ,  w h i c h  are  n o t  well known. For e x a m p l e ,  
S c h u l s n n 4  h a s  s u g g e s t e d  t h e  f o l l o w i n g :  

w h e r e  2w is t h e  c h a n n e l l i n g  p a t t e r n  l i n e  w i d t h  i n  r a d i a n s  
FJ 

i is t h e  e x t i n c t i o n  d i s t n n c c  for t h e  r c , f l e c t i o n  e x c i t e d  
' g  

' + I  I ': j is che  i e c i p r o r : l  l i t t  i c r  v e c t o r  t r a n s l a t i o n .  

how is e q u i v a l e n t  t o  l / d  w h e r e  d is t h e  i n t e r p l a n a r  s p a c i n g  f o r  a 
p l a n e  o f  H i l l e r  i n d i c e s  ( h k l ) .  I t  h a s  b e e n  shown t h a t  i f  Ad/d can b e  
m e a s u r e d  p r o p e r l y ,  t h e n  t h e  e n i i r c  s t r e s s - s t r . l i n  c o n f i g u r a t i o n  f o r  t he  
s a m p l e d  c r y s t a l  volume c a n  b e  d e t e r m i n e d 5 .  

The  u s e  o f  a few Kossel p i t t e r n s  i n  o r d e r  t o  p r o v i d e  a b a s i s  f o r  
i n f e r r i n g  t h e  n e e d e d  d v a l u e s  from c h a n n e l l i n g  p a t . t e r n s  may.  t h e r e f o r e ,  
h e  a t t r a c t i v e .  In s u c h  n c a s e ,  on<- WnlJlcl r c q u i r c  n w e l l  a n n e a l e d  c r y s t a l  
,iiid t h e  ~ . a p c i h i l i t y  nt ; i n r i l t . i n ~ ~ o i i . ; : v  ; q r t . p i r i - i e  the, t ' l e c t r o n  c h a n n e l l i n g  
p a t t e r n  a n d  t h e  Kossel p a t t e r n  i n  t h e  sc .anning  e l o c t r o n  m i c r o s c o p e .  
A c c u r a t e  d v a l u e s  c o u l d  b e  o b t a i n e d  f r o m  t h e  Kossel p a t t e r n ;  t h e  c o r r e s p o n d -  
i n g  c h a n n e l l i n g  p a t t e r n  l i n e  w i d t h s ,  2. , .$ ,  c a n  b e  niedsr i red.  
s t r a i n s  r e s u l t  i n  c h a n g e s  i n  2 w  from t h e s e  2.d v a l u e s  can b e  o b t a i n e d  
t h r o u g h  s i m p l e  m a n i p u l a t i o n  o f  gin. ( 1 ) .  Hence ,  .'.d/d c a n  b e  d e t e r m i n e d  
irom t h e  c h a n n e l l i n g  i n f o r m a t i o n .  Hence ,  t h c  f a c t o r  (Z/&,) i n  Eqn. (1) 
c o u l d  b e  d e t e r m i n e d  e m p i r i c a l l y .  T h e n ,  e l e c t r o n  channcl1:ng p a t t e r n s  
c o u l d  h e  u s e d  t o  p r o v i d e  t h c  n e c e s s a r y  .'.d/d v a l u e s  f o r  d e t e r m i n i n g  the 
s t r e s s - s t r 'a i n c : n f i i: II r . 3  t i (3 n f r om t i i e sa m p 1 e d v o 1 im e . 

C h a n g e s  d u e  t o  

One of t h e  ma.jor t h r u s t s  o f  t h i s  e x p l o r a t o r y  p r o j e c t  was t o  see i f  
s u c h  a c o r r e l a t i o n  c o u l d  h e  c a r r i e d  ou t .  T h i s  n e c e s s i t a t e d  d e v i s i n g  a 
means  t o  s i m u l t a n e o u s l y  p r e p a r e  e l e c t r o n  c h a n n e l l i n g  p a t t e r n s  a n d  Kcssel 
p a t t e r n s  a s  vcll a s  a means  to a c c r i r - n t c l y  obst.rvr nnd r e c o r d  e l ec t ron  
c h a n n e l l i n g  l i n e  p r o f i l e s  i n  t h e  scannin! :  e l e c t r n n  m i c r o s c o p e .  I n  
p a r t i c u l a r ,  w e  n e e d e d  t o  know t h e  e f f r c t  of a p p l i e d  stresses on c le - t ron  
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c h a n n e l l i n g  p a t t e r n s .  The r e s p o n s e  of electron c h a n n e l l i n g  p a t t e r n s  to  
e x p e r i m e n t a l  c o n d i t i o n s  s u c h  as  s p e c i s e n  t i l t  had t o  b e  i n v e s t i g a t e d  as  
w e l l  as e f f e c t s  of s u r f a c e  d e p o s i t s  on  t h e  p a t t e r n .  The fo rmer  is a n  
e x p e r i m e n t a l  r e s p o n s e  and  t h e  l a t t e r  a material  e f f e c t .  

I n v e s t i g a t i o n  o f  Electron C h a n n e l l i n g  L i n e  P r o f i l e s  

A t y p i c a l  e l e c t r o n  c h a n n e l l i n g  p a t t e r n  from a w e l l - a n n e a l e d  s i n g l e  
c r y s t a l  of aluminum is shown i n  F i g .  ( 2 ) .  There are  c r y s t a l l o g r a p h i c  bands  
and  l i n e s  whose w i d t h  and i n t e n s i t y  depend upon t h e  s t a t e  o f  p e r f e c t i o n  of 
t h e  c r y s t a l  and  t h e  b a s i c  c r y s t a l  p a r a m e t e r s  s u c h  as t h e  l a t t i c e  s p a c i n g .  
The sample  w a s  e l e c t r o p o l i s h e d  t o  remove a n y  s u r f a c e  damage a f t e r  t h e  c r y s t a l  
was h e l d  f o r  f i f t e e n  h o u r s  a t  610'C i n  a p u r i f i e d  a r g o n  a tmosphe re .  The 
c r y s t a l  w a s  normal t o  t h e  e l e c t r o n  beam which  w a s  a c c e l e r a t e d  t h r o u g h  30kV. 
Aluminum w a s  chosen  f o r  s t u d y  s i n c e  i t  is  o f t e n  used  as t h e  m a t r i x  i n  
c o m p o s i t e  m a t e r i a l s .  

T:,Q l i n e  s e e n  i n  F i g .  ( 2 )  shows where  t h e  e l e c t r o n  beam w a s  made t o  
s c a n  in a s i n g l e  l i n e  a l o n g  t h e  c r y s t a l .  The p r o f i l e  produced  by t h i s  l i n e  
is shown i n  F i g .  ( 3 ) .  T h i s  p r o f i l e  w a s  r e c o r d e d  on  an o s c i l l o s c o p e  s c r e e n ;  
t h e  y - i n t e n s i t y  is shown a s  a f u n c t i o n  o f  p o s i t i o n .  The p r o f i l e  c a n  b e  
r e l a t e d  t o  t h e  l i n e s  and  b a n d s  of F i g .  ( 2 )  in a s t r a i g h t f o r w a r d  manner;  
f e a t u r e s  r e s p o n s i b l e  f o r  i n t e r s i t y  v a r i a t i o n s  c a n  .)e i d e n t i f i e d .  

Next,  t h e  c r y s t a l  w a s  co ld  r o l l e d  5% and e l e c t r o p o l i s h e d  a g a i n .  - Fig. ( 4 j  shows tile r i r c i i ~ i l  c h a n n e l l i n g  i ; a t t ~ ~ : l  ;iter r n l l i n g .  C l e a r l y ,  
t h e  p a t t e r n  is d i f f u s e  compared to  F ig .  ( 2 ) .  The c o r r e s p o n d i n g  p r o f i i e  
( F i g .  5) shows t!iac v i r t u a l l y  a l l  d e t a i l s  e x c e p t  t h e  major  (200) t y p e  
band have  been  e l i m i n a t e d .  Material deformed up t o  10% t e n s i l e  s t r a i n  h a s  
been  s u c c e s s f u l l y  s t u d i e d  u s i n g  e l e c t r o n  channe l1  i n g  c o n t r a s t s .  

The e f f e c t  o f  s u r f a c e  l a y e r s  w a s  s t u d i e d  w i t h  a n iobium s i n g l e  
c r y s t a l .  Niobium c a n  b e  used in d i r e c t i o n a l l y  s o l i d i f i e d  c o m p o s i t e  
materials.  The c r y s t a l  w a s  c h e m i c a l l y  p o l i s h i 3  i n  a m i x t u r e  c o n s i s t i n g  
of 7 0 2  c o n c e n t r a t e d  HN03 and 30% c o n c e n t r a t e d  HF. The e l e c t r o n  c h a n n e l l i n g  
p a t t e r n  of t h e  a s - p o l i s h e d  c r y s t a l  is shown i n  F i g .  ( 6 ) ;  t h e  <012>  p o l e  i s  
a t  t h e  l e f t  of t h e  p a t t e r n .  The p r o f i l g  c o r r e s p o n d i n g  t o  t h e  impressed  
l i n e  is shown i n  F i g .  ( 7 ) .  Nex t ,  a 200A l a y e r  of c a r b o n  w a s  e v a p o r a t e d  
o n t o  t h e  s u r f a c e  o f  t h e  c r y s t a l .  The t h i c k n e s s  w a s  d s t e r m i n e d  w i t h  a 
p i e z o - e l e c t r i c  method s a i d  t o  b e  a c c u r a t e  t o  a b o u t  210%. The e l e c t r o n  
c h a n n e l l i n g  p a t t e r n  is shown i n  F i g .  (8) and  t h e  l i n e  p r o f i l e  i n  F i g .  ( 9 ) .  
N o t i c e a b l e  changgs  i n  t h e  p r o f i l e  have  o c c u r r e d .  I n c r e a s i n g  t h e  c a r b o n  
t h i c k n e s s  t o  450A r e s u l t e d  i n  f u r t h e r  d e g r a d a t i o n  cf t h g  p a t t e r n  a s  shown 
i n  F i g s .  (10)nnd 0 1 ) .  A l a y e r  of anorphous  c a r b o n  lOOOA i n  t h i c k n e s s  
caused  s t i l l  more d e g r a d a t i o n  b u t  c e r t a i n l y  a n  i d e n t i f i a b l e  p a t t e r n  
remained a s  s e e n  i n  F i g s .  (12 )  and ( 1 3 ) .  The c r y s t a l  w a L  a deep  p u r p l e  
a f t e r  t h i s  much c a r b o n  had been  e v a p o r a t e d  o n i o  i t .  

These r e s u l t s  w e r e  b o t h  s u r p r i s i n g  and e x t r e m e l y  e n c o u r a g i n g  b e c a u s e  
p r e v i o u s l y  i t  w a s  b e l i e v e d  t h a t  o n l y  a few hundred  a n g s t r o m s  c a r b o n  d e p o s i t  
would wipe  o u t  t h e  e lectron c h a n n e l l i n g  p a t t e r n  c o m p l e t e l y .  The f a c t  t h e t  
t h i s  is n o t  t h e  case means t h a t  p e r h a p s  c o m p o s i t e s  c o n s i s t i n g  o f  a metal 
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mtrix and non-me ta l l i c  core c a n  be s t u d i e d  by d e p o s i t i n g  a fev hundred 
angstrom l a y e r s  of ca rbon  o n t o  t h e  s u r f a c e  t o  make i t  conduc t ing .  
t o t a l l y  non-me ta l l i c  m a t e r i a l s  can  be s t u d i e d  i n  t h i s  way as  w e l l .  

Pe rhaps  

As w e  s h a l l  see,  a t i g h t l y  bound o x i d e  l a y e r  g i v e s  q u i t e  d i f f e r e n t  
and less encourag ing  r e s u l t s .  O x i d i z i n g  t h e  niobium c r y s t a l  i n  a c o n t r o l l e d  
f a s h i o n  was somewhat d i f f i c u l t .  

A l a y e r  abou t  
750A t h i c k  a s  i n d i c a t e d  by t h e  go ld  c o l o r  produced was grown o n t o  t h e  s u r f a c e .  
The clean c r y s t a l  c a s e  is shown i n  F i g s .  (14 )  and (15) w h i l e  a f t e r  a n o d i z i n g ,  
t h z  c o r r e s p o n d i n g  r e s u l t s  a r e  shown i n  F igs .  (16) and (17 ) .  T h i s  o x i d e  
t h i c k n e s s  v i r t u a l l y  d e s t r o y s  !he c h a n n e l l i n g  p a t t e r n .  
p u r p l e  c o l o r  developed (>1000A) J i d  d c s t r o y  t h e  p a t t e r n .  

We used a b a t h  d e v i s e d  by P i c k l e s i m e r 6  to 
. a n o d i z e  t h e  niobium, w i t h  l a y e r  t h i c k n e s s  de t e rmined  by c o l o r .  

Anodizing u n t i l  a 

The e f f e c t  of  t i l t i n g  t h e  specimen on t h e  p r o p e r t i e s  of c h a n n e l l i n g  
bands and l i n e s  w a s  i n v e s t i g a t e d  n e s t .  T h i s  e f f e c t  i s  impor t an t  s i n c e  
s u r f a c e s  i n  a t r u e  composi te  w i l l  n o t  n e c e s s a r i l y  be f l a t  and p e r f e c t l y  
a l i g n e d  over  l ong  d i s t a n c e s .  Hcnce, i t  w i l l  be n e c e s s a r y  t o  s e p a r a t e  t i l t  
e f f e c t s  from e f f c c t s  due t o  i n t c r n . i l  s t r a i n s  a n d / o r  s u r f a c e  l a y e r s .  For  
t h e  t i l t  s t u d y ,  a s i l i c o n  c r y s t a l  w a s  cilosen; s i l i c o n  is  f r e q u e n t l y  a 
component i n  composi te  m a t e r i a l s .  

The r e s u l t s  a r e  shown i n  Fig:.;. (18) - ( 2 3 ) .  T i l t i n g  t h e  c r y s t a l  
w i t h  r e s p e c t  t o  t h e  e1ec:ror. beam c a u s e s  t h e  c o n t r a s t  t o  undergo a change 
i n  c h a r a c t e r .  For example, t h e  { 4 4 0 j  type r e f l e c t i o n s  change from c l o s e  
blackjwhire p a i r s  a t  i i ~ r ~ m l  b c m  i n c i d e n c e  t o  d i s t i n c t l y  b l a c k  o r  w h i t e  
l i n e s  f o r  t i l t e d  specimens,  as i n d i c a t e d  by t h e  c o r r e s p o n d i n g  l i n e  t r a c e s .  

P r e p a r a t i o n  of K o s s e l B t t e r n s  i n  t h e  Scanning E l e c t r o n  Microscope 

We w e r e  a b l e  t o  p r e p a r e  bo th  r e f l e c t i o n  and t r a n s m i s s i o n  Kosse l  
p a t t e r n s  in t h e  s c a n n i n g  e l e c t r o n  microscope.  The r e f l e c t i o n  p a t t e r n s  
us ing  a t!.lted specimen w i l l  a lmos t  c e r t a i n l y  be t h e  ones of most i n t e r e s t  
i n  t h e  s t u d y  of composi tes ;  p r e p a r i n g  t h i n  (-50,im) s e c t i o n s  of compos i t e s  
w i l l  be d i f f i c u l t  so  t h a t  t r%iaYmission work may n o t  be f e a s i b l e .  Hence, 
t h e  t i l t e d  f o i l  e l e c t r o n  ~hi ini ie! l ing s t u d y  was e s s e n t i a l  i n  Grder t o  
e s t i i b l i s h  a b a s i s  f o r  a t t e m p t i n g  t o  c o r r e l a t e  Kossel  p a t t e r n s  and e l e c t r o n  
c h a n n e l l i n g  p a t t e r n s  p repa red  from composi te  materi ils. 

R e f l e c t i o n  p a t t e r n s  were p repa red  from a n  i r o n  c r y s t a l ;  a t y p i c a l  
p a t t e r n  is  shown i n  F i g .  ( 2 4 ) .  Here, t h e  c r y s t a l  w a s  t i l t e d  abou t  60”. 
The l i n e s  a r e  s h a r p  and have enough c o n t r a s t  t o  c a r r y  o u t  mean ingfu l  
measurements.  T i l t e d  f o i l  e l e c t r o n  c h a n n e l l i n g  p a t t e r n s  c a n  be p repa red  
s i m u l t a n e o u s l y  u s i n g  t h e  ;L’BS s p e c  iinen c u r r e n t  amplif i e r  c o n s t r u c t e d  f o r  
t h e  s cann ing  e l e c t r o n  microscope7.  

P r e 1 i m i n a  r y  S t ud y o f C o nv e? t i ona 1 Compos i t e *Ha t e r i a  1 .  

Two t y p e s  of  composi te  m a t e r i a l s  were o b t a i n e d  from Sandia  and 
t h e  G.S.  Army Research Center  (Watertown, Mass.) r e s p e c t i v e l y .  The Sands8 
m a t e r i a l  c o n s i s t e d  of plasma sp rayed  a l i r n i n m  o n t o  b o r m - s i l i c o n  ( b o r s i c )  
f i b e r s .  The f i b e r s  were prepared u s i n g  a t h i n  tungs t e rA  wire as  a base .  
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T h i s  m a t e r i a l ,  imaged i n  t h e  s c a n n i n g  e l e c t r o n  w i c r o s c o p e ,  is shown i n  
Fig. ( 2 5 ) .  F i r s t  a t t e m p t s  t o  o b t a i n  e l e c t r o n  c h a n n e l l i n g  p a t t e r n s  f rom 
this material f a i l e d .  T h e  p r o b a b i e  c a u s e s  f o r  t h i s  f a i l u r e  wzre  t h e  huge  
f a b r i c a t i c n  strains arid t h e  e x t r e m e l y  f i n e  " g r a i n - s i z e "  of t h e  altoinum 
satrix, a s  i n d i c a t e d  by c a n v e n t i o n a l  x-ray d i f f r - A c t j o n  t e c h n i q u e s .  The 
&ra ins  were p r o b a b l y  smaller t h a n  t h e  minimum r e g i o n  from which w e  c o u l d  
o i t a i n  a n  electron c h a n n e l l i n g  p a t t e r n ,  i . e . ,  a b o u t  t e n  micrometers. 

Tine Army material  c o n s i s t s  of c a r b o n  f i b e r s  i n  3 magnesium matr ix .  I 
Work w i l l  b e  underway on  t h i s  material s h o r t l y .  We a l s o  have  some d i r e c t i o n -  
a l l y  s o l i d i f i e d  e u t e c t i c  material on  hand f o r  s t u d y .  

CONCLUSIONS 

1. L i n e  p r o f i l e s  from e l e c t r o n  c h a n n e l l i n g  p a t t e r n s  c a n  b e  measured w i t h  
o u r  a p p a r a t u s  so t h a t  t h e  2wg term in Eqn. (1 )  c a n  b e  d e t e r m i n e d  f o r  a 
v a r i e t y  of spec imen c o n d i t i o n s ,  i . e . ,  s t r a i n e d ,  c o a t e d  and  t i l t e d .  

2 .  Kovsel p a t t e r n s  c a n  be  p r e p a r e d  from b u l k  spec imens  i n  t h e  s c a n n i n g  
e j e c t r o n  m i c r o s c o p e  w i t h  suf f t c i e n t  i n f o r m a t i o n  t o  p r w i d e  s a t i s f a c t o r y  
Ig l  d a t a  f o r  Eqn. (1). Then t h e  t e rm ( 2 / <  ) i n  Eqn. (1) c a n  be  d e t e r m i n e d  
e m p i r i c a l l y  f o r  t h e  spec imen of irrterest. 'Hence, e l e c t r o n  c h a n n e l l i n g  
p a t t e r n s  c a n  h e  used  t o  s t u d y  s t r a i n s  at t h e  micrometer  l e v e l  of s p a t i a l  
r e s o i u t i o n .  

- 
2 -  A rr(i.i(.i ic)n O F  57: by roiling nearly i l e s t i s y s  ~ l e c t i o n  c h a n n s l l i n g  
c o n t r a s t .  Hence, h i g h l y  s t r a i n e d  material c a n n o t  b e  i n v e s t i g a t e d  by means 
of e l e c t r o n  c h a n n e l l i n g  c o n t r a s t .  

4 .  S u r f a c e  l a y e r s  o f  o x i d e s  and c a r b o n  on t h e  o r d e r  o f  l O O O A  d e s t r o y  
e l e c t r o n  c h a n n e l l i n g  c o n t r a s t .  

5 .  L a y e r s  o f  2 0 0 A  a f t c c t  t h e  l iae . t o f i l e s  of e l e c t r o n  c h a n n e l l i n g  
p a t t e r n s .  

0 

a 

6. E l e c t r o n  chan2e l ; ing  p a t t e r n s  change  c h a r a c t e r i s t i c a l l y  a s  t h e  
spec imen is  t i l t e d  w i t h  r e s p e : t  t o  t h e  e l e c t r o n  beam; band c o n t r a s t  
d e c r e a s e s  and  l i n e  c h a r a c t c r  changes .  

T t i t s  work v i r t u a l l y  c o m p l e t e s  t h e  p r e l i m i n a r y  e x p l o r a t o r y  p h a s e  of 
t h e  s t u d y .  Next,  s t r a i n s  i n  v a r i o u s  na te r ia l s  w i l l  b e  i n v e s t i g a t e d  u s i n g  
e l e c t r o n  c h a n n e l l i n g  p a t t e r n s .  Then s t r a i n s  a t  m a t r i x - f i b e r  i n t e r f a c e s  
w i l ;  be i n v e s t i g a t e d .  

I 

- ~ u n g - t e n ,  S i c  and A 1 2 0 3  i n  aluminum based  matrices p r e p a r e d  by 
G e n e r a l  Dynamics have  been  r e c e i v e d  from M r .  I .  C .  Yates of K a r s h a l l  S.F.C., 
and tests u s i n g  t h e  SEN a r e  now underway on t h e s e  materials. 
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FIGURE 1. O R I G I N  OF ELECTRON CHANNELLING PATTERNS; 

ELECTlPONS PENETRATE THE CRYSTALLINE 
SPECIMEN XORE DEEPLY I N  CERTAIN DIRECTIONS 
THAN I N  OTHERS. 

. 



FIGURE 2 .  

ELECTRON CHANNELLING PATTERN OF 

LINE INDICIITES REGION FROM KHICH 
PROFILE INFORUTION WAS TAKEN. 

ANNFALED, ELECTROPOLTSHED ALUMIhTJM. 

FIGURE 4 .  
ELECTRON CHt'JiiELLTNG PATTERN OF 
I?LU?fIXL?l CRYSTAL ROLLED TO 5% 
REDUCTION PAD THEN ELECTROPOLISHED. 
LINE INDICATES PROFILE TRACE POSITION. 

FIGURE 3 .  
INTENSITY PROFILE ALONG LINE I N  
FIGURE 2.  SCALE: 2 VOLTS/cm. 

FIGURE 5. 
INTENSITY PROFILE ALONG LINE I N  FIGURE 4. 
SCALE: 2 VOLTS/cm. COMPARE WITH FIGURE 3 .  
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F I G U R E  7. 
I N T E N S I T Y  P R O F I L E  ALOXC; L I N E  I N  
F I G U R E  6 .  SCALE: 2 V O L T i / c m .  

F I G U R E  6 .  
ELECTRON CHANNELLING PATTERN FROM 
CHP:ICAI.LP P1il.1 SHED NTOBTL?! CRYSTAL. 
I . I S E  I S D L C A T E S  P R O F I L E  TRACE P O S I T I O X .  

t 

F I G U R E  8. F I G U R E  9 .  
ELECTRON CHANELLING PATTERN FRON 
N I O 3 1 ~  CRYSTAL AFTER EVAPORATION SCALE: 2 V O L T S / c m .  COXPARE WITH F I G U R E S  

THE SURFACE. L I N E  I N D I C A T E S  P R O F I L E  813 
T P A C E  P O S I T T O Y .  

- 
I N T E N S I T Y  P R O F I L E  ALONG L I N E  I N  F I G U R E  8. 

O F  200tj T H I C K  CARBON LAYER ONTO 7 ,  11 and 13. - 



,. , .. - -  -. ., il . .  
, . .;-. L , . . ..'.4 

F I G U R E  11. F I G U R E  10. 
ELECTRON C H X W E L L I N G  PATTERN FROY 
?I IOBIL?¶  CRYSTAL AFTr.t? EVAPORATION I N T E N S I T Y  P R O F I L E  ALONG L I N E  fN F I b X R E  10 

SCALE:  2 V O L T S / c m .  CO%ARE WTTH F T G L T E S  
7 ,  3 AND 1 3 .  O F  450,; T H I C K  CARBON LAYER ONTO THE 

SK3FAC.E. L I N E  IZI'DICATES P R O F I L E  

L., . . 'sa. *. -:.L.L ,. r r . 2 1  

F I G U R E  1 2 .  

N I O B I W  CRYSTAL AFTER EVAPORATION O F  
10002 T H I C K  CARBON LAYER ONTO THE 
S I X F A C E .  L I N E  ZNDICATES P R O F I L E  
TR.'.CE P O S I T I O N .  

ELECTRON CHAMWLLING PATTERN FROM 
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I N T E N S I T Y  P R O F I L E  ALOXG L I N E  I N  F I G U R E  1 
SCALE: 2 VOLTS/cm.  C O W A R E  WITH F I G b R E  
7 ,  9 AND 11. 



FIGUXE 1 4 .  F I G U R E  15. 

C H M T C A L L Y  P O L I S H E D  NIOBIUM CRYSTAL. SCALE: 2 V O L T S / c m .  
1,TNE I N D I C A T E S  P R O F I L E  TRACE P O S I T I C N .  

ELECTRON CHANNELLING PATTERN O F  I N T E N S I T Y  PROF1I.E ALONG L I N E  I N  F I G U R E  1 4 .  

F I G U R E  16. FI(;L'RE 1 7 .  
ELECTRON CHAMIELLTNC. PATTE' N OF I N T E N S I T Y  P R O F I L S  A1,ONG T.T?iE I N  FTGURE 16. 
NTOBTLV CRYSTAL AFTEX ANODIC O X I D A T I O N  SCALE: 2 V O L T S / C ~ .  COYPARE WITN FIGURE 15. 
Y I E L D I N G  ABOUT 750A THTCK LAYER A S  
I N D I C A T E D  BY COLORATION. L I N E  I N D I C A T E S  815 
P R O F I L E  TRACE P O S I T I O N .  
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FIGURE 23.  FIGURE 22. 
ET.ECTRON CHANNELLING PATTERN OF SILICON 
W I T H  CKYSTAL TILTED 24.6' W I T H  RESPECT SCALE: 2 VOLTS/cm. COMPARE WITH FIGURES 
TO ELECTRON BEAM AXIS. LINE INDICATES 19 and 21. 
PROFILE TRACE POSITION. 

INTENSITY PXOFILE ALONG LINE I N  FTGURE 22. 

FIGURE 24.  REFLECTION KOSSEL PATTER3 OF IRON CRYSTAL. 
LINES (INDICATED BY ARROWS) INCLUDE [220] ,  
(2111 AND [ Z O O ]  TYPES. 
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Task 4 (Acct. No. 1.79-12-17-05) 

MELT SHAPE IN WEIGHTLESS CRYSTAL GROWTH* 

S. R. Coriel l  and S .  C. Hardy 
I n s t i t u t e  f o r  Materials Research,  

N a t i o n a l  Burtau of S t a n d a r d s  
Washington, D. C. 20234 

I n  v e r t i c a l  t l o a t i n g  zone m e l t i n g  and d u r i n g  c r y s t a l  p u l l i n g  
( C z o c h r a l s k i  g r o w t h ) ,  t h e  shape  of t h e  l i q u i d - v a p o r  i n t e r f a c e  depends  on 
t h e  g r a v i t a t i o n a l  f i e l d .  If t h e  l i q u i d  zone is t o o  l o n g  (or i f  i n  
c r y s t a l  p u l l i n g  t h e  c r y s t a l  is  t o o  f a r  above  t h e  m e l t ) ,  t h e  l i q u i d  f a l l s  
away from t h e  s o l i d  end ing  t h e  c r y s t a l  growth p r o c e s s .  Heywang c a l c u -  
l a t e d ,  u s i n g  c e r t a i n  a p p r o x i m a t i o n s ,  t h e  maximum p o s s i b l e  zone l e n g t h  
d u r i n g  v e r t i c a l  f l o a t i n g  zone m e l t i n g  and t h e  maximum h e i g h t  of a c r y s t a l  
above t h e  melt d u r i n g  c r y s t a l  p u l l i n g .  
of Heywang's c a l c u l a t i o n s  to  t h e  case of v e r y  smal l  g r a v i t a t i o n a l  f i e l d s ,  
and have begun measurements 6: ~iiii:zct angfzs  ir? r-or?r?ection uith the 
p r o p e r  boundary c o n d i t i o n s  t o  b e  used i n  t h e  c a l c u l a t i o n  p r o c e d u r e s .  

We have u n d e r t a k e n  t h e  e x t e n s i o n  

INTRODUCTION 

During v e r t i c a l  f l o a t i n g  zone m e l t i n g  and d u r i n g  c r y s t a l  p u l l i i g  
( C z o c h r a l s k i  growth) ,  t h e  s h a p e  of t h e  l i q u i d - v a p o r  i n t e r f a c e  depends  on 
t h e  g r a v i t a t i o n a l  f i e l d .  If t h e  l i q u i d  zone i s  too l o n g  (or i f  i n  c r y s t a l  
p u l l i n g  t h e  c r y s t a l  is t o o  f a r  above t h e  m e l t ) ,  t h e  l i q u i d  f a l l s  away from 
t h e  s c l i d  end ing  t h e  c r y s t a l  growth process. For t h e  c a s e  of a l i q u i d  i n  
c o n t a c t  w i t h  a d i f f e r e r t  s o l i d ,  e . ~ . ,  w a t d r  on g l a s s ,  the d i f f e r e n t i a l  
e q u a t i o n  f o r  t h e  s h a p e  of t h e  l i qu id -vapor  l a t e r f a c e  i n  a g r a v i t a t i o n a l  
f i e l d  is w e l l  known. For example,  i t  h a s  been used t o  d e r i v e  men i scus  
s h a p e s  and t h e  s h a v e s  o f  s e s s i l e  an6 prr. .Lnt d r o p s .  Heywangl u s d  t h i s  
e q u a t i o n  t o  calculate  t h e  maximum p o s s i b l p  zone l e n g t h  d u r i n g  v e r t i c a l  
f l o a t i n g  zone m e l t i n g  and t h e  maximum h e i g h t  of a c r y s t a l  above t h e  m e l t  
d u r i n g  c r y s t a l  p u l l i n g .  While a r i g o r o u s  t r e a t r r o n t  of t h e  above problem 
o b v i o u s l y  r e q u i r e s  c o n s i d e r a t i o n  of h e a t  and f l u i d  f l o w  d u r i n g  t h e  c r y s t a l  
growth p r o c e s s ,  Heywang's t r e a t m e n t  may be a r e a s o n a b l e  approx ima t ion .  
Heywang took acc0ur.t  of t h e  c r y s t a l  growth p r o c e s s  by r e q u i r i n g  a p a r t i c u l a r  
boundary c o n d i t i o n  a t  t h e  f r e e z i n g  i n t e r f a c e ,  v i z . ,  t h c t  t h e  l i q u i d - v a p o r  
i n t e r f a c e  be v e r t i c a l  a t  t h e  f r e e z i n g  i n t e r f a c e .  I n  a d d i t i o u  t o  a few 
numer ica l  c a l c u l a t i o n s ,  Heywang g i J e s  a number of approx ima te  a n a l y t i c  
t r e a t m e n t s .  These a p p r o x i v t i o n s  may n o t  be v a l l d  i n  t h e  l i m i t  o f  soall 
g r a v i t a t i o n a l  f i e l d s  :which were n o t  of pr imary i n t e r e s t  t o  Heywang). 
C a r r u t h e r s  and Crasso l -3  have r e c e n t l y  made  e x p e r i n e n t a l  s t u d i e s  of f l o a t i n g  
l i q u i d  zones ,  suspended between g l a s s  t u b e s ,  for var i c jus  e f f e c t i v e  g r a v i t a -  
t i o n a l  f i e l d s .  They found poor  agreement  between t h e i r  e x p e r i m c n t a l  
r e s u l t s  and t h o  t h e o r e t i c a l  r e s u l t s  of Heywang. Some of t h e  d i s a g r e e m e n t  
may b e  due  t o  a p p r o x i m a t i o n s  made by H e p a n g .  However, H e p a n g  u s e d  q u i t e  

*Paper p r e s e n t e d  by R .  L. P a r k e r .  
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d i f f e r e n t  boundary  c o n d i t i o n s  t h a n  would be  a p p r o p r i a t e  f o r  t h e  e x p e r i m e n t s  
of C a r r u t h e r s  and Grasso, i . e . ,  t h e  boundary  c o n d i t i o n s  a t  a f r e e z i n g  i n t e r -  
f a c e  may n o t  be t h e  same a s  t h o s e  a t  a s o l i d  A- l iqu id  B i n t e r f a c e .  I t  would 
be of g r e a t  i n t e r e s t  t o  d e t e r m i n e  e i t h e r  t h e o r e t i c a l l y  or e x p e r i m e n t ; r l l y  t h e  
p r o p e r  boundary c o n d i t i o n .  

A s t u d y  o f  t h e  l i t e r a t u r e  on  t h e  s h a p e  of t h e  l i q u i d  m e n i s c u s  d u r i n g  
C z o c h r a l s k i  c r y s t a l  g rowth  h a s  i n d i c a t e d  t h e  p o s s i b l e  o c c u r r e n c e  of non- 
zero l i q u i d - s o l i d  c o n t a c t  a n g l e s  i n  s e v e r a l  opaque  s y s t e m s .  T h i s  o b s e r v a -  
t i o n  is i n  c o n t r a d i c t i o n  t o  t h e  u s u a l  a s s u m p t i o n  t h a t  a l i q u i d  p e r f e c t l y  
w e t s  i t s  sc l l i d  phase .  A s  a consequence ,  w e  h a v e  d e s i g n e d  an e x p e r i m e n t  t o  
o b s e r v e  t h e  men i scus  between a p o o l  of water and a c y l F n d r i c a 1  i ce  c r y s t a l  
h e l d  i a c t h e r m a l l y  a t  t h e  n i c l t i n g  p o i n t .  The u s e  o f  a t r a n s p a r e n t  material  
w i l l  p e r m i t  a n  o b s e r v a t i o n  of  t h e  l i q u i d - s o l i d  i n t e r f a c e  i n  a d d i t i o n  t o  t h e  
l i q u i d - a i r  and  s o l i d - a i r  i n t e r f a c e s  o b s e r v e d  i n  opaqxe  s y s t e m s .  T h i s  is 
i n p o r t a n t  b e c a u s e  a cu rved  l i q u i d - s o l i d  i n t e r f a c e  c o u l d  resiilt i n  a non-zero  
c o n t a c t  a n g l e .  

R e c e n t l y  P i t t s  [J. F l u i d  Mech. 2, 753 (197311 h a s  s t u d i e d  t h e  s t a b i l i t y  
of a two d i m e n s i o n a l  p e n d e n t  l i q u i d  d rop .  C o n s i d e r i n g  sw-11 p e r t u r b a t i o n s  i n  
t h e  shape  of t h e  l i q u i d  d r o p ,  P i t t s  c a l c u l a t e s  t h e  e n e r g y  t o  second  o r d e r  i n  
t h e  p e r t u r b a t i o n .  H e  shows t h a t  t h e  d r o p  i s  s t a b l e  as  l o n g  as  t h e  h e i g h t  and  
t h e  a rea  i n c r e a s e  t o g e t h e r .  We have  s t u d i e d  i n  d e t a i l  t h e  methods  used  by 
P i t i s  i i i  ordei to a::cnp: :z a p p l y  si - i l i r  rechnl?r!es tn r ' n ~  stability of  
f l o a t i n g  zones  and  c r y s t a l  p u l l i n g .  

O b s e r v a t i o n s  have  been  made J f  t h e  l i q u i d  men i scus  between a c y l i n d r i c a l  
s i n g l e  c r y s t a l  o f  i c e  and a p o o l  of water  h e l d  i s o t h e r n a l l y  a t  t h e  m e l t i n g  
p o i n t .  The l i q u i d - s o l i d  c o n t a c t  a n g l e  a p p e a r e d  t o  b e  z e r o  in t h e s e  e x p e r i m e n t s .  
However, s i n c e  t h e  c r y s t a l  w a s  a t  i t s  m e l t i n g  p o i n t ,  i t s  s u r f a c e  w a s  cove red  
w i t h  a l i q u i d  f i l m  and a z e r o  c o n t a c t  a n g l e  w i t h  t h e  m e l t  would b e  e x p e c t e d .  
A r.ew a p p a r a t u s  h a s  been  c o n s t r u c t e d  which  w i l l  F e r n i t  t h e  c r y s t a l  t o  be  
h e l d  s l i g h t l y  b e l o w  the melting p o i n t  and t h e  p o o l  of water s l i g h t l y  above  
t h e  m e l t i n g  p o i n t .  T h i s  a r r angemen t  w i l l  e l i m i n a t e  t h e  s u r f a c e  w a t e r  f i l m  
and w i l l  t h u s  more n e a r l y  d u p l i c a t e  t h e  c o n d i t i o n s  used  i n  C z o c h r a l s k i  growth .  

REFERENCES 

1. W. Heywang, Z.  N a t u r f o r s c h  =, 238 (1956) .  

2 .  J. R. C a r r u t t e r s  and M. Grasso, J .  C r y s t a l  Growth 1 3 / 1 4 ,  611  (1972) .  

1. 1. R .  C a r r u t h e r s  and M .  G r a s s o ,  J .  Appl.  F h y s .  4 3 ,  4 3 6  ( 1 9 7 2 ) .  - 

820 

I 



I I II11111111111111111111IIIIIIIII 

T.?sk 5 (Acct.  NO. 179-14-10-13) 

VAPOR TRANSPORT SYNTHESIS AND CRYSTAL GROWTH OF OXIDES* 

BY 
I 

' H. S. P a r k e r  
I n s t i t u t e  f o r  M a t e r i a l s  Research,  

N a t i o n a l  Bureau of S t a n d a r d s  
Washington, D.  C.  20234 

SUMHARY 

The pr imary o b j e c t i v e  of t h i s  t a s k  is t h e  development of advanced 
t e c h n i q u e s  f o r  vapor  t r a n s p o r t  s y n t h e s i s  and c r y s t a l  growth i n  mixed o x i d e  
s y s t e m .  The Zr02-Ta20, system was chosen f o r  i n v e s t i g a t i o n  n o t  o n l y  
becai,se i t  is a t y p i c a l  mLxed o x i d e  s y s t e m  bu t  because  s u c c e s s f u l  develop-  
ment cou ld  p r o v i d e  a new t y p e  of s t a b i l i z e d  ZrOZ. 

Tine results of t r a n s p o r t  expe r imen t s  u s i n g  I 2  + S 2  and Z r C 1 4  f o r  
t r a n s p o r t  of Zr02 i n  t h e  3-7 atmosphere r;lnge a t  a v e r a g e  t e m p e r a t u r e s  of 
abou t  9SO-llOO"C w e r e  l a r g e l y  n e g a t i v e .  Simultaneous t r a n s p o r t  expe r imen t s  
of Zr02  + Ta2O5 u s i n g  Z r C 1 4  and T d C l S  r e s u l t e d  i n  s e v e r e  i i t t a c k  of t h e  
q ~ ~ r r z  reartion tubes ~ al though sliiri?;l? t::be l i n e r s  reduced . t b j ~  attack. 
Minor s u c c e s s  w a s  o b t z i n e d  i n  simu1taneov.s t r a n s p o r t  u s i n g  Z r C l k  + Sg as  
t r a n s p o r t  a g e n t s .  A d d i t i o n a l  expe r imen t s  on pu re  vapor  phase  growth of 
Hac12 seem q u i t e  promising.  

INTRODUCTION 

The o b j e c t i v e s  o f  t h i s  s t u d y  a r e  t h e  i n v e s t i g a t i o n  of advanced 
t e c h n i q u e s  f o r  vapor  t r a n s p o r t  s y n t h e s i s  and c r y s t a l  growth iu b i n a r y  
and t e r n a r y  o x i d e  sys t ems  and d e f i n i t i o o  of t h e  l i m i t a t i o n s  imposed by 
c o n v e c t i v e  e f f e c t s  on t h e  p i  o c e s s  :1 t h igh  p r e s s u r s s  and l a r g e  tempora t u r e  
g r a d i e n t s .  

C r y s t a l  growth of b i n a r y  and t e r n a r y  c h a l c o g e n i d e s  by vapor  t r a n s p o r t  
I e a c t i o n s  h a s  r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  i n  t h e  pas t1 ,Z .  
of t h e  t echn ique  t o  t h e  s y n t h e s i s  and growth of o x i d e  c r y s t a l s  have been 
c o n f i n e d  to  s i n g l e  o x i d e s  i n  most c a s e s ,  w i t h  t h e  n a j o r  e x c e p t i o n s  b e i n g  
c e r t a i n  s i n e l s  and g e r m n a t e s z .  
Petermann! have i n v e s t i g a t e d  t h e  t r a n s p o r t  and c r y s t a l  growth of  t e r n a r y  
me ta l  o x i d e s  and t r a n s i t i o n  metal n i o b a t e s  and t a n t a l a t e s .  More r e c e n t l y ,  
Bowen and co-workers6 have d e s c r i b e d  t h e  growth of t r a n s i t i o n  metal o x i d e  
sol i d  s o l u t i o n s .  

A p p l i c a t i o n s  

E;rrmenegger3s4 and h c n e g g c r  and 

The s e l e c t i o n  of o rde red  f l u ~ r i t e  s t r u c t u r e  t y p e  phases  I n  o x i d e  
systems f o r  i n i t i a l  i n v e s t i g a t i o n  was mot iva t ed  by s c i e n t i f i c  i n t e r e s t  
i n  e x t e n s i o n  of  t h e  vapor  t r a n s r q r t  growth t echn ique  and p o t e n t i a l  
t e c h n o l o g i c a l  a p p l i c a t i o n  of m a t 2 r i a l s  p o s s e s s i n g  t h i s  s t r u c t u r e .  The 
s p e c i f i c  material  f o r  i n i t i a l  c o n s i d e r a t i o n  is Z r O 2  i n  combinat ion w i t h  
e i t h e r  Ta2O5 o r  Nb2O5. Zirconium d i o x i d e  is a n  impor t an t  r e f r a c t o r y  
m a t e r i a l  because of i t s  h igh  m e l t i n g  p o i n t ,  chemica l  i n e r t n e s s  and low 

*Papzr p re sen ted  by R.  L. P a r k e r .  
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vapor p r e s s u r e .  I n  t h e  p u r e  form, ZrO; undergoes a r e v e r s i b l e  phase t r a n s i -  
t i o n  from t h e  monoc l in i c  t o  t e t r a g o n a l  form a t  a b o u t  1000°C which i s  
accompanied by a d i s r u p t i v e  voluine change of n i n e  p e r c e n t .  I n  o r d e r  t o  
a v o i d  t h i s  problem, Z r O Z  is  commonly s t a b i l i z e d  i n  a c u b i c  form by t h e  use  
of up to  15 p e r c e n t  of C a O ,  Y,03  or MgO a s  a n  a d d i t i v e .  

Work a t  NBS has i n d i c a t e d  t h a t  a n  a l t e r n a t i v e  method of s t a b i l i z i n g  
Z r O Z  is t h e  fo rma t ion  of o rde red  F l u o r i t e  s t r u c t u r e  type  phases  ( o r t h o r  
r l ~ o m b i c ) ~ , ~ , ~ .  
oxygen ( an ion )  d e f i c i e n t  t ype  o b t a i n e d  w i t h  CaO, Yz03 o r  MgO a d d i t i v e s  and 
should have g r e a t e r  s t a b i l i t y .  Me l t ing  p o i n t s  of s u i t a b l e  compounds i n  t h e  
Zr02-Ta205 sys t ems  a re  i n  excess of ?OOOeC, t h u s ,  a more s t a b l e  form of Z r O Z  
would be  of c o n s i d e r a b l e  importance.  In a d d i t i o n ,  l i t t l e  is known a b o u t  t h e  
S t r u c t u r e ,  p h y s i c a l  and e l e c t r i c a l  p r o p e r t i e s  of  t h e s e  phases .  

T h i s  s t r u c t u r e  i s  a n  a n i o n  excess t y p e  r a t h e r  t han  t h e  

The h i g h  m e l t i n g  p o i n t s  p r e s e n t  a problem i n  s y n t h e s i s  and growth of 
s i n g l e  c r y s t a l s  s u i t a b l e  f o r  c h a r a c t e r i z a t i o n  and i n v e s t i g a t i o n .  The 
l a r g e s t  c r y s t a l s  w e  have been a b l e  t o  o b t a i n  from f l u x  o r  s o l i d  s t a t e  
t echn iques  are of t h e  o r d e r  of 0.5 mm in s i z e g .  
t echn iques  o f f e r  t h e  p o t e n t i a l  Cor o b t a i n i n g  l a r g e r  s i z e d  c r y s t a l s  a t  
t empera tu res  w e l l  below t h e  m c l t i n g  p o i n t s .  

Vapor phase  t r a n s p o r t  

The u s e  of c l o s e d  t u b e  t r a n s p o r t  t echn iques  Tor s y n t h e s i s  and c r y s t a l  
growth, t o g e t h e r  w i t h  t h e  c r i t e r i a  f o r , s e l e c t i o n  of a s u i t a b l e  t r a n s p o r t  
r e a c t i o n  has  been d e s c r i b e d  by S c h a i e r i , l C  and L a u d l s e ~ ~ .  S a s i c a l l y ,  a n  
a t t e m p t  i s  made to select  a s u i t a b l e  t r a n s p o r t  a g e n t  such  t h a t  t h e  d e s i r e d  
phase is t h e  on ly  s o l i d  p roduc t  a t  t h e  working t e m p e r a t u r e s ,  t h e  e q u i l i b r i u m  
pos.: t ion i s  n o t  extreme ( A G O  0) and,  f o r  r e a s o n a b l e  t r a m p o r t  ra tes ,  t h e  
A H "  v a l u e  f o r  t h e  r e a c t i o n  should be n e a r  z e r c .  

The t r a n s p o r t  of Ta205 w i t h  ha logens  is w e l l  e s t a b l i s h e d 1  accord ing  
t o  t h e  r e a c t i o n :  

+ 
T, i205  + 3TaC15 + 5TaOC13 

a t  t o t a l  p r e s s u r e s  of i atmosphere a t  t a n p e r a t u r e s  0: 750" and 650' w i t h  
t r a n s p o r t  rates i n  e x c e s s  of 1 0  mglhr.  However, o n l y  one r e p o r t  of t h e  
c l o s e d  tube  t r a n s p o r t  of Z r Q 2  w a s  found i n  t h e  l i t e r a t u r e .  N i t sche2  r e p o r t s  
t h e  u s e  of I2 + S 2  a s  t r a n s p o r t i n p  a g e n t s  and t empera tu res  of 1050" - 1000°C 
a l t h o u g h  no  f u r t h e r  e x p e r i m e n t a l  d e t a i l s  werz g iven .  

EXPER MENTAI. 

T r n n s p o r t  s t u d i e s  were r;.rr-icd t i ~ t  i n  q i I . i r tz  t u b e s  of 8 ,m  i n s i E e  
d i ame te r  and abou t  15 c m  t o t a l  l e n g t h .  P r i o r  t o  use ,  t h e  t u b e s  iqe1.e 

c l e a n e d ,  evacuated and baked o u t  a t  abou t  300°C a t  p r l s s u r e s  o f  .3bo,:f 
1 x 10-6 Tor r  o v e r n i g h t  p r i o r  t o  l o a d i n g .  
d i f f u s i o n  p m p i n g  syscem was used to avo id  con tamina t ion  from o i l  vapor s .  

A s o r p t i o n  rough pump 2nd i o n  

Fol lowing bakeou t ,  t h e  t u b e  was charged w i t h  a n  e x c e s s  of h i g h  
p u r i t y  o x i d e  t o g e t h e r  w i t 1 1  t h e  c a l c u l a t e d  amount of t r a n s p o r t  a g e n t .  The 
tube  was then  re-evacuated and s e a l e d  o f f  a t  p r e s s u r e  of 5 x T o r r  or 
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less. The o x i d e s  used  were nomina l ly  o f  99.99% or h i g h e r  p u r i t y .  I n  t h e  
case o f  s imul t aneous  t r a n s p o r t  expe r imen t s ,  two d i f f e r e n t  t y p e s  of  c h a r g e  
were used. 
o x i d e s .  The alternative method chosen  w a s  t o  f i r s t  react t h e  t w o  materials 
b t  1500eC t o  y i e l d  a s i n g l e  phase  p roduc t  o f  t h e  d e s i r e d  compos i t ion  and 
s u b s e q u e n t l y  u s e  t h i j  material as t h e  cha rge .  

I n  one case, t h e  Z r 4  and Ta205 were added as t h e  u n r e a c t e d  

The f u r n a c e s  used were of t h e  mul t i zone  t y p e ,  w i t h  independen t  
c o n t r o l  of each  zone. By t h e  u s e  o f  s u i t a b l e  t h e r m a l  b a f f l e s ,  t w o  
i s o t h e r m a l  r e g i o n s  (AIO°C) of  a b o u t  15 c m  l e n g t h  cou ld  be e s t a b l i s h e d ,  
s e p a r a t e d  by a c e n t r a l  r e g i o n  o f  a b o u t  1.5 cm ove r  which t h e  AT f o r  
transpor:: was e s t a b l i s h e d .  Both ver t ica l  and h o r i z o n t a l  c o n f i g u r a t i o n s  were 
used. The t r a n s p o r t  t u b e s  were p l a c e d  i n  t h e  f u r n a c e  such  t h a t  t h e  c e n t e r  
o f  t h e  t u b e  c o i n c i d e d  w i t h  t h e  t e m p e r a t u r e  g r a d i e n t .  

T o t a l  p r e s s u r e s  f o r  t h e  v a r i o u s  t r a n s p o r t  a g e n t s  were c a l c u ~ . d t e d  on 
t h e  b a s i s  of a v e r a g e  t u b e  t e m p r r a t u r e  and assumed i d e a l  behav io r  of  t h e  
gaseous  s p e c i e s .  T y p i c a l  t ube  l o a d i n g s  were nf the  o r d e r  o t  4 to  7 mg p e r  
cm3 of t u b e  volume f o r  t h e  p r e s s u r e  r a n g e s  chosen,  abou t  3-7 atmospheres .  

RESULTS AND DISCUSSION 

The r e s u l t s  of t h e  t r a n s p o r t  e x p e r b e n t s  a re  summarized i n  Tab le  1. 
Because of t h e  l a c k  of i n f o r m a t i o n  r e g a r d i n g  t h e  transport of ZrQZ, thc 
major  e f f o r t  was devoted to a t t e m p t i n g  t o  e s t a b l i s h  s u i t a b l e  c o n d i t i o n s  
f o r  t h e  t r a n s p o r t  of  r e a s o n a b l e  amounts of Z r 0 2  a l o n e .  A l l  a t t e m p t s  t o  
d u p l i c a t e  t h e  r e p o r t e d  t r a n s p o r t 2  u s i n g  12 + S2 were l a r g e l y  u n s u c c e s s f u l ,  
up t o  t h e  t empera td re  and p r e s s u r e  limits of t h e  q u a r t z  t ubes .  A t  t h e  
h i g h e s t  t e m p e r a t u r e s  and p r e s s u r e s ,  o n l y  m i l l i g r a m s  amounts of t r a n s p o r t  
were ach ieved  in r e a s o n a b l e  times. 

At t empt s  to use Z r C 1 4  a s  a t r a n s p o r t  a g e n t  y i e l d e d  poor r e s u l t s  
e x c e p t  a t  t h e  l i m i t s  of t h e  q u a r t z  t ube ,  a l t h o u g h  c r y s t a l l i n i t y  of t h e  
dk.'?osit was i m p r  led g r e a t l y .  i\ more s e r i o u s  p r o b l e a  when t r a n s p o r t  of 
Zr02 + Ta205 was a t t empted  w a s  t h e  s e v e r e  a t t a c k  on t h e  q u a r t z  t ube  in t h e  
p r e s e n c e  of Z r C 1 4  and /o r  T a C 1 5 .  h e  amount of a t t a c k  w a s  d i r e c t l y  r e l a t e d  
t o  t empera tu re .  T h i s  r e s u l t e d  i n  a l a r g e  p e r c e n t a g e  of t u b e  f a i l u r e s  
d u r i n g  a run.  
w i t h  Z r C 1 ,  i n d i c a t e d  t h e  major  r e a c t i o n  p roduc t  to be low c r i s t s b a l i t e  
w i t h  no d e t e c r a b l e  ZrSiO, p r e s e n t .  Thus, i t  a p p e a r s  t h a t  t h e  d e v i t r i f i c a -  
t i o n  of t h e  fused  quarLz is  enhanced by t h e  p r e s e n c e  of Z r C 1 4  a n d / o r  Z r O C 1 2 .  
T h i s  l i m i t a t i o n  on maximum working t empera tu re ,  t o g e t h e r  w i t h  t h e  low 
t r a n s p o r t  r a t e s  observed,  sugges t ed  t h a t  ZrCl , ,  w i t h  o r  w i t h o u t  TaC15 i r  n o t  
s u i t a b l e  f o r  l a r g e r  s c a l e  c r y s t a l  growth i n  a c l o s e d  q u a r t z  t u b e  system. 

O p t i c a l  and x-ray d i f f r a c t i o n  examina t ion  of a t y p i c a l  r u n  

Attempts  to modify t h e  t r a n s p o r t  r e a c t i o n  by t h e  a d d i t i o n  o f  a n o t h e r  
component t o  t h e  system and t h u s  r e d u c e  t h o  t empera tu re  r e q u i r e d  as  w e l l  as  
i n c r e a s e  t r a n s p o r t  r a t e s  are be ing  i n v e s t i g a t e d .  P r e l i m i n a r y  r e s u l t s  u s i n g  
Z r C 1 ,  and e z l f u r  a t  lower t e m p e r a t u r e s ,  1O7Oo-97O0C, have y i e l d e d  m i l l i -  
grams of  t r a n s p o r t e d  material w i t h  small, wcll-formed c r y s t a l s .  However, 
t h e  t r a n s p o r t  ra te  must be i n c r e a s e d  i f  s i z e a b l e  amounts of  material are t o  
be  grown. 
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I n  a n  a t t e m p t  t o  r educe  c o r r o s i v e  a t t a c k  and d e v i t r i f i c a t i o n  of t h e  
q r i n r t t  t r a n s p o r t  t u b e s ,  a dense alumina trihe, c l o s e d  a t  onp end.  was ltsed 
a s  a l i n e r  i n  t h e  h i g h  t empera tu re  zsne.  P r e l i m i n a r y  h c a t i n g s  s u g g e s t  t h a t  
s u c h  a l i n e r  w i l l  r e d u c e  t h e  a t t a c k  of t h e  Z r C l t ,  t r a n s p o r t  a g e n t  on t h e  
q u a r t z  tube.  

One t r a n s p o r t  expe r imen t  o f  95 hour;: d u r a t i o n  w a s  s u c c e s s f u l l y  
completed.  
r a t i o  of ZrC14:S as  t r a n s p o r t  a g e n t .  Temperatures  of h o t  and c o l d  zone 
were 1050°C and 950°C r e s p e c t i v e l y ,  w i t h  a c a l c u l a t e d  t o t a l  p r e s s u r e  of 
5 a tmospheres .  Under t h e s e  c o n d i t i o n s ,  c o n s i d e r a b l e  t r a n s p o r t  o c c u r r e d .  
The t r a n s p o r t e d  material was l a r g e l y  d e n d r i t i c  i n  n a t u r e  a l t h o u g h  many 
p o o r l y  formed c r :*s ta l l i t es  were observed.  

A t u b e  c h a r g e  of p r e r e a c t e d  6Zr02:Ta205 w a s  u sed ,  w i t h  a 2:1 

At tempts  were made t o  i n c r e a s e  t h e  mass t r a n s p o r t  r a t e  by v a r y i n g  
t h e  ZrC14:S2 r a t i o  w h i l e  m a i n t a i n i n g  a c a l c u l a t e d  t o t a l  p r e s s u r e  of 6 
a tmosphe res  and t e m p e r a t u r e s  of 1100" and 1000". Over a r ange  of 5 ZrC14:SZ 
t o  50 ZrC14:S2, no d i s c e r n a b l e  e f f e c t  w a s  noted and t h e  t o t a l  amoimt 
t r a n s p o r t e d  i n  100 hour  r u n s  was less  than  p r e v i o u s l y  o b t a i n e d  w i t h  a 2 
ZrC14:S2 r a t i o .  

Work !)as begun on t h e  s t u d y  of c o n v e c t i o n  and d i f f u s i o n  e f f e c t s  on 
tk .e  growth of Hg2C12 by t h e  evapora t ion -condensa t ion  t e c h n i q u e .  I n  view 
of t h e  high vapor  p r c s s z r e  nf  Fiz:Clz at t e a p e r a t u r e s  i n  t h e  350" - 450°C 
t empera tu re  r a n g e ,  0.5 t o  8 a tmosphe res ,  l a r g e  mass t r a n s p o r t  r a t e s  shou id  
be a t t a i n a b l e  w i t h  r e a s o n a b l e  t empera tu re  g r a d i e n t s .  In one r u n  of 68 h o u r s  
d u r a t i o n ,  w i t h  a n  a v e r a g e  s o u r c e  t empera tu re  of 4OO0C, 5G.05 grams of 
mater ia l  were t r a n s p o r t e d  by us ing  a 100°C t e m p e r a t u r e  g r a d f e a t .  Because 
t h e  e n t i r e  c h a r g e  w a s  t r a n s p o r t e d ,  t h e  a c t u a l  time r e q u i r e d  is unknown. I n  
a second run ,  w i t h  a s o u r c e  t e m p e r a t u r e  of 390°C, 15.15 grams were t r a n s -  
p o r t e d  i n  48 h o u r s  u s i n g  a 20°C t empera tu re  g r a d i e n t .  Both r u n s  were made 
i n  18 mm I . D .  q u a r t z  t u b i n g ,  w i t h  t h e  t u b e s  p l aced  h o r i z o n - a l l y .  
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TABLE 1 

Sumrnary of Transport  €K?eriments 

Material T ra r i s por t 
?gent 

Tempera turcs Time 

1€9 h:r . 
48 h r .  

100 hr. 

200 hr. 

170 kil'. 

168 ti!?. 

72 hr. 

~ 1 6 8  hr. 

~ 1 6 8  hr. 

168 hr. 

Total Pressure Results 

I 2  + 

412 + 

412 + 

ZrS2 + 

ZrC 

ZrC 

s2 

s2 

s2 

I2 

4 

Zr02 

ZrO2 

Zr02 

Zr02 

Zr02 

ZrOp 

1025"-910°C 

l l o ~ " - l o o o o c  

1 175O -1 1 10" C 

1100"-1000"c 

goo0 -8oooc 

1 1 00" - 1 000" c 

3.5 atm 

3.5 atm 

7 atm 

5 atm 

3 atm 

5 atm. 6 atm 

no t r anspor t  

minor t r anspor t  

nig t r anspor t  i 

mg t r anspor t  

no t r anspor t  

nlg t ranspor t ,  
small c r y s t a l s  
formed (~0.5 mn) 

4 

1.65 ZrC14:TaC1 10 Zr02:Ta205 11 25"-1025"C 5 atm, 7 atm t u b e  f a i l u r e  
corros  i ve a t t a c k  

10 Zr02:Ta205 1.85 ZrC'14 

- 1.85 ZrC14 

1075"-975"C 5 atm, 7 atm tube f a i l u r e  
cor ros ive  a t t a c k  

TaC 

TaC 

s2 

10 Zr02: Ta205 1050" -950°C 6 atm tube f a i l u r e  
cor ros ive  a t t ack  

8 Zr02:Ta205 4ZrC14 1070" -970°C 5 atm mg t ranspor t ,  
c r y s t a l s  0.5 x 0.5 x 3 mn 

- 
prereac ted ma t e r i  a1 

? 



Task 6 (Acct. No. 179-15-11-03) 

SURFACE TRACTION AND OTHER SURFACE PHENOMENA* 

BY 

A. L. Dragoo 
I n s t i t u t e  f o r  Materials Research, 

Nat iona l  Bureau of S tandards  
Washington, D. C. 20234 

SUMMARY 

Theore t i ca l  ana lyses  of processes  occur r ing  i n  l e v i t a t e d  m e l t s  
dur ing  evapora t ive  p u r i f i c a t i o n  were c a r r t e d  out .  The i n t e r a c t i o n s  of 
non-uniform evapora t ion  and of thermal  and s o l u t a l  c a p i l l a r y  convec t ion  
were considered q u a l i t a t i v e l y .  S tud ie s  were begun on pure  d i f f u s i o n  
coupled wi th  non-uniform evapora t ion .  The p a t t e r n  of thermocapi l la ry  
convect ion c e l l s  i n  a drop w i t h  an  a x i a l l y  symmetric temperature  f i e l d  
on the  s u r f a c e  was deduced by determining t h e  zero-points  i. t he  v e l o c i t y  
f i e l d  and t he  s t r eaml ines  i n  t he  l i q u i d  drop.  I n i t i a l  work on the  der iva-  
c A ~ n  ;;f =. fsm.213 Enr rhe c i rcu la t ion  t h e  a s s m i a c e d  with s w h  c e l l s  is 
descr ibed .  
&.I 

INTRODUCTION 

1. thermal  and s o l u t a l  c a g i l l a r y  convec t ion  and mass t r a n s f e r  
wi th  non-uniform evapora t ion .  

2 .  thennocapi l la ry  convect ion f o r  a gene ra l  s t e a d y - s t a t e  temperature  
f i e l d  on the  s u r f a c e  of a drop.  

Thermal c a p i l l a r y ,  o r  thermocapi l la ry ,  convect ion is convect ion d r i v e n  by 
a s u r f a c e  t ens ion  g r a d i e n t  which is genera ted  by a graGient  i n  the  
s u p e r f i c i a l  temperature .  S o l u t a l  c a p i l l a r y  convec t ion  is convect ion 
caused by a super f icCa1 concen t r a t ion  g r a d i e n t  i nc lud ing  a s u r f a c e  t ens ion  
g rad ien t .  Where t h e  meaning is c l - r ,  t h e  word '*cap+.llary" w i l l  be dropped 
and only  the  t e rm '*thermal convection" and * * s o l u t a l  convect ion" w i l l  be 
used. 

*Paper presented by R. L. Parker .  
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Both of t h e s e  problems are  impor t an t  t o  t h e  f l u i d  dynam.f.cs r,f 
l e v i t a t e d  m e l t s .  I m p l i c i t  i n  b o t h  i s  t h e  assumption t h a t  any p r a c t i c a l  
h e a t i n g  c o n f i g u r a t i c n  w i l l  produce a non-uniform h e a t i n g  of t h e  s u r f a c e  
of t h e  d rop  which c a n  r e s u l t  i n  t he rma l  c o n v e c t i o n  and o t h e r  e f f e c t s .  

The f i r s t  problem a p p e a r s  when one a t t e m p t s  t o  d e s c r i b e  t h e  
e v a p o r a t i v e  p u r i f i c a t i o n  of a melt i n  which c o n v e c t i v e - d i f f u s i o n ,  non- 
uniform e v a p o r a t i o n ,  t he rma l  c a p i l l a r y  c o n v e c t i o n  and s o l u t a l  c a p i l l a r y  
c o n v e c t i o n  a r e  p r e s e n t .  Q u a l i t a t i v e  c s p e c t s  of a l l  f o u r  of t h e s e  
phenomena a r e  c o n s i d e r e d  h e r e .  Next,  p r o g r e s s  on a problem i n v o l v i n g  
p u r e  d i f f u s i o n  coupled w i t h  non-uniform e v a p o r a t i o n  is d e s c r i b e d .  

Work on t h e  second problem e x t e n d s  r e s u l t s ,  g i v e n  i n  t h e  May r e p c r t ,  
of a n  a n a l y s i s  of t h e  components of t h e  v e l o c i t y  f i e l d .  The arrangement  
of c o n v e c t i o n  c e l l s  and t h e  l o c a t i o n  of ze ro -po in t s  i n  t h e  v e l o c i t y  f i e l d  
for t h e  g e n e r a l  a x i a l l y  symet r ic  c a s e  are  cons ide red  i n  t h i s  r e o o r t .  
C u r r e n t  work on a g e n e r a l  c x p r e s s i o n  f o r  t h e  c i r c u l a t i o n  time is d e s c r i b e d .  

1. Thermal and S o l u t a l  Convect ion;  D i f f u s i c n  w i t h  Non-uniform 
Evapora t ion  

I n  a previoi is  r e p o r t ,  a s i a lp l e  corvec t ive-d i f fus ion-evapora t ion  
nrohlcm w ; \ s  so lved  i n  which t h e  ev. iporat ion r a t e  wzs assumcd t o  be uniform 
G’Jer t h e  s u r f a c e  a l t h o u g h  t h e  s u r f a c e  t empera tu re  w a s  n o t  uniform.  The 
non-uniform s u p e r f i c i a l  Lenpe ra tu re  was assumed t o  o p e r a t e  o n l y  through 
rile c h e n n o c a p i i l a r y  e i f e c t .  ‘lhe c o n v e c t i v e - d i t t u s i o n  e q u a t i o n  was s o l v e d  
by  s p l i t t i n g  t h e  c 7 r i c e n t r a t i o n  i n t o  a s p h e r i c a l l y  symmetric and a n  a n g u l a r  
deper.derrt p a r t .  I’he iormctr p a r t  w a s  fouAd t o  be e x p r e s s i b l e  i n  terms of a 
s t a n d a r d  s o l u t i o n  t o  t h e  d i f f u s i o n  e q u a t i o n  p l u s  a p e r t u r b a t i o n  term. 
Furthermore,  t h e  r a t e  of l o s s  could be expres sed  i n  terms of a s t a n d a r d  
d i f f u s i o n  r e s u l t  e v a l u a t e d  a t  t h e  s u r f a c e  p l u s  a p e r t u r b a t i o n  term similar 
t o  t h e  above. A s e l f - c o n s i s t e n t  method of s o l u t i o n  was o u t l i n e d .  T h i s  
s i a p l i f i e d  s o l u t i o n  had two weaknesses:  

a .  t h n  n o n - i s o t r o p i c  t h e m 1  c o n d i t i o n  was assumed t o  i n f l ~ e n c e  
t h e  s u r f a c c  t e n s i o n  bu t  n o t  t he  e v a p o r a t i o n  r a t e  c o n s t a n t ,  

b. a n  a t t e n d e > i t  v a r i a t i o n  of  c o n c e n t r a t i o n  ove r  t h e  s u r f a c e  and 
i t s  inf l : je i -ze  on t h e  s u r f a c e  t e n s i o n  was ignored .  

a. Q u a l i t a t i v e  a s p e c t s  of t h e  more g e n e r a l  problem 

The more g e n e r a l  probiem is one in which c o n v e c t i o n  i s  d r i v e n  by 
s u r f a c e  t c n s l o n  g r a d i  ? . i t s  a r i s i n g  both f r o n  thermal  and s o l r i t n l  i:rnclients 
< ind  i n  **rhiLi:  d i f i i i s i o n  is per tu rbed  b o ~ h  by c c n v e c t i o n  and b y  nnn-uniform 
e v a p o r a t t o n .  Yoreover ,  t h e s e  v a r i o u s  p r a c e s s e s  i n t e r a c t .  For example, 
d i f f u s i o n  w i l l  a l t e r  c o n c e n t r a t i o n  g r a d i e n t s  on t h e  s u r f a c e  which were 
produced by non-uniform e v a p o r a t i o n .  The change i n  t h e s e  g r a d i e n t s  w i l l  
modify t h e  c o n v e c t i o n  which w i l l  react  back on bo th  t h e  d i f f u s i o n  and t h e  
e - Japora t ion  p r o c e s s e s .  A more g e a e r a l  p rob len  i s  which h e e t  t r a n s f e r  is 
coup led  t o  t t  $2 above p r o c e s s e s  was n o t  cons ide red ;  i n s t e s d ,  s t e a d y - s t a t e  
h e a t  t r a n s f e r  was assumed t o  p e r s i s t  throughcllt .  

I 
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To s i m p l i f y  t h e  f u r t h e r  d i s c u s s i o n ,  t h e  d r o p  w i l l  be assumed to be 
hc.?ted a t  one  p o l e  and  t o  he c o o l e d  3 t  :he otlicr. Fvi~por.?tioll  w i l l  be 
f a s t e r  a t  t h e  h o t t e r  p o l e ,  so  t h a t  the c o n c e n t r a t i o n  of v o l a t l l e  i m p c r i t i e s  
w i l i  be  lower t h e r e  than a t  t h e  c o l d e r  p o l e .  If normal  t h e r m a l  c o n v e c t t o n  
is p r e s e n t ,  l i q u i d  a d j a c e n t  to  t h e  s u r f a c e  w i l l  b e  p u l l e d  toward t h e  colder 
p o l e ,  l i q u i d  w i l l  de:cend i n  t h e  c o l d e r  hemisphe re  and w i l l  r ise i n  t h e  
h o t t e r  one .  The h p * i r i t y - r i c n  l i q u i d  from t h e  i n t e r i o r  w i l l  t end  to  
r e p l e n i s h  t h e  d e p l c t e d  l i q u i d  n e a r  t h e  h o t t e r  r e g i o n  of the s u r f a c e  w h i l e  
s u r f a c e  c u r r e n t s  w i L l  t end  t o  smooth o u t  c o n c e n t r a t i o n  d i € f c r c n c e s  be tween 
h o t t e r  and  c o l d e r  s u r f a c e  r e g i o n s .  The n e t  e f f e c t  of nnn-uniform evapora-  
t i o n  and  r.armal t h x "  c o n v e c t i o n  i s  toward homogeniza t ion  cf  t h e  s u r f a c e  
c o n c e n t r a t i o n .  Aromalous therlnal c a p i l l a r y  c o n v e c t i o n ,  on t h e  other hand,  
w i l l  t end  t o  enhavice t h e  v a r i a t i o n  i n  s u r f a c e  c n n c e i i t r a t i o n  b r o u g h t  a b o u t  
hy evnporn  t ion .  

I f ,  i n  a d d i t i o n  t o  the rma l  c a p i l l a r y  c o n v e c t i o n ,  s o l u t a l  c a p i l l a r y  
convt ' c t ion  i s  p':escnt, n o t  o n l y  w i l l  i n t e r 2 c t i n n s  t a k e  p l a c e  i n  terms of 
c o n c e n t r a t i o n  b u t  t h e y  w i l l  also a p p e a r  i n  t h e  v e l o c i t y .  If nom.11 
s o l u t a !  convec*:ion is  assumed t o  p roduce  movement of s u r f a c e  l i q u i d  from 
r e g i o n s  o f  h i g h  h p u r i t y  c o n c e n t r a t i o n  t o  r e g i o n s  of l o w  c o n c e n t r a t i o n ,  
i t  w i l l  t end  t o  o p p o s e  t h e  f low d u e  t o  t h e r m a l  c o n v e c t i o n .  As a n  a d d i t i o n a l  
c o n t i i i s t  t o  n . imi l  t he rma i  c .  i : vc r t ion ,  i t  most liirc1.y w i l l  cnhnn-e t h e  
d i s p a r i t y  i n  s u r f a c e  c o n c e n t r a t i m  because  i t  w i l l  b r i n g  i m p u r i t y - r i c h  
l i q u i d  f rom t h e  i n t c r i o r  t o  t h e  c o l d e r  s u r f a c e  r e g i o n  which a l r e a d y  v o u l d  b e  
e t i r ic , ied  w i t h  r e s p e c t  i-ir t h c  kztter F I J I  face by c v a p o r a t i o n .  Hoxe-rer. t h e  
r e s u l c i n g  s u r f a c e  f l o w  will t end  t o  l e v e l  o u t  t h e  c o n c e n t r a t i o n  disparity 
between t h e  two r e g i c n s ,  a l b e i t  n o t  a s  e f f e c t i v e l y  a s  t h e  t r a n s f e r  of 
an tcr i .21  fron t h e  i n t e r i o r .  

The expec ted  consequences  of t h e  v a r i o u s  processes are  sumnar ized  i n  
Tab le  I. ?ion-uniform e v a p o r a t i o n  is assumed to b e  p r e s e n t  i n  p r o c e s s e s  

sc lu ta l  ron1,vection a l t h o u g h  i t  i s  o n l y  c i t r d  i . x ; . l i c i t l y  i n  "1.". The 
_ ) .  ,:.I .,  I ' 1 1 1 7 l n  . <h,v..s th i .  . 1 i r - w t i o n  o f  f l u i d  f l o w  n t  t h e  s v r f a c c  for e a c h  
prc. ,  V.,S S, , th  i n  t C r ; T I s  o f  t ~ r ; ~ t . r n t u t i ~ s ,  e . 6 .  h?t , o l d ,  anu i n  t e r n s  0 1  

c o n c e n t r a t i o n ,  e . g . ,  l o w  -+ h igh .  The t h i r d  column d i v e s  t h e  d e p a r t u r e  
of s t i r f a c e  c o n c e n t r a t i o n  n e a r  t h e  h o t t e r  p o l e  from t h e  a v e r a g e  for t h e  
t o t a l  s u r f a c e .  The changes  i n  c o n c e n t r a t i o n  a r e  t h n s e  for t h e  p r o c e s s ,  
p e r  s s ,  so  :hat t h e  n e t  c o n c e n t r a t i o n  i s  o b t z i n e d  by a d d i n g  t h e  e f f e c t  
of e v a p o r n r i s , ~  i t  i t  is r e q u i r e d  t o  be  p r e s e n t .  

1 1  . ?I 
L(. t h rough  "9" :is t h e  nears  t o  t h e  c o n c e n t r a t i o n  F r n d i e n t s  needed for 

b .  Frlre d i f f u s i o n  CJllpled w i t h  non-uniform cvdpornt ior .  

X P - L  vas  ht,p!in r.n t h e  p r o h l t ~ ~  of d i f f a s i n n  w i t h  non- i in i fom 
e v a p o r a t i o n ,  t h e  cv .3pora t ion  r a t e  c o n s t a n t  having  t h e  form 

7 = 70 + a1 Ti  COS Fj 

A l t h o u q h  t h p  s o l i l t i o n  t o  t h e  angu la r -dependen t  d i f f u s i o n  problem c a n  b e  
pr . r for ined w s i l y - - t h e  form of t h e  s o l u t i o n  be inq  s t i ~ f i e s t e d  by t h e  
n n n l o ~ o u s  q u a n t m  mechan ica l  problem of t h e  wnvefnnc t i o n s  f o r  a t h r e e -  
d i m e n s i o n a l  square  w e l l ,  t h e  k i n e t i c  boundary c o n d i t i o n  
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nov i n t r d u c e s  a major c o m p l i c a t i o n  because i t s  depciiclc,nce on c o s  0 c o u p l e s  
s u c c e s s i v e l y  h i g h e r  o r d e r  of t h e  Legendre polyilomials of t h e  c o n c e n t r a t i o n  
e m r e s s i o n  

The f u n c t i o n s  je and PQ are  t h e  8 t h  o r d e r  s p h e r i c a l  B e s s e l ' f u n c t i o n  and 
t h e  a t h  o r d e r  Legendre polynomial ,  r e s p e c t i v e l y .  The index  s r u n s  ove r  
v a l u e s  of t h e  wavenumber r: s a t i s f y i n g  t h e  boundary c o n d i t i o n s .  

2. T h e n n o c a p i l l a r y  Convect ion f o r  a General  S t eady-S ta t e  Temperature 

9.S 

F i e l d  on t h e  S u r f a c e  of a Drop 

i n  t h e  p r e v i o u s  r e p o r t ,  a ma themat i ca l  a n a l y s i s  developed by Miller 
and S c r i v e n l  f o r  t h e  o s c i l l a t i o n s  of d f l u i d  d r o p l e t  immersed i n  a second 
f l u i d  was a p p l i e d  t o  t h e  s t e a d y - s t a t e  problem of s u r f a c e  t e n s i o n  induced 
f low when an a r b i t r a r y  s u p e r f i c i a l  t empera tu re  f i e l d  is  p r e s e n t  on t h e  drop.  
The t empera tu re  f i e l d  was d e s c r i b e d  by a ser ies  expans ion  i n  s p h e r i c a l  
harmonics and t h e  v e l o c i t y  components w e r e  found for a n  a r b i t r a r y  term i n  
t h e  t empera tu re  f i e l d ,  s a y  q ( i J , 4 ) .  
t o  i n t r o d u c e  a f u n c t i o n  B ( 8 , o )  which d e s c r i b e d  s m a l l  d e f o r m a t i o n s  o f  t h e  
s i t r f a c e  of t h e  drop.  An e x p r e s s i o n  w a s  g i v e n  f o r  t h e  g e n e r a l i z e d  c h a r a c t e r -  
i s t i c  speed 

To o b t a i n  a s o l u t i o n  i t  was n e c e s s a r y  

( t h e  v a r i o u s  c o e f f i c i e n t s  a re  i d e n t i f i e d  at t h e  end of t h i s  r e p o r t ) .  The 
c i r c u l a t i o n  time f o r  t h e  second-order  mode (L=2, m=O) w a s  e s t i m a t e d  and 
compared w i t h  t h e  f i r s t - o r d e r  mode (9.11, m=O). I t  w3s found t h a t  

- -  
T 7 / 1 1  = 20 

when (aT/aR)r,R,e,O was t h e  same i n  bo th  c a s e s .  

f i r s t - o r d e r  mode could be c o n s i d e r a b l y  more impor t an t  t h a n  t h e  second-order 
mode i n  such p r o c e s s e s  as  mass t r a n s f e r .  

T h i s  s u g g e s t s  t h a t  t h e  

Subsequent vork h a s  been c a r r i e d  o u t  on 

1. t h e  i d ~ n t i f i c n t i o ~ i  of t he  r c r o - p o i n t s  of t h e  f l o w  r a t e  v f o r  a 
" rure"  a x i a l l y  s y n n e t r i c  node, i . e . ,  one co r re spond ing  t o  a 
Y0(e,o) term i n  t h e  t empera tu re  expansion,  e 

2 .  t h e  development of a g e n e r a l  s o l u t i o n  €or T f o r  t h e  a x i a l l y  
symmetric Cdse. 
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The rate of flow 

where  

are  t h e  components  of t h e  v e l o c i t y  f i e l d .  For t h e  a x i a l l y  s y m n e t r i c  case,  
uQ = 0. 
knowledge of t h e  t e m p e r a t u r e  f i+ . ld  a t  t h e  s u r f a c e  of t h e  d r o p .  

The d e t e r m i n a t i o n  of t h e  z e r o - p o i n t s  o f  v r e q u i r e s  a d e t a i l e d  

For a p u r e  a x i a l l y  symmetric m o d e  r e s u l t i n g  from a s u p e r f i c i a l  
t e m p e r a t u r e  f i e l d  

where  ;e = ve/Ueo [ ( 2 t + 1 ) / 4 x J 4  and  
i n s i d e  t h e  d r o p  r h a r e  s2 = ( t + l ) / ( L t 3 )  arrd Pi = 0. 
t h e r e  must  ?e e of t h e s e  p o i n t s .  On t h e  s u r f a c e  o f  t h e  d r o p  ( i . e . ,  r = l ) ,  

PI has e+ l  n o d e s ,  i n c l u d i n g  one  a t  e a c h  p o l e ,  s o  t h a t  
v z  = 0 a t  ( ,+ l )  p o i n t s  on  t h e  s u r f a c e .  I n  a d d i t i o n ,  i f  P 1,  < E  = 0 xhen  
2 = 0 which i m p l i e s  t h a t  f l o v  o c c u r s  th rough  t h e  c e n t e r  of t h e  d r o p  \ n l : ~  
if f. = 1. F i n a l l y ,  w e  must  c o n s i d e r  t h e  p o s s i b l e  o c c u r r e n c e  of o t h e r  
i n t e r n a l  z e r o - p o i n t s .  T h a t  is, are  t h e r e  o t h e r  p o i n t s  s u c h  t h a t  

= r / R .  I t  is o b v i o u s  t h a t  ;e = 0 
S i n c e  Pe h a s  n o d e s ,  

1 = 0 i f  Pi = 0. 

- * 

(1-r*)2 ( p e l *  + [ ( . t+ l )  - ( e + 3 > r 2 ] 2  ( ~ ‘ 1 2  = O ? 

The a n s w e r - i s  no. 

e 
S i n c e  e a c h  term is e i t h e r  p o s i t i v e  or z e r o ,  and  

s i n c r  n e l t h e r  ( l - r 2 )  and [ ( t + l ) - ( t + 3 ) r 2 ]  nor Pe and  P i  v a n i s h  a t  i d e n t i c a l  
v a l u e s  of e and  cos 8 ,  r e s p e c t i v e l y ,  t h e r e  a re  n o  o t h e r  i n t e r n a l  z e r o e s  
f o r  6 .  

E v a l u a t i o n  o f  t h e  s t r e a m l i n e s  shows t h a t  e a c h  of t h e  i n t e r n a l  ze ro -  
p o i n t s  s e r v e s  as  a f o c u s  f o r  a set  of s t r e a m l i n e s .  Thus ,  t h e  i t h - o r d e r  
a x i a l - s y m m e t r i c  mode w i l l  c o n s i s t  o f  e c o n v e c t i o n  c e l l s .  

The c i r c u l a t i o n  t i m e s  T, w h i c h . a r e  g i v e n  f o r m a l l y  by 

T = $dL/V 
- 
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a n d  which  a r c  associated w i t h  e a c h  of t h e  C, c o n v e c t i o n  c e l l s ,  can b e  
cv i i Iu ; i t cd  by r e q i i i r f n g  t h a t  t h e  q u a n t i t y  of mater ia l  c i r c u l a t i n g  a b o u t  
.i zc.ro-point i n  a t i m e  i e q u a l s  the q u a n t i t y  of m.iteria1 i n  t h e  volume 
c o n t a i n i n g  t h e  s t r e a m l i n e s  a b o u t  t h a t  z e r o - p o i n t .  I t  is n o t  a p p a r e n t  
f rom work p e r f o r m e d  t o  d n t r  t h a t  t h e  c i r c u l a t i o n  times a s s o c i a t e d  w i t h  
t h e  v a r i o u s  c o n v e c t i o n  c e l l s  a r e  n e c e s s a r i l y  e q u a l .  An e x p r e s s i o n  f o r  
i ,s ,  t h e  c i r c u l a t i o n  t i m e  a s s o c i a t e d  w i t h  t h e  “s” z e r o - p o i n t ,  h a s  been 
o b t a i n e d  i n  terms of t h e  a n g l e s  Bs, O i - 1 ,  and  e:, w h e r e  ?e  (cos 8,) = 0, 
Pi ( c o s  O k - 1 )  = Pi ( c o s  I-:) = 0 and  B S - l  a n d  0; a re  t h e  n e a r e s t  lower 
a n d  ripper b o u n d s  o f  O s ,  r e s p e c t i v e l y .  T h i s  e x p r e s s i o n  is v e r y  c o m p l i c a t e d  
a n d  i t  is hoped t h a t  t h e  a n a l y s e s  o f  t h e  roots o f  Pe a n d  P’, w h i c h  a re  now 
i n  p r o g r e s s ,  w i l l  h e l p  t o  s i m p l i f y  t h i s  e x p r e s s i o n ,  i n  a d d i t i o n  t o  
e s t a b l i s h i n g  t h e  r e l a t i o n s h i p  b e t w e e n  a l l  t h e  ;As. 

Work c o n t i n u e s  o n  t h e  c o m p u t e r  p rogram to  p l o t  stream f u n c t i o n s .  
Projiramminp, w a s  begun  on a r o u t i n e  t o  compute  a n d  to  p l o t  e v a p o r a t i o n  
ra t t=s  f o r  d i f f u s i o n - c o n t r o l l e d  and  f o r  c o n v e c t i v e  d i f f u s i o n - c o n t r o l l e d  
c v n p o r n t i o n  from s p h e r i c a l  mel t s .  

Symbols  Used i n  t h i s  R e p o r t  

R r a d i u s  of t t te d r o p  

T t e n p e r n t u r e  

c c o n c e n t r a t i o n  

u r ,  ue ,  7 1  

V ra te  o f  f l o w  

componen t s  o f  t h e  v e l o c i t y  f i e l d  
0 

r a t e  o f  e v a p o r a t i o n  

d i  f f u s  ion c o e f f i c i e n t  

e * J a p o r a t i o n  c o e f f i c i e n t  

c i r c u l a t i o n  t i m e  

s u r f a c e  t e n s i o n  c o e f f i c i e n t  

t h e r m a l  c o e f f i c i e n t  o f  t h e  s u r f a c e  
t e n s i o n ,  = ( a y / a T )  yT 

To 
L” t h e r m a l  c a e f f i c i e n t  f o r  t h e  s u r f a c e  

d e f o r m a t i o n ,  = ( aT /aR)R 

Q u a n t i t i e s  a s s o c i a t e d  w i t h  t h e  ( t , m ) - n o d e ,  i . e . ,  Y r ( d  , @ )  

u (F ,mj , e t c .  componen t s  o f  t h e  v t i l o c i t y  f i e l d  r 
c h a r a c t e r i s t i c  s p e e d  ‘T. m 

V ra te  o f  f l o w  e m  
Tq m t h e r m a l  c o e f f i c i e n t  of t h e  t e m p e r a t u r e  

f i e l d  e x p a n s i o n  
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Table 1 

I n t e r a c t i o n  of Evaporation, and Thermal and S o l u t a l  Convection 

Process  
~. 

1. Evaporation, aa/aT>O 

2. Normal thermal conv. 

3 .  Anomalous thermal 

4. Normal s o l u t a l  conv. 

5 .  t!noixlous s o l u t a l  

::, :t + '!& * I  

7. " 3 . "  + "5." 
5. -. 

8. "2 ." + "5. I' 
9. " 3 . "  + " 4 . "  

Direc t ion  of Departure  of Concn. 
Convective Flow a t  Hot Pole  from 
a t  the  Surface  Average 

-- Decrease 

ho t  + cold  Inc rease  
(low c + high c )  

cold + hot  s l i g h t  i nc rease  
(htgh + low) 

high c -+ low c s l i g h t  i nc rease  
(cold + hot )  

low -+ high 
(hot  -+ c o l d )  

Increase  

te2.l E n  cance l  Inc rease  

tend t o  cance l  Inc rease  

ho t  + cold s t r o n g  inc rease  

cold -+ h o t  s l i g h t  i nc rease  
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STUDXES OF LIQUID FLOATING ZONES 
ON S L - I V ,  THE THIRD SKYLAB M I S S I O N  

B e l l  Laborator ies  
Murray H i l l ,  N e w  J e r s e y  07974 

SUMMARY 

T h e - b e h a v i o r  o f  l i q u i d  f l o a t i n g  z o n e s  i n  a 

z e r o - g r a v i t y  env i ronmen t  was s t u d i e d  

. h e s e  e x p e r i m e n t s  were d e s i g n e d  from t h q  

r e s u l t s  of p r e v i o u s  work on f l o a t i n g  z o n e s  i n  a simulated 

z e r o - g r a v i t y  model .  i ' l2 l ten f ? o a t . l n g  z o n e s  a r e  uses on 

e a r t h  for t h e  c r y s t a l  g rowth  and  zone  r e f i n i n g  of reactive 

na te r i a l s .  The Skylab s t u d i e s  d i v e  some i n s i g h r .  I n t o  the 

prob lems  a s s o c i a t e d  w i t h  t h e  deve lopment  of  t h e  technique 

f o r  t h e  f u t u r e  s p a c e  p r o c e s s i n g  o f  mater ia l s .  PrelSminary 

r e s u l t s  a r e  p r e s e n t e d  ,@I t h i s  p a p e r . o n  t h e  s t a b i l i t y  of 

t h e  l i q u i d  zone s u r f a c e  u:.3er s t a t i c ,  r o t a t i o n a l  arld 

v i b r a t i o n a l  c o n d i t i o n s  w i t h o u t  g r a v i t a t i o n a l  COnStraintS. 



I. INTZODUCTION 

One o f  t h e  most un ique  advan tages  o f  a ze ro -  

g r a v i t y  environment  for t h e  p r o c e s s i n g  of materials is 

t h e  e l i m i n a t i o n  o f  c o n t a i n e r s  i n  t h e  h a n d l i n g  o f  molten 

l i q u i d s .  Many c o n t a i n e r s  r e z c t  w i t h  m e l t s  o f  i n t e r e s t  

d u r i n g  c r y s t a l  growtk dnd s o l i d i f i c a t i o n  p r o c e s s e s  and 

r e s u l t  i n  u n c o n t r o l l e d  con tamina t ion  of t h e  c r y s t a l  or 

i n g o t .  Three  t e c h n i q u e s  have been developed  t o  per forn ,  

c o n t a l n e r l e s s  m e l t i n g  on e a r t h ;  t h e  e l e c t r o m a g n e t i c  

l e v i t a t i o n  of  l iq1Jid me ta l  d rops  weighicig 'I t o  :r! gz, (1- ? ?  

t h e  use  o f  s e s s i l e  d r o p s  which f r e e z e  o n t o  a seed o r  s t ! ? - t 2 ?  

compos i t ion  as i n  t h e  V e r n e u l l  t e c h n i q u e ,  (4) and t h e  u.:e 

of mol ten  f l o a t i n g  zones suspended between C y l l A d r I C 3 1  

r o d s  o f  t h e  same m a t e r i a l  and contained by s u r f a c e  t ena lo r .  

for h e i g h t s  l e s s  t h a n  1 t o  1 . 5  cm. (5 -8 )  These tect . . : iqJe= 

s e r v e  as t h e  bas i s  fo;. t h e  development o f  s z i t ab le  m e t m ~ .  

f o r  t h e  hand l ing  o f  molten l i q u i d s  i n  z e r o  g r a v i t y .  

One of t h e  f i rs t  s u c c e s s f u l  a p p l i c a t i o n s  o f  l l q ~ i d  

s u r f a c e  t e n s i o n  f o r c e s  t o  c o n t a i n  l i q u i d  zones under  normal 

g r a v i t a t i o n a l  conci l t ions  was tne use o f  f loa t1r .g  zones to 

p u r i f y  and grow s i n g l e  c r y s t a l s  o f  r e a c t i v e  m a t e r i a l s  such 
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as g i l i c o n  and t u n g s t e n .  More r e c e n t l y ,  h i g h  m e l t i n g  oxide 
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(9-12) s i n g l e  c r y s t a l s  have  also been  grown from f l o a t i n g  zones .  

Al though l e v i t a t i o n  f o r c e s  may be p r o v i d e d  b y  e x t e r n a l  f i e l d s  

t o  s u p p o r t  c o n d u c t i n g  l i q u i d s  away from s o l i d  s u r f a c e s ,  t h e  

concep t  o f  a s o l i d  i n  c o n t a c t  w i t h  i t s  own l i q u i d  under  o n l j  

s u r f a c e  t e n s i o n  c o n s t r a i n t s  i s  b a s i c a l l y  s i m p l e  a n d  c e n t r a l  

t o  t h e  c r y s t a l  g rowth  p r o c e s s ,  The removal  of g r a v i t a t i o n a l  

c o n s t r a i n t s  from s u c h  f l o a t i n g  zones  means t h a t  t h e  v a l u e  

of t h e  s u r f a c e  t e n s i o n  will n o t  l i m i t  t h e  mater ia ls  which  

can  b e  p r e p a r e d  by t h i s  t e c h n i q u e  and  t h a t  zo rma l  r e s i s t i v e  

o r  r a d i a t i v e  h e a t i n g  o f  t h e  zones  c a n  r e p l a c e  t h e  more 

c o n c e n t r a t e d  b u t  l e s s  d e s i r a b l e  rf h e a t i n g  s o u r c e s  c u r r e n t l y  

used  on e a r t h .  
.. _ _  nniuyver - c r y s t e l s  grown on  e a r t h  b y  t h e  f l o a t i n g -  

zone t e c h n i q u e  p o s s e s s  some u n d e s i r a b l e  f - ?a tu i*es  which have 

l i m i t e d  i t s  widesp read  u s e :  

(1) t h e  r ad ia l  d i s t r i b u t i o n  o f  s o l u t e  d o p a n t s  or 

n o n s t o i c h i o m e t r i c  components i s  nonuni form due  t o  

v a r i a t i o n s  I n  t h e  d i f f u s i o n  boundary l a y e r  

t h i c k n e s s  a t  t h e  f r e e z i n g  i n t e r f a c e  caused  by 

c o n v e c t i v e  f l o w s  i n  t h e  zone.  These  c o n v e c t i v e  

f l o w s  a r i s e  from t h e r m a l  c o n v e c t i o n ,  t h e  r o t a t i o n  

cf t h e  s o l i d  end members r e q u i r e d  t o  p r o v i d e  

r a d i a l  t e m p e r a t u r e  u n i f o r m i t y  and t h e  p r e s e n c e  

of e l e c t r o m a g n e t i c  s t i r r i n g  i n  t h e  case of AF - 
h e a t e d  zones .  
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( 2 )  t h e  d l s l o c a t l o n  d e n s i t y  can  be  very  h i g h  becaus  

of t h e  l a r g e  t empera tu re  g r a d i e n t s  r e q u i r e d  t o  

c o n t r o l  t h e  shape and p o s i t i o n  of t h e  c r y s t a l - m e l t  

i n t e r f a c e .  

( 3 )  t h e  c r y s t a l - m e l t  i n t e r f a c e  c u r v a t u r e  I s  q u i t e  o f t e n  

convex I n t o  t h e  melt  s o  t ha t ,  f o r  c e r t a i n  o r i e n t a t i o n s  

i n  semiconductor  c r y s t a l s ,  i n t e r f a c e  f a c e t s  a r e  

a l lowed t o  deve lop  which c a u s e  a b r u p t  changes  i n  

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

of t h e  growing c r y s t a l .  

Some of t h e s e  f e a t u r e s  can  be  c o n t r o l l e d  by a m o d i f i c a t i o n  

o f  t h e  f l o a t i n g  zone method c a l l e d  t h e  p e d e s t a l  t e c n n l q u e  

where t h e  growing c r y s t a l  and cha rge  f e e d  r o d  are o f  unequal  

d i a m e t e r s  and are  n o t  a x i a l l y  a l i g n e d .  T=hsze changes a l l o w  

d i f f e r e n t  h e a t e r  d e s i g n s  t o  be  used which p o s s e s s  ax i a l  a s  

w e l l  a s  r ad ia l  components t o  t h e  t e m p s r a t u r e  g r a d i e n t s  

around t h e  l i q u i d .  I n  a d d i t i m  n o n a x i a l  c o n v e c t i o n  a p p e a r s  

t o  produce more r a d t a l l y  uniform d i f f u s i o n  boundary l a y e r s .  

The use  of a z e r o - g r a v i t y  enviTonrdent r e m w e s  

some o f  t h e  c o n s t r a i n t s  imposed on t h e  d lmens ions  o f  f l o a t i n g  

zones,  e l i m i n a t e s  the rma l  convec t ion  and a l l o w s  more e x t e n s i v e  

geori ie t r ical  m o d i f i c a t i o n s  t h a n  p e r m i t t e d  on ea r th .  S t u d i e s  

o f  f l o a t i n g  l i q u i d  zones have a l r e a d y  been performed or, 

e a r t h  I n  a P l a t e a u  s i m u l a t i o n  sys tem where one t r a n s p a r e n t  

l i q u i d  i s  suspended i n s i d e  a n o t h e r  w i t h  which i t  i s  
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immisc ib l e  b u t  e q u a l  i n  d e n s i t y .  (I2 D’3) 

f i n d i n g s  were r e p o r t  ed : 

Thc f o l l o w i n g  

(1) The m a x i m u m  s t a b l e ,  amax, of s t a t i c  c y l i n d r i c a l  

l i q u i d  z o n e s  i n  z e r o - g r a v i t y  i s  e q u a l  t o  t h e  I 

c i r c u m f e r e n c e .  Fo r  c o n i c a l  s h a p e s  t h e  maximum 

s t a b l e  l e n g t h  i s  kmax = 2n[R,-(R,-Rs)2]1’2 2 where 

R L  a n d  Rs a r e  t h e  r a d i i  o f  t h e  l a r g e  a n d  small 

s o l i d  e n d  members r e s p e c t i v e l y .  

( 2 )  The maximum s t a b l e  l e n g t h  o f  r o t a t i n g  c y l i n d r i c a l  

l i q u i d  z o n e s  is l e s s  t h a n  t h e  c i r c u m f e r e n c e  by 

t h e  f a c t o r  n[l+pR3n2/o]-1’2 where p i s  t h e  d e n s i t y ,  

$2 is t h e  r o t a t i o n  r a t e ,  CJ i s  t h e  s u r f a c e  t e n s i o n  

and  n is a n  i n t e g e r  which v a r i e s  w i t h  t h e  u n s t a b l e  

mode. T h i s  f a c t o r  h a s  b e e n  t h e o r e t i c a l l y  p r e d i c t e d  

f o r  a x l s y m m e t r i c  i n s : a b i l i t l e s  o f  u n i f o r m l y  r o t a t i n g  

c y l i n d r i c a l  z o n e s .  However i n  t h e  s 1 m l ; l a t l o n  model, 

t h e  l i q u i d - l i q u i d  i n t e r f a c e  d i d  n o t  r o t a t e  a t  a 

u n i f o r m  a n g u l a r  v t . l o c i t y  so  t h a t  t h e  e x p e r i m e n t a l  

r e s u l t s  v a r i e d  b e t w e e n  n = 1 for s h o r t  z o n e  l e n g t h s  

and  n = 2 f o r  l o n g  zone  l e n g t h s .  The maximum s t a b l e  

l e n g t h s  f o r  c o n i c a l  and  s p h e r i c a l  z o n e  s h a p e s  i n  

t h i s  s i m u l a t i o n  model were a l s o  measured. 

(3) T h e  c o n v e c t l v e  f l o w  p a t t e r n s  i n  t h e  r o t a t i n g  l i q u i d  

z o n e s  o f  t h i s  model  a r e  i n f l u e n c e d  by t h e  d i f f e r e n t i a l  

r o t a t i o n  v e l o c i t i e s  b e t w e e n  t h e  s o l i d  e n d  members and  

t h e  l i q u i d - l i q u i d  i n t e r f a c e .  Under  t h e s e  c o n d i t i o n s  

J 
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a n d  t h e  c o n s t r a i n t s  of t h e  Taylor-Proudman theo rem,  

t h r e e  b a s i c a l l y  d i s t i n c t  flow regimes were i d e n t i f i e d  

and  v e l o c i t i e s  measured i n  t h e  r o t a t i n g  l i q u i d  zone .  

These  s t u d i e s  have  p r o v i d e d  t h e  b a s i s  on which t h e  p r e s e n t  

Sky lab  e x p e r i m e n t s  were d e s i g n e d .  However t h e  Plateau 

s i m u l a t i o n  model p o s s e s s e s  a n  i n h e r e n t  l i m i t a t i o n  i n  i t s  

a b i l i t y  t o  model a n  a c t u a l  l i q u i d  f l o a t i n g  zone i n  zero- 

g r a v i t y  b e c a u s e  of t h e  e x i s t e n c e  of a n  o u t e r  l i q u i d  s u r r o u n d i n g  

t h e  zone .  T h i s  l i q u i d  i n f l u e n c e s  t h e  r o t a t i o n a l  and v i b r a t f o n a l  

i n s t a b i l i t y  modes o f  t h e  zone and a l s o  t h e  form o f  t h e  f l o w  

p a t t e r n s  i n  t h e  zone.  C o n s e q u e n t l y  i m p o r t a n t  s i m i l a r - l t i e s  

as  wel l  as  d j f f e r e n c e s  a r e  e x p e c t e d  be tween t h e  b e h a v i o r  o f  

t h e  two sys t ems .  Such compar i sons  would make f u r t h e r  

e a r t h  s i m u l a t i o n  e x p e r i m e n t s  more m e a n i n g f u l .  

The e x p e r i m e n t s  r e p o r t e d  I n  t h i s  p a p e r  were 

ca r r i ed  o u t  t o  examine t h e  s t a b i l i t y  c o n s t r a i n t s  Imposed on 

t h e  l i q u i d  zone  In z e r o - g r a v i t y  so  t h a t  c r y s t a l  g rowth  and 

p u r i f i c a t i o n  p r o c e s s i n g  methods may b ?  deve loped  f o r  t h e  

p r e p a r a t ;  3n o f  r e a c t i v e  mater ia ls  i n  f u t u r e  Space  S h u t t l e  

L a b o r a t o r i e s .  

11. EXPERIMENTAL PROCEDURE 

The f l o a t i n g  zones  were d e p l o y e d  i n  t h e  a r r angemen t  

shown i n  F i g .  1 u s i n g  water a s  t h e  l i q u i d  for most e x p e r i m e n t s .  

The a p p a r a t u s  was c o n s t r u c t e d  w i t h  on-board equipment  and 

c o n s i s t e d  of s o c k e t  wrench e x t e n s i o n  r o d s  which were mounted 

i n  f o u r  camera mounts  so t h a t  t h e y  were f r e e  t o  r o t a t e  
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s m J o t k l y  a n d  c o u l d  b e  p o s i t i o n e d  a x i a l l y .  The e n d s  o f  

t h e  s o c k e t  wrench  e x t e n s i o n s  were c o r e r e d  w i t h  7/8 i n c h  

d i a m e t e r  c i r c u l a r  aluminum d i s c s  by means o f  d o u b l e - c o a t e d  

m a s k i n g  t a p e .  The f r o n t  s u r f a c e s  of  t h e  d i s c s  were c o a t z d  

w i t h  g r e y  t a p e  w h i c h  h a d  b e e n  p r e v i o u s l y  t r e a t e d  by i n m e r s i o n  

In acetone so as  t o  r e d u c e  t h e  c o p t a c t  a n g l e  w i t h  water. 

D u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i a e n t s ,  t h e  o u t e r  e d g e s  of t h e  

d i s c s  were c o a t e d  w i t h  K r y t o x  oil t o  p r e v e n t  c a p i l l a r y  

w e t t i n g  of  t h e  water i n  t h a t  r e g i o n .  

R o t a t i o n  of t h e  z o x s  was p e r f o r m e d  m a n u a l l y  by 

f i rs t  w i n d i n g  t w i n e  a r o u n d  t h e  s o c k e t  w r e n c h  e x t e n s i o n s  a n a  

t h e n  w1,hdrawing a t  a u n i f o r m  r a t e .  E q u a l  i s o r o t a t l c n s  a n d  

c:untfr-r:t.ettnne WrrP cjht.2 i i i P i  by  at tachl i ;g  t k =  t!YL?? 

t o  a p i n c h  ba r  a n d  t h e n  w i t h d r a w i n g  t h e  p i n c h  ba r .  

The  l i q u i d  z o n e s  w e r ?  C c p l o y e d  from c a l i b r a t e d  

s y r i n g e s  so t h a t  o n e - h a l f  of t h e  t o t a l  volume r e q u i r e d  for 

e a c h  z o n e  l e n g t h  was p l a c e d  o n  each d i s c .  The zone  volumes  

for c y l i n d r i c a l  z o n e s  of c o ~ s t a n t  c : r c u l a r  c r o s s - s e c t i o n  

a re  shown i n  T a b l e  1. 

Zone Volume ( c m  3 1 Zone L e n g t h  ( i n )  

6 . 5 1 8  

20 2 

T a b l e  1. Zone D i m e n s i o n s  f o r  a C o n s t a n t  
Diameter o f  7 /8  i n c h .  

8 4 3  
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The z o n e s  werc formed by moving t h e  two d r o p s  t o g e t h e r  a n d  

t h e n  n o v l n g  t h e  d i s c s  a p a r t  t o  t h e  s p e c i f i e d  d i s t a n c e s .  

The t h e o r e t i c a l  maximum s t a t i c  z o n e  l e n g t h  f o r  a 7/8 i n c h  

d i a m e t e r  i s  2-3/4 i n c h . '  

T h e  v i b r a t i o n  c h a r a c t e r i s t i c s  of t h e  f l c a t i n g  

z o n e s  were i n v e s t i g a t e d  i n  l o n g i t u d i n a l  modes. 

The  e f f e c t s  of  i n c r e a s e d  v i s c o s i t y  were s t u d i e d  

by u s i n g  a foam o f  water ,  s o a p  s o l u t i o n  a n d  a i r  which  was 

made by vigorous s h a k i n g  of  t h e  m i x t u r e  i n  t h e  s y r i n g e  

before  depl.oyment . 
The v a r i o u s  e x p e r i m e n t s  were r e c o r d e d  o n  v i d e o t a p e  

w i t h  a t e l e v i s i o n  c a m e r a  f i t t e d  w i t h  a c l o s e - u p  zoom l e n s  

a n d  a v l e w l n g  m o n i t o r .  Measuremenks wei'e subsequei i t ly  

made on a t e l e v i s i o n  m o n i t o r  u s i n g  t h e  d i s c  diameter a n d  

t i m i n g  marke r s  o n  t h e  e x t e n s i o n  r o d s  f o r  r e f e r e n c e  p u r p o s e s .  

The t o t a l  frame time was 1/60 sec w h i l e  t h e  th ree  p r i m a r y  

c o l o r s  were t r a n s m i t t e d  s e q u e n t i a l l y  a t  s a m p l i n g  t imes of 

1 / 2 0  s e c  e a c h .   consequent;^ c v e n t , s  l a s t i n g  l o n g e r  t h a n  

1 6  m i l l i s e c o n d s  were v i s i b l e  and  c o u l d  b e  s t u d i e d  o n  a 

frame by frame b a s i s .  

I11 - EXPERIPiENTAL RESULTS 

1. S t a b i l i t y  o f  a S t a t i c  C y l i n d r i c a l  Zone .- 

The maximum s t a b l e  z o n e  l e n g t h  recorded was 2 .30  i n .  

and  was t h u s  i n  e x c e s s  o f  t h e  t h e o r e t i c a l  v a l u e  ( e q u a l  t o  t h e  

c i r c u m f e r e n c e )  f o r  a r i g h t  c i r c u l a r  c y l i n d e r .  However as  

c a n  be  s e e n  from F i g .  2 t h e  zone  s h a p e  has c h a n g e d  t o  t h a t  

of a n  u n d u l o i d  w i t h  ir c o n c o m i t a n t  enhancement  i n  s t a b i l l t y .  



2.  S t a b - l l i t y  -of ~~ R o t a t i n g  Zones 

I t  1s n e c e s s a r y  t o  h a v e  some i d e a  o f  t h e  t r a n s i e n t  

s p i n - u p  t i m e  r e q u i r e d  for t h e  l i q u i d  z o n e  t o  r e a c h  s t e a d y -  

s t a t e  r o t a t i o n  a f t e r  t h e  d i s c s  h a v e  s t a r t e d  t o  ro ta te .  

Momentum 1s t r a n s f e r r e d  t o  t h e  l i q u i d  a t  a s p e e d  of  [vn]  

cm/sec where  v 1s t h e  k 1 n . n a t l . c  v i s c o s i t y  a n d  Q is t n e  

r o t a t i o n  r a t e .  T h u s ,  if t h e  z o n e  l e n g t h  i s  E, t h e  s p i n - b p  

time i s  a p p r o x i m a t e l y :  

1/2 

A nurnbcr o f  o b s e r v a t 1 o r . s  were made o n  l s o r o t a t e d  z o n e s  u s i n g  

a i r  b u b b l e s  a n d  r o t a t i o n  i n d i c a t o r s .  T h e s e  r e s u l t s  were 

I n  aGreemen t  w i t h  E q .  (1) a n d  r a n g e  f r o m  s p i n - u p  t imes o r  

3 s e c  f o r  t h e  5/8 i n c h  z o n e  t o  20 s e c  f o r  t h e  2 I n c h  z o n e  

a t  r o t a t i o n  r a t e s  c l o s e  t o  t h e  maxlTum s t a b l e  v a l u e s .  T h e s e  

t imes  c o r r e s p o n d  t o  a b o u t  20 r e v o l u t i o n s  o f  t h e  d i s c s  for 

a l l  t h r e e  2or.e l e n g t h s .  The  a c t u a l  t i m e s  a v e r  w h i c h  t h e  

v a r i o u s  r o t a t i o n s  were p e r f o r m e d  r a n g e d  from 5 t o  15  s e c  

s o  t h a t  t h e  s h o r t e r  z o n e s  r e a c h e d  s t e a d y  s t a t e  w h l l e  t h e  

l o n g e s t  z o n e s  d i d  n o t .  T h i s  will b e  e v i d e n t  i n  t h e  r o t a t i o n a l  

s t a b i l i t y  r e s u l t s  t o  b e  p r e s e n t e d  n e x t .  

A t j p i z s l  r o t . a t l o n a 1  i n s t a b i l i t y  Is shown i n  

F i g .  3 f o r  a 1-3 /8  I n c h  z o n e  s u b j e c t e d  t o  a n  i s o r o t a t i o n  o f  

60  rpm. It  c a n  b e  s e e n  t h a t  t h e r e  a r e  two types of p e r t u r b a -  

t i o n s  p r e s e n t ;  t h e  a x i s y m m e t r i c  s h a p e  p e l - t u r b a t i o n s  o b s e r v e d  

p r e v i o u s l y  i n  t h e  P l a t . e a u  s i m u l e t l o n  e x p e r i m e n t 8  (13,141 
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t h e  nonaxisymmetr ic ,  C-shaped mode which has  n o t  been s e e n  

b e f o r e .  The r a d i a l  d e f l e c t i o n ,  AR, o f  t h e  zone c e n t e r  i n  

t h e  C-mode can  b e  found from a s i m p l e  f o r c e  b a l a n c e  t o  

be a p p r o x i m a t e l y  

2a AR * - 
pRIIR2 

where a i s  the'  s u r f a c e  t e n s i o n  of  w a t e r  (72 dynes / cm) ,  

D i s  t h e  d e n s i t y  o f  water, II i s  t h e  zofle l e n g t h  and  R i s  

t h e  zone r a d i u s .  The C-mode was e l i m i n a t e d  by i n c r e a s i n g  

t h e  v i s c o s i t y  of t h e  zcne  by u s l n g  a soap  z o l u t l o n - a i r  

emul s ion  made by v i g o r o u s  s h a k i n g  i n  a s y r i n g e .  T h i s  foam 

i s  shown i n  Fig. 4 a t  a r o t a t i o n  r a t e  o f  4 3  rpm and a zone 

l e n g t h  of 1-3/8 i n c h .  Thir ax i symmet r i c  u n s t a b l e  mode I s  

similar t o  that o b s e r v e d  i n  a l l  previous P 1 z t . e ~ ~  s l m i ~ l a t i i l i i  

e x p e r i m e n t s  (13y14) where a h i g h l y  v i s c o u s  zone c o n t a i n e d  

t h e  zone .  I t  s h o u l d  b e  n o t e d  t h a t  a x i a l  mi sa l ignmen t  o f  

t h e  two end d i s c s  is i m p o r t a n t  as  a s o u r c e  o f  s h a p e  

p e r t u r b a t i o n s  f o r  t h e  C-mode. However t h e  d e g r e e  of a l i g n -  

men'; w a s  t h e  same I n  t h e  s i m u l a t l o n  a5 i n  t h e  S k y l a b  e x p e r i -  

mer,Ls s i n c e  b o t h  were f i x e d  "by e y e " .  Hence t h e  v i s c o s i t y  

of t h e  l i q u i d  zone p l a y s  a n  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  

which s h a p e  p e r t u r b a t i o n s  w i l l  become u n s t a b l e .  Such a 
( 1 5 - 1 9 )  dependence has n o t  been p r e d i c t p d  b y  e x i s t i n g  t h e o r i e s  

of t h e  s t a b i l i t y  o f  r o t a t i n g  v i s c c u s  l i q u i d  c y l i n d r i c a l  zones .  

The r o t a t i o n  r a t e  da t a  a r e  compi led  i n  Fig. 5 

for v a r i o u s  zone l e n g t h s .  Because o f  e x p e r i m e n t a l  l i m i t a t i o n s ,  

e a c h  r o t a t i o n  v e l o c i t y  used  i s  g i v e n  as  a d a t a  p o i n t  which 

i n d i c a t e s  w h e t h e r  t h e  zone was s t a b l e  o r  u n s t a b l e  So t h a t  t i . \  
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t r u e  p o i n t  of i n s t a b i l i t y  l i e s  i n  between.  The two s o l i d  

c u r v e s  a r e  g i v e n  by t h e  t h e o r e t i c a l  i n s t a b i l i t y  l i m i t s  f o r  (15-18 1 

(a )  ax i symmet r i c  a z i m u t h a l  modes: 

( b )  nonaxisymmetr ic  p l a n a r  ((2-1 modes: 

It  c a n  b e  s e e n - f r o m  F i g .  5 t h a t  t h e  i s o r o t a t i o n  d a t a  were 

i n  good agreement  w i t h  c a s e  ( a )  d e s p i t e  t h e  p r e s e n c e  of t h e  

C-node. The  d e v i a t i o n  o f  t h e  2 i n c h  zone da t a  I s  expec ted  

becauss.? t h e  l i q u i d  zones  r o t a t i o n  r a t e  have  n o t  a c h i e v e d  

s t eady- s t a t e  v a l u e s .  The  data  f o r  s i n g l e  and c o u n t e r -  

r o t a t i o n  e x p e r i m e n t s  a p p e a r  t o  f i t  c a s e  ( b )  more c l o s e l y .  

The reascnc  f o r  t h e s e  d i f f e r e n c e s  are not uflders tnod at 

p r e s e n t  and  ? r e  b e i n g  examined f u r t h e r .  

The Sky lab  l s o r o t a t i o n  da ta  shown i n  Fig. 5 a r e  

i n  t h e  same g e n e r a l  r a n g e  as t h e  P l a t e a u  s i m u l a t i o n  da ta  

( see  F i g .  4 i n  R e f .  ( 1 4 ) ) .  Consequen t ly ,  d e s p i t e  t h e  

d i f f e r e n t  boundary c c n d i t i o n s  on t h e  zone s u r f a c e ,  t h e  

s t a b i l i t y  c r i t e r i a  a r e  q u i t e  s imi l a r  i n  t h e  two c a s e s .  

3 .  V i b r a t i o n  Behavior  o f  L i q u i d  Zones 

The  r e s p o n s e  o f  t h e  c y l i n d r i c a l  l i q u i d  zone 

s u r f a c e  t o  l o n g i t u d i n a l  v i b r a t i o n s  o f  t h e  end d i s c s  I s  

shown I n  F i g .  6 for a 2 i n c h  zone.  The  s t a n d i n g  waves 

shown i n  F i g .  6 o c c u r r e d  when t h e  d i s c  o s c i l l a t i o n  f r e q u e n c y  

c o i n c i d e d  w i t h  a r e e o n a n t  f r e q u e n c y  oi' t h e  s u r f a c e .  When 

s t a n d i n g  waves were produced ,  t h e r e  was no t r a n s f e r  of 
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l i q u i d  from one  wave r e g i o n  t o  a n o t h e r  i n s i d e  t h e  zone .  

The r e s o n a n t  f r e q u e n c i e s  of s u c h  c a p i l l a r y  waves have  

been  d e t e r m i n e d  by Lamb (20)  t o  be:  
~ 

( 5 )  3 1/% f a ~ 2 ~ ~ 3 ~ 1 2  

These  f r e q u e n c i e s  a re  shown a s  s o l i d  c u r v e s  i n  F i g .  7 

t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .  It c a n  be  

s e e n  t h a t  ag reemen t  w i t h  t h e o r y  I s  a d e q u a t e  o n l y  f o r  small 

zone l e n g t h s  and  t h a t  f o r  zones  l o n g e r  t h a n  L = nR, t h e  

r e s o n a n t  f r e q u e n c y  a c t u a l l y  i n c r e a s e s  w i t h  zone l e n g t h .  

The r e a s o n  f o r  t h i s  b e h a v i o r  I s  n o t  p r e s e n t l y  u n d e r s t o o d  

b u t  i t  may  be  a s s o c i a t e d  w i t h  v i s c o u s  e n e r g y  d i s s i p a t i o n  

I V .  IMPClCATIONS FOR THE USE OF FLOATING-ZONES -~ I N  
SPACE PROCESSING 

T h e r e  are  a number o f  r e q u i r e m e n t s  imposed upon 

t h e  s h a p e  and s t a b i l i t y  o f  l i q u i d  f l o a t i n g  zones  f o r  u s e  i n  

m a t e r i a l s  p r o c e s s i n g .  "he most i m p o r t s n t  c o n s i d e r a t i o n s  

a re  t h e  c o n t r o l s  r e q u i r e d  f o r  t h e  u n i d i r e c t i o n a l  f r e e z i n g  

of t h e  mol t en  l i q u i d :  

( i )  t h e  zone volume arAd men i scus  s h a p e  a t  t h e  i n t e r f a c e s  

m u s t  be  h e l d  c o n s t a n t  I n  o r d e r  t o  c o n t r o l  t h e  

d ; z l c n s i o n s  o f  t h e  f r c c z i n g  s o l i d  a s  wel?  a s  t o  

e l i m i n a t e  u n c o n t r o l l e d  f l u i d  f l o w ;  

(Ii) t h e  hea t e r  p o s i t i o n  and t mperature p r o f i l e s  m u s t  

produce t h e  c o r r e c t  s o l i d i f i c a t i o n  i n t e r f a c e  shape  

and move it r e p r o d u c i b l y  and  smoo th ly ;  
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( i l l )  t h e  i o n c  sur ! ’acc  must be s t a b l e  w l t h  r e s p e c t  t o  

surface t c r i s l o n  t n s t a b l l l t l e s  u n d e r  b o t h  s t a t i c  

a n d  r o t a t i n g  c o n d i t i o n s .  Spills of  t h e  z o n e  

r e p r e s c n t  a s a f e t y  h a z a r d  which  must  b e  c o n s i d e r e d ;  

(lv) t h e  c o m p o s i t i o n  o f  t h e  z o n e  may r e q u l ? e  c o n t r o l  by 

t h e  i n t r o d u c t i o r  of more t h a n  o n e  m e l t i n g  s o l i d  

i n t o  t h e  z o n e  or b y  vapor-melt .  mass t r a n s f e r .  

The o b j e c t i v e s  o f  t e m p e r a t u r e  u n i f o r m i t y ,  I n t e r f a c e  

s h a p e  c o n t r o l  arid l l q u i d  z o n e  m i x i n g  c a n  a l l  b e  achieved  

t h r o u g h  t h e  u s e  o f  d i f f e r e n t i a l  r o t a t i o n  of t h e  z o n e .  The  

r o t a t i o n  c o n d i t i o n s  f o r  s u r f a c e  s t a b i l i t y  may be  estimated 

f r o m  F i g .  5 and  E q .  ( 3 ) .  F o r  most m o l t e n  materials, 

P/U 2 4 ~ 1 0 - ~  s e c  

t h e  o r d e r  o f  1 . 6  I T R ,  t h e n  t h e  r e q u i r e m e n t  is R 3 n 2  < 1 4 0  c m 3  sec  

I n  a n y  e v e n t  t h e  C-mode i s  h i g h l y  u n d e s i r a b l e  b e c a u s e  v e r y  

low r o t a t i o n  r a t e s  will s u s t a i n  t h e  mode o n c e  it is i n i t i a t e d  

a n d  a l s o  b e c a u s e  t h e  d e c a y  r a t e s  a r e  v e r y  l o n g  - of t h e  

o r d e r  o f  3 0  to f.0 s e 2 .  

(14 1 

2 3  cn , s o  t h a t  when t h e  z o n e  l e n g t h  is  o f  
- 2  . 

The  v i b r a t i o n  b e h a v l o r  of f l o a t i n g  z o n e s  r e q u i r e s  

t h a t  f r e q u e n c i e s  of t h e  o r d e r  o f  t h o s e  for r e s o n a n t  c a p i l l a r y  

waves (1 t o  1 0  Hz) ( E q .  ( 5 )  and  F i g .  7 )  s h o u l d  b e  a v o i d e d .  

A l t h o u g h  t r a n s v e r s e  a n d  t o r s i o n a l  v i b r a t i o n  modes were n o t  

i n v e s t i g a t e d  h e r e ,  t h e  r e s o n a n t  o s c i l l a t i o n  f r e q u e n c i e s  a r e  

o f  t h e  same o r d e r  o f  m a g n i t u d e .  T h u s ,  v i b r a t i o n  i s o l a t i o n  

o v e r  t h e  r a n g e  1 t o  10  Hz would p r o b a b l y  be a d e q u a t e  for most 

c o nd i t i o n s  . 
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(a)  

FLOATING 
ZONE 

/ I  1 8" EXTENSION 
TAPE 
STRIP (2)  

\ I 12" EXTENSION 

4'' E~TENSION 13" PINCH BAR 
C \ 

F I G U R E  1. SCHEMATIC I L L U S T R A T I I N  O F  THE EXPWIMENTAL 
SET-UP FOR L I Q U I D  FLOATING ZONE S T U D I E S  ON 
S L - I V  (a) P E R S P E C T I V E  VIEW OF A P P A R A F X  
AND CAMERA ARMNGEMENT (b) D E T A I L S  SHOWING 
TLOATING ZONE P O S I T I O N  APT, ROTATION C A P A B I L I T Y .  

I 
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F I G U R E  2 .  UNDULOID ZONE SHAPE CREATED BY E R E N S I O N  OF 
THE ZONE LEXGTH B E Y O W  A VALUE E Q U A L  TO THE 

CIRCULAR C I R C U F F E R E N C E .  

F I G U R E  3 .  NONAXIAL I N S T A B I L I T Y  (C-MODE) OF A ROTATINC 
LIQUID ZONE - ZONE LENSTH 1-3/8 I N C H E S ,  
ISOROTATTON RATE - 60 P.P?I. 
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F I G U X E  4 .  A Y I S Y X C T R I C  I N S T A B I L I T Y  OF A ROTATING ZONE 
O F  FOAM (LU AIR-SOAP S O L U T I O N  X1;YTURE) - ZONE 
LENGTH l-jia INCHES, I S O R O T A T I G N  %iTE 43, R X .  

ROTATIONAL STABILITY DATA 

I _ _  I I ~ 

I 0 102 103 
f12 R3 cm3sec-2 

F I G U R E  5. ROTATIONAI,  S T A B I L I T Y  DATA FOR VARIOUS 
ZONE LENGTHS. S O L I D  CURVES ARE T H E  
T H E O R E T I C A L  S T A 3 I L I T Y  T.IHITS FOR (a) 
AXISYMMETRIC MODES, ( b j  N O N A X I A L  MODES. 
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FIGURE 6. VIBRATION BEHAVIOR OF A 2-INCH ZONE 
SUBJECTED TO LONGITUDINAL OSCILLATIONS 
GF THE RIGHT-HAND DISC AT A RESONANT 
FREQUENCY O F  THE SURFACE CAPILLARY WAVES. 

I .. 

1 LONGITUUIFJAL M;)DES 

t I I I I I 
0 0.4 0.8 I .2 1.G 2 .o < 

P i i n )  

FIGURE 7 .  RESONANT FREQUEFICIES O F  VARIOUS ZOLX 
LENGTHS SUBJECTED TO LONGITUDINAL 
OSCILLATIONS OF A?l EM) D I S C .  S O L I D  
CURVES ARE THEORETICAL. 
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LOW-Cft\VITY DISI'ERSION OF SOLIDS IN LIQUID hlETALS 

S. Kayc and J. Raat* 
General r rynmics /Convai r  Aerospace Division 

San Diego, California 92112 

SU R.1 h l4RY 

A number of space processes ,  particularly the preparation of various types of 
composite mater ia ls ,  involve mix+:res of liquid metals  and solid par t ic les .  
predominant problems associated ivith t h e  attainment of s u c h  mixtures  a r e  (1) free 
dispersion of the sol ids ,  possible only i f  they a r e  perfectly "wetted" by the liquid, and 
(2) mixture stability. The resu l t s  oi related experimental  investigations and theoreti-  
cal studies a r e  the subject of the present  paper.  

The two 

The investigations of t h e  wetting charac te r i s t ics  a re  based on a new approach, 
which r e c u p i z c s  ::la: :hc csz7:cnti ;!la1 co,izept of *.vsctti>,:: is valid only i n  a three-phase 
system (solid-liquid-gas) and \\.hich postulates that most  gas-free tw.o-phnse sys te r rs  
(solid-liquid) exhibit perfect  wetting. Initial experiments indicated that a high-vacuum 
environment ( rex i i ly  available ill space) is not sufficient for the removal oi  the gases  
adhering to the solid and liquid surfaces .  It was fur ther  found that the removal of 
adsorbed gases  i s  enhanced by thermal  surface agitation. 
of a new processing technique capable of a complete removal of gases and other  con- 
taminants from the mater ia l  su r f aces ,  thus generating t h e  conditions for  \vetting and 
d i s i x ~ ~ - ~ i u n  i n  coniwonl!~ n o n - \ r . c , l t i i i L :  i xa t c r id s .  
elemenis) of the technique a r e  (1) a high-vacuum enkironment,  (Z) a thermal  cycle to 
a t e m p e r a h r e  substantially above the melting point and (3) mechanical agitation of the 
mater ta ls .  This  technique can be considered a s  a significant advance i n  liquid-state 
processing for  space as well a s  t e r r e s t r i a l  applications. 

This  led to  the development 

The csscntinl  fca.hires (processing 

Furtherrr,ore. an investigation i s  made of graL-ity-induced segregation of solid 
reinforcements in liquid mat r ices  such a s  molten mcts l s  a t  o r b i t d  g-levels. Using 
dimensional arp,mer.ts, it is sh3u.n that, for a given shapz of the solid reinforcements,  
all segregation resu l t s  can be correlated in t e r m s  of two dimensionless parameters :  

-_ - . * 
Paper  presented by - J. R a t  
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til? Reynolds number and a suitably defined segregation numbcr (X), which consists 
of known quantities only and includes the gravitational acceleration Thus, corre- 
lation curves for different reinforcement shapes can be developed 0. the bz=ic of a 
limitcd n u m b r  of selective segregation experiments on earth,  using transparent 
matrices. These curves can in turn be used to predict orbital segregation ratcs in 
nontransparent matriccs such as liquid metals. 

A numbcr of segregation experiments were carr ied out lt-ith slender cylindrical 
fibers. The results indicated that (1) during Segregation the filwrs assume a stable 
horizontal position and (2) the effect of the frce end faces  on t h e  fiber drag becomes 
negligible (so that the fibcrs behave a s  i f  they were infinitely long) for slenderness 
ratios in excess of at  least  20, depending on N. 
segregation i n  liquid metals might require slenderness ratios 3s high a s  50 for t h e  
fibers to be regarded a s  infinitely long. For those cases where the end effects a r e  
indved negliKiblc, a simple correlation foimula i s  derived, bnsctl on the Lamb-Oseen 
cxprcssion for the drag of iniinitc cylinders. This formula is cspected to yield neayly 
esact predictions of orbital segregation rates  for sufficiently slender fibers. 'The 
estimates might be sometvhat conservative, however, for fibers nith slenderness 
ratios much less  than 50 .  

V a l u e s  of ?j pertaining to orbital 

Finally, an analysis i s  made of the segregation effect of the centrifugal force 
0 1 1  suspeniii.d psi?ic:ej iii 9 rotating Iicjiiid. PGtZiy nictions ii,~:,. 5~ n ~ t t ~ i p a : e G  is 2 
number of orbital mising processes. In order  to arr ive ?t quantitative r emi t s .  the 
particles a r e  considered to be spheric.d and the liquid matrix motion i s  represented 
by a simple scjlution to the equations of motion governinc the time-dependent rotary 
flow in an infinite circular cylinder at rest. hhxinium drifting is found to occur at  
one-third of the cylinder radius. A criterion is derived at which psrticle drifting i s  
unimportant on the time scale of decay of the matrix motion, sa that the original 
dispersion remains essentially undisturbed. To first approximation, the results a r e  
r x ; ~ c + c d  to remain v:ilid f o r  s u s p t ~ n d c d  solids of 3 inore gzenernl shape. 
we may expect the drifting criterion to be useful with regard to fiber dispersions 
as well. 

In particular, 

INTRODUCTION 

The sthbility of liquid-solid miAtures postulated for the zero-gravity enriron- 
mcnt offers t h e  potentinl of producing composite m'iterials by liquid-state processing, 
unfi2asible i n  the one-g en\ironment because even small  density differences bettveen 
the component materials may lead to rapid segregation. Liquid-state processing i s  
of particular interest f o r  metal-matrix composites since m e t d s  exhibit a n  abrupt 
transition from the solid to the liquid state at  the melting point. 
softening range and intermediate viscosity levels, \!*hich \roulrl permit a seqrcsation- 
f ree  dispersion o f  solid rcinforcrments, limit the preparatic 1 of i i i : , t . i l - i i . i > f -  <-om- 
posites on earth to solid-state tc-cnniques with a n a r r x v  range of mLttcrid choices 

The absence of a 
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and product characteristics. 
materials and proccssing c.oriilitions. .resulting in a grentcr varicty of product capa- 
btlitica and applic-at ions. :\s I S  to bc cywctcd,  the grcatcr number of vnriablcs is 
aesociatcd with a grcatcr nuiiilwr of problcms. The rcqEircments and problems 
encountered in the l iquid-s ta te  processing of composites in a low-gravity envtron- 
ment can be groupcd into four major categories: 

Liquid-state processing offers a wider selectton of 

Material Charactct-istics 

1. Physic;il mntcr id  properties 
2. Chemical compatibility 

- Proccssinx Charact cxristics 

The first  cn t cgoq  is prini:irily conccrncd with thosc properties of matrix and 
reinforcement nis t i . r i ; i lx  !\hi ( '11 i!t,t r-:-niinc tlic c:ip:ibiIity of thc 1-nd product, such as 
strength. It rcprcscnts the first criterion for the sclcction of the component materi- 

i s  based on entf-produc*t con(iitions, integrating all pot-rltial cffccts of the thermal 
cycle of liquid processing. Thc chemical compatibility (2) refcrs  to potential re- 
actions between matris anti rcinforcement niatcrials during the high-temperature 
cgcle. 
a controllahlc intcrfacc i-i,action inny generate a gradual change of properties and, 
consequently, improved intt.rf;ict' bond strength. In Imth cases, the evaluation of 
materials employs cst:il)lishi.d thcorcticnl and cxperimcntd proccdures and data. 
contrnst, thc rcni;iinir?< I 
zero-g erlvironmcnt, cdiiiig for the dcvt-!opn:cnt of new thc0rctic.d concepts and 
processing t c c hn  i quc s . 

nis  for a spt-cific < a i i i i > G s ; i i ' .  1-l:~. : i ~ . - : c > ~ ~ ! ! ~ t : n i  o f  t h e  i i id iy i&id  mztpr id  properties 

Chemical reactivity clocs not necessarily eliminate a pair of materials because 

In 
( . . i t , * K o r i c , s  :ire uniquc to licpid-statc proccssing and t h e  

The condition of f r w  mol)ility of the sf,lid particles in thc liquid exists only i f  
the solids arc fully \vcttcvl  I)? the> liquid, since otherwise the solids tend to ngglomcr- 
ate o r  a r e  entircly r c ~ c c t ~ ~ l  I)? tliv liquid. 
for liquid-stntc proct-.ssirdC :is \ v c l l  :is for thc gcncrntion of n satisfactory bond between 
rcinforcc'nicnts anti m.it r1 \ r i l . t i i i  s o I i ( i i  ! i r . i t ion.  l'nfoi-tunatc.ly, practically nll dcsiral~le 
reinforcement materials, such :is oxides and carbidrs,  a r e  not wetted by liquid metals. 
Extensive efforts u ~ r c ,  thc.rc*forc, niadc to overcome this impasse. 
retical and expci-imcntd ~ o r k  r!ll led to the  conclusion that thc commonly used 
concept of wetting, i n  \thic.h tlw \\c,tt;ibility is e1Fressrd by the contact angle, i s  valid 
only for the thrcc-ph:isc (so)id-litpid-gns) system; it \vas further postulated that in a 
two-phase (solid-liquid) system most niatcri.ds arc mutually wetting. 
Investigations provc d t h c  corrcctncss of this concept. 

Complete wvtting i s ,  therefore. m.z,ciatory 

Earlier theo- 

E.xpcrimen:al 
The primc problem in i ts  

. 
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I practical application w a s  the complete elimination of the g3s phase. This cannot be 
achieved solely by 3 high vacuum environment, because it i s  unable to remove 
completely the gases and other contaminants adhering to the solid surfaces. The 
successful dcvclopment of a new techniqw for thr? cstablishnicnt of clean liquid and 
d i d  surface conditions and for the achievement of weiting of commonly noE-wetting 
materials is discussed in the section on immersion of fibers in liquid metals. 

i 

The ideal structure of the conccrncd compositcs i s  characterized by a uniform 
dlsperslon of reinforccmcnts in the matrix. It i s ,  therefore, of fundaincntal im- 
portance to define thc conditions necessary for the achievcmcnt of a uniform dispersion 
o r ,  more accuratc\ly, to establish relationships and data for thc quantitative asscss- 
ment of the effect of all involved variables upon the behavior of the liquid-solid mixture. 
The ultimate objective i s  the dctrrminaiion of the maximum g-lcvcl at which a uniform 
dispersion can be established and maintained for a given se t  of variablcs such as 
density difference of the componcnt materials, niatris viscosity, rciiiforccnicnt s ize ,  
reinforcement confikwration and processing time. Thc results of the concc>rned theo- 
retical studies and t h e  gcneration of data for the quantitative asscssmcnt of the 
segregation ot solids are the subject of the sections on gravity-induced fiber scgrcga- 
tior. and centrifugzl drifting. 
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IMMERSION OF FIRERS IN LIQUID METALS 

This section descr ibes  the development of a new technique for  the dispers ion 
of high-strength reinforcements  in metals  to produce composi te  mater ia ls .  
developed pr imari ly  for space applications, the technique holds considerable  promise  
for t e r r e s t r i a l  applications as  well. 

While 

ThecFti&Considcntions.  

Examples a r e  the a t tmct ion  of gases  toward solids (adsorption) o r  liquids 

Because force fields extend beyond the boundary 
sur face  of liquids o r  solitls, extraneous mat te r  tcnds to become attached to tkc s u r -  
face. 
and solids toward sol ids  (adhesion). If n solid i s  left unprotected, i t s  sur facc  usually 
becomes quickly coated with a film of gas and other  conlamimnts .  Fo r  cxaniplri, 
Giacver  [I]  siinply exposed freshly evaporated aluminum film to  a i r  for a few minutes 
to  prcpflre a 30 I’.ngstroni insuht ion  layer  so as  to obtain the necessary  insulatcd 
junction device in his  i nvcs t i a t ions  of tunncling phenomena in :upcrcondwtors. 

Althnugh any quantitative t reatment  of the interfacial  forces  poses considcr-  
able  difficultics, n l n r g c  amount of cmpiricnl information has  been dc\.clopcd. 

Thc ~ ? L . L  - 8 :  ;td:L~^s;i~:: cf 2 !!quid to  n solid niny bc calculntcd n s  t h e  slim of 
the work perfomled in genent i r .g  one unit nrcn of liquid sur face  ancl onc unit nre3 
of solid surface minus the  original liquid-solid interface cnergy (F igure  1). 
resul t  may be expressed by Duprb’s equation 121, 

The 

and v where y 
solid-liquid inl;?rfnces, respectively. The difference y - can in  many cases 
be expressed in  n imsurable  quantities 
solid (F igure  2).  
the drop  periphery requi rcs  that, 

a r e  the sc r f ace  tensions nt the solid-vapor, liquid-vnpor and sv.’ ye se 
s\: y G q  

considcrinfi a l iquid drop  rest ing on the 
According to Young [3], the equilibrium of the forces  acting a t  

Elimi IL? t i ng the im mea si; n bl e quanti t i es  y and ysa  f rom Eqs. (1) ancl (2 )  we fin::, s v  

w = y  (1+?0S8) c 2 y  (3) sa av  1 V  
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T h e  quantity 2y 
Thus, Eq. (3) skvs thrit the  contact angle 8 is determined by the refative magni- 
tudes of adhesion of the liquid to  thc solid (w 1 and cohesion of the liquid to i tself  

S.? 
(w ). The condition for  spreading of the liquid on the solid (0 = 0 )  may then be a- 
pressed  as, 

m y  be set equal to  the work of liquid cohesion \v (F igure  3). t 

Le 

w - w  2 0  
se ai 

the d i f fc rcncc  on the left-hind s ide  being somet imes  r e fe r r ed  to as  the spreading 
coefiicient of the liquid on the solid. 

A p i r t  f rom thc! difficulties involved in measuring c c n h c t  angles,  the foregoing 
relntions a r c  s t r ic t ly  valid for  c l a n  solid surfnccs  and uncontaminated liquids. Thesc  
conditions ra re ly ,  if ever ,  prevail  on e n r t h  F o r  instnnce, when the purc  solid- 
vapor interface,  shonn in Figure I ,  adsorbs  a contaminant, i t s  sur face  energy i s  
lowcred such that, 

where v 
the contziinimnt. It i s  evident from Eqs. (1) and ( 4 )  that  by lowering IY 
kminan t  tcnds to prevent spreading of the liquid on the solid. + Sufficiently high 
values of y 

is the su r i ace  energy of the pure sulid and i. is thc sprzz?di?g encrm~v r! -1 uf 
so C the  con- s ;  ' 

will invalidate inequal iv  (4) o r  even causc dcwetting. 
C 

It is of interest  to  note that the meniscus of mercury  in  a g l a s s  contniner can 
be clnngetl from convex to convave through extended boiling [3], hTking out [.I] o r  
pro1onp-I c1cctric:il d i sch i rge  151. 
l ayer  of :I fntty substance on a glass  plate is sufficient to chulge the c o n h c t  angle of 
i n t e r  on the plate. 

Langriuir  (61 shnn.cd that n onc-molecule thick 

A f reshly produced sur face  o r  an  ideally clenn surface in  vacuum is actually 
chemically :ncl/or physically r c i c t ive  to a high dcgree bccausc it tends to loiver i t s  
sur facc  energ:: by adsorbing gases  o r  vapors  that satisfy the s t ruc tu re  o r  force  
field. 
sntumtcd n p o r  pressure 171, the adsorption layer becoming incrzasingly t.hick a s  the 
sntumtcd v:ip)or p r e s s u r e  is approached. 

Adsorption is mono-molecular up to a vapor p re s su re  of about one-fifth the 

The  free sur face  energy of solids ranges from s e v e n 1  hundred to a few 
thousand crgs per  cni' [SI a s  shown in Table I. 

+With regard to cor,tnminnnts, the  operations of the wetting tcchniquc discussed bc- 
- - -~ 

low, justify the assumption of an  unchanging value for y 
k!V' 

... 
8 6 2  
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Table I. Free Surface Energy of Solids in Vacuum 

Material- _ _  - 

Mica 
Glass  
Titanium Carbide (1100" C) 
Alumina, A1203 (1-2000°C) 
Lime, C a O  (0°K) 
Silvcr  
Sodium 
Sodium Chloridc 
Potassiuni Cllloiidc 
Sodium Dromidc 

i 24 -54 00 
1210 
1200 

7-1100 
650-1000 
800 
170 
150-190 
160-175 
11 3-1 75 

Gencrally the highcr melting:, Imrder mater ia l s  (which also tend to have  n grcn tc r  
modclus of ehs t i c i ty )  possess thc highest f r c ~  s:irf;icv cncrgirs .  
kinds of niatcr ia ls  \\.hich pi-,>v;de rcinforccmcnt p rq ic r t i c s  fnr ivcnkcr and sof tc r  
me?:ils o r  a!!o;;s. !t -.XIS ~ ~ * n ~ ? ! i ~ v h i I c  thcrcforc  to n t t cmpt  to  protiucc such rcinforccd 
metals  by csploiting thc surfncc cncipy phcnonicnn discussed i n  thc  prcecriing ~ ~ L Y I -  

graphs.  
inforccmcnt n1nteri:ils with n high frce surfncc energy, so thqt incqunlity (4) i s  
satisfied. 

Thcsc nrc the 

SFccificnlly, thc propnscd \vrtting tcrhniquc invulvcs uncontnminntcd rc- 

Experimcntnl Xlntcrinls. The cr i te r ia  for  sclccting thc matr ix  mctnl wcrc  
a s  folIows: 

1. Suitable melting tcmpcrnturc  
2. Good w ct t i ng c h? rn c t e r i s t ic s 
3. Availability 
4. cost 
5. Pract ical i ty  

Ea r l i e r  experiments such ns thnsc prcpnrcd for Apollo 14 cmplc -. =.d n matrix of a 
low melting nlloy ( I n - 1 3 i )  I>ccnus;c it p~~s>t~sscvl  :I cr-~nvc~nic~nt niclting tcnipernturr.  
Iron, nickcl o r  copper  mctnl and rcllo>-s iin1.c ;I niclti!?:: tcnipcrnture which is nthcr 
high for  ronvcnicnt Inborntory manipulation. 
was aluminum and its a11oy3. 
exccssivc melting point and a rc  incxpcnsivc. 
alloys are wcll l a n u n .  

A satisfactory compromise thcrcforc  

'Thc propcrt ics  of aluminum and i t s  
Thcsc  a r c  in common usc, have an  clevatcd but not 

This  f m t u r c  is ralunblc for comparat ive nicnsiircnicnts. 
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The c r i t e r i a  for  the selection of reinforcements werc: 

1. Suihble physical propert ies  
2. hlininium dcgractztion effects 
3. Availnbi 1 ity 
4. c o s t  

Filaments, whiskers, chopped wires  and par t ic les  were considered. The mater ia l s ,  
which wil l  be dcscribed here are pyrolJ-tic graphi te  f ibers  ( 3  inm long), derived from 
K o r e a  wool, Saphikon chopped sapphire fibers, alumin? p?rticles, chopped silicon 
carbide filaments .md chopped tungsten wire. 
tested o r  rejected for various reasons such a s  availability, compatibility, cos t ,  re- 
activity, dun.;ity, niclting point, etc. C r x i b l e s  used in tlic prepamtion were niade 
of vitrcous carbon. 

Other mater ia l s  were Considered, 

A p m n t u s .  The apparatus is shown i n  I-igurc 1. The configuration perniits 
the immcrsion nf thc various rcinforcemcnts ir: thc aluminum niatrix in a high 1-3.ca~1ii. 
The mniponcnts are a hea t - r e s i s th t  quartz  o r  Vycor  vacuuni ch?mber  located in the 
centcr  of :is induction lvat ing coil. ?'he aluminum matrix inctn1 in thc fomi of cui, 
wi re  o r  s a n n  pieces o f  ingot \';ere placed together with thc chopped reinforcement 
mater ia l  into a \ i t rcous  carbon crucible. which also servcd as a susceptor. 
tion was achieved tvith a manual s t i r r e r  of tungsten ivirc  h a vacuum fed- through 
fitting. Sample tempcrntures  were mcasured ivith an optical pyrometer  by viewing 
directly through the quartz or \'?.cor tube. Pressures were monitored by 2 suitable 
vacuum gnge. An additional argon supply sys tem fur ther  provided for  pre-vacuum 
flushing nnd for  the cshbl i shment  of an  iner t  atmosphcrc, if dcsirdd. 

Agitn- 

E x p c r i m a l  Proccdlire. The following s teps  xerc  ca r r i ed  out to obtain the 
rc i n fo IT ctl m v t :I I iim I ri s : 

1. Cutting the reinforcements Lo s i ze  (L/D > 10). 

2. Cutting the aluminrm matrix to  s i ze  from wire  o r  ingots. 

3. Clcaning the mater ia ls  in solvent and acid. 

1. l'lacing the cor,ihincd mctnl rind rc>inforccmcnts in n vit rcous carbon 
crucible and inserting i t  into the vacuum apparatus. 

5. Exchnging  the inner atmosphere of n i r  witn argon by evacuating and 
purging to atmospheric pressure  three o r  more  times. 
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6. Evacuating to a pressure of lo4  to 10 mm Hg for 1/2 to 3 hours. 

7. Heating to the melting point of aluminum and stirring a t  rising tem- 
perature until immersion occurs. 

8. Cooling in the inert atmosphere. 

9. Sectioning and evaluating the product. 

a s c u s s i o n  and Results. The goal in developing the procedure was to achieve 

This was accomplished by using all of the following techniques: 
a pure hvo-phase system with no interfacial contaminmts from either the metal o r  
the reinforcements. 

1. Cleaning metal matrix and reinforcements. 

2. Substituting argon for air. 

3. Evacuating to low pressrire. 

4. Sputtering conhini,z?nts from the surface in a glow discharge. 

6. Stirring 

The first  step is not required for bulk material and macroscopic reinforcements 
because the t o h l  surface to volume ratio is small; the contaminants a r e  easily 
removed by the subsequent steps in the procedure. 

Argon,  an inert gas, is less readily adsorbed t h n  oxygen on most surfaces. 
Also, any oxygen present reacts with the aluminum matrix o r  some of the rein- 
forcements to produce a troublesome amount of an extra phase. 

Low pressure is necessary to reduce the equilibrium amount of material ad- 
sorbed on the material surfaces. The lower the pressure,  the less adsorption occurs. 
This is a l so  true for chemisorption at  aluminum and carbon surfaces a t  higher tem- 
peratures. 

Maintaining the system f o r  a period of time in a glow discharge, subjects 
the surfaces to ion and electron bombardmen;. 
adsorbed materials from the surface. 

This causes a detachment of many 

A l l  physical 3dsorption decreases with temperature. Many oxides also de- 
compose at  elevated Lemperatures. 
with other materials of low vapor pressure. 

Organic materials decompose and volatilize 
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[ k a t  mclts thc aluminum, increases its mobility, lotvcrs thc surtacc tension 
and viscosity and thus provides sonditions allott?ng thc mctal to suxround and adhcrc 
to ttlc clcan surface of thC rcinforccmcnts. 

Stirring i s  nccessary to break up the conklminnnts ;ind scrub them from the 
surfaces. I t  a lso produccs iniimate contact between thc liquid  ictal and the re- 
inforccnicnts. Disturbing the surface of the met31 disrupts tlic orientation of atoms . 
a t  thc Liquid surface,  \\.liicli itlay form a ncttvork strong cnough to prcvcnt any m c t d  
evaporation. 

vacuum chamber. 
somctimcs nppcars a filni of osidc crystals floating on the xluminum. 
t d s  gradu,dly disappe:ir. I t  i s  not certain ivhc thcr  thcy dcconiposc or arc \vetted 
and bccuinc iitinicrscd iii ttic mclt. 
scanrung clcctron microscope technique.; is still uiidcr study. 

Obscmation shows that wetting and immcrsion of the rcinforcenicnts 
. procccds rapidly only ivhcn vapors of duniinuni arc dcpositcd on t h c  wall of t h c  

Observations siioiv d s o  that d tc r  v*ctting L~kes  placc, thcrc 
These C ~ S -  

The distinction bchvc1c.n ;\1.,03 and ;\I by - 

Photoniicx cgraplis of sections of the p r w ~ ~ t s  ubtni I I L  i! . I  1.c' shown in Figurcs 
5 through 3. 

Tlic nlu n i  i nu i i i  -1 i i : i~  s tc 11 cu  11: 1 ~ ) s  i t  c ( I.' i y  rc 5) s ho\vs csccllcnt wet t i  ng and 
dispc)r.sion. 
rcmninitcr t ins  rcac tc~l  cuiiiplctcly ivitli thc duminu! i i  riintrix bccausc of thc pro- 

Figurc ti. Ynko\vitz' at  the Xationd Bureau of Standards has also andyzcd thcsc 
samples and proviilcd 3ddition.d descriptions of t h c  rcaction zones. 

I'nrt ut ti;(% mntcrixl is produced by dissolution of the s t i r r c r  and the 

iullgc.LI i jjiri-jiljii niil: i;\-ej-hcniiiig. T:ic ;;?:urp s! ; r r r - n t * r \ n  I \ ,,\ & , " I .  *>non & " * I C  :s U..".. c'nnit.n .. ir! 

The nccdlcs, which appear in all the photographs, arc tungsten whiskers 
with an aspect ratio of 30, rcsulting from thc tungstcn s t i r r e r .  This may i:.iply a 
uscful nictlicxl for thc prepnratioii of aluminum-tungsten wluskcr  composites. 

Esccllcnt \vetting nnd dispcrsion \vas nlso ol>Lril:,d in t k  duminu:n-s3pphire 
conipositc (L- ip re  7 ) .  It should be noted that a drop of aluminum on sapphire usual- 
l y  sho\vs not only a positi;*c contact anglc but one cscccding 90 tlcgrecs (i. c., no 
wctting). The h a r d c r  polishcd sapphire is clevntcd over  the softer aluminum in this 
met<dlurgical scction. According to evduation by hT3*, th,: intcx-fncc of the specimen 
is csccllcnt 3 r d  thc grain boundaries a r c  clcn n at  magnifications to 10,000s. 

U'ettinz and dispersion \\ere nlso achieved lv i th  d u n i i n n  particles of 15 ,md 
120 niicrons nvcrag:r dinmctcr. The dispcrsion of smnllcr particles w,zs not yct 
successful due to thc l n r g c  surface mc:t and the largc amount of adsorbed/trnppcd 
gases. 

* pr i \  n t c c o 111 I 1 i un  i c;~.  r i on 
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Figure H shows the c r o s s  section of the alurninuni-silicon carbide composite. 
Good dispersion and wetting i s  evident. 
s ive  reaction zones. 
silicon carbide. There  is also some  as yet  unidentified matcri;il in  the matr ix  grain 
boundaries. 

However, a c losc r  analysis showed cxten- 
The  tungsten present  seemed to h?vc 3 st rong nffinity for the 

, I  

Figure 9 shows tho aluminum-gAphite specinicn. IVhile wetting is obhined 
(as also evidenced by the wetting of the carbon crucible), t he re  was extensive re- 
action between the fibers and the aluminum. This may be 8 character is t ic  of the 
par t icular  carbon mater inl  used s ince  thcre  was no cvidcnce of reaction with the 
carbon crucible  even nftcr evtcnsive heating periods. 

F rom the resul ts  prcsentcd, i t  i s  evident th?t prccast  reinforced nictal 
composites c m  be mqde for space cuperimcnts. 
cessing of nintrr inls  contnining reinforcements capnlilc of providing new and un- 
usual properties. 
then consist of rcnielting the pre-casts, followed by agitation to obt nin uniform 
dispcrsio?s (guided by the c r i t e r i a  discussed in thc sections bcIo\v.) 

This nin! lend to thc spncc pro- 

The prcparntion of the final mater ia ls  n t  orbital g-levels \vould 

Becaure thc dcvcloped process  involves phcnomeni of n fundanientnl niture, 
:L  s h u r u  -..?,I I.,. ..-.,I. , , p , ,AAv~k! ! -  to 3 \vide mnp? of ccmposite mntcrinls, limitcd only by t h e  
. .  

compitibility of thc reinforcements with the 'nigh processing tcmpcrntures. 
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GRAVITY-INDUCED FIBER SEGREGATION 

c 

Calculation of the fluid-dynamical drag  of a part ic le  (of a rb i t r a ry  shape) in 
uniform motion through n liquid involves the following relevant dimensional quanti- 
ties: pzr t ic le  drag  (F), liquid density ( PA) ,  liquid dynamic viscosity { u), part ic le  
velocity (U), and a charac te r i s t ic  dimension of the p i r t ic le  (D). Application of 
dimensional analysis (Buckingbm's  pi-theorem) shows that the relationship between 
the foregoing five dimensional quantities can be expressed in t e r m s  of two dimension- 
less groups, 

= function (Re)  F 
2 2  

P i U  D 
(5) 

where R e  
kinematic visccsit;). 

UD/v is the Reynolds number of the motion ( v  = u/pQ being the liquid 

If the motion is due to gravity, the p r t i c l e  scgregntion velocity is determined 
by the cvact hilnnce betu-ren the d rag  F and the diffcr tnce bctwcen particle Iveight 
and buoyancy force, so  that, 

where p 
Elimimfing F from Eqs. (5)  and (6), we find, 

is the pqrticle mater ia l  density and g is the gravitational acceleration. 

2 
o r  mtiltiplyiiig hnth s ides  by R e  , 

3 
= function ( R e )  

ps  - 
2 

pi U 

f 

We define the follow-ing segregation number, which consis ts  of known quar,titirs onIy, 
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It then follows from Eq. (7) for the  Reynolds number  (which contains  the  unknown 
segregat ion velocity U) thqt, 

Rc = function (N! (9) 

4. (9) expresses a s i m i l a r i t y  law, which, f o r  a given par t ic le  s h p c ,  p e r m i t s  c o r -  
re la t ion of a11 experimental  segregpt ion r e s u l t s  in t e r m s  of the tivo parnnic te rs  Re 
and N only. 
the  Imsis of a l imited nunibcr of se lec t ive  scgrc jp t ion  cxper in i rn ts  on cnr th ,  using 
t ransparent  liquids. 
( o r b i h l )  segregat ion in non-trnnsparcnt m a t r i c e s  ~ u r h  ns mnlt tn  nictnls. 

Correlat ion c u n c s  for  different p r t i c l e  shnpcs  e:in k dcvelopcd on 

These cor rc la t ion  CUITCS cnn then be used to  predict  Imv-gnvi ty  

A number  of 1-g segregat ion exper iments  tverc rnrricd out i v i t h  cy l indr ic i l  
fibers of var ious mnter ia l s ,  d i n m e t e r s  :ind Icngtlzs in diffc~rrnt  liquids [!lJ. Thc fiber 
d i a m e t e r  i-arietl bctiveen 1 2 5  and 625 microns :  the slcndcr-ncss ( Icn~th- to-d ian ie tc r )  
r z t i c  rzqyd fr2r.i 5 to I N :  2 ~ 2  t he  ljq:!ic! !!:;m!??ic 1:iscnsit1: !.n!-icd hc.!\~ccin 1 2nd 110 
t i m e s  the value f o r  wntcr. Each f iber  \vas relcnsed in n horizontal  position ji.:st bc- 
low the surface of the liquid. The location of the f i b e r  n s  i t  wns  fnl!ing was recorded  
on 16" motion picture  film. The f i lms ivere evn1uatc.d in n dntn a n a l y z e r  and the 
m e a s u r e m e n t s  of Iccation and elapsed t ime tnbulated. 
veloci t ies  w e r e  determined.  
through the liquid. 
observed to a s s u m e  the i r  s t a b l e  horizontal  position dur ing  thc subscqurnt  motion. 

From thcsc  tlaL1 the  f iber  
The fiber position reninincd hoiizont.11 during the motion 

Af ter  any initial inclinntion froni thc horizontal ,  thc  f ibers  w e r e  

For  s lenderness  n t i o s  greater than approxim:ltc.ly 20 ,  nnd  S on t h c  o rdc r  of 

In th?t case the effect of thc free cnd faces  mi thc d r a g  becomes 
fIcnvc-,-er, in 

0.1 to 100, the  segregat ion velocity was genernl ly  found to be inclcpcndcnt of thc 
s lenderness  mtio.  
negligible S O  t h t  the cy l inders  behave n s  i f  they wcrc infinitel!. long. 
the exper iments  with highly viscous liquids, involving scgrcgnt ion numbers  on the  
o r d e r  of 0.001 to 0.01 (ivhich a r e  m o r e  charac te r i s t ic  of orbi ta l  scxrcgaticln),  
s lenderness  n t i o s  as high as 50 were required for thc s c g r c p t i o n  velocity to  bcconie 
indcpcndcnt af t h e  s lcndcrncss  ratio.  
segregat ion velocity v e r s u s  s l e n d e r n e s s  ratio.  

ITigurr 1 0  shtnvs tJ .pirnl  results in the form of 

I 

As long as  end effects a r e  negligible and the Reynolds number  i s  small. the  
drag f o r c e  p e r  unit length of the cyvlindcr can bc cnIcu1:itcd f rom the 1,:imb-Osccn 
formula [ lo ] ,  
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Eq. (10) becomes exact a s  Re-o  and yields accura te  drag  resu l t s  up to R e  z 1. 

The difference behveen cylinder weight and buoyancy force  per  unit Iength of 
the cylinder is, 

Eliminating F from Eqs. (10) and (ll),  we find, 

where N is the segregation number defined in Eq. (9 ) .  based on the cylinder diameter. 
Eq. (12) is plotted in Fig. 11 for  a n n g e  of values of N that includes orbital segregn- 
tion and is expected to  yield nearly exact predictioss up to X E  10 (Re 1: for  very 
s lender  fibers. A simple correlat ion of the experimental data listed in  Table I1 c3n 
be obtained a s  follows. Experimental d rag  data I l l ]  fo r  very  s lender  c i rcu lar  cylinders 
indicate thqt, within the n n g e  0.1 < R e  < 30, we may write, with good approximation, 

Log(l F2 ) = - 0 . 6 b g ( R e )  +1.1 

2 p i u  

F = 6.3 p U 2 D (Re)  -0. 6 
L 

Lliminating F from Eqs. (11) and (13). we find, 
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9.1  1 

13. 8 

0.92 

12.0 

17.5 

2.34 

Table IL Correlation of Fiber  Srgregation Vclocities in T e r m s  of 
Reynolds Sumbcr (Re) and Scgrcgntion Xumbcr ( N )  

. .  
U 

(cm/sec) 
L / D ~  20 ps 

. - ~~ -- 
2.65 

8.9 

19.3 

1.12 

Fiber  Liquid N 

- 
1.65 

7.9 

31.2 

155 

359 

19.3 

Boron Water 

Tungsten 

Nylon 

18.3 

0.12 
. .- . _ _  ~ 

Water + Boron i 1.4 

7. 6 

10 

1.0 

f?. 0 

7 . 2  

7. 53 

5 2 ,  8 

103 

1.18 

s. 9 7.33 

19-3 1 17 .1  
L 

P = 1 . 9  I 
1 

h’ater + 
75% 

G ly cer i  nc 
0 = 1 . 2  a 
LL = 27. 5 

I 

8.9 
I 

Copper  ; 

Tungsten , 
I 

2.2 

3.2 

0.22 

0.565 

0.122 

0.177 

0.116 

-- 

19.3  I 1 5 . 1  

Fluorolube 

= 1.3 

u. = 37 

0.335 

A l l  fibers have 3 di2meter of 0.123 mm, eucep: nylon 0.230 mm. 

Thc iiquicl tlcnsity t 
rolntive to w tc r .  

solid density p , 2nd liquid d y m m i c  viscosit;; u n r e  all  
2 ’  S 

. 
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(14) 
5/7 Re 1 0 . 2 3  N 

Eq. (14) i s  plotted tn Fig. 12 and compared with the utperiment?Ily determined 
segregation n t e s .  The agreement is genemlly satisfactory, the discrepancies  being 
a t  least  partly due to inaccuracies in the viscosity data. 

In actual space processes  aimed a t  producing reinforced metals ,  the f ibers  
may be a p e c t e d  to  have a diameter  on the o rde r  of 100 microns,  i. e . ,  roughly the 
x i m e  s i ze  as  investigated in the present  study (reinforced metals  for m o r e  delicate 
applications might require  the use of whiskers  with a d iameter  roughly 10 t imes 
smaller) .  
the simulation mat r ices ,  the principal difference in the numerical va!ue of the 
segregation number N between earth-bound and orbital p rocesses  i s  due to a re- 
duction of g down to  orbital levels (e. g. l o 4  t imes the t e r r e s t r i a l  value). 
pnc t i cn l  interest uould probably be pr imari ly  in f i b e r s  u.ith s lenderness  ra t io  
roughly between 1 0  and 50. Thus, the prediction of orbital segregation ra tes  accord- 
!ng to Eq, (12) micht be somewhit c o n s e r n t i v e  d u e  to  the effect of the free end faces  
(which would augment the fiber drag  and therefore decrease the segregation ratej, 
particularly for  the sho r t e r  fibers, 

The viscosities o i  liquid m e h l s  being \vithin the range of viscositfes of 

The 

CENTRIFI 'GA L DRI FTISG 

In this section we study the effect of the centrifugal force on suspended par- 
Segregation will cccur  whenever there  exis ts  a difference t ic les  in a rotating fluid. 

in material d m s i t y  between the par t ic les  and the fluid (grrnvity being assumed absent). 

For the sake of simplicity we  assume the par t ic les  to be spherical. Par t ic le  
coricentration, s ize  an3 relative velocity ~ J X ~  considered to be sufficiently s m a l l  so 
that we may assume that the basic fluid motion remains essentially unaffected by the 
presence of the particles. 

For the basic fluid motion w e  consider the time-dependent rotary motion of a 
viscous incom;.ressihie fluid cnntninei-l in .an infinite c i rcu lar  c y l i n d e r  n t  res t .  I t i s  fur- 
thermore  assumed that the f luid motion remains confined to  planes peroendicular to 
the cylinder axis. 
constant along concentric c i rc les  about the axis, i. e. , q = q(r, I), where r and t a r e  
!he radlal d i s k m e  and time, respectively. It can be shown [ l o ]  t h t  the equa- 
tion of motion in tangential direction is satisfied by elementary solutions of the 

Under these conditions the fluid velocity will be h rqen t i a l  and 
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I whcre n f 1 , 2 , 3 . .  . . . and J is thc Dcsscl function of thc f i r s t  kind of order unity; 
' 

thccr Is a r c  the zeros of J (!he f i r s t  th rcc  zcros bcing Q = 3 .83 ,  u3 = 7. 02 ,  

Q = 10.2) .  In thc prcscnt  problem, we choose the f i rs t  mode q (Fig. 13) ns a rcp- 
3 1 

rescntat ive basic fluid motion, i .  e. 

n 1 1 - 

whciw q is the m:lximum iriiti:il fll.id velocity, loc.atcd ;it r/n = 0.47.  
m 

If \ve define the rc.lnxntim t imc T of the I l t i l t i  motion i s ( l I l i c i < t L i t  zi-bitrzr:i;;; 
a s  the t imc i rqui rcd  for the velocity clistril~ution to drop  off to 10 percent of its 
initial level,  we find, fioin Eq. ( I t ; ) ,  

so that, substituting Y = 3.83, 
1 

T = O . l F a  2 /v (1 8) 

In fact, thr f i r s t  modr  i n  Eq. (1.5) cshihits t h e  sloivcst d r c n y  (the cticfficicnt i n  
Eq. ( 1 3 )  being 0. 047 ami 0 .  022 for t h c  second and third m o d e ,  ;*cs;pcctively). 

'Gcncn l  solutions, satisfying a rb i t r a ry  initinl conditions, a rc  obhincd through 
1;ncar superposition of thr  clcnicntnry solutions i v i t h  thc coefficients :I 
to  those of the Fouricr-i3cssel cxplnsion of the initinl vc lwi ty  distribunon. 

set equal . 
L 
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Thc ccntrifugnl force on n particlc i s  F1 = mq /r where m I s  the  pnrtirlc: 
T ~ W  Ixirtirlc- n ~ s o  cxpc'ricnccs n Coriol is  krcc o f  m:ignitu(ic I:., = 2ml 'q/r ,  mnss. 

tvhcrc U i s  t h e  velocity of thc  p r t i e l c  re ln t ivc  t o  t h c  fluid (F,, and U. k i n g  pcrpcm- 
diculnr t o  each o ther ,  arc  both lying in  ;I plnnc normnl  t o  thc-axis of rotation). 
ever, F9/F - l'/q so that thc Coriol is  forcc niny bc d is regnrdcd  in vicw of o u r  
assunip(7on i l u t  the  rc4ativc motion is s l ight  con?pnrcci to  t h c  bas ic  motion. It i s  not 
difficult to sho\v that the p r t i c l i -  incrtia cffcct  tluc to the spat ia l  var ia t ion  of thc 
angular  vclocity o l  t h c  fluid (about the  a x i s  of rotation) niny then also be ncglccted. 
I ~ u r t h c ~ ~ i i o r e .  tlic p r t i c l c  inertir, f o r c e  duc  t o  tlic tcmpoi'nl vhrintion of nngulnr  
vclocity \vi11 bc s m n l l  compnrcd  to  thc ccntrifug:al f o r c e  i f  the timc requi red  for onc 
rotntion is siii:ill c o m l n r c d  to thc rclnx:rtion t i m e  of the fluid. 

How- 

T h e  prcssurc~ gr:itlicnt in thc f l ~ i d  is such  thqt it p rcc isc ly  bnianccs rht ccn- 
tr ifugnl f o r c e  cspcr icnccd  by the fluid p?r t ic lcs .  nccausc tlic suspcndcd sphere is 
nssunicd to ))t? s m n l l  conip:i rcd t o  the cyl indcr  radius ,  thc out\vard fnrcr on thc 
pqrt ic lc  due thc combined action of pressure gradient  :ind c c n t r i f u s l  cffcct mny be 
wri t tcn 3s  

where J and si arc  the  nintcrinl  dcnsi t ics  of the s p h e r e  and the  liquid respcctively: 
q ,and r n r c  "locnl" quant i t ics  (t?kcn nt the  c e n t c r  of the  sphere) .  

S 

According to o u r  q ~ ~ * i - s t c n d y  t rcahncnt  this o u t u a r d  force i s  a t  n l l  t i m e s  
IrtI .>nccul I ) \  thc  v i w o u s  S t o k r s  drag ,  lvhich g i v e s  the  follo\ving resu l t  f o r  the  instqn- 
t:i!,#t, ::. I . [ . !  i t i \ ' c ,  velocity o f  thc  splicrc 

2 R2 P - Pi 
2 

S e 
9 v Pa. r u = - -  - (19) 
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where q is given by Eq. (16). In order to simplify the subsequent calculations, the 
radial ve lwi ty  distribution may, with sufficient accuracy, be approximated by a 
parabola, Le. 

Using this approximation, substitution of Eq. (16) into Eq. (19) yields the following 
differential equation for the radial position of the particle, 

dz 2 - 7  - = 0. :2 /3 z (1 -z )  e 
d r  

where 

Eq. (21) can bc solved c-xactly through separation of the vnrinblcs. However, for  the 
present  purposes it suff ices  to consider  only a slight drifting. in which case  Eq. (21 )  
may, in the immediate vicinity of the oiiginnl particle position z , be fimplificd 3 s  
follows : 

0 

2 - T  
e 

zO) 
= 0.12 p z (1 - dz 

d7 0 
- 

with solution, 

(22) 
Z-z = 0.12 B z  (l-zo) 2 (I-e -7 1 

0 0 
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I 

Eq. (22) gives the  par t ic le  d r i f t  a s  a function of or iginal  posit ion and time. The 
function f (z ) = z (1-z )- is skctchcd in  Fig. 14. >Lwinium drif t ing orcurs a t  
z = 1/3 (ong-thir t  of ?he cyl indcr  radius) with f(1/3) = 4/27. 

9 

Eq. (22)  then g ivcs ,  
0 

(2-2 ) = 0.018 f l  (1-C- ' ) (23) m m  

The impor tance  of pnrt ic le  dr i f t ing on the t inic  s c a l e  of decay  of the basic fluid 
motion can now be cvaluntcd through subst i tut ion of t h e  relaxat ion t i m e  T into 
Eq. (23). Thus ,  according to Eq. (17) and t h c  definition of T, cxp ( -  T )  = 0. 01, so 
t h l t ,  

(24)  

-. i n c  rig%-;i:uid side o l  Eq. (24; iiiiist bc s i i i n l l  c\;n;y,,?rcd tn ::E!:!; fnr ~ n r t i c l r  <!riC~- 
ing to  be unimportant.  
with a pronounced conccntr:ition n c n r  t h e  cnntniner  ~ v r ~ l l .  
s ions  ~ 7 t h  nonuniformitics in t h r  :imount of n fciv percent  of the cy l inder  rad ius  
acceptable,  then, on the Insis of Eq. (24 ) ,  w e  arc led to the c r i t e r i o n ,  

Othcrivisc,  par t ic le  d i s p e r s i o n s  \vi11 cer ta in ly  lie. nonuniform 
I f  we c o n s i d e r  t i isper- 

for pclrticle dr i f t ing to bt  negligil>lc. 
size of the container ,  q 
n u m h r .  
particles, t o  f i r s t  npprosim:ition the!. nre expcctcd to rrm:iin vnlid for  p r t i r l p s  of n 
more  gcncrnl  s l n p e .  I;or instnncc,  l ve  may expect t h c  dr i f t ing c r i t e r i o n  to  be uscbf!ll 

with rcgnrd to f iber  d i spers ions  a s  i ve l l .  

Xote thnt this c r i t c r i o n  is indepcndcnt of thr 
R / U  k i n g  s imply t h e  maximum initial par t ic le  I le>nolds 

n1 
Furthermore, nlthougli thr foregoing conclusions were derived f o r  spher ica l  
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CGNCLUSION 

For the  successful preparat ion of composite mater ia l s  by liquid-state proces-  
sing in  low-g environments,  two requirements  are of fundamental significance: (1) the 
achievement of complete wetting between the component mater ia l s  during the liquid 
processing cycle and (2) the maintenance of a uniform dispersion. 

Based on the previously advamed postulation that most  mater ia l s  are mutually 
wetting in a gas-free two-phase sys tem (solid-liquid), a new technique was developed 
which prcduces complete \vetting between commonly non-wetting mater ia ls .  Wetting 
is a mandatory prerequis i te  for par t ic le  dispersion and for an effective interface bond 
upon solidification. The necessary  v m o v a l  of gases  and o ther  contaminants f rom the 
mater ia l  sc r faces  is achieved by a high vacuum environment, a thermal  cycle beyond 
the melting temperature  and mater ia l  agitation. ii%ilc pr imar i ly  developed for space 
processing, :he technique may also have significant applications in t e r r e s t r i a l  
mat e ri als product ion. 

Relationships estahlishetl for gra\ity-inducc.d and ccntrifugnl segregntion pro- 
vide reliable means for a sufficiently accurate  numerical  definition of segregation 

The most  significant application of the fiber segregation resu l t s  i s  the definition of the 
low-g level required to maintain adequate mi-xture stability for any set of mater ia l s  
and processing variables.  The theoretical  resu l t s  for centrifugal drifting nil1 fur thcr-  
more  be useful in the development of suitable mixing techniques, tvhich a t  least  i n  
some cases  a re  likely to involve ro ta ry  motions. 

, ~ 2 . t " ~  9~ the  ~ i ~ s o ~ ~ ~ . : r _ .  p:1! i . i c . i t *  t i i S p l ; ~ ~ c ~ f i i t : f i t  ~ i t h i i i  ttic !iqi;id-statc processin: ti!iie. 

The  authors are great ly  indebted to Dr .  W. H. S teurer  for h i s  valuable contributions 
and kind advice during the preparat ion of t h e  manuscript .  

This  work was par t ly  supported by NASA MSFC under contracts  NAS 8 - 2 i S C G  
(monitored by AIessrs. I .C. Y a k s ,  Jr. and F. J. Beyerle)  and NAS 8-296Sc? 
(monitored by RIr .  I. C. Yatcs,  Jr.). 
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OXIDE GLASS PROCESSING IN SPACE 

S p a c e  

BY 

R.A. Happe" 
D i v i s i o n ,  R c c k w e l l  I n t e r n a t i o n a l  
Downey, C a l i f o r n i a  90241 

and 

L.E. T o p o l  
S c i e n c e  C e n t e r ,  R o c k w e l l  I n t e r n a t i o n a l  

Thousand O a k s ,  C a l i f o r n i a  9 1 3 6 0  

S p a c e  n e l t i n g  o f  p o t e n t i a l  new g l a s s  f o r m e r s  h a s  t h e  a d v a n t a g e  t h a t  
KO s o l i d  c o n t a i n e r  o r  mold would  b e  r e q u i r e d .  The a b s e n c e  of s u c h  a mold  
wculd r e n o v e  t h e  p o s s i b i l i t y  of c o n t a m i n a t i o n  o f  n e l t s  ( e s p e c i a l l y  t h o s e  a t  
i i igh  t e - F e r a t u r e )  bv t h e  c o n t a i n e r  a n d ,  i n  a d d i t i o n ,  o n  c o o l i n g  would  o f f e r  
30 h e t e r o g e n o u s  nuc1ea : icn  s i t e s  f o r  c r y s t a l l i z a t i o n .  S e r ~  g l a s s e s  w i t h  
i n t e r e s t i n g  c o n b i n a t i o n s  o f  o p t i c a l  p r o p e r t i e s ,  e . g . ,  i n d e x  o f  r e f r a c t i o n  a n d  
d i s p e r s i v n ,  t:?en nigh: Sc p i o d i i c e d .  

.An a p p r o a c h  t o  c o n t a i n e r l e s s  n e l t i n g  i n  t h e  l a b o r a t o r y  h a s  b e e n  
s t u d i e d  f o r  t h e  p a s t  f e w  y e s i s .  V a r i o u s  o x i d z s  a n d  c o n b i n a t i o n s  o f  o x i d e s ,  
n o t  kno1.n t o  b e  g l a s s  f c r m e r s ,  were h o t  p r e s s e d  i n t o  r o d s  o f  a b o u t  1 / 8 - i n c h  
(:t 3)  d i a n e t e r .  The i n v e s t i g a t i o n s  w e r e  l i n i t e d  t o  o x i d e s  s i n c e  t h e y  h a v e  
p r e d i c t a b l e  p r o p e r t i e s  a n d  a re  s t a b l e  i n  a i r .  The r o d s  were r o t a t e d  i n  a 
h i g h - s ? e e d  d r i l l  n o t o r  a n d  a C@? l a s e r  b e a n  of  a b o u t  250-wat t  i n t e n s i t y  was 
f o c u s e d  on t h e  e n d  a n d  f a c e  o f  t h e  s p i n n i n g  r o d .  The small  m o l t e n  d r o p l e t s  
t!-,at were s p u n  o f f  :;ere a l l o w e d  t~ f r r t % - i a l l  cci.1. A D p r o s i z a t e l y  i o 0  
s?:.er:.:*s t..ts:1 c i  t:ie c c - . r , o s i t i o n s  t e s t e d  Were c o l l e c t e d .  T h e s e  r a n g e d  
irL??n cr~srallinr t o  c l e a l ,  szooth g l a s s  s p h e r u l e s .  Glasses o f  100 t o  800 
n ic rons  i n  d i a m e t e r  were f o r m e d  f rom a t  l e a s t  80 w e i g h t  p e r c e n t  o f  t h e  
o::i2es .i.':n3, Ga2O3, I n 2 0 3  , La2rj3, Z r 0 2 ,  Hf02, Sbz05 a n d  T a z 0 5  w i t h  20 or  
l e s s  v e i g h t  p e r c e n t  o f  C a O  + S i 0 2  a n d  f r o m  t h e  p u r e  l a n t h a n i d e  o x i d e s  La2O3, 
S c z O j ,  Y233 ,  Sc2O3, GdzOg,, YbzO3, a n d  LuzO3. 
r a p i d l y  ..n a i r  b.;t s t a b l e  g l a s s e s  were p r o d u c e d  f r o n  b i n a r y  La203 
c o n p o s i t i o n s  w i t h  2 5 ,  50 a n d  7 5  w e i g h t  p e r c e n t  o f  e a c h  of  t h e  o x i d e s  Y.703, 
Sb203, !;b:Oj and  Ta205 a n d  f r o n  t h e  t e r n a r v  c m p o s i t i o n s  40 v e i g h t  p e r c e c t  
L.i; i . i j  * :, w i c ? t  ? e r c e x t  C a O  + A0 weiEii t  p e r c e n t  ~ t . 2 0 3  o r  Ga203. The 

were 2 e a s u r r d .  !lany o f  t h e  g l a s s e s  p r o d u c e d  had  a r e f r a c t i v e  i n d e x  g r e a t e r  
t t iat  2.0 .  

The p u r e  La203 g l a s s  d e c o n p o s e d  

;- ,.....: I: e s  , - f  r e f r a i c i o : ]  cf a l l  tF.e g l a s s e s  dnd  t h e  Abbe n u m b e r s  o f  several  

To a t t e z p t  t o  p r o d u c e  l a r g e r  g l a s s  s a m p l e s  [ o f  l l h - i n c h  (6 TI) 
d i a x e t e r ] ,  a second a p p r o a c h  i s  b e i n g  t r i e d .  T h i s  c o n s i s t s  o f  t h e  u s e  o f  a 
v e r t i c a l  wind t u n n e l  t o  s u s p e i d  a s a m p l e  on a n  a i r  s t r ean  w h i l e  i t  is b e i n g  

*Pape r  p r e s e n t e d  b y  R .  A .  Happe.  



superheated and then cooled. A piece of the base oxide rod is fused to the 
tip of a 1- to 3-1r.n-dia.neizr fused silica probe with the laser beam. The 
base oxide is then melted completely with the laser while suspended in the 
air stream with the aid of the s i l i c a  probe. 
crystalline matter, does not appear to contribute nucleation sites. 

The probe, containing no 

Preliminary work has resulted in crack-free glasses of about 1/4-inch 
diameter being obtained repeatedly from 80-20 Ga20, - CaO and on one occasion 
from 50-50 Ls203-Nb205. Although glasses of the Ga20j - CaO composition have 
been reported previously, they were formed only in small sizes (about 1/50 of 
the present mass) and only thrcwgh the use of a fast water quench. 

888 



l1ll1l1111lll11l111l11lll I I I I 

INTKODUCTION 

The combina t ion  of c i r c u n s t a n c e s  a t t e n d i n g  m e l t i n g  i n  s p a c e  p resenLs  
t h e  p o s s i b l i t y  o f  making g l a s s e s  from s u b s t a n c e s  which t o  d a t e  have been 
observed o n l y  in t h e  c r y s t a l l i n e  c o n d i t i o n .  'The absence  of a need f o r  a 
s o l i d  c o n t a i n e r  d u r i r g  t h e  z e l t i n g  and s u p e r h e a t i n g  portiz;:: cf tho ?mu-  
f a c t u r i n g  c y c l e  p e r n i t s  c o n t a n i n a t i o n - f r e e  m e l t i n g ,  tlie o n l y  c o n t a c t  of tlie 
x e l t  w i t h  i t s  s u r r o u n d i n g s  bein;: a gaseous a tnosp i i e rc  o r ,  i f  s o  d e s i r e d ,  a 
vacuum. Thus i t  i s  p o s s i h l t x  L a  ~ t ? !  t ::it!;ouZ CGn:.2ZiiidtioiI iiially Iiigii m e l t i n g  
p o i n t  mater ia ls  t h a t  h e r e t o i . ~ r c  cou ld  not  be s u c c e s s f u l l y  mel ted because  o f  
r e a c t i o n  w i t h  t!ie ne1 t i : i c  ~ : t - : i &  i!)lc 7 d t e r i a l .  T h i s  advan tage  a l o n e  mi.ght 
pe rmi t  t h e  p r e p a r a t i o n  o f  :iw s u b s t a n c e s  a s  g l a s s e s  i f  t h e i r  v i s c o s i t y  i s  
s u f f i c i e n t l y  h i g h  t a  s ~ p p r c s s  c r y s t a l  growth on cool i r rg .  I n  a d d i t i o n ,  space  
n e l t i n g  p e r n i t s  c o o l i n g  w i t h o u t  r e q u i r i n g  t h e  u s e  of a s o l i d  n o i d .  Thus,  
zany of t h e  u s u a l  c r y s t a l  n u c l e a t i o n  s i tes  a re  e l i m i n a t e d .  Unless  a g i v e n  
m t e r i a l  can s p o n t a n e o u s l y  n u c l e a t e  on c o o l i n g ,  and t h i s  r e q u i r e s  t h a t  a 
n u c l e a t i o n  ene rgy  b a r r i e r  be surmounted, s u 2 e r - c o o l i a g  below t h e  normal 
F e l t i n g  p o i n t  w i l l  o c c u r .  I f  a s u f f i c i e n t  anount  o f  u n d e r c o o l i c g  is o b t a i n e d  
( i . e . ,  below t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e )  and i f  t h e  u n d e r c o o l i n g  is 
accoxpanied by a s u f f i c i e n t  i n c r e a s e  i n  v i s c o s i t y ,  c r y s t a l l i z a t i o n  w i l l  b e  
avoided e n t i r o - l y ,  anJ  g l a s s  w i i l  r e s u l t .  The s c n c q t  of g l a s smak ing  i n  
space is p a r t i c u l a r l y  i n t r i g u i n g  f o r  t h e  f o l l o w i n g  r e a s o n s :  

3 *: - - -  4 h q i i t . ;  t h ~ c  Cxides such 2s L ~ ~ c ? ~ ~  -cgqnC, 
L . J  

I. L I I C L , ~  is a StiGZg P O S S A ~ A  

xizO3, Y203, and sone of t h e  rare e a r t h  o x i d e s  can  be p r e p a r e d  a s  g l a s s e s  i n  
c o m e r c i a l l y  u s e f u l  s i z e d  s p h e r i c a l  b o u l e s  th rough  s p a c e  me1tir.g and c o o l i n g .  

2 .  Glasses produced from such  o x i d e s  o r  c c n b i n a t i o n s  o f  them w i t h  
o t h e r  o x i d e  a d d i t i o n s  shou ld  have o p t i c a l  p r o p e r t i e s  n o t  o b t a i p a b l e  in t h e  
c o n v e n t i o n a l  s i l i c a t e ,  b o r a t e ,  and phosphate-based g l a s s e s .  

3. The combinat ion of  o p t i c a l  p r o p e r t i e s  p r o j e c t e d  f o r  such  g l a s s e s  
should cake  t h e n  s u i t z b l e  f o r  use i n  advanced o p t i c a l  sys t ems .  

4 .  The s p h e r i c a l  shape  o f  g l a s s  b o u l e s  t h a t  would r e s u l t  n a t u r a l l y  
f r o n  space  p r o d u c t i o n  i s  q u i t e  s u i t a b l e  f o r  t h e  making o f  l e n s e s  and . 
windows. 

5 .  The p r o d u c t i o n  of g l a s s ,  g i v e n  a we l l - eng inee red  space  f a c i l i t y ,  
should be w e l l  w i t h i n  t h e  c a p a b i l i t i e s  of t h e  a s t r m a u t s  a f t e r  a s u i t a b l e  
b r i e f  t r a i n i n g  p e r i o d ,  t h e  more t e c h n i c a l l y  a n d / o r  s k i l l  o r i e n t e d  o p e r a t i o n s  
Seing p e r f o m e d  t e r r e s t r i a l l y  b e f o r e  and a f t e r  f l i g h t  o p e r a t i o n s .  

5. :I. w e l l - d i r e c t e d  r e s e a r c h  and development program l e a d i n g  t o  t h e  
p roduc t ion  o f  u s e f u l  space  g l a s s e s  shou ld  y i e l d  much v a l u a b l e  s c i e n t i f i c  
i n f o m a t i o n  on t h e  n a t u r e  of g l a s s  f o r m a t i o n ,  n u c l e a t i o n  t h c o r y ,  ezc. 

I t  i s  e n v i s i o n e d  t h a t  t h e  p r o c e s s  d e s c r i b e d  need n o t  be l i m i t e d  t o  o x i d e  g l a s s e s .  
Perhaps o t h e r  compounds such as  c a r b i d e s ,  n i t r i d e s ,  and c h a l c o g e n i d e s  w i l l  
u l t i n a t e l y  beocme p r o d u c i b l e  as g l a s s e s  by s p a c e  p r o c e s s i n g .  

889 



To d a t e  s t u d i e s  of space  g l a s s e s  have by c h o i c e  been c o n f i n e d  t o  
o x i d e  g l a s s e s  o n l y .  I t  is f e l t  t h a t  t h e  a p p l i c a t i o n s  for such  g l a s s e s  are 
more r e a d i l y  p r e d i c t a b l e  t h a n  f o r  t h e  o t h e r  matzrials,  and t h a t  many of t h e  
p r i n c i p l e s  t h a t  w i l l  e v o l v e  from a s t u d y  of o x i d e  g l a s s e s ,  which c a n  be 
me l t ed  i n  a i r ,  p e r m i t  a more d i r e c t  approach  to non-oxide materials i n  t h e  
f u t u r e .  

The p r e s e n t  pape r  g i v e s  t h e  h i g h l i g h t s  of e x p e r i m e n t a l  work  conducted 
over the pas: ch ree  y e a r s  l e a d i n g  t o  t h e  p r o d u c t i o n  of u s e f u l  new o p t i c a l  
g i a 3 s e s  in space .  
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EXP ER NENTAL WORK 

The e x p e r i m e n t a l  work performed t o  d a t e  ha2 been aimed a t  t h e  
u l t i m a t e  p r o d u c t i o n  of new o x i d e  g l a s s e s  f o r  u s e  i n  o p t i c a l  sys t ems  
f u n c t i o n i n g  i n  t h e  v i s i b l e  p o r t i o n  o f  t h e  spectrum. I n i t i a l  work u t i l i z e d  
a laser  s p i n - m e l t i n g  t e c h n i q u e  t o  produce 100- to 800-micron-diameter 
s p h e r u l e s  ui.der f r e e - f a l l  c o n d i t i o n c .  Nany c o m p o s i t i o n s  were p r e p a r e d  i n  
t h i s  manner and seven  p romis ing  compos i t ions  were s e l e c t e d  f o r  s c a l i n g  t o  
a l / 4 - i n c h  (6  m) s i z e  c a t e g o r y .  C u r r e n t  work employs t h e  C02 laser  f o r  
m e l t i n g  ene rgy  i n  an  a t t e m p t  t o  p r e p a r e  1 /4 - inch  (6 mm) e q u i v a l e n t  s p h e r i c a l  
d i a m e t e r  g l a s s  b o u l e s  which are  suspended on a v e r t i c a l  a i r  column d u r i n g  
m e l t i n g  and c o o l i n g .  The work b e i n g  conduc ted  c u r r e n t l y  w i l l  be  summarized 
a s  w i l l  t h e  e a r l i e r  s c r e e n i n g  s t u d i e s .  

RAT IOSALE 

An Abbe d i a g r a n ,  f a a i l i a r  t o  l e n s  d e s i g n e r s ,  i s  shown i n  F i g u r e  1. The 
i n d s i  of r e f r a c t i o n  i n  s o d i u x  D l i g h t  i s  p l o t t e d  on t h e  o r d i n a t e  and t h e  
Abbe number, an  i n v e r s e  measure of d i s p e r s i o n ,  i s  p l o t t e d  on t h e  a b s c i s s a .  
The h i g h e r  Abbe numbers t o  t h e  l e f t  of  t h e  diagram i n d i c a t e  a low d i s p e r s i o n  
( i . e . ,  a f l a t t e r  s l o p e  of t h e  i n c e x  v s .  wave leng th  c u r v e ) ,  and t h e  lower  
ALbe nunbprs  t o  t h e  r i g h t  o f  t t r  o i a g r a 2  have h i g h  d i s p e r s i o n ,  o r  a s t e e p e r  
index v s .  wavelength cu rve .  A p p r o s i x a t e l y  100 y e a r s  ago t h e  f l i n t  g l a s s e s  
were developed.  T h i s  p e r m i t t e d  tne d e s i g n i n g  o f  t h e  f i r s t  a c h r o m a t i c ,  o r  
cu ln i -cor rec te5  z s l ~ i - ~ ? e r ~ e i i ~  lecses. Responding t o  t h e  demands f o r  b e t t e r  
and b e t t e r  q u a l i t y  l e n s r s ,  t?ie o p t i c a l  g l a s s  i n d u s t r y  developed more gl&ses 
w i t h  p r o p e r t i e s  between t h o s e  of t h e  crown and f l i n t  g l a s s e s .  Nore r e c e n t l y  
g l a s s e s  have been developed t o  f i l l  o u t  t h e  area l a b e l e d ,  "commercial 
g l a s s e s " , *  i n  F igu re  1. 
l e f t  and many of  t h e  g l a s s e s  have v e r y  complex c o a p o s i t i o n s .  It shou ld  a l s o  
be no ted  t h a t  because  l e n s  d e s i g n  i s  a n  i t e r a t i v e  p r o c e s s ,  i s o l a t e d  g l a s s e s  
w i t h  unusua l  c o n b i r a t i o n s  of p r o p e r t i e s  are r a r e l y  o f  any v a l u e .  The l e n s  
d e s i g n  p r o c e s s  r e q u i r e s  t h a t  ma l l  s h i f t s  i n  o p t i c a l  p r o p e r t i e s  from t h o s e  
i n i t i a l l y  s e l e c t e d  be a v a i l a b l e .  

The t r e n d  h a s  been t o  push t h e  area up and t o  t h e  

I f  g l a s s e s  could b e  p repa red  f r o n  x i d e s  beyond t h e  reach o f  c u r r e n t  
t echno logy ,  t h e  area of u s e f u l  p r o p e r t i e s  c o u l d  be more t h a n  doubled as  is  
shown i n  t h e  area l a b l e d ,  " p o t e c t i a l  space  produced g l a s s e s " ,  i n  F i g u r e  1. 
I f  t h e  promise of space  p r o d u c t i o n  can be r e a l i z e d  by t h e  p r e p a r a t i o n  of 
s i - p l e  c o x p o s i t i o n s  w i t h  p r o p e r t i e s  f a l l i n g  rough ly  i n  t h e  c i r c l e s  marked 1, 
2 ,  and 3 ,  i t  shou ld  be p o s s i b l e  by combining t h e s e  c o m p o s i t i o n s ,  t o  f i l l  i n  
t h e  areas shown i n  t h e  f i g u r e .  Thus,  e f f o r t s  t o  da t e  have been l a r g e l y  
i!e.:rted t,. a t  t e - ? t s  t o  p r e p a r e  s i z p l e  c o n p o s i t i o n s  w i t h  g: d s s  p r o p e r t i e s  
f .:':--,: 7 . i  .~ -.:.: :i:: t : ; e   ret. ;irc'!t'i i n  F igu re  1. . .  . .  
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1 

2 

- - 
3 

Oxide 
- 

t 1 -n- r l l l v ,  

Ga205 
Gd2O3 

HfO? 
La203 
Lu203 

MgO 

s c  70 3 
XbzO5 

Sm203 
Ta205 
Ti02 

'2'3 
Yb203 
ZnO 

Zr02 
-___ 

-. . . - . ~ 

~1203, Ga2O3, MgO, KgAl234 (spinel) 

La203, Y203, Yb203, Gd203, Lu203, SC203, 
Sm2O3, Dy2O3, Nd2O3, Bi203, and PbO 

Xb2O5, Ta2O5, ZrO2, Hf02, Ti02, ZnO, Ce02 

- 

~ -- - _____. .. 

. ~. . . 

Approx. 
Xelting Point, 

C 

3070 
1800 
2330 

._-- 

2900 
2310 
High 

2850 
1490 
2405 

2350 
1870 
1845 

2410 
2250 
1970 

2690 
. -  

Approx. 
Boiling Point, 

C 

2980 - 
- 

-5400(?) 
4200 - 

3600 
._ 
- 

- 
> 2200 

- 

4300 
- 
- 

4300 

Rem n r k s 
. - . - .__ 

Hygroscopic 

Hygroscopic 

Loses 02 above 1900 C 

Note: All of the oxides are white or colorless 
-_ 

*As defined by the properties within the three circles of Figure 1. 
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A d d i t i o n a l l y ,  there.  is a n o t h e r  i m p o r t a n t  area o f  a p p l i c a t i o n  which 
t h e s e  g l a s s e s  might  f i l l .  Space p r o d u c t i o n  o f f e r s  an o p p o r t u n i t y  t o  p r e p a r e  
new f a m i l i e s  o f  g l a s s e s  f r e e  o f  t h e  u s u a l  b a s e  o x i d e s ,  S i 0 2 ,  B20 , and P205. 
Noncross-bred Classes shou ld  cpen p o s s i b i l i t i e s  f o r  t h e  l e n s  desqgne r  f o r  
c o r r e c t i n g  "secondary spectrum", 
more d e t a i l .  

R e f e r e n c e s  1 and 2 c o v e r  t h i s  s u b j e c t  i n  

Tab le  11, which h a s  been a b s t r a c t e d  from an  a p p l i c a t i o n s  s t u d y  
performed under  s u b c o n t r a c t  by t h e  Perkin-Elmer C o r p o r a t i o n ,  l ists some of 
t h e  s p e c i f i c  t y p e s  o f  sys t ems  where. space  g l a s s e s  might  f i n d  a p p l i c a t i o n s .  
The r e a d e r  is r e f e r r e d  t c  Appendix I of Refe rence  3 f o r  a comprehensive 
t r e a t m e n t  of a p p l i c a t i o n s  f o r  s p a c e  g l a s s e s .  

Tab le  11. P o t e n t i a l  A p p l i c a t i o n s  f o r  
Space-Produced Glasses 

Son-Imaging -~ 
Host materials f o r  1.06 micron lasers 
Raw ma te i i a l s  f o r  c o a t i n g s  

I n a g i n g  -- 
Zlulti-element l e n s e s  f o r  h i g h  numerical. a p e r t u r e  sys t ems  

?l icroscope o b j e c t i v e r  
Low i i g ' n t  l e v e l  : ~ n s c s  
Long f o c a l  l e n g t h  l e n s e s  

: . lult i-element l e q s e s  (Ligh n) 

A n a s t i g m a t i c  photo o b j e c L i v e s  
A p l a n a t s  
Lowei c u r v a t u r e  l e n s e s  

Zoom 
Spectroreters 
!.Ioqochro-ato s 
P o l a r i z i n g  microscopes 
Hrgh s p e e d ,  l a r g e  l e n s e s  

i-liqh n u a e r i z a l  a p e r t u r e  sys t ems  
021 immersion n i c r o s c q p e  o b j e c t i v e s  
F i b e r  o p t i c s  b u n d l e s  

~~ ~ 

S C R E E N I N G  STL2IES  

Glsse P r e p a r a t i v n  Techn iqu j s  

A 250-watt c o n t i n u o u s  wave CO2 l a s e r  (Node1 4 1 ,  Coherent  R a d i a t i o n  
L a b o r a t o r i e s ,  P a l 9  A l t o ,  C a l i f o r n i a )  o p e r a t i n g  a t  a wave leng th  o f  10.6 micro- 
-?ters* G I ~ S  u s e d  a s  t h e  h e a t  s o u r c e .  I n  t h e  e a r l y  e x p e r i m e n t s ,  c a r r i e d  c u t  a t  

i - - . - i  . ' <  %.f i :t<,;es'.. are oFaque  t o  t h i s  wave leng th .  . .  . . .  
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t h e  Sandia  L a b o r a t o r i e s ,  N a C 1  windows and a K C 1  l e n s  of  100 mm f o c a l  l e n g t h  
were u t i l i z e d .  I n  t h e  more r e c e n t  r u n s  made w i t h  a slnlilar laser a t  t h e  
Space D i v i s i o n  of  Rockwell I n t e r n a t i o n a l ,  g a l l i u m  a r s e n i d e  l e n s e s  of  6.35 
o r  12.7 c m  f o c a l  l e n g t h  were used. The beam was focused downward o n t o  t h e  
t a r g e t ,  t h e  end o f  a h o r i z o n t a l l y  p o s i t i o n e d  ceramic rod. 

The t e c h n i q u e  employed by Nelson, Skaggs and Richardson (Reference 4 )  
was used t o  produce t h e  g l a s s  s p h e r u l e s ;  t h i s  i n v o l v e s  r o t a t i n g  a ceramic rod 
a t  a known speed o f  8,000 t o  30,000 rpm w i t h  a high-speed d r i l l  motor.  The 
f a c e  and t i p  of t h e  s p i n n i n g  rod were then  in t roduced  i n t o  t h e  laser beam 
and molten d r o p l e t s  w e r e  spun o f f .  These v a r i e d  i n  s i z e  from abou t  1 0 0 p m  
t o  800 pm depending on t h e  material ,  t h e  speed of  r o t a t i o n ,  and t h e  l a s e r  
beam power d e n s i t y .  I n  t h e  p r e s e n t  s t u d y ,  a beam power o f  200 t o  300 w a t t s  
and s p i n  speed of 20,000 rpm u s u a l l y  gave an optimum y i e l d .  F igu re  2 is  a 
time exposure  showing a ceramic rod i n  t h e  proceFs of  b e i n g  spun under t h e  
l a s e r  beam a t  abou t  10,000 rpm. The traces of  t h e  e j e c t e d  molten d r o p l e t s  
a r e  c l e a r l y  v i s i b l e .  The s p h e r u l e s  were caugh t  i n  a l a r g e  funnel-shaped 
aluminum f o i l  hopper and c o l l e c t e d  i n  a s t a i n l e s s  s t e e l  t r a y .  The s p h e r u l e s  
were then  t r a n s f e r r e d  i n t o  small p l a s t i c  boxes and were examined 
m i c r o s c o p i c a l l y .  

Ifate r i a l  

Compositions t e s t e d  a r e  l i s t e d  i n  Tab les  111, I V ,  and V.  IJ i th  t h e  
excrpiion cjf th2 l an thena -con tn inbng  compcs i t i ons  o f  Table  V ,  a l l  of t h e  
compos i t ions  c o v t a i n e d  a t  l e a s t  80 weight  p e r c e n t  of  rrhe bass o x i d e .  Each 
composi t ion of s i n g l e  o r  mixed o x i d e s  of h igh  p u r i t y  w e r e  un i fo rmly  blended,  
t hen  h o t  p r e s s e d  and s i n t e r e d  i n t o  r o d s  2.5 t o  5 cm l o n g  by 0.3  c m  d i a m e t e r  
by t h e  Haselden Company, San J o s e ,  C a l i f o r n i a .  

Tab le  111. i ? e s u l t s  c f  Laser Mel t ing  Experiments 

H a j  o r  
:onst i t u e n t  

A1203 

894 

W t  % 
CaO 

0 
0 
0 
0 
0 
5 

10 
15 
20 

5 
10 

5 
10 

0 
5 

1 0  
15 
20 

0 
0 
0 
0 
5 
5 

1 0  
10 

~ 

W t  % G l a s s  
s i 0 2  Y i e l d ,  %* 

- 
1.728 
1 . 7 2 0  
1 .634 
1.629 

1.650 

1. b42 

- 
- 

- 
- 
- 

1.632 

- 
33 
36 
45 
39 

50 

38 

- 
- 
- 
- 
- 

37 
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Table 111. Results of Laser )felting Experiments (Continued) 

M a j o r  
Constituent 

u t  7: 
CaO 

0 
0 
0 
0 
5 

10 
5 

10 
2 0  

0 
0 
0 
0 
10 

10 
40 

0 
5 
10 
20  

0 
0 
5 

10 
0 

0 
5 
10 
2 0  

0 
0 

1 0  

0 E !  5 
J 

0 
5 
10 
1 5  

0 
20 

5 
5 

10 
1c) 

0 
0 
0 
0 
5 

10 
15 
3c 
5 

1 0  
5 

1 0  I 

15 
0 
0 
0 

20 
0 
5 
10 

5 
10 
15 
20 

C 
0 
0 
0 
5 
5 

10 
10 

Glass 
Yield, %* "D Abbe Number 
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Table 111. Resu l t s  of Laser Melting Experiments (Continued) 
- _ _  ~ _ _ _  

Wt % 
CaO 

0 
0 
0 
0 
0 
5 

10 
15 
20 

5 
10 
5 

1 0 

0 

0 

0 

0 
10 
20 

20 

0 

10 
10 
20 

0 
~. . _= 

w t 3 
si02 

0 
5 

10 
15  
20 

0 
0 
0 
0 
5 
5 

10 
10 

0 

0 

0 

0 
0 
0 

0 

0 

0 
0 
0 

0 
I_ 

*Average y i e l d  f o r  s e v e r a l  r u n s  
a .  ZnO added i n s t e a d  of C a O  
b. BaO added i n s t e a d  of CaO 

~ . .  - . -  

Glass 
Yie ld ,  %* 

0 
C l  
< 1  
< 1  
:1 
< I  
> 10 
< 1  
< 1  

< 1  
.r l  
>10 

0 

0 

0 

< 2  
< 1  
-10 

< 5  

0 

0 
0 
0 

0 

___ _. .- 

1-10 

- 

"D 
~~ 

- 
- 
- 

2.04 - 
- 

2 . 1 2  
2.05 
1.95 
2.07 
2.03 
2.05 
1.97 

- 

- 
- 

1.91 
1.852 
1.794 

1.98 (2.18) 

- 
- 
- 
- 
- 

25 
25 
25 
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Ill1 .. . . -.-- 

T a b l e  IV. R e s u l t s  of Laser X e l t i n g  E x p e r i m e n t s  - L a n t h a n i d e s  

- 
1 0  
20 

10 
20 
loa 

10 
20 

10 
20 

- 

- 

- 

- 
- 

10 
20 

Class 
Y i e l d ,  P! 

< 1  
0 
0 
10 

> 10 
< 10 
< 1  
-' 10 
c 13 
< 1  
> 10 
< I O  
< 2  
"10 
< l  
< 1  

0 
___. 

_ _  

"D 

1 .920  _- 
- 

1 .920  
1 .920(? )  
1 . 9 2 0 ( ? )  
1 . 9 ? 0 ( ? )  
2 . 1 2  
2.06 

2.09 
2 . 0 7  

1 .938 
1 . 5 3 3  
1 .920  

- 

- 

- 

I a .  Sa0 s u b s t i t u t e d  f o r  CaO 

T a b l e  V. R e s u l t s  of  Laser ? l e l t i n g  of La203 W i t h  O t h e r  G l a s s  Formers  

25 
50 
75 
35 
J O  
75 
25 
5 3  
75 
25 

Glass 
Y i e l d ,  "! "L' 

3 .1  
3 - 0 9  
2.10 
1.10 
2.09 
2.07 
2.18 
2 .70  
2.18 
7.18 
2 .13  
2 .16  
1 . 6 5  
1 A.9 

~ 

Abbe S u n b e r  

. 
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c)pt i c n l  P r o p e r t i e s  
I__- 

The o p t i c a l  p r o p e r t i e s  shown i n  T a b l e v  IiI, I V ,  a n d  V were m e a s u r e d ,  
:i:;itig t e c h n i q u e s  w h i c h  were d e s c r i b e d  i n  d e t a i l  i n  R e f e r e n c e s  5 ,  6 ,  o r  7 .  
. \ lhe n u m b e r s  c o u l d  b e  o b t a i n e d  f o r  o n l y  a f e w  c o m p o s i t i o n s  a n d  t h e s e  s h o u l d  
he v t e w e d  "cum g r n n o  s a l i s "  b e c a u s e  t h e  r e f r a c t i v e  i n d i c e s  c o u l d  b e  m e a s u r e d  
t(- 110 nore t h a n  t w o  f i g u r e s  t o  t h e  r i g h c  o f  t h e  d e c i m a l  in s u c h  smal l  
.;a:;lp 1 e s . 

A p p r o x i m a t e l y  o n e  h u n d r e d  s p h e r u l e s  o f  e a c h  o f  t h e  c o m p o s i t i o n s  t e s t e d  
' e r 2  c o l l e c t e d .  A l a r g e  v a r i e t y  o f  s a m p l e s  was o b t a i n e d  r a n g i n g  f r o m  t h o s e  
i i h i c h  vere o L v i o u s l y  c r y s t a l l i n e  t o  c l e a r ,  s m o o t h  s p h e r u l e s .  The c l ea r ,  
- p i i e r i c a l  ( o r  e l l i p s o i d a l  i n  o n e  s y s t e m ) ,  s m o o t h - s u r f a c e d  s p e c i m e n s  were 
i n v a r i a b l y  g l a s s .  Clear s p h e r u l e s  w i t h  a f a i r l y  s m o o t h  s u r f a c e  h a v i n g  some 
i r r e g u l a r i t i e s  g e n e r a l l y  h a d  a g l a s s  i n t e r i o r  a n d  a c r y s t a l l i n e  s u r f a c e .  
I r ~ 3 n s ; u c e n t  s p h e r u l e s  were, g e n e r a l l y ,  v e r y  f i n e l y  c r y s t a l l i n e  a n d  r e s e m b l e d  

. i  f i n e l y  d e v i t r i f i e d  g l a s s  i n  t h e  m i c r o s c o p e .  S p e c i m e n s  w h i c h  had  non-  
, ;> t ; t ! r i ca l ,  i r r e g u l a r  o r  l u n p y  s u r f a c e s  were g e n e r a l l y  c r y s t a l l i n e .  

F i g u r e s  3 t h r o u g h  5 show f o u r  of t h e  c o m p ' o s i t i o n s  t h a t  y i e l d e d  l a r g e  
f r a c t i o n s  o f  g l a s s .  F i g u r e  3 i s  i l l u s t r a t i v e  o f  t h e  v a r i e t y  of t e x t u r e s  
c h t a i n e d  w i t h  a s a m p l e  w h e r e  a l a r g e  f r a c t i o n  o f  g l a s s  s p h e r u l e s  were 
: - : - ~ ~ : i i ~ e J .  The t e x t u r e s  o f  t h e  s p h e r u l e s  r a n g e  from c l e a r ,  s s o o t h  g l a s s  t o  
:silky, t r a n s l u c e n t  m i c r o - c r y s t a l l i n e ,  t o  a p a q u e  w h i t e ,  f i n e - g r a i n e d  
c r y s t a l l i n e  t o  r e l a t i v e l v  c o a r s e - g r a i n e d ,  t r a n s l u c e n t  c r y s t a l l i n e  lumpy 
... I c:.. ,c *l- ,.-,. -r3-n- mi-A-  --L. ..---. _ - . . _ + - A  c - -  -: L.. 
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. i n a l y s i s .  The c o m p o s i t i o n s  were u n i f o r m  w i t h i n  a n y  g i v e n  s p h e r e  w i t n i n  t h e  
p r e c i s i o n  o f  t h e  m i c r o p r o b e  a n a l y s i s  a n d  t h e  l a r g e s t  d i f f e r e n c e  b e t w e e n  
. ;pheres  w a s  less t h a n  2 p e r c e n t  o f  t h e  a n o u n t  o f  C a O  o r  S i O z .  The SbzO5- 
L ' J O  s y s t e n  ( F i g u r e  4 )  p r o d u c e d  o n e  o f  t h e  h i g h e s t  y i e l d s  o f  good q u a l i t y  
g l a s s .  The GaZOg t C a O  n i x t u r e  ( F i g u r e  6 )  i s  s e e n  t o  c o n t a i n  n u m e r o u s  
! . ; IDD ies and some e l l i p s o i d a l  g l a s s  f o r m s .  

T a b l e s  111, I V  a n d  V shcw t h e  e x p e r i m e n t a l  r e s u l t s .  \!any o f  t h e  
: , ! ;ere? were s a d e  i n  ;t  l e a s t  t w o  s e p a r a t e  e s p e r i n e n t c ;  o t h e r s  were d o n e  
. . < e .  Senarate e s p r r i ; : e n t s  w i t h  a g i v e n  c o m p o s i t i a n  dic: n o t  always y i e l d  t h e  

sd-lne r e s u l t s ,  and d i f f e r e n c e s  i n  g l a s s - f o r m i n g  a b i l i t y  shown i n  t n e  t a b l e  a re  
1:ot h a r d  a n d  f a s t .  F o r  some c o n p o s i t i o n s ,  no g l a s s  was o b s e r v e d  i n  o n e  
r : . : p e r i n e n t  a n d  some r e c o v e r e d  i n  a n o t h e r .  T h e s e  were a l w a y s  n o t z d  by  <1  
w r c e n t .  D i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s  seemed to l e a d  t o  d i f f e r e n t  
. , l a s s  f o r m i n g  t e n d e n c i e s .  A t  s p i n  v e l o c i t i e s  < 25,000 rpm a n d  x h e r e  > 1  p e r -  
. e n t  g l a s s  s p h e r u l e s  were p r o d u c e d  s3me wherd  i n v a r i a b l y  l a r g e  ( i . e . ,  0.4 - 
t3.8 r:in). Xany o f  t h e  c r y s t a l l i n e  s p n e r u l e s  c o n t a i n i n g  Nb205 o r  Ta2O5 were 

. : . lr l ,d b l u e - g r n v  o r  b u f f ,  p r o b a b l v  i n d i c a t i n g  v a r i a b l e  v a l e n c e  s t a t e s .  The 

: : ~ . c  f s r z e d  l i g h t  brown t o  oraxge t o  c o l o r l e s s  c r y s t a l l i n e  s p h e r u l e s  a n d  i t  
I ! - .. 5 .. , 7 . I  I. A .  . iced * i c re  a l w a y s  !,-ate' w h i t e .  The l a n t h a n i i x  o s i d e  a n d  i n d i u n  

. .  

!r p o s s i b l e  t h a t  s u b o x i d e  f c r m a t i o n  is t n e  c a u s e  of  t h e  co lo r .  A g a i n ,  t h e  
classes were a l w a y s  co lo r l e s s .  F u r t h e r ,  t h e  g l a s s y  La203 s p h e r u l e s  b e t w e e n  
t-~.L,ssed n i c o l s  u s u a l l y  showed some m i c r o c r y s t a l l i n e  p h a s e s  t o  b e  p r e s e n t .  
. h e  1 ~ 2 0 3  s p h e r u l e s  d e t e r i o r a t e d  t o  a powder  a f t e r  s eve ra l  h o u r s  i n  a i r .  
' . : - ray  a n a i y s i s  o f  t h e  w h i t e  2owder  showed t h e  p r e s e n c e  of h y d r o x i d e .  A n o t h e r  

, 



I 

i n t e r e s t i n g  p o i n t  w i t h  l an thanum o x i d e  is t h a t  !be gloss y i e l d  d e c r e a s e d  a s  
CaO was a d d e d ,  i n  c o n t r a s t  t o  t h e  e f f e c t  w i t h  v i r t u a l l y  a l l  t h e  o t h e r  o x i d e s  
where g l a s s - f o r m i n g  a b i l i t y  inc reasc ,d  v i  t h  added  UaO. 

When B a O  o r  ZnO vas s u b s t i t u t e d  f o r  CaO w i t h  Taz05,  a good glass-  
f o m i n g  o x i d e ,  no g l a s s  w a s  fr\rmed. S p e c i f i c i t y  or i o n i c  s i z e  a s  w e l l  a s  
c o m p o s i t i o n  nay  be  i m p o r t a n t  h e r e .  The v o l a t i l i t y  of ZnO and  NO3 makes 
t h e i r  u s e  as g l a s s  f o m e r s  unde r  t h e  p r e s e n t  c o n d i t i o n s  v e r y  d i f f i c u l t .  
? ! k i n g  t h e s e  w i t h  C a O  m y  a i d  glass f o m a t i o n .  The T i l )  y i e l d e d  m a i n l y  
d a r k  opague  material  b u t  3150 some l i g h t  m a t t e r .  T h i s  s u g g e s t s  t h a t  
d i f f e r e n t  v a l e n c e  s t a t e s  o f  T i  a re  p r e s e n t .  Note t h a t  T i 0 2  s t a r t s  l o s i n g  
oxygen j u s t  above  t h e  m e l t i n g  p o i n t .  

The i n d e x  of r e f r a c t i o n  nD a t  589  mu and t h e  Abbe number J ,  a n  
i n v e r s e  c e a s u r e  o f  t!ie d i s p e r s i o n ,  o f  a l l  t h e  g l a s s e s  n e a s u r e d  in t h i s  StlJdy 
a r e  a l s o  r e p o r t e d  i n  T a b l e s  111, IV and V. However, s ample  y i e l d ,  s t a b i l i t y  
( f o r  La303), ar.d t i ze  d i d  n o t  p e r n i t  Abbe nunber  x a s u r e m e n t s  on a l l  o f  t h e  
g l a s s e s  p roduczd .  

The i d e s  o f  r e i r z c t i o n  of La203 was u n i q u e l y  d i f f i c u l t  t o  m e a s u r e ,  
p r e s u x a b l y  due t o  i t ;  L s t a b i l i t r  t o  n o i s t u r e .  The two v a l u e s  found f o r  
i n d i m  o x i d e  s u g g e s t  t h e  h i g k e r  v a l u e  w a s  due  t o  e i t h e r  a lower-va1er.t  

CJO. S i z i l a r  h i g h  v a l u e s  were a l s o  found i n  b m e  s a m p l e s  o f  Ga203 + 207: 
C a O .  E n i s s i o n  s p e c t r o s c o p i c  a n a l y s i s  o f  a g roup  o f  nbou t  50 o f  t h e  Ca2O3 

t h e  ' ~ ~ b ~ O ~ - C a O  i c ~ p c ~ s i : i a n s  lvVclre r u n  j u s t  b e f c r e  t h e  In2Oj-CaO and Ga2O3- 
C a O ,  c r o s s  c o n t a n i n a t i o n  i p p e a r s  co  have o c c u r r e d .  

i-2. ,.ui:i-- o x i d e  c-r so-c c o z t . i i i n a t i o n  D -  ?riot!?er s y s t e n ,  e . g . ,  Sb205 t 152 

g l a s s  s p h e r e s  s:ioweci t ; , a t  liisli :;bzZj c c ~ c o ; > t r s t i c n s  '.:ere p r e s e r ? ~ .  S i n c e  

I t  s h o u l d  also be n o t e d  t h a t  i t  is  n o t  p o s s i b l e  t o  su?e r i ; ea t*  t h e  
material  d u r i n g  t h e  s p i n  n e l t i n g  o p e r a t i o n  - t ! i r  mater ia l  b e i n g  e j e c t e d  as  
soon as i t  b e c o c e s  z i o l t e n ,  o r  p a r t i a l l y  m o l t e n  i n  tlie case  o f  c o m p o s i t i o n s  
w i t h  a s i g n i f i c a n t  f r e e z i n g  rLilise.  T h i s  s u g g e s t s  t h e  d i s t i n c t  p o s s i b i l i t y  
t i . . i t  ~ ~ 7 - t '  C ~ Y . : ? ~ ~ S : :  :t>::s t ! , . i :  dit! :> . t i t  sii~ni c ~ ~ ~ - ~ !  : l . i ~ ~ - f ~ > r : > i ; i z  tt'ntlt'iicit's i n  t l i c ,  

5 ; ) i : ;  c i : : ; i ;  c-..:;xL3i . 1 . :  1 i . : . , :  s t  i l l  !>L, r t ~ : i ~ i t ~ i - t ~ , !  ~ 1 , i . ; ~  t o r . : e r+  ui idc . r  m o r t .  
c o n t r c  l l e d  c o n d i t i L  11s x ; l e r e  s u p e r i i e a t i n g  can he i n c o r ? c i r a t e d  in tile c y c l e .  
T h e o r e t i c a l l y  a s u p e r ! : e ; ~ t i n g  t e m p e r a t u r e  of  200 C* above  t l i e  c r y s t a l l i n e  
:ie:tiiig te:-iper.i:urr ( l i q u i d u s )  is d e s i r a b l e  i n  o r d e r  t o  i n s u r e  d i g e s t i o n  o f  
r e s i d u a l  r ~ u ~ l e i  from tile c r y s t a l l i n e  s t a r t i n g  m a t e r i a l .  I t  is hoped t h a t  tile 
t e c h n i q u e s  b e i n g  deve loped  a s  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n  w i l l  permi  t 
con t r o 1 1 ed  supe  r h e a  t i 11):. 

I'iiiier C<)ntr-act  :;;IS E-?S ' ) ' J l ,  vi i ic!i  -.%.<is ni,..irtit,d i n  ' h y  l ' j 7 3 ,  t cc i i : i iques  
a r e  be in ,<  devt, loped w!iich, i t  is ! ioped,  w i l l  e n a b l e  t l i e  p r e p a r a t i o n  o f  g l a s s  
sa:p?es i n  t h e  l /A- inc i i - s i ze  c l a s s .  h h i l e  t l ie c o n t r a c t  is n o t  y e t  c o m p l e t e ,  
s o n e  sc iccess  h a s  b e e n  a c h i e v e d .  The b a l a n c e  of this p a p e r  d e s c r i b e s  t h e  
a?proa(.!;  t ,~;; t ,n and t i le prt.!i:iinary r e s u l t s  , i r ! i i eved  t o  d a t e .  

. .  , : , ) i ces t  i o n  o f  n u c l e i  is, o f  c o u r s e ,  t i x e  a s  uell <IS t e n p e r a t ~ r e  dcp t . i i de : i t .  
For f a s t - c y c l e  o p e r a t i o n s  s u c h  a s  t h e s e  g round  s i m u l a t e d  e x p e r i m e n t s ,  
200 C s e e n s  a r e a s o n a b l e  t e n F e r a t u r e .  
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I n i t i a l l y ,  t w o  a p p r o a c h e s  were c o n s i d e r e d  f o r  t h e  c o n t a i n e r l e s s  
p r e p a r a t i o n  o f  1 / 4 - i n c h - s i z e  g l a s s  s a r p l e s .  
t ower  where  a l o n g - f o c u s s e d  C02 laser beam would  b e  d i r e c t e d  v e r t i c a l l y  t o  
tlia t o p  of t h e  t o w r  where  t h e  end  o f  a ceramic r o d  of che  d e s i r e d  composi-  
t i o n  would  b e  m l t e l l  by t h e  laser beam - t h e  m o l t e n  d r o p  f a l l i i i g  down t h c  
beam t o  s u p e r h e a t  i t .  A l i g h t .  s e n s i n g  d e v i c e  would t r i g g e r  a mcciianism t c  
remove t h e  v e r t i c a l - d i r e c t i n g  m i r r o r .  T h i s  would  s t a r t  t h e  c o o l i n g  c y c l e  
and p r o v i d e  c l e a r a n c e  f o r  t h e  f a l l i n g  d r o p  a f t e r  wh ich  i t  would d e s c e n d  
i n t o  a v e r t i c a l  w e l l  s h a f t  f o r  the b a l a n c e  o f  t h e  c o o l i n g  c y c l e .  

One w a s  t o  c o n s t r u c t  a d r o p  

The second  a p p r o a c h ;  v h i c h  h a s  been  i n v e s t i g c i  t e d  a c t i v e l y  i n  t h e  
p r e s e n t  s t u d y ,  c o n s i s t s  e s s e n t i a l l y  o f  s u s p e n d i n g  t h e  m o l t e n  d r o p  o f  o x i d e  
cln a v e r t i c a l  column of a i r ,  h e a t i n g  b e i n g  a c c o m p l i s h e d  by d i r e c t i n g  a 
f o c u s s e d  C 0 2  l a s e r  h o r i z o n t a l l y  o n t o  t h e  d r o p  of m o l t e n  o x i d e .  

Wind Tunne l  - 

A s i ~ n i f i c a r ~ t  p o r t i o n  of t h e  r e s e a r c h  e f f o r t  t o  d a t e  h a s  been  con-  
c e r n e d  w i t h  t h e  d e v e l o p c e n t  O E  a v e r t i c a l  wind t u n n e l  c J p J h l e  o f  - ;uspr i id ing  
b o t h  s o l i d s  and  l i q u i d s .  The f i r s t  t u n n e l  b u i l t  w d s  a s i x p l e  one  con-  
s t r u c t e d  a c c o r d i n g  t o  tile d e s c r i p t i o n  g i v e n  i n  R e f e r e n c e  8.  The r e f e r e n c e d  
t u n n e l  w a s  u s e d  f o r  s u s p e n d i n g  water d r o p s  of  0 .9-cn  d i i l m e t e r  f o r  r a i : i  d r o p  
s t u d i e s .  The f i r s t  t u n n e l  c o n t a i n e d  a s m a l l  amount o f  t u i b u l e n c e  a t  t!ie 
e s F t  b u t  was c a p a b l e  o f  susper ,d ing  1/4- i r ,c i i -spi i t . r . lcal  dianeter w < i t c r  J rL .ps  
a s  c o n s t r u c t e d .  U n f o r t u n a t e l y ,  t h e  d r o p s  i n  s u s p e n s i o n  were i n  a c o n t i n u ~ l  
st2te C J ~  n10ri-011. O f  e q u a l  s i g n i f i c a n c e ,  i t  w a s  i m p o s s i b l e  t o  h o l d  s o l i d s  of 
any  s h a p e  i r i  t h e  t u n n e l  (wicil iilr exce-,:ico c?f 2 p i n %  joiig b a l l ) .  .After 
numerous a t t e m p t s  t o  improve  m a t t e r s ,  i t  was d e c i d e d  t o  r e b u i l d  t h e  wind 
t u n n e l  f o l l o w i n g  modern wind  t u n n e l  d e s i g n  p r a c t i c e s  a s  c l o s e l y  as p o s s i b l e .  

The f i n a l  t u n n e l  is  shown i n  F i g u r e  7 .  A ? - f o o t  s q u a r e  wooden b o s  
which  s e r v e d  as a plenlrm chamber h a s  a s h r o u d e d  c i r c u l a r  h o l e  a p p r o x i m a t e l y  
14 i n c h e s  i n  d i a m e t e r  i n  t h e  s i d e  away from t h e  camera .  The s q l i i r r e l  c a g e  
b l o w e r  o f  t h e  o r i g i n a l  t u n n e l  w a s  r e p l a c e d  w i t h  a 1 4 - i n c h  k-bl'ided p r o p e l l e r  
of  n a p l e  ( n a d r  f rom a p a i r  o f  ' -bladed model  a i r p l a n e  p r o p e l l e r s ) .  The 
i ) ropc . l l e r  i s  m u n t e d  f l u s i i  i n  t i i t .  h o l e  i n  t h e  bc>s and i s  d r i v e n  by a kine 
horse;-.ower d-r. n o t o r  e q u i p p e d  w i t l r  a g e n e r a t o r / t e e J  b . ick  l o o p  t o  :na inL. i ; : i  
c o n s t a n t  s p e e d  r e g a r d l e s s  o f  l i n e  v o l t a g e  f l u c t u a t i o n s .  ii c o n t r o l  head  
(unde r  one  of t h e  w r i t e r ' s  h a n d s  i n  t h e  f i g u r e )  p e r m i t s  t h e  s p e e d  of t h e  
motor  t o  b e  v a r i e d  c o n t i n u o u s l y  o v e r  a wide  r a n g e  and  i s  e q u i p p e d  w i t h  a 
v e r n i e r  c o n t r o l  t o  p e r m i t  f i n e  a d j u s t m m t s .  

The a i r  is e x h a u s t e d  from t h e  plenum chamber i n t o  a 6 - inch - squa re  
p a r a l l e l  s e c t i o n  a b o u t  o n e - f o o t  l ong .  T h i s  s e c t i o n  c o n t a i n s  t h r e e  t i g h t l y  
q. 7 % ' :  . .  ( 1  : > L ~ . C ~ , <  . i  a r ~ : i z c i r ; ;  * . . . ' : i l ; t " . :  s ( - r c ~ n i n ~  t o  sno( r t ! i  t!ie a i r  flo:q. ;lbc>\.t. 

jlu:xinu:2 iioiiej.cu;:.o uf uiit.-iiic:i L: i ic , ; . : ieas .  i:ie l.it  LL-L- s t ' c .  ,t.d L O  i)e n e < c : < s * l r v  
co o b t a i n  g.>od l a m i n a r  f low.  Immedia t e ly  above  t h e  p a r z l l e l  s e c t i o n  is a 
r e d u c t i o n  s e c t i o n  wh ich  r e d u c e s  t h e  a i r  column f r . m  6 - inch  s q u a r e  t o  ' - inch 
s q u a r e ,  a p p r o x i n a t e l v  d n i n e  t o  o n e  area r e d u c t i o n .  Above t h e  r e d u c t i o u  
s e c t i o n  is a r e x m a b l e  e x i t  s e c t i o n  w i t h  a 2 -degree  e s p e n d i n g  wall  t a p e r .  

. .  . .  
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. .  to;, of  t h i s  s c c t i l i n  holJfs A siiaped s c r e e n  t c \  p r o v i d e  a v e l o c i t y  w e l l .  
Abo:it h i n i i w s  above  t i l t !  si ldped s c r e e n  is a b d i k  p r e s s u r e  p l a t e  wh ich  p roved  
t o  be n e c e s s a r y  t o  o b t a i n  s u s p e n s i o p .  
r s p r r i - e n t a l  v o r k  w i t h  t h e  wind t u n n e l ,  , i nc lud ing  t h e  many i d e a s  t h a t  were 
t r i e J  b e f o r e  t h e  f i n a l  c o n f i g u r a t i o n  w a s  a r r i v e d  a t ,  w i l l  be  g i v e n  i n  t h e  
f i n a l  r e p o r t  on t h i s  p r o g r a a ,  and  is o u t s i d e  tile s c o p e  o f  t h i s  p a p e r .  

11 more d e t a i l e d  t r e a t m e n t  of t h e  

The f i n a l  t u n n e l  p r o v i d e s  good l a m i n a r  f l o w  and  i s  c a p a b l e ,  w i t i i  t h e  
b J c k  p r e s s u r e  p l a t e ,  o f  s u s p e n d i n g  water  d r o p s  a s  l a r g e  as 9 mm e q u i v a l e n t  
qy : iL>r iL . i l  J i a : - : e t a r  a3 shown i n  F i g u r e  7 .  F i g u r e  8 shows cl c l o s e - u p  of  a 
w a t e r  d r o p  i n  s u s p e n s i o n  and also p r o v i d e s  a b e t t e r  v i ew of t h e  shaped  
s i r e e n .  :!otion.j o f  t h e  suspended  d r o p  i n  t h e  X and Y d i r e c t i o n s  a re  
n e , < l i g i h l e .  F l a c t u a t i o n s  i n  t h e  Z d i r e c t i o n  a r e  n o r m a l l y  w i t h i n  a b o u t  2 1  
d r o p  d i a n e t e r  of  t h e  mean p o s i t i o n .  However, tiicre a r e  a l s o  s p o r a d i c  Z 
J i r e c t  iL);i :():ions where  t h e  d r o p  " p i p s "  s r v e r a l  inc? ;es  above  i t s  n e a n  
i:dsic i i > n  an: i:::..e.iiately r e t u r n s  t o  t h e  .nea;l p < ) s i t i o n .  S o l i d  shapes s t i l l  
c a n n o t  bt. susnended  i n  t h e  f i n a l  t u n n e l .  k d i t i o n a l  d i f f i c u l t i e s  were 
encoun t r r e .1  w!ien a t t e n p t i n g  t o  s u s p e n d  x o l t e n  o x i d e  d r o p s .  For  example ,  i t  
was found t o  be  v e r y  d i f f i c u l t  t o  d e t a c h  t h e  m o l t e n  p o o l  i n  the end o f  a 
::~irti.-.,: r a i  i n  t h e  a i -  s t r e a n .  I t  i s  q u i t e  l i k e l y  t h a t  a l l  of  t h e  p rob lems  

' ev ised  f o r  o b t a i n i n g  t h e  d e s i r e d  s t a b i l i t y  t h r o u g h  t h e  u s e  of  a ? r o b e  r o d ,  
tc' 'r\z c. ie \k . r ik ,Gd ?a:er, sc t h a t  fl.irt!ier a t t e m p t s  t o  s o l v e  t h e  p rob lems  

. .  

*,.. _ . . C C  . \ ; n t e . e i  are s a l v a b l e  w i t h  eii,) IS!> r i f o r t .  Lciwevrr, a t e c h n i q u e  was 

accordllnq t c  t h e  o r i g i n a l  c o n c e p t i o n  .*-ere abandoned f o r  Llie *'-- L*IIIC "LA..-. h n i n o  

Lis e t  

The CO, l aser  b e i n g  u s e d  is nour.ted below g round  i n  a t u n n e l  an t h e  
s i t e  of t h e  E l e c t r o n i c s  R e s e a r c h  D i v i s i o n  of Rockwel l  I n t e r n a t i o n a l  i n  Anaheim, 
C a l i f o r n i a .  I t  p r e s e n t l y  e x i t s  a r a w  bean  a b o u t  7 - 1 / 2  i n c h e s  i n  d i a m e t e r  
and 13OU w a t t s  i n t e r s i t y .  F i g u r e  9 shows t h e  o p t i c a l  components  o f  t h e  
l a i e r  bra? f o c u s s i n c  and d i r e c t i n g  s e t - u p .  The raw b e a n ,  wh ich  e x e r g e s  
. . ~ . < " -  . ,  -. ...I + - . . e  : -.t'r ~ i ~ . i t - : i a : : c  <<Tr;ier c ~ i  t.ira ?ii<.tL.~cray:i, goes  t i i r cugh  a n  
: . a ~ i  5 e ~ - . ,  r p i i t t e r  a22 tiirii i : ,p i ; iges  u ? ~ , n  a -ij-Cr,;rt.e plane. gold-plated 
x i r r o r  se rv i .ng  as a n  o p t i c a l  s w i t c h  d i r e c t i n g  t h e  beam t o  D br i ck .  on t h e  w a l l  
u i e r e  the e n e r q y  i s  d i s s i 3 a t e d .  The bean  s p l i t t e r  d i r e c t s  a b o u t  8 p e r c e n t  of 
t::e Sean ener!:y i n t o  a c a l o r i a e t e r  ( n u t  shown) f o r  c o n t i n u o u s  n o n i c o r i n g  o f  
bean power. 

. .  . .. .. . 

;;hen t h e  o p t i c a l  s-.::.tch is p u l l e d  f o m a r d  on  i t s  t r a c k ,  t h e  beam e n t e r s  
a p l anoconves  XaC1 lms w i t h  a f o c u s  j u s c  b e f o r e  a second  p lanoconvcx  SaC1 l e n s .  
.. . . .  

, * I  ;""?. , . a . a L : ~ - >  .- . . . of 1e;:sea A i v e s  a lI>:i,q fnc-!:s.  t i ic h e m  b r i n g  r e f l e z t e d  v e r -  
t: . . l l .  , j  troy, ,3 g c \ l ~ - p l , i t t . . i  i > I L 1 3 c  n i r r o r  e;i t . i e  t . ? t i i a l  'c-_.nch t o  a s e c o n d  
n i r r o r  ( a t  t h e  t o p  of  t h c  p h o t o g r a p h ) .  The second  p l a n e  m i r r o r  r e f l e c t s  t h e  
bean  h o r i z v n t a l l y  acrcss t h e  t o p  of  t h e  Kind t u n n e l .  T h i s  m i r r o r  can  be  
r o t a t e d  Sy r e a n s  o f  a l o n g  hancile t h a t  i s  p r o v i d e d  w i t h  s t o p s  t o  l i m i t  i ts  
mut ion .  
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Oxide  Y e l t i n g  - ? I u l l i t e  

R a t h e r  t h a n  c o n t i n u i n g  t o  a t t e m p t  t o  s o l v e  t h e  f r e e - s u s p e n s i o n  
p rob len l s ,  a method of “chea t ing :”  v a s  d e v i s e d  t o  p r o v i d e  t h e  n e c e s s a r y  s t a b i l i t y  
f o r  m e l t i n g  o x i d e s  and a t  t h e  same time c i r c u m v e n t  t h e  p rob lems  w i t h  d e t a c h i n g  
l i q u i d  d r o p s  from t h e  s o l i d  s t a r t i n g  r o d s .  Z i u l l i t e  was c h o s e n  as  t h e  o x i d e  
for t h i s  p o r t i o n  of t h e  s t u d y  f o r  t h e  f o l l o w i n g  r e a s o n s :  

1. I t  is r e a d i l y  a v a i l a b l e  as e l e c t r i c a l / t h e r n a l  i n s u l a t i o n  t u b e s .  

2 .  I t  is  r e l a t i v e l y  i n e x p e n s i v e .  

3 .  I: h a s  a s imilar  m e l t i n g  t e m p e r a t u r e  ( a b o u t  1850 C) t o  t y p i c a l  
o x i d e s  of  i n t e r e s t .  

&. I t  h a s  a v e r y  low v i s c o s i t y  when m o l t e n ,  s i x i l a r  t o  t h a t  o f  water. 
S i n i l a r  low v i s c o s i r y  a b o v e  t h e  n e l t i n g  t e m p e r a t u r e  is  c h a r a c t e r i s t i c  of t h e  
o x i d e s  of i n t e r e s t .  

3 .  I t  chr, he  c l a s s e d  a s  d poor  g l a s s  fOrT!Ier; t o  d a t e  t h e  g idSSy S t a t e  
h a s  been  a c h i e v e d  by t h e  a u t h o r s  o n l y  when l a s e r  m e l t e d  d r o p s  w e r e  d ropped  a 
s h o r t  d i s t a n c e  i n t o  w a t e r .  The d r o p s  were c l o s e  t o  114- inch  d i a m e t e r ,  b u t  
were i n v a r i a b l y  f u l l  o t  f r a c t u r e s  r e s u l c i r i g  i r u i i i  t h e r x a l  s ! - , ~ c k .  F i g x r e  IC 
shows a nunber  c f  d r o p s  produced  i n  t h i s  manner.  

Techn iques  were  d e v i s e d  f o r  t r a n s f e r r i n g  c o l t e n  o x i d e  from t h e  end  of  
l a s e r  m e l t e d  m u l l i t e  r o d s  t o  t h e  end of  a s m a l l  ( 1  t o  3 m) f u s e d  s i l i c a  r o d .  
The f u s e d  s i l i c a  r o d s  were chucked on  a s low speed  moto r  and  t h e  b l o b  of o x i d e  
r e n e l t e d  u s i n g  t h e  laser beam and a i r  s u s p e n s i o n  t o  p r o v i d e  a un i fo rm s h a p e .  
F i g u r e  11 shows t h e  p r e s e n t  m e l t i n g  s e t u p .  The l a s e r  beam, wh ich  w a s  p o s i -  
t i o n e d  t o  n i s s  t h e  n u l l i t e  s ample  f o r  t h i s  p h o t o g r a p h ,  h a s  been  r e n d e r e d  
v i s i b l e  by s p r i n k l i n g  t a l c u n  powder i n  i t s  pnt i l .  Tho t a l c  p a r t i c l e s  a r e  
h e a t e d  t o  i n c a n d e s c e n c e  by t h e  l a s e r  beam. A s m a l l  d-c m o t o r ,  i n  t h e  u p p e r  
p a r t  of t h e  p h o t o g r a p h ,  c a n  b e  t u r n e d  on t o  r o t a t e  t h e  sample  s l o w l y  d u r i n g  
me1tir .g t o  p r o v i d e  b e t t e r  h e a t  d i s t r i b 2 t i o n .  The wind t u n n e l  p r o p e l l e r  s p e e d  
is a d j u s t e d  j u s t  s h o r t  o f  f r e e  s u s p e n s i o n  v e l o c i t y ,  t h e  r e m a i n i n g  l i f t  b e i n g  
p r o v i d e d  by t h e  s i l i c a  p r o b e .  The pu rpose  of  t h e  s i l i c a  p r o b e  i s  p r i m a r i l y  
t o  e l i m i n a t e  t h e  v e r t i c a l  mo t ions  i n  t h e  a i r - s u s p e n d e d  d r o p .  Only a minor  
p o r t i o n  of  t h e  l i f t  is p r a v i d e d  by w e t t i n g  o f  t h e  p r o b e  by  t h e  o x i d e  d r o p .  
With t h e  s i l i c a  p robe  a l o n e ,  o n l y  v e r y  s m a l l  ( a p p r o x i m a t e l y  2-mm d i a m e t e r )  
Irc,?q 5 2 2  be hel.!. 

A s low n o t r u n  p i z ~ i l r e  (750 f r a a e s / s e c o n d )  X d S  made o f  t h e  m e l c i n g  and  
c o o l i n g  of suspended  r r u l l i t e  d r o p s  o f  t h e  114- inch  s i z e  c lass .  Twenty- four  
c y c l e s  w e r e  pho tographed .  The m u l l i t e  i n v a r i a b l y  c r y s t a l l i z e d .  The f i l m  
shcws v e r y  c l e a r l y  t h e  n u c l e a t i o n  s t a r t s  and  t h e  growth  of  t h e  c r y s t a l s  from 
t h e  p a r e n t  l i q u i d .  I n  o n l y  o n e  of t h e  2 4  c y c l e s  d i d  t h e  m u l i i t e  a p p e a r  t o  
~ i y s t a l l i z e  s t a r t i n g  n e a r  t h e  s i l i c a  p robe .  T h i s  p roved  t h a t  t h e  s i l i c a  d i d  
n o t  p a r t i c i p a t e  i n  c a u s i n g  c r y s t a l l i z a t i o n  and t h a t  i ts  u s e  i s  j u s t i f i e d  s o  
f a r  as t h e  o b j e c t i v e s  of t h e  p r e s e n t  s t u d y  are  c o n c e r n e d .  The m u l l i t e  unde r -  
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c o o l e d  an e s t i m a t e d  6 3 0  t o  850 C b e f o r e  c r v s t a :  l i z , i t i o n  c o m e n c e d .  I n  a l l  b u t  
o n e  c y c l e  o n l y  one t o  t h r e e  c r y s t a l  s t . i r ts  w e r e  o I > s t ~ r . v e d .  l h e  r e m a i n i n g  c y c l e  
c o n t a i n e J  f o u r  t o  s i x  s t a r t s .  From t h e  " j i g g l i n g "  o f  t h e  l i q u i d ,  w h i c h  c a n  
b e  o b s e r v e d  in t h e  f i l m ,  a n d  t h e  r a p i d  ra te  of c r v s t a l  g r o w t h ,  i t  a p p e a r s  
t h a t  t h e  v i s c o s i t y  of t h e  m u l l i t e  d i d  n o t  i n c r e a s e  n o t i c e a b l y  f r o m  t h e  m o l t e n  
s t a t e  a t  t h e  b e g i n n i n g  o f  t h e  c y c l e  t i i rougl i  tlie u n d e r c o o l e d  s t a t e  b e f o r e  a n d  
d u r i n g  c r y s t a l l i z a t i o n .  

O x i d e  Y e l t i n g  - Class  C a n d i d a t e s  

S e v e n  o x i d e  c o n p o s i t i o n s  w e r e  r e c e i v e d  r e c e n t l y  i n  t h e  form of 
h o t - p r e s s e d  l / h - i n c h - d i a m e t e r  rods .  The s e v e n  c o n p o s i t i o n s  a r e  as  f o l l o w s :  

1. 
2. 
3 .  A0 w / o  
4 .  
5. 
6 .  
7. 

:;e h a v e  s u c c e e d e d  t o  d a t e  i n  ; r t .p , i r in , :  g l ~ s . 4  i , i : - :p les  f r o 3  t w o  o f  t n e  

50 w / o  !;b205 - 50 w/o La20 j  
75  W / O  Sb?O5 - 2 5  w/o L L \ ~ O ~  - 4 0  w / o  A l ~ c r j  - 2 u  W / l ,  Cac1 
75 w / a  Ta203  - 25 w/o L a p 3  
90 w / o  T a 2 0 5  - 10 w/o CaO 
85 w/o Xb205 - 1 5  w/o CaO 
80 w / o  Ga203 - 2 0  w / o  cao 

c o n p o s i t i o n s .  X s i n g l e  s a m p l e  a b o u t  3 / 1 6 - i n c l i  d i a r e t e r  !ias b e e n  o b t a i n e d  

on  c o o l i n g  b e c a u s e  o f  d i f f e r e n t i a l  t i , r r r i a l  c n n t r a c t i a i i  of i t  a n d  tlie s i l i c a  
p r o b e ,  is shorn i n  F i g u r e  1 2 .  The g1 ISS is '1 l i ~ ; ~ :  .i::ibcr i n  c o l o r  and  a p p e a r s  
t o  b e  f r e e  o f  b u b b l e s  o r  o t h e r  s c r i o : i s  f l a w s .  As oi tliis w r i t i n g ,  l i m i t e d  
a t t e n p t s  h a v e  f a i l e d  t o  d u p l i c a t e  t h e  e a r l i e r  r e s u l t .  Z t  i s  s u s p e c t e d  t h a t  
d i f f i c u l t i e s  i n  o b t a i n i n g  h i g h  enougii s u p e r i i e a t i n l ;  t e m p e r a t u r e s  are  r e s p o n s i -  
b l e  f a r  t h e  i n a b l l i c y  t o  d u p l i c a t e  tiie r e s u l t .  

? r [ m  i;ie 'sc w / n  ;.aqi;, - 5:: g / ~  :h7;~O;, c o n p o s i : i o n .  sanp lc ,  ~ h i ~ h  f r z c t u r e d  - 2  & A  

i ' e r y  good q u a l i t y  b o u l e s  o f  1 1 4  i n c h  o r  s l i g h t l y  l a r g e r  d i a m e t e r  h a v e  
Scen p r e p ~ r e d  f r o -  t h e  80 L:/O T i ;  3 - 2 ' )  , , I / < >  (;ail c,>: . :p>-; i  t i < > n .  I ) Z ~  suc i i  boule 
i s  shown i n  F i g u r e  1 3 .  The glass i +  .:;oar, f r e e  ~ 3 f  h u 5 h l e s  and  c r a c k s ,  and i s  
l i g h t - g r e e n i s h  o r  b l u i s h - g r e y  i n  co lo r .  The c a u s e  o f  t h e  c o l o r s  o f  these t w o  
g l a s s e s  h a s  n o t  b e e n  c l e a r l y  e x p l a i n e d  as of  t h i s  w r i t i n g .  They were p r o d u c e d  
t o o  r e c e : i t l y  t o  p e r n i t  o t h e r  t h a n  v i s u a l  i : i s p e c t j o n .  J e e v a r a t n a m  a n d  Glasser,  
R e f e r e n c e  9 ,  r e p o r t e d  g l a s s  f o r m a t i o n  i n  t h e  ( ;a203 - 2 0  w / o  CaO c o m p o s i t i o n  
i n  1 9 6 1 .  However ,  t!ielr s a n p l e s  ( 2 Q 4 9  ng) l i e r e  a b o u t  1 / 5 0  t h e  mass o f  t h e  
p r e s e n t  s a n p l e s  a n d  water q u e n c h i n g  w;.s u s e d  t o  o b t , i i n  ttie g l a s s y  s t a t c ;  a i r  
c o o l i n g  p r o d u c e d  c r y s t a l l i n e  n a t e r i , i l .  
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CONCLUSIONS X N D  FUTURE W O R K  

The e x p e r i m e n t a l  work performed t h u s  f a r  h a s  r e s u l t e d  i n  t h e  p repa ra -  
t i o n  of new g l a s s  compos i t ions  n o t  r e p o r t e d  h e r e t o f o r e  i n  tt.e open l i t e r a t u r e .  
Recent expe r imen t s  which have  r e s u l t e d  i n  t h e  fo rma t ion  of 1 / 4 - i n c h - d i m e t e r  
g l a s s  samples  from two compos i t ions ,  s u g g e s t  t h a t  c o n t a i n e r l e s s  n z l t i n g  and 
c o o l i n g  as e n v i s i o n e d  f o r  space  o p e r a t i o n s  is of r e a l  t e c h n o l o g t c a l  s i g n i f i -  
cance.  

F u t u r e  e f f o r t s  under  t h e  p r e s e n t  c o n t r a c t  w i l l  be concerned p r i m a r i l y  
w i t h  a t t e m p t i n g  t o  p r e p a r e  1/4- inch-diameter  g l a s s  samples  of good q u a l i t y  
from t h e  r ema in ing  compos i t ions .  Techniques will be r e f i n e d  i n  o r d e r  t o  
a c h i e v e  h i g h e r  t e m p e r a t u r e s .  A s p h e r i c a l  r e f l e c t o r  has  been c o n s t r u c t e d  f o r  
r educ ing  r a d i a t i o n  l o s s e s  from t h e  samples  and t h e  l a s e r  u n i t  i s  be ing  
mod i f i ed  a t  t h i s  w r i t i n g  t o  p r o v i d e  abou t  3 t o  3-1/2 t imes t h e  p r e s e n t  
beam power l e v e l .  Ei:her o r  bo th  of t h e s e  shou ld  be h e l p f u l  f o r  s t u d y i n g  
t h e  r ema in ing  compos i t ions .  Toward t h e  end of t h e  c o n t r a c t  p e r i o d  
i t  is planned t o  o b t a i n  p r e c i s i o n  measurements o f  t h e  Abbe numbers and 
r e f r a c t i v e  i n d i c e s  of t h e  b e s t  g l a s s - fo rming  composikions.  

The c o n p o s i t i o n s  b e i n g  s t .Jdied a r e  a l l  v e r y  s imple  i n  t e n n s  of 
t r a d i t i o n a l  g l a s s  p r a c t i c e s ,  none of them c o n t a i n i n g  more t h a n  t h r e e  major  
C G R S ~ L ~ I J Q ~ ~ S .  F u t u r e  e f f o r t s  shou ld  be concerned w i t h  more complex composi- 
t i o n s ,  b o t h  t o  cove r  a b r o a d e r  r a n g e  of OpKiCai p t u p e r t i e s  azd to cc.h.znre 
g las s - fo rming  t e n d e n c i e s .  
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SPACE PROCESSING OF CHALCOGENIDE GLASSES 

BY 
D. C.  La r sc r : .  M.  A. A l i ,  W. 8. Crandall* 

\ I I T  Research I n s t i t u t e  
\ 
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SUMMARY 

Manufacture of chalcogenide g l a s ses  i n  space w i l l  
e l imina te  many of the  causes of o p t i c a l  non-homogeneity and 
coptamination t h a t  a r e  inherent  i n  earth-bound manufacture. 
A program i s  out l ined  t o  demonstrate the f e a s i b i l i t y  of var ious 
t e c k i q u e s  and processes t h a t  w i l l  be u t i l i z e d  t o  manufacture 
chalcogenide g l a s ses  i n  space. Amorphous charac te r ,  pu r i ty ,  
and’homogeneity parameters a r e  being inves t iga t2d  a t  var ious 
stages o f  t h e  g l a s s  forming process.  These parameters i n  
merit lndex form w i i i  serve iu ptuii i .de giiideliiles k ~ r  the 

d e s i g n  of the  a c t u a l  melting experiment i n  space, and  f o r  the  
opt imizat ion of the  exact  chalcogenide ccmposition t o  be 
included i n  the space experiments. 

IKTRODUCT I O N  

ChalcogenTde g iazses  hzvo bseri found to be r e l a t i v e l y  
good in f r a red  t r ansmi t t e r s  m. :.sa possess good s t r e c g t h ,  
cor ros ion  r e s i s t ance ,  and scale-up p o t e n t i a l  a s  compared t o  
cmpe t ing  sys tems.  The present disadvantages of e a r t h  
manufactured chalcogenide sys t ems  have t o  do with o p t i c a l  
non-homogeneity and environmental and conta iner  contamination. 

It i s  r e c o g ~ i z e d  t h a t  g l a s s  making i n  t h e  environment 
of an i.n-space e a r t h  o r b i t a l  vehic le  has the  p o t e n t i a l  f o r  
e l imina t ing  the  causes of o p t i c a l  non-homogeneity and contamina- 
t i o n  i n  chalcogeEide systems. S p e c i f i c a l l y ,  space manufacture 
provides f o r  con ta ine r l e s s  melting i n  a near  weight less  environ- 
ment. Manufacture t.7 space should thus e l imina te  (1) d i s s i m i l a r  
o p t i c a l  a r eas  i n  the  c h i l l e d  g l a s s  c.aused by separa t ion  dce t o  

A ;LX:P:I)LUC; EWX R r  a ? : ~  NOT FT~.AIFD 
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a 1-G e a r t h  manufacture environment, (2)  contamination from 
e a r t h  melting c r u c i b l e  by oxygen and o the r  elements de l e t e r ious  
t o  in f r a red  t ransmission,  and (3)  heterogeneous nitcleation 
a t  e a r t h  melting c ruc ib l e /g l a s s  i n t e r f a c e  producing c r y s t a l l i z a -  
t i o n  of c e r t a i n  m e l t  compositions. 

' 
By overcoming these f ea tu res  through space manufacture, 

it w i l l  be poss ib le  t o  produce a l a rge  o p t i c a l  q u a l i t y  I R  
t r snsmi t t i ng  g l a s s  demonstrating f ea tu res  unequaled in e a r t h  
manufacture today. The value added t o  the  g l a s s  product 
regarding improved I R  transmission c h a r a c t e r i s t i c s ,  p rec ise  
dimensional c o n t r o l  of i n t r i c a t e  shapes formed during melting, 
and the s i z e  s c a l e  up p o t e n t i a l  i s  predicted t o  more than 
j u s t i z y  the  c o s t s  incurred i n  space manufacture. 

This paper o u t l i n e s  a program designed t u  demonstrate 
the  f e a s i b i l i t y  of var ious techniques, processes,  and equip- 
ment t h a t  w i l l  be u t i l i z e d  t o  manufacture chalcogenide g lasses  
ir? spzce Grjcim-ui- izethods :eckn.iqiZes a n d  equiDment a r e  
being defined through evaluat ion of amorphous charac te r ,  
pu r i ty ,  and homogeneity parameters a t  var ious s t ages  of the 
glass forming process ( i . e . ,  from the raw ma te r i a l  s tage  
through the  melt-quenching s tage) .  However, only the high 
temperature process involved i n  g l a s s  forming, supercooling 
from a homogeneous molten conditiwn, must be c a r r i e d  out  i n  
space t o  ta!te advantage o f  conta iner lessness  and weight lessness .  
The preparat ion f o r  mt l t i ng  and the  f i n a l  treatment of the 
ma te r i a l  f o r  an o p t i c a l  element can be done on e a r t h  without 
reducing the  q u a l i t y  of t he  space-melted mater ia l .  

The program out l ined  here in  w i l l  not only determine op- 
t i m u m  preparat ion techniques,  but w i l l  a l s o  serve t o  provide 
guidel ines  f o r  the  design of the  ac tua l  melting experiment 
i n  spa-e, a x i  f o r  t h e  opt imizat ion of the  exac t  chalcogenide 
composition t o  be included i n  the  space experiments. The 
g l a s ses  prepared on e a r t h  during t h i s  study w i l l  eventual ly  
be compared t o  space produced g lasses  (transmission charac te r -  
i s t i c s ,  e t c . ) ,  providing a d i r e c t  measurement of t he  value of 
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space processing. The cu r ren t  I I T R I  program t h e r e f o r e  re- 
presmts  the  i n i t i a l  phase of an o v e r a l l  systematic  e f f o r t  
t o  in su re  a high p robab i l i t y  of success f o r  t h e  space exper i -  
ment. 

TEXT 

The e s s e n t i a l  elements of IITRI's chalcogenide g l a s s  
space processing program are i l l u s t r a t e d  i n  Figure 1, and a r e  
d e t a i l e d  i n  the  following sec t ions .  

SAMPLE PREPARATION - EVALUATION OF TECHNIQUES 

Two of the  causes of o p t i c a l  inhomgeneity i n  ea r th -  
mmufactured chalcogeaide g l a s ses ,  t he  1 - G  f i e l d  and t h e  
presence of a c ruc ib le ,  a r e  no t  p re ren t  i n  space manufacture. 
Even these  two improvements i n  space manufacture, however, 
cannot overcome c e r t a i n  de f i c i enc ie s  t h a t  might e x i s t  i n  t he  
precursor sample  before  melting i n  space. Therefore,  t he  

compounding and mixing techniques t h a t  w i l l  y i e l d  t h e  h ighes t  
degree of pu r i ty  and homogeneity i n  the  e a r t h  melting exper i -  
ments. In t p . . l s  nanner t h e  a c t u a l  space-melting experiments 
w i l l  have a very high p robab i l i t y  of demonstrating t h e  major 
o v e r a l l  ob jec t ive  of t h i s  program, i . e .  t h a t  space manufacrure 
provides f o r  a degree of o p t i c a l  qualii;. t h a t  i s  una t ta inable  
i n  e a r t h  mamfacture .  

-I - -- qm-5, e c; c 
i a i a i  w L  L . L , ~ ~ . ~ ~ ~ - ~  Cf t h e  L I T K T  pKGgr&?; is t<> Z9'-5 lsn/et?ZllLl3tp 

Accordingly, very pure mater ia l s  a r e  being prepared by 
thorough mixing methods. Chemical vapor depos i t ion  (gas 
methods) and s l u r r y  techniques ( l i qu id  methods) a r e  being 
combined with c lean  chamber techniques (mechanical mixing 
i n  a dry box) t o  prepare samples f o r  melting. To insure  
the success of the progrm,  eva lua t ion  of pu r i ty  arid homogeneity 
i s  being made Friar t o  melting, and a f t e r  melting by the  
techniques described below. The optimum batch prepara t ion  
technique w i l l  thus be determined by the  r e s u l t i n g  p u r i t y  and 
homogeneity evaluat ions.  
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Our i n i t i a l  e v a l u a t i o n s  are b e i n g  conducted  f o r  the 
A s - s  b i n a r y  system. S tanda rd  t e c h n i q u e s  o f  d r y  Dowder 
mixing and m e l t i n g  i n  a s e a l e d  s i l i z a  c o n t a i n e r  are b e i n g  
performed f i r s t  f o r  the purpose  o f  g e n e r a t i n g  b a s e l i n e  
i n f o r m a t i o n  abou t  the materials and p r o c e s s e s .  More e l a b o r a t e  
t e c h n i q u e s  f o r  mort: complex systems s u c h  as Si-As-Te-Sb w i l l  
be employed t o  improve the l eve l s  01' homogeneity,  p u r i t y ,  and 
amorphous character far ther  downstream. For  instance, com- 
pounding h i g h  m e l t i n g  intermetall ic materials such  as S i A s 2  
and SiTe2 by a c o l d  s t a g e  vapor  d e p o s i t i o n  t e c h n i q u e  w i l l  
micimize e v a p o r a t i o n  l o s s e s  and smooth m e l t i n g  p o i n t  d i s p a r i t i e s  
between the v a r i o u s  elements c o n s t i t u t i n g  t h e  b a t c h  composi t ion .  
A l s o ,  improvements i n  b a t c h  homogeneity may b e  a t t a i n e d  by 
employing a l i q u i d  s l u r r y  t e c h n i q u e  t o  promc,re m o r e  un i form 
d i s p e r s i o n  of r a w  b a t c h  p a r t i c l e s .  

F i n a l  b a t c h  composi t ions  w i l l  have t o  e v e n t u a l l y  m e e t  
the  a d d i t i o n a l  c o n s t r a i n t  t h d t  t hey  must be  t r a n s p o r t e d  t o  the earth- 
o r b i t a l  l a b o r a t o r y .  F2i ia l  czzpositicns v i l l  tier.- f i i i - i >  have 
t o  be  formed i n t o  p e l l e t s  which must be  a b l e  t o  w i t h s t a n d ,  
w i t h o u t  crumbling,  the "g" f o r c e s  a s s o c i a t e d  w i t h  space  
v e s s e l  a c c e l e r a t i o n  d u r i n g  l i f t - o f f .  The composi t ions  w i l l  
t h e r e f o r e  be shaped  i n t o  c y l i n d r i c a l  p e l l e t s  (1 c m  d i a ,  1 cm 
long)  by h o t - p r e s s i n g  i n  a d ry  box up t o  6000 p s i  a t  v e r y  l o w  
t empera tu re  (150°C) .  This should  be  enough ( i n  t h e  p re sence  
of T e  and A s )  t o  s t a r t  some degree  o f  s i n t e r i n g  w i t h o u t  
caus lng  any con tamina t ion .  The p r e s s i n g  d i e  w i l l  be g r a p h i t e  
clr g r a p h i t e  l i n e d  (oxygen g e t t e r ) .  I f  t h e  need a r i ses ,  s i l i c o n  
s h o t  b l a s t i n g  of  e x t e r n a l  s u r f a c e s  w i l l  be  performed t o  remove 
a r y  p o s s i b l e  con tamina t ion  from the g r a p h i t e  p r e s s i n g  d i e .  

P E L T I N G  EXPER DENTS ( T E R R E S T R L A L )  

The  purpose  of  t h e  ear th-bound m e l t i n g  expe r imen t s  i s  
twofold .  One purpose  is t o  de te rmine  the e x p e r i m e n t a l  pa rc -  
meters of  time, t empera tu re ,  vapor  p r e s s u r e ,  forming method, 
e tc .  t o  be  des igned  i n t o  t h e  space  e x p e r h e n t s .  The second 
i s  t o  manufac ture  t h e  b e s t  p o s s i b l e  q u a l i t y  ear th  bound g l a s s  
samples  f o r  comparison w i t h  the space  manufac tured  samples .  

928  



lIlllIllllllll llllIllIlll I 1  I 1  

! 

$~ 
3: 

5.  
P Accordingly, t h r e e  g l a s s  melting methods are being i n v e s t i -  

gated:  (1) a conventional s i l i c a  ampoule method, used t o  
provide "reference da ta , "  ( 2 )  a hanging support  method, used 
t o  i n v e s t i g a t e  the e f f e c t  of t tcrucible"/glass  contac t  area 
during melting, and ( 3 )  l e v i t a t i o n  melting. Heating and 

o the r  important me'lting/quenching parameters are b e h g  
evaluated using the  hanging support  method. Levi ta t ion  
melting s imulates  t h e  a c t u a l  space me l t i rg  conf igura t ion  i n  
a l l  but one respec t .  Containerless m e l t k g  w i l l  be psrformed, 
but t h e  1-C g r a v i t a t i m a l  f i e l d  w i l l  s t i l l  be present .  

c 
I ' cooling r a t e ,  con tac t  ex ten t ,  f i r i n g  t i m e ,  f i n i n g  t i m e ,  and 

The conventional s i l i c a  ampoule melting method e n t a i l s  
containment of the g l a s s  bi?tch cons t i t uen t s  i n  a sea led ,  
oxygen f r e e ,  thick-walled s i l i c a  conta iner .  The sea led  

ampoule i s  then heated above the  fus ion  temperature e i t h e r  
Ln a w i r e  wound r a d i a n t  hea t ing  tube furnace,  o r  wi th in  an 
induct ively hsatzd s c s c e ~ t o r .  ihlfi-rig melting t he  z c p a y l ~  
is  e i t h e r  r o t a t e d  o r  rocked in  a c y c l i c  manner t o  promote 
homogenization. The ampoule i s  then e i t h e r  withdrawn from 
the furnace chamber f o r  cooling o r  cooled i n  place t o  form 
the  g l a s s .  

I 1  1 1  

The hanging support method of melting i s  being per- 
formed t o  eva lua te  g l a s s  q u a l i t y  as  a func t icn  of the amount 
of c o n t a h e r  present  during melting. This experiment w i l l  
thus provide da ta  ori techniques and equipment t h a t  a r e  d i r e c t l y  
appl icable  t o  the space riieltlng package. The hanging support  
method i s  i l l u s t r a t e d  i n  Figure 2. The s?ecimer, t o  be m e l t e d  
by rad ian t  hea t ing  i s  contained i n  a vacuum!inert gas capsulc., 
b e i n g  suyported i n  a tungsten cup t h a t  hangs down i n t o  the 
furnace h o t  zone. Extent of  g lass -conta iner  contact  i s  
c m t r o l l e d  by the cup geometry. The capsule w i l l  be quar tz ,  
wi th  and without an O2 g e t t e r  mater ia l .  
the  equi l ibr ium vapor pressure i n  the  heated capsule a r e  being 
inves t iga ted .  Af te r  melting, t h e  g l a s s  i s  formed by e i t h e r  
in-place r a d i a t i o n  cooling, o r  by a drop/quench method. 

Methods of c m t r o l l i n g  
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kvitation melting is illustrated in Figure 3 .  The 
I~~,)lten sample is suspended by acoustic forces generated by 
the levitator. This method completely eliminates container 
contaminatlon and poss iSle heterogeneous nucleation sites, thus 
providing direct prediction of the levels of purity and 
morphousness attainable in space. However, in earth-bound 
levitation melting the 1-G gravitational' field is still 
present. Therefore the homogeneity of terrestrially melted 

t-he starting materials (raw batch). This investigation is 
being ccnducted through a NASA funded cooperative effort 
ht?t*.+ecn IITRI and Intersonics. * 

I 

I chalcogenides will mainly be a function of the homogeneity of 

EVALUATION AND COMPARISON OF METHODS OF 
BLENDING AND MELTING 

A major objective of the earth melting experiments I s  

to develop techniques and nethods of nixing and melting that 
w i i i  insure a high p r o b a b i l i t y  ef siicccss ;,? t k  suE>sq~erc_i, 
space melting -experiments. 
.i:>plying some pertinent form of merit index to the results of 
the earth melting experiments, and extrapolating to conditions 
O E  space manufacture. IITRI is employing a so-called "ACH" 
I.ictor for this purpose; i.e. degrees of fiorphousness, 
_- l:Llntamination, and _Homogeneity. Utilizing the results of the 
\I.irious melting techniques, the ACH factor will be related to 
"iegree 02 containerlessness." This analysis will then be 
cxtrapolated to the degree of ccntainerlessness expected in 
liie space melting experiments (i.e. stinger-glass contact), 
.is illustrated in Figure 4 .  The extrapolated ACH factor will 
;:IUS represent the expected quality of the space manufactured 
::Lass, as measured by parameters describing homogeneity, 
contamination, and lack of crystallization. In this manner, 
the prediction of the success of the space manufacture mission, 
ds measured by improved quality glass, may be possible. 

This can be accomplished by 

%7. R. Whymark, Intersonics, Inc., Chicagc, IL 

9 30 

a 



The evaluation stage of IITRI's research is being 
conducted at various distinct points, both after batch compo- 
sitions have been prepared and after the earth melting 
experiments. Emphasis is placed on techniques indicating 
optical quality, contaminants, inhomogeneities, crystalliza. 
tion, and strength. "Standard" earth manufactured chalcogenide 
glasses, such as Texas Instruments Cnrp. glass TI #1173, 
are being employed to establish "benchmark data." These same 
evaluation techniques can be subsequently used to compare 
space-and-earth-manufactured chalcogenide glasses as an 
indicator of the success of the overall NASA program. 

Optical quality will be studied hy aalyzing trans- 
mission characterijtics and absorpt-ion characteristics. 
transmission characteristics will be measured using an 
infrared spectrophotometer. The absorption measurements will 
be made by measuring the energy absorbed by the glasses being 
irradiated w i t h  a 1 O . h  CO2 l a s e r .  

The 

Low level impurities causing absorption bands (pri- 
marily O2 and other interstitials N2, C, H) are being detected 
by Charged Particle Activation Analysis (CPAA) and Charged 
Particle X-ray Spectroscopy (CPXS). These techniques employ 
a V E ~  de Graaff accelerator and were developed at IITRI. 
Both techniques possess characteristics ideally suited for 
trace impurity detection in chalcogenide glasses, generally 
in concentrations in the parts per million range or below. 
This technique has been employed to generate baseline data 
on oxygen impurity ccncentrations in our initial chalcogenide 
compositions. Figure 5 illustrates oxygen peaks obtained 
by C P M  for TI 81173 (5 ppm 02) and a chalcogenide prepared 
by I I T R I  using as yet non-improved preparation techniques. 
Measurements on relatively impure chalcogenides provide 
the necessary bracketing data required for the CPAA technique. 
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S t r i a e  and inhomogeneities a r e  observed using o p t i c a l  
microscopy and scanning e l ec t ron  microscopy (SEM) . Polished 
specimens are o p t i c a l l y  examined under l o w  magnification. 
Micro-inhomogeneities a r e  determined using the  e l e c t r o n  
microscope. This technique i s  being used t o  determine the  
homogeneity of a mixed powder batch p r i o r  t o  melting, a s  
w e l l  a s  t h e  homogeneity of the melted-quenched product. 

For eva lua t ion  of amorphous charac te r ,  x-ray d i f f r a c -  
t i o n  and e l e c t r o n  microscopy techniques are u t i l i z e d  t o  deter- 
mine t h e  poss ib le  ex ten t  of c r y s t a l l i n e  inc lus ions  in the 
g l a s s  samples. 

SPACE MELTING EXPERIMENTS 

Throughout t h e  I I T R I  program cognizance of the  requi re -  
ments of the  a c t u a l  in-space melting experiments is being 
maintained. For  ins tance ,  t he re  a re  seve ra l  heat ing methods 
t h a t  a r e  present ly  being considered f o r  i n s t a l l e t i o n  on 
e a r t h - c r b i t l L  1 , ~ e i l i ~ l i . r ;  elei.troii beaz x e l t i z g ,  induct ien  
heat ing,  and r a d i a t i o n  hea t ing  i n  an e l e c t r i c  wire-wound 
furnace.  The I I T R I  program employs r a d i a t i o n  heat ing.  
However, the  bas i c  techniques J f  mixing, s a n p l e  preparat ion,  
support ,  and handling t h a t  a r e  being developed w i l l  be app l i -  
cable  t o  any of the  heat ing modes under considerat ion.  

Awareness i s  a l s o  being maintained regarding the  methods 
of sample support  and containment t h a t  a r e  envisioned f o r  the 
a c t u a l  in-space experiments. I I T R I ' s  work i s  amenable t o  the 
s t i n g c r  methods and acous t ic  manipulator support methods being 
cons idercd.  

T h e  success of t h e  o v e r a l l  NASA program depends upon 
how wel l  the  requirements of the  s p a c e  melting experiments 
can be e s t ab l i shed  i n  the present e a r t h  bound experiments. 
When the  co r rec t  parameters a re  e s t ab l i shed  i n  the  I I T R I  pro- 
grxn, t he re  w i l l  be a high degree of confidence t h a t  the  
subsequent in-space experiment w i l l  produce high q u a l i t y  
o p t i c a l  g l a s s  with scale-up po ten t i a l .  Judgement of the  
q u a l i t y  of space manufactured g l a s s  w i l l  be made by comparison 
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of proper t ies  with corresponding proper t ies  of glass prepared 
during the current  program by b e s t  possible  earth manufacturing 
methods. 

CONCLUSION 

A non-oxide chalcogenide 'g lass  i s  being evaluated fn 
IITRI's program t o  demonstrate two po ten t i a l s  of space manu- 
fac ture :  1) technica l  improvements (improved in f r a red  t rans-  
mission) through space manufacture where there  i s  no need 
f o r  a melting c ruc ib le  and there  are very l o w  g r a v i t a t i o n a l  
forces,  and 2)  the monetary value added t o  t h i s  improved 
g lass  due t o  t h s  technica l  improvement ( i . e .  gocd amorphous 
character ,  very low contamination, and a highly homogeneous 
c h i l l e d  form with s i z e  scale-up poten t ia l .  
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mTTECTIC S3LIDJFICATION 

'Paper presented by F. C. Douglas 

I F. C. rmuglas* and F. S. Galasso 
United Aircraft Research Laboratories 
East Hart ford ,  Connectimt 06108 

SUMMARY 

Directional solidification processes have been applied to a wide variety of 
eutectic cornpositions resulting in materials wit'n interesting mechanical, optical, 
electronic and magnetic properties. 
improvements in the mechanical properties in h<gh temperature alloy systems. 
studies have applied the directional solidification technique to off-eutectic c m -  
positions to obtain a greater lati-hide in cm_w,sition. 

The results of such investigations have led to 
These 

m- l l ~ r  -xiiiq-ce F-t less intensively studied, nonstructural properties have awaited 
the development of improved techniques of solidification which are capable of pro- 
viding better microstructures u p m  ~ i c h  a wic?escread use of eutectic compositions 
with directionally aligned structure depends. 

The ?ossibilities of using the low-gravity space environment for the processing 
of 6irectiona.lly solidified materials in order to remove the 1Mtations hposed by 
the 1-g earth environment have led to a careful evaluation of the directional 
solidification process an2 the results cmmonly obtained. Defects in the regularity 
of t h e  microstnicture :laxre been identified as cnc? c-' the nort inprtaiit ueas where 
present processing technology needs to be imprcved. One-g environment material 
processing must also be carefully characterized before it can be determined if 
zero-g processing will produce significant benefits in eutectic and off-eutectic 
soliiificatim. 

It is suggested in this pdper that a combination of experimental and analytical 
thermal studies will be required to optimize the solidification process in order to 
niniqize the shvct-nal deiects which cccm duc to present processing techniques. 
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INTRODUCTION 

Eutectics can be unidirecti .onally s o l i d i f i e d  t o  form composite s t ruc tures  which 
contain rods of one phase i n  another o r  a l te rna t ing  p l a t e s  of the  twc phases. 
has been shown that it is also possible t o  vary the r e l a t i v e  amounts of the  two 
phases by the control lcd s o l i d i f i c a t i o n  of off -eutect ic  compositions (Ref. 1). 

?he natural ,  allwed c iapos i tes  which result from the unid i rec t iona l  

It 

I 

s o l i d i f i c a t i o n  of eutect.ics have been found t o  have exceptional strength and are 
s t a b l e  a t  elevated tmp2ratures .  
rod- o r  p la te - l ike ,  p r o h c e s  anisotropic  propert ies  which can be used t o  advantxge 
in a v a r i e t y  of applicr.tions, 

The d i r e c t i o n a l i t y  of t h e i r  s t ruc tures ,  whether 

Improvements in t h e  mechanical propert ies  obtained by directior-al  s o l i d i f  iccltion 
of eu tec t ic  Compositions have l e d  t o  invest igat ions of a wjde v a r i e t y  of euteci;.:.c as 
wel l  as off-eutect ic  compositions 'n  which an aligned microstructure c m l d  be 
obtained. Such invest igat ions have been la rge ly  generated by t h e  need f o r  improved 
high s t rength,  high temperature mater ia ls  f o r  use i n  gas turbines .  
number of s tudies  have been perfomed on materials which have exhibited i n t e r e s t i q  
optLcal, e lec t ronic  o r  magnetic behavior. 

In  addition, 9 

As tlie zzsii2to from 2 r??,mlher nf di f fe ren t  compsi t icns  subjected t o  d i r e c t i o n a l  
s o l i d i f i c a t i o n  and subsequent ..valuation have gram,  it has become increasingly 
c l e a r  that a s ign i f icant  e f f o r t  mst be made i n  t h e  a rea  of process control. 
i ng  high qua l i ty ,  low d.cfect, c o n t i x n u s  microst,ructure appears t o  be the  key t o  
producing high qunl i ty  materials.  
complex shapes makes t h e  problem of process control  even m r e  difficult and t h i s  
d i f f i c u l t y  i!: coqounded in sone casec by the necessi ty  of operating a t  temperatures 
up t o  1 5 C O " C  f o r  superalloy turbine tladc casting, or higher i n  the  case of ceramic 

Gbtain- 

Coupling t h i s  requirement with t h e  production of 

sys tem.  

J 
... J 

The e n t i r e  process of s o l i d i f i c e t i o n  and process control  has come under 
scrut iny by v i r t u e  of the  e u t e c t i c  scl idif icat i .on experiments performed in prepara- 
t i o n  f o r  and i n  the  orbitiru; apace 1P:ooratory. I n  &articular, the study of .defec t  
s t ruc tures  end the  parameters d i i c h  control  t h w  have been investigated.  The l o w -  
gravfty environment of a space laboratory prwided a unique opportunity t o  process 
materials without some of t h e  hindrances of a 1-g environment. 
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I 
DIRECT ICNAL S O L I D I F I C A T I O N  

Sol idlf  i ca t ion  T?c;inj cues 

'ilie t y p i c a l  procedure used t o  d i rec t iona l ly  roliclify 8 material has  been to 
place the  mater ia l  i n  a su i tab le  crucjLle,  n e l t  it i n  n furnace, and then withdraw 
thc  crucible  of molten mater ia l  from the  furnace a t  a constant rate. Various 
arrm4:cnents of parer  input and coolin,; have been used t o  provide aes i red  conditions 
a t  tllc sol id- l iquid in te r face ,  such 3s rnaintaininr a high thermal gradient  i n  t h e  
l iqu id  a t  t h e  sol id- l iquid in te r face  posit ion.  
f o r  hi ;h  melting point  alloys which prcducer 2 hif-h t h e m 1  r rad ien t  i n  the  m e l t .  
I t  conr i s t s  of an induction heating system with var iab le  spacin& between the  coi' 
clexer.tc t o  concentrate the  power input ,  and :L flowini; c;atc?r cuench system f o r  heat 
extraction. Flesistance-heated furnaces with s i n i l a r  arrar..;w.ents are also u.7~-2, but  
generally lack t h e  power input  capabi l i ty  of the  inducticn system. Thermal f luc tus-  
~ i ~ i i . -  ::t the so l id i fy ing  in te r face  m y t  1.e clirninated i n  order t o  obtain good mlcro- 
s t n i c t x e .  This generally ncce5rit:itcs the  L;EC nf' a thermal nonitcr-Lng and feedback 
control  systeii to achieve rood r e s u l t s .  

Fi,pre 1 illustrates a system used 

L .  

The n icros tn ic ture  cjf a d i rec t iona l ly  r o l i d i f i e d  eu tec t ic  a l l o y  from such a 
fiwnace i s  i l l u s t r a t e d  i n  F i g .  2 .  

Directional microstmcYA-e e&? alan %e obt.:_.inc;d usirG % system w h i c h  t raverses  

A t rave l ing  zone has the  advantage t h a t  only 
a molten zone through t h e  ingot. Different nethods of producing molten zones a r e  
i l l u s t r a t e d  i n  Figs. 3, 4, 5 ,  6 and 7. 
a smll Fortion of the  t o t a l  mater ia l  i r  molten a t  any one time. This shortens t h e  
time t h a t  the  molten mater ia l  i s  i n  contact with a crucible.  Eiermal gradients can 
be achieved which are high enough t o  study off-eutect ic  s o l i d i f i c a t i o n ,  as i lkis-  
t r a t e d  i n  Fig. 8, which shows the thermal p r o f i l e  obtained i n  a l e a d - t b  eu tec t ic  
melt using the zone furnace system sham i n  Fig. 7.  

A n  i r t e r e c t i n g  cethod which lends ityclf t c  yrcductlon of shaped pieces i s  the 
edge-defined film-fed growth process developed a t  g c o  Laboratories, Inc. This is 
i l l u s t r a t e d  in Fig. 9. The shape of the so l id  i s  determined by the outside dimen- 
sions of a d i e  which feeds the sc l id i fy ing  form by c a p i l l m  action. In order t h a t  
cap i l la ry  feeding w i l l  occur, t h e  nolten mater ia l  must wet &&e d i e  material. 

b:any laborator ies  xre engaged In the  study of d i rec t iona l ly  so l id i f ied  
materials.  A recent conpilation (Ref. ? )  provides a directnry whizh w a s  current i n  
Cctcber 1?73. 
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Materials Studies 

The widespread i n t e r e s t  which has developed Fn t h e  a rea  of composite s % n x t u r e s  
as produced by d i r e c t i o n a l  s o l i d i f i c a t i o n  has natural& l e d  t o  t h e  invest igat ion of 
many alloy compositions. 
studied is contained i n  Refs. 2 and 3. 
the  physical Fropert ies  of camposite materials. 
t i o n a l l y  s o l i d i f i e d  composites have been given, the  nonstructural  appl icat ions are 
reviewed, and t h e  status of t h e  theore t ica l  understanding of t h e  s o l i d i f i c a t i o n  
process i s  presented. 

A l i s t  of tile e u t e c t i c  compositirns which have been 
Reference 3 provides excel2.er.t reviews of 

The mechanical b-.havior of unidirec- 

An example of a s t r u c t u r a l  m t . e r i a l  based on a d i rec t iona l ly  s o l i d i f i e d  pseudo- 
binary eutectic is t h e  Ni-Al-Cb system. The Ni3Al-Ni3Cb eu tec t ic  w a s  used as a 
s t a r t i n g  point  and t h e  amounts of N i ,  Al and Cb were var ied with t h e  addi t ion of Cr 
t o  optimize the  des i rab le  propert ies  such as high s t rength and corrosion res i s tance  
a t  high temperatmes. 
~ c i o s t ~ c t ~ e .  In  addi t ion,  a s  pointed out in Ref,. 3, the  l imi ta t ions  imposed by 
the m i t e r i a l ,  the  composition, and the crystallogra;)hy can be surpassed because of 
the  v e r s a t i l i t y  of t h e  d i r e c t i o n a l  s o l i d i f i c a t i o n  technique. 
obtain conplex -- i n  s i t u  grown " p o s i t e s  having any number of elements i n  order t o  
get  a mater ia l  possessing a set of propert ies  chose:i i n  advance. 

Yhese were echieved while mahta in ing  an aligned composite 

One can, i n  f s c t ,  

The review papers i n  Ref. 3 a l s o  discuss t h e  r o n s t r i c t u r a l  uses of d i rec t iona l ly  
solidil ' ied eu tec t ics .  A -~a;netsresist lLvP :raterial hac b?en refie by direckional ly  
solid%fying the pseudo-binary eu tec t ic  In%-NiSb. I n  t h i s  mster ia l ,  thz  eutect3.c 
microstructure cons is t s  of NiSb conductive rods i n  a matri-x of In%. "lien t%e flow 
of current through t h e  mater ia l ,  t h e  d i rec t ion  of the  rods, and an applied magnetic 
f i e l d  a r e  all a t  right angles,  a maxi" magnetoresistive e f f e c t  appears, caused by 
the  sho=t-circuit ing of the induced H a l l  vol tage by t h e  NiSb rods. This material 
a l s o  makes an e f fec t ive  inf ra red  polar izer .  

An exmple of an opt ica l  application is the  fonoaticn of b i re f r ingent  mater ia ls  
f rm iso t ropic  mater ia ls  by d i rec t iona l  so l id i f ica t ion .  The system NaC1-MaF has 
been used t o  form a u n i a x i a l  mater ia l  from phases which by themselves a r e  isotropic .  
m e  advantage rea l ized  i s  t h a t  the  rmrelength region where the  mater ia l  i s  e f fec t ive  
can be selected because of the control  Over t h e  s i z e  0; m e  stparated phase e l m e n t s  
th rowh  the r a t e  of so l id i f ica t ion .  Thus, qirarter-ware pl.ates and polar izers  can 
be constructed f o r  regions of the  spectrum where no n a t u r a l  mater ia ls  a r e  avai lable .  

A f i n d  rxanple of t h e  v e r s a t i l i t y  of s o l i d i f i c a t i o n  i s  the creat ion of f i l t e x  
of m i f o p -  ps ios i ty  mc? p a s s q e  s ize  by s o l i ? i f i c a t l c n  cf a IcsmTtectic system. In 
such a system, a homogeneous l i q u i d  transfccms t o  a l i q u i d  plus a s o l i d  phase, f rm 
which the  l i q u i d  can t h e s  be rmOve3, leaving a porous s t ructure .  Such f i l t e r s  a r e  
now made under t h e  t r a d e m e  of Nuclepore. 

I 
..J 
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Orbiting Space Laboratory Studies 

Some preliminary solidification studies have been perfcmed on the 
copper-aluminum eutectic using the materials processing facility on board the pres- 
mtly orbiting space laboratol-j. Because of "the nsture of the experiments, these 
rtudies have not been conclusive in determining if low gravity produces any gross 
effects in the microstructure which consists of alternating parallel plates of A l  
and cuill2. It is known that such factor; as changing grow-ch rate and solid-liquid 
interface m a t u r e  predmintte in effecting the defects in the microstlvcture. 
Other factcrs such as gravity-driven convection may be second-order effects as far 
as affecting the microstructure is concerned. For this reason, a high degree of 
control over the solidification process must be exercised first beftrra h e  advantages 
which zero-g processing corrld provide can be eraluated. 
off-eutectic solidification the effect of con7;ection may be more Important because 
cf n. need for an undisturbed boundary layer at the solid-liquid interface. 

I 

?t should be noted that in 

To investigete the nature of the control which must be exercised to eliminate 
such problems as nonconstant growth rate and nonplanar solid-liqaid interface shape 
;n cmpocite microstructural materials, a series of eqerinents has been performed 
on rod- and plate-forming eutectics under ;aSA Contract rus8-29669 at the IJnited 
Aircraft Research Laboratories. The objective of these experiments was to evaiuate 
tine i eas i t i i i iy  of usL-ig t2;z space em;lrc?n-~~nt Yet- p~i~&x<rig zitectics sf -.si --Y -lie 
characteristics of value or: earth. The eqerinents have investigated the nature of 
the microstructure obtained under processing such as simple solidification of 
cjlincirical rod specimens, solidification by passing a molten zone through a rod, 
forination of thin sheets of material, solidification around obstacles, and an attempt 
to evaluate the effect of crucible wall thickness. In addition to working with 
eutectic compsitions, off-eutectic solidification studies have been performed. 

< t ; O  r r>xl t  r.t.ar,ds c=it vhicl- s e m r  tq he a ccrn-m yrpblern C,o almost all 
ro1ii:ficntion s y s t m s  in whit', a colten ir.&ot is w i t h t l r a x n  f rom a ,"urnace into a 
region where it solidifies. l3is I s  that the rate of solidificstion is continually 
chan(;in::, which is a know. cause of defects. For long ingots, it becomes nearly 
constant d u r i n g  part of the operation, but n ? t  mer periods long enough to produce 
regions of highly perfect microstructure. 

A second c m o n  problem being studied analytically and experimentally results 
f rm the flnlte heat conhction into and cut of materids subjected to the solidifi- 
-,tion przcess .  315 ~ r S ~ l e r n  is the curvatire of t h e  solid-liquid interface. The 
direction of growth of the phases making up the microstructure is perpendicular to 
the solid-liquid interface. If this is not planar, then new phase units must be 
initiated or, conversely, same must disappear, depending on the curvature, wi+h the 
resilt that a significant volume of defect structure appears. 

'l%e changing of the rate of solidification appears to be significantly 
decreased, and m y  be eliminated, by use of a traveling molten zone. This technique 
also enables one to generate hich thermal gradients which axe needed to obtain en 
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n l i l - n c d  conponitc s t n i c t u r c  in off-eutect ic  compositions, and which may contr ibute  
to proviclirw a planc so l id - l iqu id  in t e r f sce .  
noltc.11 :'uric due t c ,  c;ravity s t i l l  has not  been determined. 

The e f f e c t  of t he  sq,g* in t h e  

Eutect ic  microstructure seems t o  be ab le  t o  maintain i n t e g r i t y  t o  a l a r g e  
cxtcnt  when forced t o  G r o w  aroimd an obstacle ,  provided t h a t  t h e  rate of c h w e  of 
d i r ec t ion  is not too high. 
of cqe r imen t  depends on the  degree t o  which t h e  f l a w  of hea t  can be control led 
t h r o w h  the so l id i fy ing  ingot. 

&,ah, t h e  succcss which can be achieved i n  t h i s  type 

The e f f e c t  of container thicknesses on the  microstructure of' a d i r e c t i o n a l l y  
s o l i d i f i e d  ingot i s  a l s o  being investigated.  
it exe r t s  over t h e  heat t r a n s f e r  i n t o  and out of t he  ingot. In addi t ion,  f o r  heavy 
m t e r i a l s ,  the container thickness must be g rea t  enough t o  support t he  weight of 
tiic r o l t c n  r a t e r i a l ,  m d  uyvs l ly  a c t s  L S  a very good insulator .  
cnviromcnt ,  the contsiner could be very thb , .  I n  order t o  d e t e n d n e  whether a 
# in  container i n  f a c t  i s  desirable  requires  that  t h e  container be t r e a t e d  as a 
the& t r ans fe r  device and optimized f o r  t h e  product jm of the desired s t r u c t u r e  
of the irq:r.t i t  contains. 

It is of i n t e r e s t  due t o  the  con t ro l  

In a zero-Gravity 

In suppcrt of t he  experimental program t o  inves t iga t e  the e f f e c t s  on e u t e c t i c  
r . icrcstruckrre  CI' various FrcIccssirK c-,crcticns, a TJTi>kTrai tt c x r d h z t e  e>Teri z - -  - 
c c n t < d  invectir-:aticns m d  .m:i lyt icd descr ipt ioxs generated by solut ions t o  t h e  
h e a t - r l m  equations has been s t a r t ed .  
an ope ra t io ra l ,  3-dimensi-and numerical program to solve the  heat-flaw equations,  
and tc  a l s o  obtain m. a c c u a t e  thermal descr ipt ion of t he  exFerimentd systems i n  
which the n3teriP.h a r e  d i r e c t i o n a l u  so l id i f i ed .  

- 

The present  e f f o r t  i n  this ar'3a i s  t o  obtain 

cow LbS I om 

SirniCicant profiress has been made in producing c o n t r d l e d  m i c r o s t r c c h r e s  i n  
a w i d e  variety of cmpos i t ions ,  s t a r t i n g  frm t h e  binary I=?tal alloys. Materials i n  
which a control led,  direc5ional n i c ros t ruc tu re  has been obtained include ceramics, 
multicomponent mets ls ,  semiconducting systems, superconductors, and noneutec-tic 
c c q o s i t ; r ;  :-. !.Icchnnicsl, elcctricd, r -wnr t i c  a n d  o? t i ca l  ? r m e r t i e s  hcve hccn 
? ~ n ( , n ~ t r R C , i .  ;.hicj; I r e  a fur,ction of the cc r t r c l l cZ  m i c r n s t m c t u r e  in  t h e  mi t e r i a l .  

I 

Areas where f u r t h e r  e f f o r t  appears t o  be needed a r e  csncerned with prcccssing 
technoloCy, where a combination of a n a l y t i c a l  and experiments! e f f o r t s  is suggested 
as the nost rapid way to make progress in obtaining the  desired f ab r i ca t ed  shapes 
with the appropriate microstxuctL>re. The nechaniams by which dcccc%c s r c  intzoduced 
Lit0 t h e  m i c r o s t n x t u r e  and t h e  neans t o  elFmFnate them appear to bs a f e r t i l e  a r ea  
f o r  progress. 
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In  order t o  improve the  processine, technoloE;y, supporting programs in which t h e  
themdl p rope r t i e s  of the m i t e r i a l  beiw processed a r e  required. In p a r t i c u l w ,  t h e  
determination of t h e  thermal p roye r t i c s  of compositions when molten are now unavail-  
able.  This type of data forms the input f o r  t h e  analytical portion of a so l id i f i ca -  

' t i o n  optimization. 
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FIGURE 4. TUNGSTON HEATER FOR ZONE MELTING OF 
EUTECTIC RODS. 
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CONCENTRATION CHANGES DUFUNG EUTECTIC SOLTDTFICATION 

I Biliyar N. Bhat 
Process Engineering Laboratory 

George C. Marshal l  Space F l i g h t  Center 
Marshal 1 Space F1 i g h t  Center, Alabama 3581 2 

SUMMARY 

Thermotransport (or thermal diffusion, Soret effect) is shown to c a u s e  
significant amount. of segregation during the  directional solid!fication of 
alunlinum-copper eu tec t ic .  The concentration changes are  predicted quan- 
t i ta t ively and they are  a function of tempera'iure gradient ,  r a t e  of melting 
and  solidification and the  time of soaking.  There is a fa i r  agreement bet- 
ween the  experiments and calculat ions.  A process is sugges ted  where 
t h e s e  concentration changes may be minimized. 

Eutectic solidification experiment (MSGG) c o n s i s t s  essent ia l ly  in  (1) 
partially melting a s ingle  grain A12Cu-A.l eu tec t ic  a l loy ,  (2) holding it in  
the  temperature aradient  for one hour (soaking) and (3) directionally sol id-  
ifying it a t  a predetermined ra te .  The objective of this  experiment is to 
de tern ine  the effect of zero gravity conditions of the Skylab on the  growth of 
lamellar eu tec t ic .  This i s  done by comparing the eu tec t ic  s t r u c h r e s  grown 
under 1-G conditions on ground and O - G  conditions in t h e  Skyiab (SL-3 and 
s L-4 ) 

It is wel l  known that good k m e l l a r  structures can be obtained by u s e  
of large temperature gradients (G) and s low ra tes  of solidification (R) (1 ,2) .  
However , under these  conditions therniotrans port a l s o  becomes significant 
( 3 , 4 ) .  Thermotransport is a phenomenon where atoms migrate in the  presence 
of a temperature qradient.  This can lead to segregation effects which may 
h c  s icnificarit i n  zero qravity rcn, : l i r inns whpre  convective mixing is nearly 
abscbnt. Temperature qradients p re scn t  i n  M566 experiment are  rather large 
and hence significant amount of thermotransport may be expected.  In AI-Cu 
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system, copper atoms are  known to migrate to the colder regions ( 5 )  and 
affect  the structure of directionally solidified AI-Al2Cu eutectic (4). This 
paper presents a study of concentration changes in M566 experiment due 
to  thermotransport. A method is suggested by which these concentration 
changes can  be corrected. 
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EXPERIMENTAL- 

The aluminum-copper eu tec t ic  specimens were  housed in cartridges 
and positioned in the  multipurpose e lec t r ic  furnace. (Details of the  cart- 
ridges and the  furnace may be found in reference (6). It took approximately 
two and a half hours to h e a t  u p  and m e l t  and two hours t o  solidify it 
completely with an  in between soak  period of one hour. Only about 6 . 5  c m  
length of the  sample w a s  remelted and directionally solidified.  The thermal 
ana lys i s  of the experimental package s h a v e d  that  the temperature gradient  
in liquid metal ahead of the interface w a s  4?C per c m  (6). After t h e  experi- 
ment, the cartridges were brought back to earth ar,d X-rayed. Each sample 
w a s  examined and the composition along the length of the  sample w a s  
determined by u s e  of X-ray fluorescence technique. (This w a s  done by 
Georgia Tech). 

Skylab experiments were a l s o  performed on earth in  the  laboratory to 
provide a comparison with the Skylab r e s u l t s .  A few special experiments 
were performed to determine the  variation of temperature at  the solid-liquid 
interface during the  soaking period. This was accomplished by introducing 
a thermocouple through the threaded end of the sample and ?ositioning it i n  
such a way that  the t i p  of the thermocouple coincided with t h e  solid-liquid 
interface.  Experiments were run in  the usua i  mdrii ie i  aiid thc t;?crmc?ccnplrj 
readings were recorded during the soak period. These da ta  a re  presented 
in  the  next sect ion.  After the run,  the  samples  were examined metallo- 
graphicaliy.  

RESULTS AND DISCIJSSiON 

X-ray radioqraphs indicated t53t therc w a s  some spgregation of copper 
a t  the remelt interfzce. Optics! mic i c s ropy  revcaled tha t  this  region of seg-  
regation w a s  0.01 to 0 .03  c m  thick.  The structure of the interface is shown 
in figures l a  and l b .  I t  cons is t s  mostly of B phase,  The remainder being a 
phase .  
either s i d e  of it. 

The structure is columnar in the interface region but is lamellar on 

Figure 2 shows the variation in the temperature at the remelt interface 
during the soak period. It is observed that  the temperature of the remelt inter- 
face  actually r i ses  during the soak period, >ut slowly. The ra te  of r i s e  and 
the amount of variation in the temperature is different for different samples 
and it varied by a factor of two or three.  There seems to be a correlation 
between the variation of temperature in t h e  hea t  leveller of the furnace (ref- 
erence 6 )  and that  of the remelt interface.  A larger variation in temper’rlture 
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leads to a wider interface reqion and vice versa.  

The above observaticlns can be explained quantitatively on the basis  
of thermotrans port in the liquid aluminum-copper eutectic alloy during 
melting and soaking. From reference 4 ,  the thermal diffusion coefficient 
of copper in this alloy is 

I 1 i I ' I  1 ,  

I 0' = 6.21 X cm 2 /sec-OC 

and the flux due to thermotransport is 

J 1  X l  x 2  

where c is the density,  x1,x2  are the atom fractions of copper and aIuninum 
respectively. The relative importance of thermotransport in the solidification 
of aluminum-copper eutectic alloy is given by the expression 

D ' x 2  G - R- !2j 
Thermal diffusion flux 

Rate of Solidification (R) 
0 "  

Figure 3 shows the dependence of this ratio on the rate  of solidification. 
The effect of thermal diffusion is negligible for large values of R (> 2 X 10-4 cm/sec) 
I t  becomes appreziable for lower rates of R .  For R ~ 2 . 1 5  X la-' cm/sec, thermal 
diffusion is so high that solid 8 will  form during solidification. For inter- 
mediate values of R ,  the contribution from thermal diffusion is such that the 
solid formed will  be richer in copper and columnar grains of 0 pha.. @ e  . are 
obtained and the inter.-columnar space  is fi!led by J phase.  This apDears to  
be t h e  c a s e  wi th  the Sky lah  can?ples .  

The rate of solidification fr:r Telting) can be calculated from the following 
exp ,ess ion ,  

dZ  dT:dt d T / d  t 
d t  =dTm =-  G 

R = -  

w h c r c  Z is t b e  d i rcc t ion  of s o l i d i f i c  3tio11, T is t h e  temperature and T is the 
time. 
T vs T (Figure 2 ) .  
during the soak period. 
soak period and falls  io lower values toward the end of the soak period (Figure 2). 

S ince  5 is knov:n to :)e 4 5 %  cm, R czn +: dctcrnined fro7.i tile ?lot of 
I t  may be observed that T-t curve does not rench a plateau 

The rate of heating is higher in the early part of 
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-5 An average r a t e  of melting is: 1.15 x 10 cm/sec. This occurs for a period 
of approximately 40 minutes. Hence,  the  total movement of interface (which 
corresponds to  the thickness  of the interface region) is 0.028 c m  (or 4 - 2 c m  
a t  150 X) .  This va lue  is in good agreement with the  experimental  values  of 
interface thickness  which a re  4 .  0 c m  for SL-3 sample and 4 -  7 cm for the  
ground base  sample respect ively.  

Referring to Figure 3 ,  the  contributi n due  to thermotransport is appeox- 
imatelY 20% when the melting rate  is 10 cm/sec. Hence,  the solid formed 
a t  the remelt interface wil l  have 21 atom percent copper which corresponds 
to  38 5 wt .  % copper (or 63% 0 phase).  Actual concentration of copper will  
be higher s i n c e  some segregatio? is already present before the soak  per iod .  

during the melting process when the solid-liquid interface moves from the 
h e a t  leveller to i t s  f inal  position. (This takes  approximately 80 minutes). 

-9 

This segregation is a lso caused  by thermotransport which occurs 

i t  is interesting to  note that the interface is melting slowly during the 
so3k period. Since thermotransport tends to e n r i L h  the cold end with copper ,  
the  liquid next to the solid-liquid interface is get t ing richer in  copper during 
Li;c sazk pti iod.  0,7n.i,er thesp randi i fonj :  (3 phase \.vi!! be stahle with respec t  
t o  small  super heat ing,  but a phase i s  not (5). Hence,  a phase is preferen- 
t ia l ly  d i s s o h e d  and the excess copper is deposi ted on the  exis t ing 0 lamellae, 
making them thicker.  If t h e  ra te  of melting is sufficiently low, it  is possible  
to obtain a sol id  
with the Skylab samples  towards the end of soak  period. 

$,.. . 

e phase a t  the remelt interface.  This is nearly the  c a s e  

I t  i s  also possible  to est imate  the variation in composition in  the liquid 
= I . J T ~ - % ~  frc-? t h e  interface.  
to therzotransport  is Given by (4) 

l n  thi. a b s e n c e  of convect ion,  the scgregation due 

where c and h refer to the cold and hot ends respec t ive ly ,  a,length of the 
column of metal under the temperat.ire crradient A T. In  this  case a = 5 e m  
.’. T 
Hence,  from equation (5) 

= 250 C and t = 6 x l o 3  s c c .  (tirnc of soak + half the t i m e  of melting). 
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This value is small and it is difficult t o  verify experimentally. At sufficiently 
large values of G/R, however, x,- x,, will become appreciable.  

I From the  above discuss lon  it is evident tha t  thermotransport is important 
:r. space p o c e s s i n o .  Interest ingly,  it can be controlled by choosing the 
correct C/R ratio, A constant  G/R is necessary  for growing fault-free eu tec t ic  
grains, Since the temperature gradient is always present this will result in 
some macro-segregation from one end t o  the other,  leading t o  defects  in 
the  structure. Such segregation can be eliminated by u s e  of the  following 
p o c e d u r e  . 

Since thermotransport m a k e s  the cold end richer in copper - this can  b e  
compensated for by start ing out with a material which is sl ight ly  deficient in 
copper a t  the  cold end. This c a n  be accomplished by holding the liquid al loy in  a 
temperature gradient for a predetermined period of t i m e .  This procedure wil l  
introduce a concentration gradient a s  given by equation (5). Th:; sample is 
then directionally solidified (si quenched) to preserve the concentration profile. 
The sample is then inverted and the crystal  is grown in the u s u a l  manner. I t  
may be  necessary  t o  u s e  a s e e d  t o  s ta r t  the grain in the proper orientation. 
The iji:ij:fiz! zoneen~at isr .  gredier-t is 
which would be created during the growth. These tend t o  c a n c e l  each  other 
drid one can obtain a more uniform composition and hence a better structure.  

in  a dliectliifi opwsite to the  wadien? 

C 0 NC LUS'I 0 NS 

(1) Significant changes in concentration occur during the solidification of 
a lumicum-copper  eutect ic  a l loy under zero-gravity conditions.  

(2) These concentration changes can  be controlled by modifying the process 
of c rys ta l  growth. 
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150 X MAG. 

SKYIAB SAMPLE GROUND BASE SAMPLE 

FIGURE 1. PHOTOMICROGRAPHS "2 THE R M n T  INTERFACE 
OF (a) SKYLAB-3 SAMPLE AND (b) GROUND 
BASE SAMPLE. NOTE: GROUND BASE SAMPLE 
HAD CRACKED AT Ti2 ihiELu"ACE. 

7 

FIGURE 2. PLOT OF THE TEMPERATURE ANI) THE RATE OP MELTING 
OF THE INTERFACE DURING THE SOAK PERIOD. 
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E F F E C T  O F  GRAVITY O N  LIQUID PHASE SINTERING 

T. Mookherji*,  W. B. McAnelly 
Teledyne Brown Engineering 
Huntsvi l le ,  A labama  35807 

and 

E. C. McKannan, S&E-ASTN-MM 

Huntsvi l le ,  A labama  35807 
G e o r g e  C. M a r s h a l l  Space Fl ight  C e n t e r  

SUMMARY 

The  objective of the p r e s e n t  w o r k  i s  t o  s tudy the utiiiziiiioii of :ha 
unique conditions offered by the E a r t h  o r b i t a l  environment  i n  m a t e r i a l  
p r o c e s s i n g  involving both solid and liquid p h a s e s  - -  such  as liquid 
p h a s e  s in t e r ing .  

T o  achieve t h i s ,  a n  e x p e r i m e n t a l  development p r c g r a m  involving 
both t e s t  and t h e o r e t i c a l  work w a s  init iated.  E x p e r i m e n t a l  work  using 
m a t e r i a l  combinat ions se l ec t ed  such tha t  m a x i m u m  in fo rma t ion  about 
the effect  of gravi ty  can  be de r ived  h a s  been conducted. Wetting of the 
solid phase by the l iquid during s inter ing is a n  impor t an t  phenomenor. i n  
l iquid phase  s in t e r ing ,  and g r a v i t y  h a s  influence on both cap i l l a ry  phe- 
nomenon and dens i ty  seg rega t ion ;  hence,  m a t e r i a l  combinat ions w e r e  
se l ec t ed  such  t!i& t!-sse two effects  c a n  be suitably s tud ie s .  
m e n t a l  work is  nieant to f o r m  the b a s i s  f o r  sj.milar compara t ive  w o r k  
done unde r  low-g conditions.  

The  e x p e r i -  

The p a r t  of the mode l  dealing uvith the c a p i l l a r y  phenomenon, as  
r e l a t ed  t o  liquid phase  s in t e r ing  and the effect  of g r a v i t y  on i t ,  suggest  
t ha t  g rav i ty  wil l  have negligible e f f e c t  on the Bond n u m b e r  and tha t  the 
cohesive f o r c e  is dependent on both the amocnt  of liquid phase  and the  
angle  of contact.  

The e x p e r i m e n t a l  r e s u l t s  suppor t  t h i s  p a r t  of the model .  

.- 
* P a p e r  p r e s e n t e d  by  - -  T. Mookher j i  

PRW,EIIIXG PAGE RT,A;YR NOT FTTT.hlED 

. . . - . . . __ - . 

963 

- . . . . _..-. -4 



1 NTRODUCTION 

T h e  weight less  conditions in an orbi t ing s p a c c c r a f t  o f f e r  s o m e  
unique advantages f o r  work on m a t e r i a l s  and p r o c e s s e s  that  c a n  yield 
valuable r e t u r n s .  
t iox f o r e s e e n  f o r  achieving such a r e s u l t  i s  t he  el iminat ion of g rav i ty -  
d r iven  f o r c e s .  
low-gravi ty  solidification of i i nmisc ib l e s ,  w h e r e  seg rega t ion  e f f ec t s  due 
t o  dens i ty  d i f f e rences  m a k e  bulk sample  production [ l ]  and n u m e r o u s  
o t h e r  c x p e r i m c n t s  [2 ]  pract ical ly  imposs ib l e  on Ea r th .  

One of the main advantages of this  we igh t l e s s  condi- 

T h i s  has been v e r y  c l e a r l y  d e m o n s t r a t e d  th rough  t h e  

It a p p e a r s  t ha t  t h i s  unique condition c a n  b e  v e r y  prof i tably ut i l ized 
in  m a t e r i a l  p r o c e s s e s  which s imul t anecus ly  involve solid and liquid 
phases ,  such as  liquid phase s in t e r ing  (LPS).  Th i s  i s  a p r o c e s s i n g  
technique where  a mass  of s m a l l  p a r t i c l e s  of different  components  i s  
heated above the melt ing t e m p e r a t u r e  of one G f  the components  so that 
a l l  the p a r t i c l e s  become  bonded into a solid m a s s  on coolinfi. 

S i - , ; c r ing  is  a c o n i p l r s  p r o c c s s  consis t ing of a s e r i e s  of c lose ly  
r e l a t e d  physicochemical  phenomena. I t  should be  r e g a r d e d  as  a t k e r m o -  
dynLmic p r o c e s s  in which the s y s t e m  tends to a t ta in  a s t a t e  with minirnal 
f r e e  energy.  
t ha t  c e r t a i n  m i n i m u m  r c q u i r e m e n t s  r ega rd ing  the wetting of the solid 
phase  by the liquid d u r i n g  s in t e r ing  mus t  be m e t  in o r d r r  to s u c c e s s f u i l y  
s i c t c r  u i t h  a liquid phase.  

F r o m  the work of n u m e r o u s  inves t iga to r s ,  i t  s e e m s  c l e a r  

It is of impor t ance  then t o  c o n s i d e r  the %retting 

a 
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phenomenon and i ts  relation to  LPS. In an otherwise non-wetting s y s -  
tem, wetting can be  achieved by decreasing the solid-liquid interfacial  
energy through preferent ia l  adsorption of one of the constituents in the 
liquid phase on the sur face  of the solid phase and/or  by diffusion fluxes. 

1 The necessa ry  interface condition of wetting i s  effccted by both 
I t  has  been pointed out in a theoretical  gravity and the environment. 

study [ 31 that the adsorption of the residual gases  of the space  environ- 
ment, which coiitains a high percentage of 0 and 0 2 ,  will affect the 
specific sur face  energy of both the solid and liquid phases. I t  was a l so  
shown that both vacancy concentration and thermal  faceting a r e  functions 
of sur face  energy. 

The present  paper  deals with that pa r t  of the theoret ical  model 
which deals with the capillary phenomenon, a s  related to  LPS and the 
effect of gravity on it, and some experimental  resu l t s  that  cor robora te  
with this pa r t  of the model. Modeling for  the trapped gas  bubble and 
segregation and their  influence on LPS wi l l  be  reported in the future. 

FUNDAMENTAL CONCEPTS FOR LIQUID 
PHASE SINTERING MODEL 

During various s tages  of the sintering process  a s imple LPS 
can b e  viewed as a t r inary  system. 
micros t ruc ture  of an LPS during the various s tages  of sintering. 
the green s ta te ,  af ter  the work piece has  been compacted, the individual 
par t ic les ,  according to  Goetzel [4 ] ,  a r e  held together by interatomic 
fo rces  (i. e . ,  surface adhesion and cold welding) and niechanical in te r -  
locking. 
cor rec t ly ,  a sol id/sol id/gas  system. The void fraction depends on the 
plasticity of the base mater ia l s ,  the particle s izes  and shapes,  com- 
pacting p res su re ,  and other factors.  During the sintering process  the 
compacted mate r ia l  goes f rom a sol id/sol id/gas  to solid/l iquid/gas,  
and back to a sol id/sol id/gas  system. 

Figure 1 shows schematically the 
In 

In this  state the LPS compact i s  a solid/solid/void o r ,  more  

Letting f,, f l s ,  f v  represent  the volume fractions of the higher 
melting point solid, the lower melting point solid, and the void, respec-  
tively, it  is obvious that for this simple LPS compact, 

f s  t f I S  t fv = 1 . 
Maximum densification of the final product occurs  when f v +  0. 
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During the p r o c e s s  of s in te r ing ,  the  void f rac t ion  changes ,  due t o  
v a r i o u s  p r o c e s s e s ,  f r o m  i t s  init ial  value t o  a final value; thc difference 
accounts  for  the shr inkage.  

From the viewpoint of fluid flow, a n  LPS comk..ct in  the g r e e n  s t a t e  
c o n s i s t s  of many capi l la ry  tubes.  
t empzra ' tu re  i s  r a i s e d ,  s e v e r a l  changes  o c c u r .  At a t e m p e r a t u r e  wel l  
below the melting point, the lower melting component b e c o m e s  v e r y  
p las t ic  and the  bonding f o r c e s  between ad jacent  p a r t i c l e s  is  reduced.  
Shrinkage of the compact  can o c c u r  during th i s  p h a s e  b e c a u s e  the 
plast ic i ty  of t h e  lower  melting component allows the p a r t i c l e s  to move 
into c l o s e r  packing. 

Durinc; the s in te r ing  p r o c e s s ,  a s  the 

A s  the t e m p e r a t u r e  is ra i sed  above the point \\-here the lower  
melt ing component b e c o m e s  l iquidus,  the l iquid,  d r iven  by capi l la ry  
f o r c e s ,  flows among the solid p a r t i c l e s .  Simultaneously,  the s u r f a c e  
tension f o r c e s ,  produced a s  the liquid fills the  voids,  m o v e s  the sol id  
par t ic les .  

F o r  a liqllid m e l t  which is highly non-wetting with rerjpect tc  the 
sol id  p a r t i c l e s  (i. e.,  0 > 90" w h e r e  8 is the l iquid/sol id  c m t a c t  angle) ,  
the liqilid tends to  f o r m  into a s p h e r e  ( F i g u r e  1) b e c a u s e  of the  influence 
of s u r f a c e  tension and the minimum energy  pririciple. ' Jndcr  :!lese ccm- 
ditions the liquid s u r f a c e  tension f o r c e s  tend t o  s e p a r a t e  the  solid 
par t ic les .  

For a l iquid m e l t  which is highly wetting (i. e., 8 = 0 " )  the liquid 
tends to  flow along the s u r f a c e s  of the sol id  m a t e r i a l  ( F i g u r e  I ) .  
t h e s e  conditions the s u r f a c e  tension f o r c e s  tend to  pull  the solid p a r t i c k s  
together .  

UndeT 

As the l iquid flows through the  c i rcu i tous  capi l la ry  tube s y s t e m ,  
r e p r e s e n t e d  by the s p a c e s  between the  sol id  p a r t i c l e s ,  gas bubbles can 
b e  t rapped.  
pac t  i s  resolidified.  

T h e s e  t rapped g a s  bubbles become the voids when the com- 

Anothcr f a c t o r  which influences the  final s t a t e  o f  the s i n t e r e d  com- 
pac t  is the segrega t ion  of m a t e r i a l  according t o  densi ty .  Depending upon 
the  d c g r e c  of compaction and the par t ic lc  s i z e  and slicipc, ! ! : c  voi(1 fr , tc. t ion 
can v a r y  f r o m  0. 25 to 0. 5. According to  Lcncl [ 51, t l i z  i r , i c i  i i ) n  o i  l i q u i d  
m u s t  b e  at leas t  0 . 2 5  in o r d e r  t o  fill al l  the voids. 
theore t ica l  calculat ions [ 61 indicatc that  a liquid fract ion of 0 .35  is 
r e q u i r e d  to fill a l l  of the voids.  
solid is significantly diffrrcnt  f r o m  that of thc  liquid, a n d / o r  n'..t-rt, the 

F o r  Tpherical  par t ic les ,  

Under  Conditions \<.here t ! :e  densi ty  of the 

... . , . .. 
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Nnidich, et  a1 [a ]  studied the same problem, except that gravitational 
effects were  ignored. 

The i r  derivation produced equations identical  to Equatia;k-.:: 4, 
2 5 ,  and 2 6 .  
colloid o r  par t ic le  problem. 
formed of spherical  par t ic les ,  the maximum and minimum pore space 
is obtained when the packing i s  cubic and rhombohedral, respectively.  
The  orientation of the packed spheres  is shown in F igure  7. 
of a packed mass is re lated to the densit ies of the solids and the pore  
space and, therefore ,  to the volume of the pore space.  

Packing of par t ic les  is a debatable point in any theoret ical  
F o r  the s imple problein,, where the body i s  

The density 

AS can be  seen  in F igure  7, for  cubic packing each cent ra l  sphere 
has  six neighors,  and fo r  rhombohedral packing each cent ra l  sphere 
h a s  twelve neighbors. 
sphe res  a t  the nea res t  points and perpendicular to  a l ine between the 
centers ,  it can be seen that the total  space occupied by each sphere and 
and i t s  pore space is a cube for  cubic packing and a rhombic dodeca- 
hedron for the rhomDohedra1 packing (F igure  7) .  Assuming the spheres  
to b e  a uniform dis tance@) apa-t  at the nea res t  point a i d  letting R b e  the 
spherical  radius ( same  as that used in Figure 4), the total  volume O C C U -  

pied by each sp l i e i c  aiid :ts p s r e  ' ; p , r : e  c z  bc dcri-.red and gives: 

By passing tangent planes between adjaccnt 

cubic packing Vt = 8(R + p / 2 ) 3  ; (27) 

rhombohedral packing, Vt = - ( ~ + 1 / 2 ) 3  . 
n 

Letting the spheres  represent  the solid par t ic les  of an LPS, we s e e  that 

VS f, = - 
Vt 

and 

VI fLS  = - 
Vt 

where  V s  i s  the volume of Lhe solid. Then, f rom Equation 1 

Vs + n Vi 
fv  = 1 - (fs t flv) = 1 - 

Vt 
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where n i s  the number  of sur faces  in  contact (i. e., n = 6 for a cube 
and n = 12 for a rhombic dodecahedron). 
29, 30, and 3 1  givc 

For cubic packing, Equatians 

413  ‘TT R3 t 6 VL 
8(R t P / 2 I 3  

(f,) = 1 - 
CP 

F o r  rhombohedral packing, Equations 29 ,  3 0 ,  and 31. give 

(34) 

For close packing, i. e . ,  .! = 0 and f o r  no  liquid, Equations 3 4  and 37 give 
maximum and minimum void fractions of 

0 .4764  

and 

(fV) rp = 0.2595 . ( 3 9 )  

F r o m  these resu l t s  i t  is easy to  deduce that the amount of liquid required 
to j v s t  fill  all the voids of the ccmpact must  be between 25.95 and 47.64% 
by volume. 

Figures  8, 9, and 10 show how the surface tension-induced, 
adhesive forces  vary with the contact angle, distance between par t ic les ,  
and liquid fraction. 
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amount  of liquid is much g r e a t e r  than the m i n i m u m  amount  requi red  t o  
f i l l  the  void spacc ,  the solid and liquid components can  segrega te  t h e m -  
s e l v e s  according to density.  
a re  buoyancy f o r c e s  with r e s p e c t  t o  the  gravi ta t ional  vector .  
tension ana  adhesion can  a l s o  force  s o m e  of the liquid through the  outer  
p o r e s  of the compact .  

The  forces  controll ing the segrega t ion  
Surface  

I ’ 
T h e  previous  d iscuss ion  sugges ts  that  a t  l e a s t  t h r e e  s i m p l e  phe- 

nomenological  models  a r e  n e c e s s a r y  for descr ibing the fluid a s p e c t s  of 
l iquid phase  s inter ing.  
in F i g u r e s  2 and 3.  

T h e s e  t h r e e  models  of the p r o b l e m  are  shown 

MODELING O F  SURFACE TENSION FORCES 
ACTING DURING SINTERING 

Cepicting the compact  ideally as many s p h e r e s ,  with adjacent  
s p h e r e s  connected a t  t h e i r  n e a r e s t  points by a s m a l l  amount of liquid 
( F i g u r e  2 ) ,  can explain s o m e  of the f o r c e s  acting during the s inter ing 
p r o c e s s .  
cap i l la ry- l ike  f o r c e s  which a r e  produced by the intervening liquid. 
F o r  a wetting liquid the f o r c e s  a r e  a t t rac t ive ,  t h e r e f o r e ,  an i n t e r i o r  
n a r + ; r i P .  a s  depicted i n  F < g u r c  2 ,  is  s ~ h j e c t  In a t t rac t ion  i n  all di rec t ions  r - - - - - - - -  
by neighboring par t ic les .  P a r t i c l e s  on the s u r f a c e s  a r e  a t t r a c t e d  
inwards  and t o  the  s i d e s  by neighboring par t ic les ,  but there  i s  no 
outward a t t rac t ion  t o  ba lance  the inward pull. Hence, e v e r y  s u r f a c e  
p a r t i c l e  is subjec t  t o  i r w a r d  a t t rac t ion  m o r e  o r  less perpendicular  to  
the  sur face .  
movement  the e x t e r i o r  p a r t i c l e s  tend to  move inward  causing omni- 
d i rec t iona l  shr inkage.  I t  is possible  to  model  the capi l la ry  f o r c e s  by 
consider ing t v ~ c  r p h e r e s  with an intervening liquid a s  shown in F igure  
4. 
in  F i g u r e  4. Because  of hydros ta t ic  f o r c e s  the r a d i i  of c u r v a t u r e  a re  
a s s u m e d  to v a r y  with the  a n g l e s 0  and /3 . L a t e r  it will b e  shown that 
constant  rad i i  of c u r v a t u r e  i s  a v e r y  safc assumpt ion  for  LPS. 

Adjacent s p h e r e s  a r e  a t t r a c t e d  o r  repel led because  of the 

F o r  conditions where no o ther  f o r c e s  ac t  to  prevent i n u a r d  

In  the g e n e r a l  c a s e  the !iqui.d-vapor interface shape  v a r i e s  a s  depicted 

F o r  a wetting liquid the p r e s s u r e  ( P p )  on the liquid s ide  of the 
l iquid-vapor in te r face  is l e s s  than thz p r e s s u r e  (P,) on the vapor  side.  
T h e r e f o r e ,  the s p h e r e s  a r e  Su’JJeCted to a c o m p r e s s i v e  i c r c e  given by 

. .  
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where 

dF, - hydrostat ic  force acting to a t t rac t  the sphe res  tia3te that 
when dF; < 0, the force is repuls ive)  

- projection of the wctted a r e a  on the a, z plane. dAa, 

A sur face  tension component opposite to the u vector  shown in  
F igure  4 i s  a l so  acting to pull the spheres  together. 
Eurface tension force  is given by 

A differential  

where  

d F 2  - sur face  tension fc rce  acting to a t t rac t  the s r f le res  (note 
that when dF, < 0,  the surface tension force is repulsive) 

ulv - liquid-vapor surface tension 

dS - liquid-solid wetted per imeter  ipcrement  

+, - angle between t h e  Spheie centerlb-es anti iXe wet ted  
pe r ime te r  

8 - liquid, solid contact angle. 

Letting 

= R s i n +  d a *  d(R s i n + )  d%, 

Then the resultant force is given by 

d F  = dF, t dF 

t upv sin (+, + 0 )  R s i n + ,  d a  . ( 6 )  

The integraticn of Equation 6 requi res  a complete definition of the 
interface shape and the hydrostatic forczs.  
be related to thc surface tension through Laplace 's  firs: law, giving 

The hydrostatic forces  can 
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P, - Pi = %($ -+) ‘ (7) 

where r, and r2 a r e  the principal radii of curvature at any point on the 
liquid-vapor surface (0, x, z ) .  
to be aligned with the z axis the hydrostatic p re s su re  on the liquid s ide 
of the liquid-vapor interface is given by 

Assuming an acceleration vector (g) 

I I ‘ I  
1 ,  

I ! .  

where 

Plo - hydrostatic pressure  a t  the interface where a = 0, x = 0, 
z = zo = r l  (i. e., top, center of the interface) 

Pf - liquid density 

go - sea  level gravitational constant. 

Since z = rl cos a ,  Equation 8 can be written a s  

i ‘  
L’ ,J (rl, - rl cos a j Pt = Plo t Pp 

Then, Equation 7 becomes 

/ 1  I \  

At the point = 0, z = 0, z = z o ,  Equdtioi-i 7 gives 

T h c n ,  d c f i n i n q  a E:ean r a d i i i s  of curvat:ire a s  

2 

‘m 



and 

WTERIAL SP.  G R .  
-. I -- 

cu 8.9 
P. 3 10.5 
Pb 11.3 
CaO 3.3 
MgO 3.6 
H20 1 .0  

2 
rmo 

oQv (dyne/" d o e y  [gm/(dyne cm'll 
---_ 

1270 0.007 
940 O.Gl117 
455 0.02484 
820 0.00402 

75 0.01333 
1090 0.0033 

Equation 10 gives 

Equation 14 can be rear ranged  to give 

where Bo is the Bond number given by 

F r o m  Equation 15 ,  the simple relation obtained is 

rl0 - rl cos a - 'mo = l - $ B o (  

r m  " 0  

Equation 17 ciin be viewed as a measu re  of the eccentricity of the vapor- 
liquid interface.  Table I l i s t s  the density and surface tension of s eve ra l  
common LPS liquid phase mater ia l s  in addition to those of water. 

. 
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Letting the rtiecm tadi*Js of cu tva turc  rmo in Equation 16 b e  equal 
to thc radius of the sphe re  of Figure  4, the effects of gravity,  par t ic le  
radius,  and the liquid density-surfacc &ension rat io  can be evaluated. 
F r o m  Table I it is sccn  that most of the common LPS liquids have density 
to sur face  tension ra t ios  of the o rde r  of 0.601 < (p) / (uiv)< 0. 01. 
part ic le-s izcs  ranging f rom 10 p to 1000 p p  the Bond numbcrs  f o r  various 
(g/g,) levels have been computed and arc shown in F igu re  5. 
liquid phase s inter ing,  particle s i z c s  of the o rde r  of lop  to 1 0 0 ~  a r e  
generally used. 
one (g/g,) environment i s  on the o r d e r  of and less .  F o r  the s a m e  
s i ze  par t ic les  in a 10'' ( g / g o ) ,  the Bo~id number is lo-' and less .  
fore, because the par t ic le  s izes  in LPS a r e  so  sma l l ,  the Bond number 
is significantly l ess  than unity. 

F o r  

In most  

F r o m  Figure 5 it i s  scen that the Bond number fo r  a 

Therc-  

An understanding of how the Bond number affects the liquid-vapor 
interface shape can be obtained by considering the resu l t s  derived by 
Hastings [ 71. Using the principle of minimum encrgy, Hastings computed 
the liquid-vapor interface shape of a liquid confined in an ax is -symmetr ic  
-0ntainer as a function of Bond number.  

f G i  Z c n d  n u n b e r ~  i*.sryin!; bitwi.cn 3 and = a r c  sho*.t:r? i n  F i g n r r  6 .  
mally,  in  low-gravity fluid mechanics problems,  the Bond number changes 
f r o m  a large number under one-g conditions to a very smal l  number as  
- eravity approaches zero.  F o r  example,  a one-foot-diameter  container 
of water has  a i3ond number of approximately Bo = 3000 a t  one g ,  which 
reduces t o  Bo = 0.3 a t  g/g, = 10". As can be  scen in  Figure 6 ,  this 
causes  the interface to change f rom a flat shape a t  one g to  a near ly  
spherical  shape at g /g , .  

Dimensionless interface shapes 
Nor- 

in liquid phase sintering, however, the par t ic le  s i zes  a r e  so  smal l  
that  the Bond number is near ly  ze ro  even under one-g conditions. 
ing the Bond number fur ther  by reducing the gravitational coniponent has  
a negligible effect on the interface shape. Therefore,  Equation 17  gives 

Reduc- 

l im r m o  
B o - - O ( C )  = 

Thus, it is  s r e n  that a s  the Bond  numbcr t e n d s  t o  z e r o  for Lv'tiateber cause,  
the mean radius of curvature becomes a constant w i t h  rcspect  to the 
var iablcs  CI and 0 ( s e e  Figure 4 ) .  Equations 1 2  and 1 3  then give 

2 1 1 - 2 
'm 'mo - - -  = ($+) = (G-K) 

= constant . ( 1 9 )  
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Equation 10 then gives 

2 =1v 
(P"' P1) = - . 

rmo 

Equation 6 can then bc w r i t t e n  as 

2 =.!v 
dF = - R sin + d(R s in  + )  d o  

'mo 

Then since rm = rn10 = constant,  and 4 is not a funztion of u for 
[ l/rzo ) - ( l / r l o  ) ] = constant, Equation 21 can be . integrated to  give 

t I'2= rPv s in  (+o f e )  R s i n + o  da 
' a = O  

or 

f 2n R s i n + 0  s i n  (+o t e)  . 1 F = ulv IT R' sin' 1 
L 

Letting P be the distance between spheres  Fives 
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From F i g u r e  8 it can  b e  s e e n  tha t  t he  c o h e s i v e  f o r c e  d e c r e a s e s  

For any  con tac t  ang le  l e s s  t han  90 d e g r e e s ,  
as t h e  c o n t r a c t  ang le  i n c r e a s e s .  
as t h e  ang le  4 i n c r e a s e s .  
it c a n  be  s e e n  tha t  t he  force b e c o m e s  r e p u l s i v e  a s  the  ang le  + is 
i n c r e a s e d  f r o m  the  c r i t i c a l  va lue  w h e r e  t h e  f o r c e  i s  z e r o .  

T h e  force i s  a l s o  s e e n  t o  d e c r e a s e  

F i g u r e  9 s h o w s  how the  c o h e s i v e  f o r c e  v a r i e s  with d i s t a n c e  
be tween  p a r t i c l e s  f o r  + = 30". 
e n e a r  z e r o )  t h e  force is h ighes t  when the  p a r t i c l e s  a re  touching and  
d e c r e a s e s  as the  d i s t a n c e  be tween  p a r t i c l e s  i n c r e a s e s .  
w h e r e  the  con tac t  ang le  a p p r o a c h e s  90 d e g r e e s ,  the f o r c e  is r e d u c e d  as 
t h e  d i s t a n c r  be tween  p a r t i c l e s  d e c r e a s e s .  F o r  75" < 8 < 90" t he  
f o r c e s  a r e  r e p u l s i v e  f o r  d i s t a n c e s  be tween  p a r t i c l e s  of 1 / R  < 0.2 .  
R e f e r r i n g  t o  F i g u r e  8 i t  is  s e e n  tha t  as  4 i n c r e a s e s  the  con tac t  ang le  
at which  the  f o r c e s  b e c o m e  r e p u l s i v e  d e c r e a s e s .  
t endency  of the p a r t i c l e s  to t r a p  bubb les  as s h r i n k a g e  o c c u r s .  

F o r  highly wet t ing  l i qu ids  (i. e .  f o r  

F o r  l i qu ids  

T h i s  s u g g e s t s  a 

F i g u r e  10  shows  how- the  cohes ive  f o r c e  v a r i e s  a s  t he  con tac t  
ang le  and l iquid f r a c t i o n  a r e  v a r i e d  f o r  the idea l i zed  r h o m b o h e d r a l  
packing  with P = 0. 
znl-r s i i c i h r i w  a s  r n t - i i i ; e  i iqii id i s  added  but d e c r e a s e s  s i en i f i can t ly  as  
t h e  con tac t  ang le  i s  i n c r e a s e d .  

T h i s  f igu re  shows  tha t  t he  c o h e s i v e  f o r c e  v a r i e s  
J e----] 

T h e s e  r e s u l t s  s u g g e s t  t ha t  condi t ions  c a n  e x i s t  which c a u s e  the  
p a r t i c l e s  t o  tend to  t r a p  bubb les .  
by  the  s t u d i e s  of l iquid be tween c y l i n d e r s  c a r r i e d  out by  P r i n c e n  [ 9  1 .  
One of P r i n c e n ' s  conc lus ions  i s  shown s c h e m a t i c a l l y  in F i g u r e  11.  As 
s e e n  i n  F i g u r e  11 ,  when c y l i n d e r s  a r e  moved t o g e t h e r  the  e n t r a p p e d  
l iquid t e n d s  to s e p a r a t e  in to  . o l u m n s ,  leav ing  a v o i d  in the c e n t e r .  As 
the  d i s t a n c e  be tween  c y l i n d e r s  w a s  i n c r e a s e d  bubb les  b e c a m e  t r a p p e d .  

T h i s  tendency  i s  somew-hat s u p p o r t e d  

Bubble e n t r a p m e n t  and m a t e r i a l  s e g r e g a t i o n  a c c o r d i n g  t o  dens i ty  
are  m u c h  m o r e  s t r o n g l y  inf luenced  by c h a n g e s  in g rav i ty .  The  f o r c e s  
ac t ing  on the  p a r t i c l e ?  o r  bubbles  are  r e l a t e d  to  buoyancy  a c c o r d i n g  t o  

As g r a v i t y  is r e d u c e d  f r o m  the  one -g  condi t ion to  the  low-g 
conditior. of o r b i t ,  the  buoyancy f o r c e  t ends  to  z e r o .  
an t i c ipa t ed  t o  p roduce  unique  d i s t r ibu t ion  condi t ions  in  t h e  LPS. 
Mode l s  of b u b t l e  e n t r a p m e n t  and m a t e r i a l  Seg rega t ion  \vi11 be de7:ploped 
in  the  following p h a s e s  of t h i s  s tudy.  

'The l a t t e r  i s  
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MATERIAL AND PROCEDURE 

MELT I N G  
P O I f l T  "C 

cu 1083 

1535 

The fo rma t ion  of a powder m e t a l l u r g i c a l  body dur ing  l iquid- 
phase  s in t e r ing  o c c u r s  in a s y s t e m  cons i s t ing  of sol id ,  l iquid,  and 
g a s e o u s  phases .  Since the p a r t i c l e  s i z e  of the solid phase  is usua l ly  
s m a l l ,  the g r e e n  body t o  be  s i n t e r e d  i s  a c a p i l l a r y  s y s t e m .  
behav io r  of such  a s y s t e m  with highly developed s u r f a c e s ,  t h e ' d i s t r i -  
bution of p h a s e s  within i t ,  and, consequent ly ,  the p r o p e r t i e s  of the body 
i tself ,  wsill depend t o  a cons ide rab le  extent on the  p r o p e r t i e s  of the 
boundar i e s  between the phases  within the  s y s t e m .  That  i s ,  it wil l  
depend on the wetting of the solid phase  by the liquid phase.  M o r e -  
ove r ,  the txvo phases  of t h i s  p r o c e s s  tend t o  s e g r e g a t e  due t o  
cons ide rab le  difference in densi ty .  

The  

SURFACE 
DENSITY aSv erglcm' 

10.5 

3.5 905 

19.3 r2300 

8.92 

7.86 2039 

Grav i ty  h a s  influence on both c a p i l l a r y  phenomena and t h i s  type 
of segregat ion.  Since liquid state is  p r e s e n t ,  both Marangon i  and 
Rayleigh co2vection phenomena wil l  t ake  place.  

Based  on the above a r g u m e n t s ,  e m p h a s i s  was placed on wvetting 
c h a r a c t e r i s t i c s  and dens i ty  d i f f e rence  and the following m a t e r i a l  c o m -  
binations w e r e  s e i e c i r d ;  

(a)  
(b) 
(c) 

30 vol  70 Ag and A1203 
40 vol 70 Cu and W 
40 vo l  gb Cu and Fe .  

The relevant  p r o p e r t i e s  of t hese  m a t e r i a l s  a r e  given in  T a b l e  11. 

TABLE 11. RELEVANT PROPERTIES 

CCITACT &!GL 
AT 1100°C 

940 

1270 . 

83 O 
I 

, 

35" 

0" 

. 
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The  combinat ions w e r e  thoroughly blended in a l a b o r a t o r y  
b l ende r  and compac ted  in a n  i sos t a t i c  p r e s s u r i n g  unit. 
u s e d  f o r  Ag-Al203,  Cu-W, and C u - F e  w e r e  30.000, 15 ,000 ,  and 7 , 0 0 0  
ps i ,  respect ively.  The  compacted,  cy l ind r i ca l  s a m p l e s  w e r e  about 
4. 5 c e n t i m e t e r s  i n  d i a m e t e r  and 4 . 0  c e n t i m e t e r s  in  length. 
and Cu-W powders  w e r e  reduced in a hydrogen fu rnace  be fo re  compact ing.  

The p r e s s u r e s  

Both C u - F e  

, 
T h e  compac t s  w e r e  s i n t e r e d  in  a vacuum fu rnace  with a p ro tec t ive  I 

a t m o s p h e r e  of p u r e  a rgon .  
w e r e  used.  
axis v e r t i c a l  and kept in  the v a c u u m  fu rnace  f o r  about 16 h o u r s  u n d e r  a 
v a c u u m  of 
t o  about 300°C unde r  dynamic vacuum and held f o r  about 4 h o u r s .  P u r e  
a r g o n  w a s  then introduced into the fu rnace  without breaking the vacuum. 
T h e  fu rnace  u a s  then brought t o  1, 100°C and held a t  t h i s  t e m p e r a t u r e  
f o r  1 hour .  
a t m o s p h e r e  during the heating cycle .  Typical  heat ing t i m e  w a s  about 
2 h o u r s  and the cool-down t ime  uas about 10 t o  12 hour s .  

S t ee l  c o n t a i n e r s  with molybdenum lining 
The s a m p l e s  w e r e  put in the con ta ine r s  with t h e i r  cy l ind r i ca l  

t o r r .  Then  the t e m p e r a t u r e  of t h e  fu rnace  w a s  r a i s e d  

A safety valve kept t he  p r e s s u r e  in the furnace around 

Dens i t i e s  of both g r e e n  and s in t e red  s a m p l e s  w e r e  d e t e r m i n e d  
and the s a m p l e s  w e r e  cut along the cyl inder  axis and polished. 
ic~gra:i;i ic p i e i u i z  acd sc3r.nir.g e l e c t r n n  microscopy w a s  done on the 
polished su r face .  
w a s  done with a four-point r e s i s t i v i t y  probe. The va r i a t ion  in the con- 
cen t r a t ion  of the liquid phase along lengths p a r a l l e l  t o  the cyl inder  axis 
w a s  d e t e r m i n e d  using a tom;c  absorpt ion spec t rosccpy .  

Me ta l -  

E l e c t r i c a l  r e s i s t i v i t y  mapping of the polished s u r f a c e  

T h e  expe r imen ta l  work i s  mean t  t o  f o r m  the b a s i s  f o r  s i m i l a r  
r ep roduc ib le  compara t ive  work done under  low-g conditions.  

RESULT A N D  DISCUSSION 

The  r e s u l t s  of the m e a s u r e m e n t  of densi ty  a r e  shown in Tab le  111. 
The t h e o r e t i c a l  densi ty  is a l s o  tabulated f o r  compar i son .  

TABLE I I I .  RESULTS ON MEASUREf.lEIiT OF D F I i S I T Y  
-. ____ .. -. . . . .- 

8.839 8.2'39 

8.252 4.357 7.711 
4.875 3.281 

-- . - ~ 
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T h e  Ag-A1203 s y s t e m  could not b e  s i n t e r e d  p r o p e r l y  u n d e r  t h e  
p r e s e n t  e x p e r i m e n t a l  conditions.  
i t  p r o p e r l y  without any  p l a s t i c i z e r ,  and the g r e e n  dens i ty  achieved w a s  
67. 3 percen t  of t h e o r e t i c a l  densi ty .  Such high t h e o r e t i c a l  densi ty ,  in  
g e n e r a l ,  should give good densif icat ion upon s in t e r ing .  

It w a s  poss ib l e ,  thocgh, t o  compac t  

Obse rva t ion  shows that the s i n t e r e d  p a r t  c o n s i s t s  of s p h e r i c a l  
d r o p l e t s  of Ag, of v a r i o u s  s i z e s ,  s c a t t e r e d  a round  in the  matrix of 
A1203 ( F i g u r e  12). 
than the top  p a r t .  
wet A1203 a t  a contact  angle  of 83 d e g r e e s .  E a c h  individual mo l t en  
p a r t i c l e  of the m e t a l  t hus  flows down unde r  the influence of g rav i ty ,  
s ince  Ag is h e a v i e r  than A1203 (Tab le  11), jo ins  with o t h e r  mol t en  
p a r t i c l e s ,  and f o r m s  a big d rop le t .  T h i s  p r o c e s s  cont inues th rough-  
out the e n t i r e  s a m p l e  until  the  d r o p l e t s  a r e  so l a r g e  that t hey  cannot 
flow any  f u r t h e r  between the p a r t i c l e s  of Al2O3. 

and the bo t tom p a r t  of the s a m p l e  is st’ronger 
The p r o b l e m  in t h i s  c a s e  is tha t  mo l t en  Ag d o e s  not 

Th i s  d e c r e a s e s  the conc:entration of s i l v e r  in the  top  p a r t  of t he  
, ample  and the A1203 p a r t i c l e s  no longe r  have any bonding, making 

the top s t r u c t u r e  l o s e  i t s  s t r eng th .  M o r e o v e r ,  the non-wetting 
c..G.11---- -i.- - ~ ~ ~ - ~ i s t ~ c s ~  z c c ~ r d i n ~  t c  our model ,  should give a repel l ing f o r c e  
between the A1203 p a r t i c l e s ,  T h i s  m e a n s  tha t ,  a f t e r  s in t e r ing ,  there 
should be a swel l ing,  instead of chr inkage,  of the sample .  T h i s ,  how- 
e v e r ,  could not be  ve r i f i ed ,  in t h i s  c a s e ,  b e c a u s e  the s t r u c t u r e  could 
not r e t a in  i t s  compacted shape. 
f o r c e  i s  dependent on both the angle  of contact  and the quant i ty  of the 
liquid phase.  
with the i g c r e a s e  of t he  quantity of t he  liquid phase.  
i s  t r u e  fn ;  s p h e r i c a l  p a r t i c l e s  but may  be en t i r e ly  different  f o r  
p a r t i c l e ?  of o t h e r  si:aFcs. 

According t o  the mode l ,  the cohesive 

F o r  the s a m e  angle of contact  t he  cohesive f o r c e  d e c r e a s e s  
T h i s  phenomenon 

The  Ag-A1203 sample  r e p r e s e n t s  a c l a s s i c a l  c a s e  of d e n s i t y  
seg rega t ion  i n  a non-wetting s y s t e m .  In a low g rav i ty ,  thc s e g r e g a t i a n  
e i i ec i  is i-,c: E x F Q . c t P d .  The  individual molten p a r t i c l e s  of silver wil l  
not bond with A1203, but a r e  expected to  s t ay  wel l  d i s p e r s e d  without 
f o r m i n g  l a r g e ,  s p h e r i c a l  d rop le t s .  It i s  expected,  acco rd ing  t o  
the n?odcl, t!iat thc repell ing f o r c e s  will be p r e s e n t  and that t he  
s i n t e r e d  densi ty  may  be lower  than the g r e e n  density.  

The  Cu-W s y s t e m  could be s i n t e r e d  unde r  the p r e s e n t  e x p e r i -  
men ta l  conditions;  hows’ever, i t  w a s  found that  a l l  40 pe rccn t  by volume 
of C u  could n o t  be re tz ined i n  the s i n t e r e d  body. 
by volume of the liquid phase w a s  retained and the r e s t  extruded.  The 
cxtrLdcd liquid phase s u g g e s t s  that  the angle  of contact is not 35 d e g r e e s  

Only about 38 pe rcen t  



u n d c r  the  p r e s e n t  c s p c r i m e n t a l  condi t ions .  
m o d e l ,  in s y s t e m s  with a l a r g c  ang le  of con tac t  t he  p a r t i c l e s  a re ,  in 
g e n e r a l ,  r e p e l l e d  and  t h e r e  i s  no s h r i n k a g e  a f t e r  s i n t e r i n g .  As i nd ica t ed  
b e f o r e ,  t h e  c o h e s i v e  f o r c e  is also dependent  on  the  a m o u n t  of l iqu id  
p h a s e .  T h i s  pos tu la t ion  of t he  m o d e l  is v e r i f i e d  th rough  the  d e n s i t y  
m e a s u r e m e n t .  
d e n s i t y  (Table 111). 
d e n s i t y ,  w h e r c a s  the s i n t e r e d  d e n s i t y  is only  61 .  7 p e r c e n t  of t h e  
t h e o r e t i c a l  d e n s i t y ,  

Accord ing  to t h e  t h e o r e t i c a l  

T h e  m e a s u r e d  s i n t e r e d  d e n s i t y  i s  l o w e r  t h a n  t h e  g r e e n  , 
T h e  g r e e n  d e n s i t y  i s  67 p e r c e n t  of the  t h e o r e t i c a l  

F r o m  the  m e t a l l o g r a p h i c  p i c t u r e s  ( F i g u r e s  1 3  and  14 ) ,  i t  is 
c l ea r  tha t  t h e r e  is  m i g r a t i o n  of the  two  p h a s e s a l o n g  t h e  g r a v i t y  d i r e c t i o n  
d u r i n g  s i n t e r i n g .  
( F i g u r e s  1 3 a ,  b ,  c )  is  m u c h  m o r e  u n i f o r m  a s  c o m p a r e d  t o  the s i n t e r e d  
s a m p l e  ( F i g u r e s  13d ,  e ,  f ) .  T h i s  i s  f u r t h e r  v e r i f i e d  th rough  r e s i s t i v i t y  
( F i g u r e  17)  and  c o p p e r  concen t r a t ion  mapping .  T h e  s e g r e g a t i o n  e f f ec t  
is p robab ly  ev iden t  b c c a u s e  the wet t ing of t he  so l id  p h a s e  by  t h e  l iqu id  
p h a s e  i s  poor  and t h e r e  i s  a c o n s i d e r a b l e  d i f f e r e n c e  be tween  t h e i r  
d e n s i t i e s  ( T a b l e  11). 

T h e  d i s t r i b u t i o n  of the  t\vo p h a s e s  in  t h e  g r e e n  s a m p l e  

T h e  Ci i -Fz  s;;st?.T turned out t o  be the b e s t  a f t e r  s i n t e r i n g .  T h i s  
w a s  expec ted  s i n z e  l iquid coppe r  h a s  a c c n t a c t  ang le  o i  G degree5 xitli 
i r o n .  T h e  s i n t e r e d  d e n s i t y  is 7. 71 1 i. e. , 74 p e r c e n t  of the t h e o r e t i c a l  
d e n s i t y  as  c o m p a r e d  to 53 p e r c e n t  f o r  t h e  g r e e n .  
wi th  the  mode l .  T h e  m o d e l  p r e d i c t s  a high a t t r a c t i v e  f o r c e  \\<th a con-  
tact ang le  of 0 d e g r e e .  

T h i s  is in  a c c o r d a n c e  

F r o m  t h e  m e t a l l o g r a p h i c  pict1:res ( F i g u r e s  1 5  q-nd 1 6 ) ,  i t  i s  
ev iden t  tha t  the d i s t r i b u t i o n  of the two p h a s e  i s  qu i t e  u n i f o r m  along 
t h e  g r a v i t y  d i r e c t i o n  of the s a m p l e  a f t e r  s i n t e r i n g .  
d o e s  not s e e m  t o  be  d i f f c ren t  f r o m  the d i s t r ibu t ion  i n  the  g r e e n  s a m p l e .  
T h e r e  i s  c o q s i d e r a b l e  g r a i n  g rowth  af ter  s in t e r ing .  
v e r i f i e d  th rough  r e s i s t i v i t y  ( F i g u r e  18) and c o p p e r  c o n c e n t r a t i o n  
mapp ing .  
of t h e  two p h a s e s  a r e  a l m o s t  equa l  ( T a b l e  11). 

T h i s  d i s t r ibu t ion  

T h i s  is f u r t h e r  

T h e  s e g r e g a t i o n  effect is  not p r e s e n t  b e c a u s e  the  d e n s i t i e s  

It c a n  be  concluded  tha t  t he  c a p i i l a r y  f o r c e s  a c t i n g  o n  t h e  so l id  
p a r t i c l e s  a r e  depcndcnt  on  con tac t  a . ig le  a n d  the  quan t i ty  of the  liquid 
p h a s e .  E v e n  f o r  m o d e r a t e  a n g l e s  c :  con tac t  the  c o h e s i v e  f o r c e  c a n  
be c o n v e r t e d  t o  r epu l s ive  f o r c e  by v a r y i n g  the quant i ty  of the  l iqu id  
p h a s e .  T h e  c a p i l l a r y  f o r c e  ac t ing  O;I :he p a r t i c l e s  u n d e r  "one-g" 
cond i t ions  a r e  negl ig ib ly  d i f f c ren t  f ro in  those  which will c x i s t  u n d e r  
" z e  ro-g"  Conditions. . 
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I!PlISCIBLE HATERIALS AXD ALLOYS 

A. J .  >lark.wortfi, S. H. Gelles*, J. J. Duga 
Bat t e l l e  

Columbus t a h o r a t o r i e s  
Columbus, Ohio 43201 

a n d  

h'. O l d f i e l d  
! !a te r ia l s  Research  and Conpu tc r  S i m u l a t i o n  

lJestervi l le ,  Ohio 43081 

O n l y  immisc ib l e  mater ia ls  which i n v o l v e  a f l u i d  phase  have  a po ten -  
t i a l  advan tage  when c c n s i d e r e d  f o r  s p a c e  p r o c e s s i n g .  P r o c e s s i n g  of such 
sys t ems  a t  low g 1 3 v i t y  can  l end  t o  a m a t e r i a l  which i s  v e r y  homogeneous 
a n d  c o n t a i n s  n f i n e l y  d i s p e r s e 1  n i x t u r e  of  p!iases. ?!aterials w i t h  such  
s t r u c t u r e s  mav e x h i b i t  p o t e n t i a l l y  usefu l .  p r o p e r t i e s  f o r  s u c h  a p p l i c a t i o n s  
as s u p e r c o n d u c t o r s ,  d i s p e r s i o n - s t r e n g t h e n e d  r ra ter ia ls ,  s u p e r p l a s t i c  mate- 
r r a i s ,  pe rnaxr r l i  i i~agi i s t s ,  c t : .  

These c o n c l u s i o n s  have r e s u l t e d  f r ? m  r e v i e w  o f  p a s t  e f f o r t s  i n  t h e  
<ielc! of IOU-g p r n c e s s i n q  of materials c o n t a i n i n g  i~ l i q u i d  p h a s e  m i s c i b i l i t y  
gap and f rom p r e s e n t  e f f c r t s  a t  B a t t e l l e ' s  Columbus L a b a r a t o r y  dea1:ng 
w i t h  such  sys t ems .  These l a t t e r  s t u d i e s  have  c o n c e n t r a t e d  on p r e c i p i t a -  
t i o n  o f  l i q u i d  d r o p l e t s  i n  a h o s t  l i q u i d  d u r i n g  c o o l i n g  th rough  t h e  mis- 
c i b i l i t y  g a p .  The n n j o r  o h j e c t i v e  o f  t h i s  e f f o r t  h a s  been  t o  s t u d y  t h e  
n r ~ l n - t . r ~ t i a n  of  t i i c  d r o p l c t s  b o t h  e x p e r i T e n t a l l v  and t h r o u g h  computer 
I , .  ii:.'- :: ' .:-!,.r : o  j::-,;,'r ; t , ~ - - d  t ' , :  - . ' c + n ~ i s - s  invc  ved and t o  deduce  

t l : t  , i  :i ',: <>! ;r i . . i : , :  \-n t!~:, tir ';!, t : i + : r i ' . i i t i q n  nntl r r s u l t i n r .  s t r l i c t u r e  
of the  s o l i d i f i e d  m t e r i a l .  Ti le  agglonera tLor?  mechan STS t r e a t e d  i n  
d e t a i l  a r e  t h o s e  due t o  d i f f u s L o n a 1  growth and c o l l i s  cn p r o c e s s e s  caused  
b y  S t o k e s  c;n c o n v e c t i o n  c u r r e n t - i n d u c c d  d r o p l e t  m i g r a t i o n ,  The c o l l i s i o n  
p r o c e s s e s  a r e  c o n s i d e r e d  t o  be tlie major  agg1onera:ion mechanisms o p e r a -  
t i v e  and t h e  O I i e S  most s e n s i t i v e  t o  t h e  p r e s e n c e  of  g r a v i t a t i o n a l  f o r c e s .  
T!lc .sc  n ~ q 1  o v e r a t i o n  Dr:icesser a r c  e s s e n t i a l l y  e l i m i n a t e d  a t  low-g t h u s  
l c a d j n z  t o  - . . i t t ' r in l s  w i t t ,  f i n e r  s:ructiircbs. 

. . .  
\ 1 - .  I 

There  h a s  been c o n s i d e r a b l e  i n t e r e s t  g e n e r a t e d  i n  t h e  p o s s i b i l i t y  
~ l : . i t  p r ~ c c s s i n s :  of i n x i s c i h l e  m a t e r i a l s  under  low-grav i ty  c o n d i t i o n s  
voulll  1 t - i d  t o  p r o d u c t s  w i t h  un ique  s t r u c t u r e s  and ' p r o p e r t i e s .  Al though 
t':..rtb :>as bt,i.n sort' e f f o r t  t o  look i n t o  t h i s  p o s s i b i l i t y ,  t h e  r e s u l t s  
prnduced thus f a r  a r e  ra:..zr l i m i t e d .  There  have ,  ho.;ever, been same 
-- 
* ?,,?<r p r e s e n t e d  by S .  H .  r e l l e s .  

1003 



e x p e r i m e n t a l  r e s u l t s  Ahat h a v e  shown some u n u s u a l  f e a t u r e s  and  y o t e n t i a l  
b e n e f i t  of p r o c e s s t n g  f m i s c i b l e  mater ia l s  a t  l o w  g .  Also x u c h  p r o g r e s s  
has been  made i n  u n d e r s t a n d i n g  t h e  mechanisms c o n t r o l  I i n g  t h e  s t r u c t u r e  
a n d  p r o p e r t i e s  p r o d u c e d  by  t h e  0-g verses 1-g p r o c e s s i n g  o f  t h e s e  materials.  

I t  is t h e  p u r p o s e  of t h i s  p a p e r  t o  review p a s t  a c t i v i t i e s  i n  t h i s  ’ 

f i e l d ,  t o  d e s c r i b e  c u r r e n t  y e s e a r c h  i n  t h i s  area a t  Bat te l le  Columbus 
L a : > o r n t o r i e s ,  a n d  to  e x p l o r e  p o t e n t i a l l y  u s e f u l  i m m i s c i b l e  s v s t e m s  w h i c h  
n i g h t  b e n e f i t  f r o m  b e i n g  p r o c e s s e d  a t  n e a r  0-g. 

P I ? I I S C I B L E  SYSTEYS--DESCRIPT I O N  

B e f o r e  d e t a i l i n g  o u r  r e s e a r c h  a c t i v i t i e s ,  i t  is m e a n i n n , f u l  t o  d e f i n e  
what is meant  by  2n  i i n x i s c i b l e  m a t e r i a l .  I n  t h e  most cenk’rttl terr , is ,  a n  
i n n i s c i b l e  mater ia l  c o n s i s t s  o f  a m i x t u r e  of p h a s e s  h a v i n g  l i m i t c d  m u t u a l  
s o l u b i l i t y .  S u c h  m a t e t i a l s  c a n  b e  formed i n  a number o f  d i f f c r e n t  w a y s  
as shown i n  F i g u r e  1. They c a n  b e  p r o d u c e d  by  s i m p l y  m i x i n g  p h a s e s  o f  
l i x i t e d  m u t u a l  s o l u b i l i t y  t o g e t h e r  as  i s  d o n e  i n  somc c o n p o s i t s  T r+ te r i a l s  
( F i g u r e  l a ) .  P r o c e s s i n g  of su:h m a t e r i a l s  c a n  b e  pcrforncd I-:{ h a v i n g  o n e  
o f  t h e  ma te r i a l s  ( a  s o l i d  r e i n f o r c e m e n t )  i n f i l t r a t e d  by  a L i q u i d  p h a s e  
( m a t r i x ) .  A l t e r n a t i v e l y ,  e n t i r e l y  s o l i d - s t a t e  t e c h n i q u e s  may b e  u s e d .  
I n  t h e s e ,  p o w d e r s  of  m a c r i x  m s t e r i a i  di-e ridxed xLth thc r c i n i c r c e m c n t  
( e i t h e r  i n  p a r t i c u l a t e  o r  f i b e r  f o r m )  a n d  c o n s o l i d a t d  i n t o  n d e n s e  
s t r u c t u r e  by  p r e s s i n g  a n d / o r  s i n t e r i n g  p r o c e s s e s .  An e x a m p l e  c f  a n o t h e r  
s o l i d - s t a t e  t e c h n i q u e  f o r  p r 3 d u c i n g  c o m p o s i t e s  i n x w l v e s  t h e  r o l l - b o n d i n g  
o f  f i l a m e n t a r y  r e i n f o r c e m e n : s  b e t w e e n  t h i n  f o i l s  of  t h e  m a t r i x .  !:xamples 
o f  c o m p o s i t e  materials p r o d u c e ?  b y  some of t h e s e  t e c h n i q u e s  are  boron 
i n  a l m i n u m ,  s i l c o n ,  c a r b i d e  i n  s i l v e r ,  o r  a luminum o x i d e  i n  a l u n i n u x .  The  
r e i n f o r c e m e n t  c a n  b e  p a r t i c u l a t e  o r  b e  made up  o f  s h o r t  or c o n t i n u o u s  
f i b e r s .  

,)ne of t h e  m r e  co-rwn ways 3 f  f o r 7 i r . g  n i x t u r c s  1-f s. ,lid ;>!I::ces 
i s  t h r o u g h  r e a c t i o n s  w h i c h  a re  v e r y  f a m i l i a r  t o  t h e  m e t a l l u r g i s t  a n d  
p h y s i c a l  c h e m i s t .  One s u c h  g r o u p  s t a r t s  w i t h  a homogeneous l i q l i i r l  w h i c h  
i s  a l l o w e d  :a cool  t o  4 t e m p e r a t u r e  a t  w h i c h  t h e  r e a c t i o n  o c c u r s .  I n  t h e  
c a s e  of a e u t c c t l c  r e a c t i o n  ( F i g u r e  l b )  t h e  homogeneous  l i q u i d ,  L .  o f  
c o n p o s i t i o n ,  C E ,  d e c o m p o s e s  a t  t e m p e r a t u r e  TF, a c c o r d i n g  t o  t!ie r e a c t i o n  

L + A + B  

t o  a Ti?.t.ure of  t h e  P h n s t , s  A and B .  O f t e r .  t h i s  T i x t u r e  iins .? ? : a r c  o r  
r o d  n o r p h a l o g y  s imi l a r  t o  t h e  c o m p o s i t e s  d e s c r i b e d  a b o v e  ( F i g u r e  l a ) .  
S t r u c t u r e s  o f  t h i s  forin a r e  b e i n g  s t u a i e d  f o r  t a r b i n e  b l a d e  a p p l i c z i i o n s .  (1) 
The r e i n f o r c e m e n t  i m p r o v e s  c r e e p  p r o p e r t i e s .  

A s imi l a r  d e c o m p o s i t i o n  r e a c t i o n  i s  f o u n d  i n  t h e  s n - r a l l ~ ~ ;  nclnotPc-  
t i c  s y s t e m s .  I n  t h i s  c a s e  a l i q u i d ,  L l ,  h a v i n g  t h e  c o m p o s i t i o n  Cn (Sce  
F i g u r e  I d )  d e c o m p o s e s  n t  t e m p e r a t u r e  Tm i n t o  a s o l i d  p h a s e  and a l i q u i d ,  
L2,  o f  a d i f f e r e n t  c o m p o s i t i o n  a c c o r d i n g  t o  t h e  r e a c t i o n  

L1 * A ( S o l i d )  + L2 
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The mor2hology of t h e  r e s u l t i n g  m i x t u r e  can be s i m i l a r  t o  t h a t  
a c h i e v a b l e  i n  e u t e c t i c  sys t ems .  ( 2 )  However, t h e r e  h a s  been r e l a t i v e l y  
l i t t l e  work performed w i t h  t h e s e  sys t ems .  

Another common t y p e  o f  t r a n s f o r m a t i o n  i n v o l v i n g  a l i q u i d  is  t h e  
s o - c a l l e d  p e r i t e c t i c  r e a c t i o n  i n  which a l i q u i d  and  s o l i d  phase reac t  t o  
form a n o t h e r  s o l i d  phase ,  C ,  a c c o r d i n g  t o  t h e  r e a c t i o n  

A + L * C  . 
This  r e a c t i o n  is somewhat d i f f e r e n t  from t h e  e u t e c t i c  and m o n o t e c t i c  reac- 
t i o n s  i n  t h a t  d u r i n , ;  c o o l i n g  from t h e  homogeneous l i q u i d  r a n g e  a s o l i d ,  
A,  is f i r s t  p r e c i p j . t a t e d .  A t  t e m p e r a t u r e ,  T p ,  t h e  s c > l i d  A r e a c t s  w i t h  
t h e  remaining l i q r i d  t o  form t h e  C phase .  

P r e c i p i t a t i o n  of s o l i d  Thases  p r i o r  t o  decompos i t ion  of t h e  l i q u i d  
can a l s o  o c c u r  i n  b o t h  e u t e c t i c  and m o n o t e c t i c  s y s t e m s  i f  t h e  l i q u i d  com- 
p o s i t i o n  d o e s  n o t  co r re spond  e x a c t l y  t o  t h e  e u t e c t i c  o r  i nono tec t i c  com- 
p o s i t i o n .  In  t h e  c a s e  of t h e  n o n o t e c t i c  s y s t e n ,  e i t h e r  l i q u i d  o r  s o l i d  
d r o p l e t s  may p r c c i p i t n t c ,  depending on t h e  compos i t ion  of t h e  decomposing 
l i q u i d ,  

. .  :iaiei-ia:s c ~ n t s ~ n ~ n * -  m i y i r i r e s  . . . - . . - of p!iases CZI? 2 1 ~ 0  he produced by 
s o i i d - s t a t e  r e a c t i o n s  i n v o l v i n g  t h e  d e c m p o s i t i o n  of homogerieous s o l i d  
phases  e i t h e r  by t h e  p r e c i p i t a t i o n  of a second phase  from a s u p e r - s a t u r a t e d  
s o l i d  s o l u t i o n  o r  by e u t e c t o i d  o r  p e r i t e c t o i d  r e a c t i o n s .  The l a t t e r  are  
s o l i d - s t a t e  r e a c t i o n s  ana logous  t o  t h e  e u t e c t i c  o r  p e r i t e c t i c  t r ans fo rma-  
t i o n s  i n v o l v i n g  l i q u i d  phases .  These s o l i d - s t s t e  r e a c t i o n s  are of l i t t l e  
i n t e r e s t  t o  space  p r o c e s s i n g .  

SPACE PROCESSING OF IX?fISCIBLL YATERIALS 

Only m a t e r i a l s  and r e a c t i o n s  t h a t  i n v o l v e  f l c i d  phases  (liquids o r  
g a s e s )  have a s p e c i a l  r o l e  i n  space  p r o c e s s i n g .  It i s  o n l y  i n  t hese  t h a t  
t h e  e f f e c t s  of g r a v i t y  would be pronounced. The more obv ious  mechanisms 
i n f l u e n c e d  by g r a v i t y  a re  

- S e g r e g a t i o n  i n  a s i n g l e  phase ,  l i q u i d  o r  g a s ,  due t o  d e n s i t y  
d i f f e r e n c e s  a r i s i n g  from l o c a l  v a r i a t i o n s  i n  compos i t ion  or 
t empera tu re  

S e g r e g a t i o n  i n  a rnul t lphase system due t o  d e n s i t y  d i f f e r e n c e s  
between d r o r l e t  and h o s t  phases  (S tokes  ! l i g r a t i o n )  

* Corvec t ion  c u r r e n t s  i n  b o t h  s i n g l e - p h a s e  f l u i d s  and t h o s e  
co:. - a i n i n g  l i q u i d  o r  s o l i d  d r o p l e t s  due t o  t z n y e r a t u r e  
g r a d i e n t -  induced o r  ccmpoai t i on - induced  d e n s i t y  v a r i a t i o n s  
i n  t h e  l:c1ij8! ~ ? , - I C : P  

Segrcg<ztiori  of R i i q i ~ i ~ j  p i , , i s t .  i n  n porous s o l i d  h o s t  phase .  
T h i s  mechanism may be a p p l i c s b l e  t o  s e g r e g a t i o n  i n  c a s t i n g s  
or  i n  l i q u i d - p h a s e  s i n t e r s d  compacts.  
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What is n o t  obv ious  from t h e  above d i s c u s s i o n  and a f a c t o r  which 
w i l l  b e  shown l a t e r  i n  t h i s  pape r  is t h a t  g r a v i t y  can a f f e c t  t h e  f i n e n e s s  
o f  t h e  s t r u c t u r e  r e s u l t i n g  from t h e  p r o c e s s i n g  o f  m u l t i p h a s e  materials 
i n  which a f l u i d  phase  is invo lved .  A l l  o t h e r  c o n d i t i o n s  b e i n g  equiva-  
l e n t ,  i t  is a n t i c i p a t e d  t h a t  f i n e r  s t r u c t u r e s  are a c h i e v a b l e  by p rocess ing  
a t  0-g because  of t h e  absence  of agg lomera t ion -p roduc ing  c o l l i s i o n  mecha- 
nisms. 

' 

Our wc,rk a t  Bat te l le  Columbus L a b o r a t o r i e s  i n  t h e  area o f  immis- 
c i b l e  s y s t e u s  h a s  c o n c e n t r a t e d  on t h o s e  sys t ems  c c n t a i n i n g  a l i q u i d  phase 
m i s c i b i l i t y  gap,  i . e .  a two-phase f i e l d  c o c s i s t i n g  o f  two l i q u i d s  
(L1 + L2 i n  F i g u r e  I d )  which a t  s u f f i c i e n t l y  h i g h  t empera tu re  becomes a 
homogeneous s i n g l e - p h a s e  l i q u i d .  Our e f f o r t s  i n  t h i s  area have been 
concerned w i t h  t h e  p o t e n t i a l  u s e f u l n e s s  3f such  m a t e r i a l s ,  t h e  r e l a t i o n -  
s h i p  between t h e i r  m i c r o s t r u c t u r e  and p r o p e r t i e s ,  t h e  e v o l u t i o n  of t h e s e  
m i c r o s t r u c t u r e s  a t  1-g and a t  0-g, and t h e  r o l e  of s p a c e  p r o c e s s i n g  i n  
d e v e l o p i n g  un ique  p r o p e r t i e s  and m i c r o s t r u c t u r e s  i n  t h e s e  materials. 

In  t h e  remainder  of r h i s  p a p e r ,  w e  w i l l  r ev i ew t h e  p a s t  p e r t i n e n t  
Kork on sys t ems  w i t h  m i s c i b i l i t y  gaps ,  d i s c u s s  t h e i r  p o t e n t i a l  u s e f u l n e s s  
i n  terms of p r o p e r t i e s  and m i c r o s t r u c t u r a l  f e a t u r e s ,  d e s c r i b e  a computer- 
s i m u l a t i o n  s t u d y  aimed a t  u n d e r s t a n d i n g  t h e  development of t h e  n i i c ros t ruc -  
t l lre  i n  sl.!ch sys rezs  z t  1- nt,d 2-g -rid d f s i i i s s  the  pcientiai of s p a c e  
p r o c e s s i n g  of such sys t ems .  

PAST WORK ON SYSTNS WITH A MISCIBILITY GAP 

The p a s t  work conce rn ing  expe r imen t s  on p r o c e s s i n g  materials w i t h  

T h e i r  review s t a r t s  w i t h  t h e  Appollo 1 4  expe r imen t s  
l i q u i d - p h a s e  m i s c i b i l i t y  gaps a t  low-g have r e c e n t l y  been summarized by 
Reger and Y a t e s . ( 3 )  
on t h e  sys t em pa ra f f in - sod ium a c e t a t e  t r i h y d r a t e  w i t h  and w i t h o u t  a d d i -  
t i o n s  of argon o r  s o l i d  t u n g s t e n  mic rosphe res .  I t  a l s o  d e s c r i b e s  t h e  TRW 
low-g expe r imen t s  conducted i n  t h e  YSFC d r o p  tower on di--50 a tomic  p e r c e n t  
g a l l i u m  a n d l e a d - - 5 0 a ~ o m i c  p e r c e n t  z i n c  a l l o y s  and t h o s e  conducted i n  
KC-135 r e s e a r c h  a i r c r a f t  on gold--40atomic p e r c e n t  germanium (hypz reu tec -  
t i c  compos i t ion  i n  a s i m p l e  e u t e c t i c  sys t em) ,  copper-50 a tomic  p e r c e n t  
l e a d  and chromium--55atomic p e r c e n t  coppe r  a l l o y s .  L a s t l y ,  Reger and 
Yates  d e s c r i b e d  t h e  s k y l a b  e x p e r i m e n t s  un gold--23.1weight  p e r c e n t  ger-  
nanium, lead--45.1weight  p e r c e n t  zinc--9.9 weight  p e r c e n t  ant imony,  and 
lead--14.8 weight  p e r c e n t  tin--15.0 weight  p e r c e n t  indium a l l o y s .  

T h e  f o l l o w i n g  o b s e r v a t i o n s  were made: 

a r _ c g a t i o n - - I n  g e n e r a l  t h e  low-g p rocessed  material was less  
s e g r e g a t e d  t h a n  t h e  t e r r e s t r f a l l y  p rocessed  samples .  

Y ic ros t ruc tu re - -The  d i s p e r s e d  phase w a s  g e n e r a l l y  more f i n e l y  
d i s t r i b u t e d  i n  t h e  low-g p rocessed  samples  t h a n  i n  t h o s e  
p rocessed  a t  1-g. 
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A d d i t i o n a l  Phases- - In  t h e  c a s e  of t h e  gold-germanium a l l o y s  
and l ead -z inc -an t imony  a l l o y s ,  u n i d e n t i f i e d  X-ray d i f f r a c t i o n  
l i n e s  were o b t a i n e d  f rom t h e  0 - g r a v i t y  p r o c e s s e d  s a m p l e s  and  
not  f rom t h e  s a m p l e s  p r o c e s s e d  a t  1-g. 

Unusua l  P r o p e r t i e s - - T h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  B i - G a  
a l l o y s  p r o c e s s e d  b Reger i n  t h e  HSEC drop- tower  were  s t u d i e d  
by  Lacy and  O t t ~ ( ~ y  . 
f i n e l y  d i s p e r s e d  s t r u c t u r e s  p r e s e n t  i n  some o f  t h e  l o w - g r a v i t y  
p r o c e s s e d  s a m p l e s  produced  m a n i f e s t a t i o n s  o f  s e m i c o n d u c t i n g  
b e h a v i o r ,  w h i l e  o n l y  m e t a l l i c  b e h a v i o r  w a s  o b s e r v e d  i n  t h e  
c o a r s e r  e a r t h - p r o c e s s e d  a l l o y .  

These  a u t h o r s  d e m o n s t r a t e d  t h a t  t h e  

T h e r e  h a s  been  l i t t l e  a n a l y s i s  done of t h e  d i f f e r e n c e s  t o  b e  
e x p e c t e d  i n  s t r u c t u r e  and  p r o p e r t i e s  when s y s t e m  c o n t a i n i n g  a m i s c i b i l i t y  
gap  are  p r o c e s s e d  a t  0-g. C e r t a i n l y  t h e  m i n i m i z a t i o n  o f  s e g r e g a t i o n  
e f f e c t s  is e x p e c t e d .  The o b s e r v a t i o n  a f  t h e  f i n e  m i c r o s t r u c t u r e  o b t a i n e d  
by 0-g p r o c e s s i n g  i s  n o t  a s  o b v i o u s .  However, o u r  c o m p u t e r - s i m u l a t i o n  
s t u d i e s  have  c l e a r l y  damons t r azed  t h a t  i t  a l s o  i s  t o  b e  e x p e c t e d  
a s  a resu1 t of t h e  reFo\yn: of  g r n v i t y - d r i \ . e n  collision p r o c e s s z s  which  
c a u s e  d r o p l e t  c o a l e s c e n c e  d u r i n r  con !  i n -  t h r o u g h ,  o r  h o l d i n g  i n ,  a m i s -  
c i b i l i t y  gap .  

So e x p l a n a t i o n s  have  been  pu t  f o r t h  d e a l i n g  v i t h  t h e  unexpec ted  
p r e s e n c e  of  u n i d e n t i f i e d  p h a s e s  i n  t h e  0-g p r o c e s s e d  m a t e r i a l s  or t h e  
u n u s u a l  e l e c t r i c a l  p r o p e r t i e s  o b s e r v e d .  F u r t h e r  a n s l y s i s  and  exper imen-  
t a t i o n  i s  much needed  i n  t h i s  a r e a .  

Keger and  Y a t e ~ ' ~ )  have  e x p r e s s e d  c a u t i o u s  op t imism t h a t  some s p a c e -  
p r o c e s s e d  i m m i s c i b l e  s y s t e m s  w i l l  have  p o t e n t i a l l y  u s e f u l  p r o p e r t i e s  as  
s u p e r c o n d u c t o r s ,  p e r n a n e n t  magne t s ,  c a t a l y s t s ,  e t c .  A l i s t  of  s y s t e m s  
c o n t a i n i n g  knob-c and suspec:cd 7 i s c i b i  1 i t y  gdps  5 3 s  bc.cn compi led  by 
Rey, t , r (S)  a s  par t  of a NASA c o n :  r,i~-L. T!icse havc bt.isn o r c d n i 7 ~ d  i n t o  
r a t h e r  b road  c a t e g o r i e s  a c c o r d i n g  t o  t h e i r  p o : e n t i a l l p  u s e f u l  p r c p e r t i e ; .  
The l i s t  h a s  become a s t a r t i n g  p c i n t  f o r  t h e  Rat te l le  Columbus L a b o r a t o r i e s  
a n a l y s i s  i n t o  s p a c e  ~ r o c e s s i z g  ai' p o t e n t i a l l y  u s e f u l  i m m i s c i b l e  s y s t e m s .  

POTENTIAL OF SPACE PROCESSISG UTERIALS 
WITH X ?lISCIGILITY GAP 

A s  concluder !  from a r e c e n t  NASA s t u d y , ( 6 )  t h e r e  a r e  t h r e e  p r i c -  
c i o a l  r e s o u r c e s  t h a t  w y  p r o v e  v a l u a b l e  f o r  f u t u r e  r p a c e  work i n  mater is ls  
5 c i e nc  e and t e c h ncs 1 o g y : 

* The c o n d i t i o n  o f  v i r t u a l  u e i g h t l e s s n e s s  

i _ .  

- The i n f i n i t e  vacuum s i n k  p r o v i d e d  by s p a c e  
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With r e g a r d  t o  s p a c e  p r o c e s s i n g  of mater ia ls  i n  g e n e r a l  and mater ia ls  
w i t h  a m i s c i b i l i t y  gap i n  p a r t i c u l a r ,  t h e  w e i g h t l e s s  c o n d i t i o n  is t h e  
most i m p o r t a n t  and t h e  f a c t o r  t h a t  can l e a d  t o  un ique  material s t r u c t u r e s  
and p r o p e r t i e s .  The o t h e r  two f a c t o r s  can be r ep roduced  on e a r t h  b u t  
might have a s i g n i f i c a n t  i n f l u e n c e  on t h e  economics of a p o t e n t i a l  s p a c e  
p r o c e s s .  

A s  p r e v i o u s l y  d i scusse r l .  low-g p r o c e s s i n g  of materials w i t h  a m i s -  
c i b i l i t y  gap can l e a d  t o  p r o d u c t s  w i t h  d e c i d e d l y  less s e g r e g a t i o n  and a 
much f i n e r  s t r u c t u r e .  I t  is t h e s e  f a c t o r s  t h a t  must be looked t o  f o r  any 
unique p r o d u c t s  produced by s p a c e  p r o c e s s i n g  o f  materials w i t h  a m i s c i b i l i t y  
gap. There a re ,  of c o u r s e ,  t h e  p o s s i b i l i t i e s  t h a t  t h e r e  are  o t h e r  f a c t o r s  
which a re  p r e s e n t l y  un recogn ized  t h a t  might produce unique s t r u c t u r e s  and 
p r o p e r t i e s  i n  t h e s e  sys t ems .  Such, f o r  example,  may b e  t h e  s i t u a t i o n  i n  
t h e  case where p h a s e s  h a v i n g  d i f f e r e n t  c r y s t a l l o g r a p h i c  s t r u c t u r e s  were 
found p r e s e n t  i n  0-g p r o c e s s e d  material  b u t  n o t  i n  1-g p rocessed  material .  
Accord ing ly ,  i t  is n e c e s s a r y  t o  c a r r y  o u t  e x p e r i m e n t a l  programs aimed a t  
uncove r ing  such  e f f e c t s  and ,  once uncovered,  t o  c o n f i r m  t h a t  t h e  o r i g i n  
is t h e  low g r a v i t y .  I t  is t h e n  n e c e s s a r y  t o  unde r s t and  t h e  mechanisms 
l e a d i n g  t o  t h e  e f f e c t  i n  o r d e r  t o  t a k e  f u l l  advan tage  o f  i t .  However, 
f r o x  t h e  s t a n d p o i n t  of p r e d i c t i n g  which systems w i t h  a m i s c i b i l i t y  gap 
have p o t e n t i a l l y  u s e f u l  p r o p e r t i e s  when p rocessed  under  low-grav i ty  con- 
d i t i o n s ,  w e  can o n l y  r e l y  on t h e  known o r  r<a-soned- e f f e c t s  of low g r a v i t y ,  
namely t h e  p o t e n t i a i  advan tage  of a h i g n i y  homogeneous materid1 C O I I S ~ S L -  
i n g  of a f i n e  d i s t r i b u t i o n  of p h a s e s  w i t h  l i m i t e d  mutua l  s o l u b i l i t y .  

There a r e  s t i l l  two b a s i c  q u e s t i o n s  which must b e  a d d r e s s e d :  

* k h a t  are  t h e  r e l a t i o n s  between t h e  p o t e n t i a l l y  u s e f u l  prop- 
e r t i e s  and t h e  f i n e  homogeneous s t r u c t u r e s  t h a t  can  be 
produced by s p a c e  p r o c e s s i n g ?  

- How do  t h e  economics o f  space  p r o c e s s i n g  de te rmine  which 
sys t ems  w i t h  a m i s c i b i l i t y  a r e  p o t e n t i a l l y  a t t r a c t i v e ?  

With r e g a r d  t o  t h e  l a t t e r  q u e s t i o n ,  i t  may be somtL-hat premature 
t o  c o n s i d e r  t h e  economics of t h i s  s i t u a t i o n  s i n c e  t o o  l i t t l e  of t h e  
n e c e s s a r y  e x p e r i m e n t a l  and a n a l y t i c a l  work h a s  been done and s i n c e  an  
i n s u f f i c i e n t  a p p r e c i a t i o n  of t h e  t echno logy  o f  space  p r o c e s a i n g  h a s  as y e t  
been o b t a i n e d .  

.. 
~ y t :  I ~ v r  110t devo ted  much o f  ou r  a t t e n t i o n  t o  t h e  economic a s p e c t s  

o f  t h i s  q u e s t i s n ,  p r e f e r r i n g  t o  i n i t i a l l y  i n v e s t i g z t e  a l a r g e r  r ange  of 
sys t ems  r a t h e r  t h a n  l i m i t  o u r  a t t e n t i o n  p rema tu re ly .  However, t h e r e  a r e  
c e r t a i n  e c o n o m : ~  g round- ru le s  t h a t  shou ld  be k e p t  i n  mind d u r i n g  con- 
s i d e r a t i o n  of p o t e n t i a l  sys t ems  f o r  s p a c e  p r o c e s s i n g .  

Space p r o c e s s i n g  must produce e i t h e r  1) a unique p roduc t  t h a t  
cannot  be produced on e a r t h  and be of s u f f i c i e n t  v a l u e  t o  cove r  t h e  c o s t s  

. 
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of  manufac tu r ing  and t r a n s p o r t a t i o n ,  2 )  a p r o d u c t  t h a t  can  b e  produced 
more e f f i c i e n t l y  in s p a c e  so as t o  c o v e r  t h e  a d d i t i o n a l  c o s t s  of trans- 
p o r t a t i o n ,  o r  3)  a p r o d u c t  h a v i n g  s u f f i c i e n t  improvement in p r o p e r t i e s  
and performance t o  merit t h e  a d d i t i o n a l  expenses  r e q u i r e d  i n  t r a n s p o r t a -  
t i o n .  

These g u i d e l i n e s  are, of c o u r s e ,  a p p l i c a b l e  t o  any p r o d u c t  which 
might be manufactured i n  s p a c e .  

The key b a s i c  q u e s t i o n  t h a t  w e  are  c u r r e n t l y  a d d r e s s i n g  is t h a t  
concerned w i t h  t h e  c i r c u m s t a n c e s  under which a homogeneous f i n e l y  d i s -  
t r i b u t e d  s t r u c t u r e  p rocessed  from a sys t em w i t h  a m i s c i b i l i t y  gap might 
p roduce  a material  w i t h  unusua l  an3 v a l u a b l e  p r o p e r t i e s .  
knowledge ( i n  some c a s e s  m i s s i n g )  o f  t h e  b a s j z  r e l a t i o n s  between t h e  
s t r u c t u r e  and F r o p e r t i e s  of such sys t ems  is  needed t o  answer t h i s  q u e s t i o n .  
We need t\; know what t h e  p r o p e r t i e s  of t h e  i n d i v i d u a l  p h a s e s  makirb up 
t h e  material  need t o  b e  and how t h e  p h a s e s  s h o u l d  b e  d i s t r i b u t e d  t o  
p roduce ,  f o r  example,  a s u p e r c o n d u c t o r  w i t h  a n  i n c r e a s e d  t r s n s i t i o n  tem- 
p e r a t u r e  o r  a s u p e r i o r  b e a r i n g  mater ia l  o r  s u p e r p l a s t i c  mater ia l .  

Fundamental  

Our a n a l y s i s  h a s  begun w i t h  t h e  TRW l i s t i n g ( 5 )  o f  sys t ems  con- 
t a i n i n g  a m i s c i b i l i t y  gap and t h e  p o t e n t i a l l y  u s e f u l  p r o p e r t i e s  some of 
t h e s e  sys t ems  might  c l s p i a y .  The c a t t g ~ r i r s  of a p p l i c a t i c n s  suggesrc.6 
by Reger are  

C a t a l y s t s  
F ine  p a r t i c l e  s u p e r c o n d u c t o r s  
F i n e  p a r t i c l e  permanent magnets 
Breeder  r e a c t o r  f u e l  
Nuclear  r e a c t o r  s t r u c t u r a l  materials 
E l e c t r i c a l  c o n t a c t  materials 
Suclear  r e a c t o r  c o n t r o l  r o d s  
Bearing a l l o y s  
D i s p e r s i o n - s t r e n g t h e n e d  a l l o y s  
Jewe 1 r y  
S o l i d  l u b r i c a n t s  
1 1 1 - V  Semiconductors  
E x t r i n s i c  s emiconduc to r s .  

'de are a l s o  p l a n n i n g  t o  c o n s i d e r  o t h e r  c a t e g o r i e s ,  such  as  supe r -  
p l a s t i c  m a t e r i a l s .  

S i n c e  t h i s  a s p e c t  of t h e  work i s  s t i l l  incomple t e ,  o u r  d i s c u s s i o n  
w i l l  d e a l  o n l y  v i t h  t h e  approach t o  d e f i n i n g  p o t e n t i a l l y  u s e f u l  sys t ems  
hav ing  a m i s c i b i l i t y  gap. The c o n c l u s i o n s  and recommendations must 
await  f u r t h e r  work. It s h o u l d  a l s o  b e  mentioned t h a t  t h e  o u t l i n e d  approach  
can be used t o  c a t e g o r i z e  o t h e r  sys t ems  such a s  e u t e c t i c s  ( s t o i c h i o m e t r i c  
o r  o f f - s t o i c h i o m e t r i c ) ,  p e r i t e c t i c q  .-r  1 c : l n t e c t i c s .  e t c .  
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Our mode of operation consists first of selecting a potentially 
useful property, e.g. superplasticity and defining where possible the 
structural features (type and distribution of the phase mixture) that 
lead to enhancement of the selected property. In the case of super- 
plasticity, the melting temperatures of the individual phases and the 
fineness and intimacy of the phase mixture are important. 

The next step i s  to list the systems that would meet the defined 
criteria. It would then be necessary to weigh the choice of the selected 
system on the basis of the defined property, the probability of achieving 
the desired effect, the usefulness of the product, the competition from 
earth processing, and an estimate of the economics of the situation. From 
such a listing of systems and applications, it will be possible to define 
space-processing experiments which could potentially lead to space- 
manufacturing processes. 

COXF'UTER-SNLATION STUDY 

Introduction 

A computer-simulation study of a given physical process is comprised 
of essentially two ingredients: 1) a physical model, which incorporates 
a description of the major kinetic phenomena giving riseto the process, 
and 2) an appropriate numerical interpretation of the physical model, 
which can be used, via the computer, t o  generate a quantitative descrip- 
tion of the manner in whir. the process under consideration evolves with 
time tor glven input con? : . t ions .  Cujl~~puLei  -aiaulaticn ~ e t h n d s  1-re f i n d i n g  
ever-widening applications in the materials-science area. This stems 
partly from the fact that, on thc one hand, kinetic processes occurring 
in materials are generally of an lxtremely complex nature, whereas on the 
other hand, increasingly sophisticated technological applicatiocs of 
materials require as complete an understanding of materials behavior as 
possible. Among the advantages offered by computer-simulation methods 
are the following: 

One is f -r.ld f r o m  requirements of analytical tractability 
in the development of theoretical models. The physical 
model one uses as the basis for his simulation is limited 
only by the bounds of  cgrrent knowledge m d  the time and 
funds allotted to prepare and execute the program. 

Phencmena difficult to reproduce within the laboratory 
can often be more efficiently carried out by simulation 
techniques. 

It is a relatively simple and inexpensibe matter to alter 
processing and physical parameters, in a given computer 
"experiment " , then rep eat the "e xpe r f men t 'I to observe 
resulting changes. 

Laboratory experimentation can be minimized when computer- 
simulation methods are used and the simulations themselves 
represent a valuable supplement to corresponding labora- 
tory experiments. 
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Space -p roduc t ion  p r o c e s s e s ,  i n  p a r t i c u l a r ,  because  o f  t h e  un ique  
p r o c e s s i n g  c o n d i t i o n s ,  c a m o t  b e  t e s t e d  c o m p l e t s l y  i n  t e r r e s t r i a l  e x p e r i -  
ments. T h i s  f a c t  p r o v i d e s  t h e  incent ive for  t h e  u s e  o f  compute r - s imula t ion  
methods,  which can b e  r e l a t e d  t o  p a r t i a l l y  r e l e v a n t  e x p e r i m e n t s  t o  p r e d i c t ,  
as  a c c u r a t e l y  as  p o s s i b l e ,  t h e  r e s u l t s  t o  be expec ted  i n  t h e  z e r o - g r a v i t y  
environment .  Sucn s i m u l a t i o n s  t a k e  a c c o u n t  of t h e  b e s t  a v a i l a b l e  t h e o r e t i -  
c a l  r e s u l t s ,  and employ l a b o r a t o r y  e x p e r i m e n t s  t o  t e s t  t h e  p r e d i c t i o n s  
as f a r  as p o s s i b l e .  

The r e s e a r c h  d e s c r i b e d  h e r e i n  c o n s t i t u t e s  a compute r - s imula t ion  
s t u d y  of t r a n s f o r m a t i o n  p r o c e s s e s  o c c u r r i n g  i n  l i q u i d  immisc ib l e  sys t ems ,  
t h e  emphasis  b e i n g  p l a c e d  upon b e h a v i o r  t o  b e  e x p e c t e d  i n  z e r o  g r a v i t y .  
The two p r i n c i p a l  s t a g e s  which comprise  t h i s  r e s e a r c h  are t h e  f o l l o w i n g :  
(1)  f o r m a t i o n  and subsequen t  e v o l u t i o n  o f  t h e  d i s t r i b u t i o n  of second-phase 
d r o p l e t s  formed when an  i n i t i a l l y  s i n 3 l e - p h a s e  l i q u i d  i s  cooled frcm a 
temperat i i re  above t h e  m i s c i b i l i t y  gap t o  one w i t h i n  t h e  gap;  (3) s o l i d i f i -  
c a t i o n  of t h e  r e s u l t a n t  two-phase sys t em.  We a r e  p r e s e n t l y  well i n t o  t h e  
development of t h e  f i r s t  s t a g e  and have n o t  y e t  a t t a c k e d  t h e  second s t a g e .  
Consequent ly ,  w e  s h a l l  summarize h e r e  t h e  work which h a s  been done t o  
d a t e  and t h e n  q u a l i t a t i v e l y  d e s c r i b e  tile work y e t  t o  be accomplist .ed.  

T rans fo rma t ion  P r o c e s s e s  i n  L i q u i d  Immisc ib l e  Systems 

B a s i c a l l y ,  t h e  approach  of a l i q u i d  immisc ib l e  sys t em toward thermu-  
dynamic e q u i l i b r i u m  i n v o l v e s  a series o f  k i n e t i c  p r o c e s s e s ,  i n c l u d i n g  
t h e  f o l l o w i n g :  

(1) N u c l e a t i o n  of second-phase d r o p l e t s  w i t h i n  t h e  supe r -  
s a t u r a t e d  h o s t  phase 

( 2 )  Growth of t h e  d r o p l e t s  by long-range d i f f u s i o n  of s o l u t e  
w i t h i n  t h e  h o s t  phase ,  w i t h  consequen t  approach o f  t h e  
suDersatura: ion i e v e !  toward z e r o  

(3 )  Coa lescence  of d r o p l e t s  by any of t h e  f o l l o w i n g  y r o c e s s e s :  

( a )  D i r e c t  impingement of growing d r o p l e t s  

(b )  Impingement r e T d t i c g  f r o n  Brownian-motion m i g r a t i o n  

(c)  Impingement r e s u l t i n g  from S t o k e s  f low,  i n  which 
d r o p l e t  v e l o c i t y  (wit!iin a g r a v i t a t i o n a l  f i e l d )  is  
a f m c t i o n  of  i t s  r a d i u s  

(d)  Impingement r e s u l t i n g  f-om v e l o c j t y  g r a d t e n t s  
w i t h i n  h o s t - f l u i d  f low f i e l d  
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(e) Impingement r e s u l t i n g  from t empera tu re -g rad ien t -  
induced v a r i a t i o n  i n  i n t e r f a c i a l  ene rgy  ( t h e  
Narangoni  e f f e c t )  ( 7 ) ;  

( f )  Ostwald r i p e n i n g ,  o r  growth of l a r g e r  d r o p l e t s  
a t  t h e  expense of smaller ones . (8 )  

I ,  1 

Drop le t  n u c l e a t i o n  r e s u l t s  from f l u c t u a t i o n s  i n  s o l u t e  c o n c e n t r a t i o n  w i t h i n  
t h e  h o s t  phase ,  and t h e  r e s u l t a n t  c o m p e t i t i o n  between t h e  d e c r e a s e  o f  Gibbs 
f r e e  ene rgy  a s s o c i a t e d  w i t h  d r o p l e t  f o r m a t i o n  and t h e  increase of i n t e r -  
f a c i a l  ene rgy .  D r o p l e t s  which a t t a i n  a c e r t a i n  c r i t i c a l  s i z e  a re  s t a b l e ,  
and t h e i r  growth c o n t i n u e s  as t h e  Gibbs f ree  ene rgy  of t h e  sys t em d e c r e a s e s  
toward i t s  e q u i l i b r i u m  v a l u e .  The v a r i o u s  c o a l e s c e n c e  p r o c e s s e s  which 
subsequer.t ly o c c u r  are  d r i v e n  by t h e  r e d u c t i o n  i n  o v e r a l l  i n t e r f a c i a l  
ene rgy ,  which o c c u r s  as  p a r t i L l e s  c o l l i d e  and merge. I n  a d d i t i o n ,  S t o k e s  
m i g r a t i o n  s e r v e s  t o  r educe  t h e  o v e r a l l  g r a v i t a t i o n a l  ene rgy  o f  t h e  sys t em.  
I t  shou ld  be no ted  t h a t  d r o p l e t  m i g r a t i o n  can be a f f e c t e d  by t h e  magnitude 
of t h e  i n t e r f a c i a l  ene rgy  between t h e  h o s t  phase and second phase ,  w i t h  
a r e l a t i v e l y  low ene rgy  r e s u l t i n g  i n  reduced m i g r a t i o n  v e l o c i t i e s .  (9) 
A l s o ,  c e r t a i n  f a c t o r s  may a f f e c t  d r o p l e t  c o a l e s c e n c e ,  i n c l u d i n g  t h e  f o l -  
lowing:  (1 )  t h e  p r o b a b i l i t y  t h a t  two m i g r a t i n g  d r o p l e t s  approach ing  one 
a n o t h e r  will a c t u a l l y  c o a l e s c e  may b e  reduced by e f f e c t s  of t h e  f l u i d -  
flow f i e l d s  i n  t h e i r  neighborhood;  and (2 )  a f i n i t e  t i m e  i s  r e q u i r e d  t o  
Gra in  t h e  l i q u i d  f i l m  s e p a r a t i n g  two d r o p l e t s  i n  c l o s e  p r o x i m i t y  ( s e e  

If1 n )  Turkdogan’s ~ ~ S C U S S ~ O I I  of i i irsr pheiijueiia;. - - -  

The development of a q u a n t i t a t i v e  p h y s i c a l  model t o  d e s c r i b e  t h e  
s e p a r a t i o n  k i n e t i c s  of a n  immisc ib l e  system can  b e s t  b e  c a r r i e d  o u t  i n  
terms of a c o n t i n u o u s  f u n c t i o n  f ( ? , R , t ) ,  which d e s c r i b e s  t h e  s i z e  d i s -  
t r i b u t i o n  of d r o p l e t s ,  To t h i s  end ,  w e  d e f i n e  t h i s  f u n c t i o n  such  t h a t  
t h e  number dN of  d r o p l e t s  (assumed s p h e r i c a l ) ,  a t  t i m e  t ,  hav ing  r a d i i  
w i t h i n  i n c r e m e n t a l  r a n g e  dR measured abou t  R and l y i n g  w i t h i n  volume 
element  d r  of s p a c e  measured a t  p o s i t i o n  v e c t o r  7,  r e l a t i v e  t o  t h e  o r i g i n  
of c o o r d i n a t e s ,  i s  g i v e n  by 

dN - f ( f , R , t ) d r d K  . 
T h i s  f u n c t i o n  is ,  of i t s e l f ,  n o t  of p r imary  p h y s i c a l  i n t e r e s t ,  a l t h o u g h  
p r o p e r t i e s  t h a t  a r e  of i n t e r e s t  ( e . g . ,  d r o p l e t  c o n c e n t r a t i o n  n ( F , t ) ,  means 
r a d i u e  < R > ,  volume f r a c t i o n  f v ( r , t ) )  can be e x p r e s s e d  i n  terms of a lgebra- :c  
moments of t h e  d i s t r i b u t i o n  f u n c t i o n ,  t h e  g th  moment b e i n g  g i v e n  by 

u L ( ? , t )  E * 1 1  j R  € ( r , R , t ) d R  . 
0 

According t o  t h i s  d e f i n i t i o n ,  
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I f ,  on the average, the distribution function is  independent of spatial 
coordinates, then, of course, the mocents and the associated properties 
of  the second-phase distribution are functions only of time. 

One can easily demonstrate that the distribution function must 
satisfy a continuity relation having the following form: 

where is tha velocity of a droplet through coordinate space, v is its 
rate of growth (i.e., its "velocity" in radius space) and the various 
"source" functions Jli describe the rates a t  which droplets of given size 
<re created and annihilated such as through nucleation and collision 
processes. Clearly, this expression is analogous to the familiar EoltzTann 
integrodifferential eqi'st on which descrihes the distribution function 
f o r  molccules of a gas. (llf 

The source functions for droplet-collision effects, resulting fro7 
droplet migration, are well known. (12-14) Consider, for example, the 
hypothetical case for which the iiistantar.eo1.s concentration of droplets 
having radii R1 and F.2 <ire nl and n?, respectively. Then the rate at 
which these droplets are colliding is just nlc2r(R1 + Rz)~(,~ - V2), where 
31 and 12 are thp respective velocities of particles c.f types 1 and 2 .  
(We are ignoring, at this time, possible spatial variations of d r c p i c i  
velocities.) Of course, these velocities can have contributions arising 
from both Stokes migration and from velocity-gradients. (14) 
ing this concept to a size distribution of droplets, and defining 

Generaliz- 

9 ( 2  1 2 Q(R',R") T(R' + R!') 1;' - G v t l  

the source function b describing the creation of droplets of radius R 
is simply 

m - n  

+c = 1/2idR'/di("d(R_0('3-K"3)1/3)Q(R',R")f(R',t)f (R",t) , 
0 0  

wheredis the Dirac delta function. Integration over R" yields 

(3 )  
3 l/3 f((R3-R' ) ,t) . 

Likewise, the source function, J.', describing the annihilation o f  droplets 
of radius R is 

m 

3 = -i_R,t)/dR'Q(R,R')f(R',t) . ( 4 )  a 0 

1013 



- ....... . ...... . . . . . - 1- 

Another s o u r c e  f u n c t i o n  can a l s o  b e  w r i t t e n ,  i i A  p r i n c i p l e  a t  l e a s t ,  f o r  
d r o p l e t  n i x l e a t i o n .  T h i s  f u n c t i o n  6 . 2 ~  depc.id l a r g e l y  upon er l lpir ical  
n u c l e a t i o n  d a t a  f o r  want of an a d e q u a t e  n u c l e a t i o n  t h e o r y .  Source f u n c t i o n s  
f o r  c r e a t i o n  and a n n i h i l a t i o n  of d r o p l e t s  by d i r e c t  impingement, as growth 
o c c u r s ,  can a l s o  b e  developed.  I '  

1 1  

The growth v e l o c i t y  i n  d r o p l e t - r a d i u s  s p a c e ,  v ,  depends upon such  
f a c t o r s  as c o o l i n g  r a t e ,  k i n e t i c  d a t a  ( e . g . ,  s o l u t e  d i f f u s i v i t y  w i t h i n ,  
t h e  h o s t  f l u i d ) ,  d r o p l e t  c o n c e n t r a t i o n ,  and phase-diagram d a t a  d e s c r i b i n g  
t h e  m i s c i b i l i t y  gap a t  t h e  t e m p e r a t u r e s  i n  q u e s t i o n .  An adequa te  e x p r e s s i o n  
for w c a n  g e n e r a l l y  be derLved, a t  l ea s t  under a p p r o p r i a t e  s i m p l i f y i r g  
a s sumpt ions .  

We t h u s  have t h e  e s s e n c e  o f  t h e  p h y s i c a l  model d e s c r i b i n g  t h e  
breakdown o f  a l i q u i d  immisc ib l e  system. It shou ld  be no ted  t h a t  t h e  
v a r i o u s  k i n e t i c  p r o c e s s e s  a r e  l i k e l y  t o  occur  under  d i f f e r e r t  time s c a l e s ,  
so  t h & t  a t  any g i v e n  i n s t a n t ,  one o r  a n s t h e r  o r  some combinat ion s f  t h e s e  
p r o c e s s e s  may a c t u a l l y  be dominat ing t h e  o v e r a l l  k i n e t i c s ,  I n  a gi-Jen 
s i t u a t i o n ,  one o r  a n o t h e r  of t h e  p r o c e s s e s  may neve r  c o n t r i b u t e  t o  a n  
a p p r e c i a b l e  d e g r e e ;  f o r  i n s t a n c e ,  i f  t h e  sys t em of second-phase d r o p l e t s  
is very d i s p e r s e ,  d i r e c t  impingement of growing d r o p l e t r  . lay occur  o n l y  
t o  a n e g l i g i b l e  e x t e n t .  

I n  g e n e r a l ,  t h e  i n t e g r o d i f f e r  r n ~ i a l  eqxi t inr?  rlrscil\'.ng t h e  t empora l  
e v o l u t i o n  of t h e  d i s t r i b u t i o n  f u n c t i o n  canno t  be i n t e g r a t e d  a n a l y t i c a l l y .  
I t  is a t  t h i s  p o i n t  t h a t  t h e  c o n p u t e r  must be b rough t  i n ,  2nd s o l u t i o n s  
g e n e r a t e d  n u m e r i c a l l y  . 
K i n e t i c s  o f e r o p l e t  Growth 

- The Equ i l ib r iLm C o n f i g u r a t i o n .  Consider  a h y p s t h e t i c a l  l i q u i d  
immisc ib l e  s y s t e m ,  f o r  which a p o r t i o n  of  t h e  phase diagram i s  i l l u s t r a t e d  
i n  F ig l i re  2 .  T h e  system c o n t a i n s  two t y p e s  o f  a t m s ,  w h i c h  we < ? n o t e  by 
h and B .  Le t  u s  a n a l y z e  t h e  growth k i n e t i c s  s econ i -phase  d r o p l e t s  v h c n  
t h e  system Is c o o l e d  from t empera tu re  T i  above t h e  m i s c i b i l i t y  ga?,  dowa 
t o  t empera tu re  T2 w i t h i n  t h e  gap a t  a tomic  f r a c t i o n  f of B a toms ,  where 

n € =  N + N  I 

A B  

w i t h  :it\ and :;E b e i n g  t h e  r e s p r c t i v e  numbers of  atoms of  t y p e s  .4 a n d  B i n  
the system. (Ex tens ive  q u a n t i t i e s ,  such a s  ncmbers of a toms,  nay he con- 
s i d e r e d  2s r e f e r r e d  t o  u n i t  volume.) A t  t e m p e r a t u r e  T2, t h e  g u i l i b r i u m  
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configurations of the system consist.; c ,  .I ' lost  phase and second phase 
characterized by atomic fractions f l  anu f2 of B atoms, respectively, with 

NB2 
f2 NA2 4- NB2 , (7 )  

where N A ~  and N B ~  are the respective numbers of A and B a t c r l s  in the host 
phase and N A ~  and N B ~  are the numbers of A and B atoms in the second phase. 
Clearly, we must require that 

NA NAl 4- 'A2 ' 

B1 NB2 ' 
N B  - N 

One can use Equations (5) through (9) P O  derive the familiar "lever rule", 

host phase and second phase, r~spestively, are given by 
:.s., t h s t  thc cq-i i ibri . ;n f r a ~ t i c " ~  F. nnd Fn n i  1 1 7 .  aLoun$ i i i t F t t i i  Z ~ E  

I - L 

f, - f 

f - fl 
f2 - fl . F 2  = 

Obviously, this discussion of equilibrium compositions says nothing abollt 
the equilibi.iun morphology of the second phase. The computer-simulatton 
study is devoted to evaluating the t€mpoKal evolution of the morphology 
of the second phase as thermodynamic equilibrium is approached. 

AiJprsh to Equilibrium. Clearly, a computer-simulation study 
dcals with the nonequilibrium situstion in the sense of using an appro- 
priate phydical model t3 describe the kinetic of the approach of a system 
t o  its equilibrium configuration. In o u r  case, we consider the growth 
of a system of second-phase d;roplets under the following simplifying 
assumptions : 

(1) The system is cooled to a temperature T2 withln tSe mis- 
cibility gap, but outside the spinodal, such that  diffu- 
sion coefficients remain positive. (159 . 

(2) Nucleation occurs very rapidly and all nuclei are formed 
at essentially time t = 0. 
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Crowing second-phase d r o p l e t s  are  s i t u a t e d  a t  random 
p o s i t i o n s  th roughou t  t h e  volume of t h e  h o s t  phase, and 
a t  any g i v e n  i n s t a n t  d u r i n g  t h e  s t a g e  a t  which t h e  h o s t  
phase  is decomposing, a l l  d r o p l e t s  have t h e  same s i z e  a t  
any g i v e n  i n s t a n t .  (Thus, f o r  example,  e f f e c t s  due t o  
c o l l i s i o n s  and subsequen t  c o a l e s c e n c e  o f  a d j a c e n t  growing 
d r o p l e t s  are  n o t  i n c l u d e d  i n  t h e  p r e s e n t  t r e a t m e n t . )  

The growth s t a g e  o c c u r s  r a p i d l y  enough such  t h a t  e f f e c t s  
o f  d r o p l e t  m i g r a t i o n  th rough  t h e  l i q u i d  need n o t  b e  con- 
s i d e r e d  w h i l e  growtll is t a k i n g  p l a c e .  

The second phase  c o n s i s t s  of d r o p l e t s  hav ing  compos i t ion  
f 2 ,  and a l l  growing d r o p l e t s  rnaintain t h i s  c o n s t a n t  equ i -  
l i b r i u m  c o n c e n t r a t i o n  th roughou t  t h e  p e r i o d  of growth. 

D r o p l e t  growth o c c u r s  v i a  t h e  long-range d i f f u s i o n  o f  A 
and B atoms through t h e  h o s t  phase ,  t h e  d i f f u s i o n  o f  one 
2 ;  t h e s e  a tu r . i c  s p e c i e s  b e i n g  t aken  t o  be s i g n i f i c a n t l y  
s lower  than  t h e  o t h e r  and ,  hence ,  r a t e - c o n t r o l l i n g  when 
a tnmic  d i f f u s i o n  is t h e  p r o c e s s  gove rn ing  d r o p l e t  growth.  
I n  a d d i t i o n ,  t h e  c o n c e n t t a r i o n  firid of d i t f u s i l - g  ~ C o m s  
around ea-h growing d r o p l e t  is t a k e n  t o  be s p h e r i c a l l y  
symmetric w i t h  a n  o t h e r w i s e  un i fo rm f i e l d  of  s o l u t e  e x i s t -  
i n g  w i t h i n  t h e  h o s t  phase.  

The compos i t ion  of t h e  h o s t  phase  a t  t h e  i n t e r p h a s e  
b o u n d a r i e s  i s  ma in ta ined  a t  t h e  e q u i l i b r i u m  v a l u e  
(1.e. .  f r a c t i o n  f of B a t o m s ) .  

The :average atomic vo:un?e ~ c c u p i e d  by A and R a toms ,  
denoted by f r ~  ana 2 ~ ,  r e s y e c t i v e l y ,  does  no t  change,  
t o  a f i r s t  app rox ima t ion ,  t h rough  t h e  r ange  of r e l a t i v e  
compos i t ions  w i t h i n  t h e  g i v e n  system. 

1 

Obv ious ly ,  t h e  v a l i d i t y  of a s sumpt ions  such  a s  t h e s e  must be t e s t e d  bo th  
through comparison w i t h  expe r imen ta l  d a t a  and th rough  demons t r a t ed  s e l f -  
c o n s i s t e n c y  w i t h i n  t h e  p h y s i c a l  model .  

In  s i z i i 1 a t i ; i q  t h e  approach ( 3 f  t h e  . ~ . * T : C - ,  t o  thermodynarric e q c i l  is- 
r i u x ,  u p ~ n  ci.:i in, ;  t f -  : L ~ v ~ t ~ r L ~ : i . ~ ;  z s  r + . i c ! ) i E  t h t *  ~ i s c i h i l i t y  gap ,  c r i 3  1 inlt- 
i n g  c a s e s  can be t s n s i d e r e d :  (1) c o o l i n g  r n L r  o c c u r r i n g  v e r y  r a p i J l y  
r e l a t i v e  t o  t h e  r a t e  a t  w!,:ch atoms can d i f f u s e  t o  d r o p l e t s ,  and con- 
v e r s e l y  ( 2 )  c o o l i n g  ra te  o c c u r r i n g  v e r y  s l o w l y  r e l a t i v e  t o  t h e  r a t e s  of  
d i f f u s i v e  i 7 f ’ l i ) r  t o  d r o p l e t s .  I n  t h e  foriner s i t u a t i o n ,  decompos i t ion  of 
t h e  h o s t  phase d c e s  T I ~ L  beyin u n t i l  c o 3 l i n g  is  v i r t u a l l y  f i n i s h e d ;  i n  t h e  
l a t t e r ,  c f > o l i n g  o c c u r s  so  s lowly  t>q t  t h e  sys t em is always i n  v i r t u a l  
e q u i l i b r i u m  a s  d e f i n e d  by t h e  phase diagram. Cf c o u r s e ,  c o o l i n g  can a l s o  
occur  a t  i n t e r m e d i a t e  ra tes ,  such  t h a t  no p r o c e s s  is rate  coc:rol.ling, 
brit w e  s h a l l  n o t  c o n s i d e r  t n i s  s i g n i f i c a n t l y  more complex problem a t  t h i s  
t i m e .  

l O ? h  
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Very Rapid Cooling. Cansider, first, diffusion-controiled growth 
kinetics. The system is rapldiy cooled to temperature T2 (after Figure 2 )  
upon which n droplet3 nucleate from solution and begin to grow. We assume 
an initially homogeneous system, and also take the diffusion of B atoms 
to be rate-controlling, Tow let Ni2 and Ni be the instantaneous numbers 
of A and D atoms, respectively, in the seconi phase, and likewise, let 
NA1 End Nil be the instantaneous numbers of A and B atoms in the host 
phase. Clearly, 

NB = N’ + N’ 
B1 B 2  

and from assumption (5), 

f; = + ” Bl 

It is evident that fi is equal to f initially and approaches fl as decom- 
position of the host phase approaches completion. 

Let us assume the diffusion kinetics to be quasistationary, imply- 
ing that the diffusion of B atoms to droplets can be described to a good 
approximation, using the time-independent di€f-Jsion equation (this will 
yield an underestimate of the instantaneous rate of influx of B atoms to 
droplets). One thus obtains the following expression for the rate at 
which ZJi2 changes with tine. t: 

where DB is the jiffusion coefficient for B atcms in the host phase, 
Ci1 is the concer.tration of B atoms within the ilo9t phase at distances 
far from any dro>lets, Cgl is the equilibrium concentration of R qtcz-:; 
in the host phase at temperature T7 and R is :!-,e instantanczus droplet 
radius. The first tei-c. on the right-hand c l 2 ; t  or Equation (15) represents . 
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t h e  n e t  rate of d i f f u s i v e  influx of B atoms i n t o  d r o p l e t s  and  t h e  s e c o n d  
term r e p r e s e n t s  the  ra te  a t  which B a toms a l r e a d y  p r e s e n t  i n  t h e  h o s t  p h a s e ,  I 

a t  t h e  i n t e r f a c e ,  are c o l l e c t e d  i n t o  d z o p l e t s .  ! , I  

Now one c a n  u s e  E q u a t i o n s  (5) to  ( 1 4 )  t o  show t h a t  

NBf* f - f; 
Ni2 - f ( f*  - f l  1 )  

In  a d d i t i o n ,  t h e  i n s t a n t a n e o u s  t o t a l  volume o c c Q p i r d  by t hP  ,rcond-phase 
d r o p l e t s  i s  jus:  

3 
N' 0 + N '  R (19) 4nnR - =  

3 A ?  A B2 B ' 

Combining E q u a t i o n s  (13 )  and (19), 

fro% whlr ' i  w e  o b t a i n  

D i f f e r s n t i a t i n g  E q u a t i o r i  (18) w i t h  r e s p e c t  to t i m e  End s u b s t i t u t i z g  cne  
r e s u l t ,  t o g e t h e r  witn E q u a t i o n s  (161, ( 1 7 ) ,  ?nd (21: i n t o  (15), we o b t a i n  

f !  
d f ;  - = - x ( f 2  - f;)5'3(f - f ' j  1/3[ 
d t  1 (1 - fpn, + f i n B  

f. 

. 
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where 

w i t h  

f l  (1 - f2)RA + f R 
a s 1 - - [  B] a 

f 2  (1 - f )n + f lnb 1 A  

I n t e g r ' i t i o n  of Equatinr.  (22 ) ,  by some appropr i a t e .  method, w i l l  y i e l 8  t h e  
p x p l i c i  t v n r i 2 i i o n  of f '  w i t h  t i m e .  

1 

Also,  one can  combine Equa t ions  (18) and (20) t o  o b t a i n  

Erjuaiioii (23; fs a d z r ~ c t  r e l 2 r j n z  between i h e  tots: ~ o l r ; ~ ~  of droplets 
( o r  volume f r a c t i o n ,  i f  w e  r e f e r  n and N t o  u n i t  volume) and t h e  paraiiieter 
f i .  B 

We have s o l v e d  EqGation (22) n u m e r i c a l l y  u s i n g  a f o u r t h - o r d e r  
Runge-Kutta method and u s i n g  t h e  f o l l o w i n g  r e p r e s e n t a t i v e  numer i ca l  v a l u e s :  

f l  = 0.3,  f = 0 . 4 ,  f 2  = 0 .7  

2 = rL = 3 cm 

NB 8 

, 
3 

A B  8 

2ZCm-3 
= ( 4 / 3 )  x 10 

The r e s u l t s  a r e  p l o t t e d  i n  F i g i r e  3 f o r  t5ree d i f f e r e n t  d r o p l e t  concen t r a -  
tions. Note t h a t  growth p roce+ ' l s  f E , -  r a< t h e  d r o p l e t  c c n c e n t r a t i o n  
i ~ ~ c - ~ a s e s .  This  is  what o-ie would e x p - c t ,  s i n c e  k,igher d r o p l e t  concen- 
t r a t i o n s  meax t h a t  s o l u t e  , A t a s  have s m a l l e r  d i s t a n c e s ,  on t h e  a v e r a g e ,  
t o  difrusc i n  o r d e r  t J  r e s c h  d r o p l e t s .  The t i m e s  p r e d i c t e d  h e r e  f o r  grcwth 
t o  t a k e  p l a c e  (of t h e  o r d e r  of  a t e n t h  of a second o r  l e s s  f o r  t h e s e  par-  
t i c u l a r  c a s e s )  ? r e  rough ly  c o n s i s t e n t  w i t h  the p r e d i c t i o n s  of Lindborg 
and T o r s s e l l ( 1 4 )  and of Turkdogan(l0)  f o r  t h e  growth oi deoxidat!on 
p r o d u c t s  rrom a l i q u i d  me ta l .  One can  show, by s u b s t i t u t i n g  a p p r o p r i a t a  
numerical  v a l u e s  i n t o  Fqca t ion  ( 2 3 ) ,  t h a t  t h e  n e t  voluIrr- f r a c t i o n  o c c u p i r d  
by second-phase d r o p l e t s  a t  t h e  c o n c l u s i o n  of growth is  L -  volume p e r c e n t  
for a l l  t h r e e  c a s e s  ( n o t i n g  t h a t  f '  = f t;heri growth i s  c o r p l e t e d .  1 1  
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Very Slow C o o l i n g .  A t  t h e  o p p o s i t e  extreme of t h e  l i m i t i n g  case 
d i s c u s s e d  above i s  tha t  c o r r e s p o n d i n g  t o  a c o o l i n g  ra te  so s l o w  t h a t  t h e  
d i s t r i b u t i o n  o f  ntoiiis between h o s t  p h a s e  a n d  s e c o n d  p h a s e  a l w a y s  r e m a i n s  
i n  q u a s i e q u i l i b r i u m ,  r e l a t i v e  to t h e  p h a s e  d i a g r a m ,  as t h e  t e m p e r a t u r e  
is  l o w e r e d  i n t o  t h e  m i s c i b i l i t y  gap .  The i n s t a n t a n e o u s  volume o c c u p i e d  
by t h e  d r o p l e t s  i s  s t i l l  g i v e n  by a n  e x p r e s s i o n  a n a l o g o u s  t o  E q u a t i o n  (23), 
i . e . ,  

) I f1  - f;N, + f;n,l , 4nnR 
3 

- =  

where  now f '  a n d  f '  r e p r e s e n t  t h e  a t o m i c  f r a c t i o n  o f  B a toms  a t  t h e  l o w e r  
and u p p e r  c h p o s i t i o n a l  l i m i t s  o f  t h e  m i s c i b i l i t y  gap  c o r r e s p o n d i n g  t o  
t h e  i n s t a n t a n e o u s  t e m p e r a t u r e  T. As T i s  s l u w l y  l o w e r e d  t o  i t s  f i n a l  v a l u e  
T2 (see F i g u r e  2 ) ,  f '  and  f: f o l l o w  t h e  m i s c i b i l i t y - g a p  l i m i t s  and  f i n a l l y  
r e a c h  v a l u e s  f and  ! 2 '  r e s p e c t i v e l y ,  a t  t h e  f i n a l  t e m p e r a t u r e  T 1 2 

E q u a t i o n  ( 2 4 )  c a n  h e  J i f f P r e n t i a t e d  w i t h  r e s p e c t  to t i n e ,  n o t i n g  t h a t  

where  T is t h e  c o o l i n g  r a t e  and  where  i = 1 , 2  w i t h  t h e  d e r i v a t i v e  df ; /dT 
b e i n g  t h e  l o c a l  s l o p e  measured  a l o n g  t h e  l o c u s  of p o i n t s  d e f i n i n g  t h e  
l i m i t  of t h e  m i s c i b i l i t y  gap .  One t h u s  o b t a i n s ,  

We s e e ,  f rom E q u a t i o n  (251,  t h a t  t h e  g e o n c t r y  o f  t h e  m i s c i b i l i t y  g a p  ( i n  
c o m p o s i t i o n - t e m p e r a t u r e  s p a c e )  becomes an i a p o r t a n t  f a c t o r  i n  d e t e r m t n i n g  
d r o p l e t  gruwt!i k i n e t i c s  a t  v e r y  s l o w  c o o ~ i n z  r;tes. 

DrdJp!e t C o a i p s c e n c e  _- 

Once t h e  g rowth  of l i q u i d  d r o p l c t s  f rom t h e  h o s t  p h a s e  is c o m p l e t e d ,  
t h e  s t r u c t u r e  of  t h e  two-phase s y s t e m  c . 3 ~  undergo  c o n t i n u e d  c h a n g e s  
r e s u l t i n g  f rom d r o p l e t  c o a l e s c e n c e .  C c a l e s c e n c e  c a n  p o t e n t i a l l y  o c c u r  
by any  of  t h e  s e v e r a l  p r o c e s s e s  p r e v i o u s l y  d e s c r j b e d ,  a l t h o u g h  i t  is l i k e l y  
t l i a t  n o t  a l l  o f  t h e s e  processes c o n t r i h u t e  s i g n i f i c a n t l y  u n d e r  a g i v e n  
s e t  3 f  c o n d i t i o n s .  Exzept  f o r  t h e  d l r e c t  o v e r l a p  of g rowing  d r o p l e t s ,  
c o a l e s c e n c e  p r o c e s s e s  g e n e r a l l y  o c c u r  on  a l a r g e r  time s c a l e  compared t o  
 cleatio ion and  g rowth  p r o c e s s e s  a n d ,  i f  s u c h  is t h e  case,  c a n  b e  a s s u a e d  
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t o  o c c u r ,  t o  a s i g n i f i c a n t  e x t e n t ,  o n l y  a f t e r  t h e  s e p a r a t i o n  o f  t h e  s y s t e m  
i n t o  I t s  t w o  component  p h a s e 8  h a s  b e e n  v i r t u a l l y  c o m p l c t e d .  L e t  u s  
~ Y S U E I J  h e r e  ( 1 )  t h a t  c o a l c s c e n c e  is i n d e e d  i m p o r t a n t  o n l y  a f t e r  g r o v t h  
i s  c o m p l e t e d ,  ( 2 )  t h a t  c o a l e s c e n c e  o c c u r s  p r i n c i p a l l y  by  t h e  c o l l i s i o n  of 
moving  d r o p l e t s ,  a n d  (3) t h a t  t h e  s i z e  d i s t r i b u t i o n  o t  d r o p l e t s  is, on 
t h e  average, i n d e p e n d e n t  o f  s p a c i a l  c o o r d i n a t e s .  I n  t h i s  case ,  E q u a t i o n  (1) 
r e d u c e s  t o  

w h e r e  ,bc a n d  a re  g i v e n  by  E q u a t i o n s  (3) and  ( 4 ) ,  r e s p e c t i v e l y .  
E q u a t i o n  ( 2 6 )  c a n  be i n t e g r a t e d  n u m e r i c a l l y  o n c e  a p p r o p r i a t e  v e l o c i t y  
f u n c t i o n s  a re  s e l e c t e d  t o  d e s c r i b e  t h e  d r o p l e t - m i g r a t i o n  k i n e t i c s  ( s e e  
E q u a t i o n  ( 2 ) ) .  

Our comput  e r - s i x u l a t  i o n  s t u d y  o f  d r o p l e t - c o l l i s  i o n  k i n e t i c s  c o n s i s t s  
e s s e n t i a l l y  o f  a n  i n t e g r a t i o n  o f  E q u a t i o n  ( 2 6 )  u s i n g  a form o f  t h e  G a u s s i a n  
q u a d r a t u r e  p r o c e d u r e .  To p e r m i t  t h e  a c c u r a c y  o f  the  i n t e g r a t i o n  t o  b e  
a l t e r e d  i n  a c o n v e n i e n t  way,  a f i v e - t e r m  q u a d r a t u r e  was  m o d i f i e d  t o  i n c l u d e  
a v a r h b l c  i n t e E r a t i D n  i n t c r v a l .  To o b t z i n  h i g h e r  Z c c u r a c y ,  t h e  i n t e g r a -  
t i o n  i n t e r v a l  was s u b d i v i d e d  i n t o  a s e t  o f  smaller i n t e r v a l s .  The 
a c c u r a c y  o f  t h e  p r o c e d u r e  c o u l d  b e  t e s t e d  by c o m p u t i n g  t h e  t o t a l  volume 
of d r o 7 l e t s  whic i  s h o u l d  b e  i n v a r i a n t  i n  time. 

The  r z s u l t  of a s a m p l a  c a l c u l a t i 2 n  ( c a r r i e d  o u t  u s i n g  d a t a  of 
L i n d k T r Z  a n d  T o r s s e l l  a n d  f x l u d i n g  e f f e c z s  of S t o k e s  r i s e  nnd f l u i d -  
v e l o z f t y  g r a d i e n t s  o n  d r o p l e t  m i g r z t i o n )  !s shown i n  F i g u r e  4 o n  L o n p u t e r -  
< ram c u r v e s .  I t  c a n  b e  s e e n  t h  i t ,  a t  l e 3 s t  f o r  t h e  t imes  shown, t!ie 

p r i n c i p a l  e f f e c t s  of d r o p l e t  m i g r a t i o n  ar.J c o l l i s i o n s  i s  t o  c a u s e  t h e  
m a g n i t u d e  of t h e  d i s t r i b u t i o n  f u n c t i o n  t o  tmecorre r e d u c e d  a t  s m a l l e r  r a d i i  
and  i n c r e a s e d  a t  l a r g e r  r a d i i .  T h i s  i.; t o  b e  e x p e c t e d ,  of c o u r s e ,  s i n c e  
smaller d r o p l e t s  a r e  b e i n g  " l o s t "  fro7: i i ~ e  d i s t r i b u t i o n  as  c o l l i s i o n s  
o c c u r ,  a n d  l a r g e r  d r o p l e t s  a r e  c o n s e q u e n t l y  b e i n g  f o r m e d .  

FUTIJRE PLANS 

F u t u r e  work  i n  t h z  a rea  oE " n i s c i b l e  m i t e r i a l s  and a l l o y s  w i l l  
c o n t i n u e  t h e  e x p l o r a t i o n  of s y s t e m s  t r i t ' n  a l i q u i d  p h a s e  m i s c i b i l i t y  g a p .  

C o m p u t e r - s i m u l a t i o n  s t u d i e s  i n  t h i s  a r e a  w i l l  i n i t i a l l y  c o n c e n t r a t e  
017 t h e  t e r r e s t r i a l  b e h a v i o r  o f  s u c h  sys temr; .  E x p e r i m e n t s  c o n d u c t e d  u n d e r  
v a r i o u s  c o o l i n g  c o n d i t i o n s  o n  A l - i n  a l l o y s  ~ l l !  p r o v i d e  e x p e r i m e n t a l  d a t a  
on d r o p l e t - s i z e  d i s t r i b u t i o n s  f o r  t e s t i n g  t h e  . < e l f  c o n s i s t e n c y  o f  t h e  
c o m p u t e r  s i m u l a t i o n .  

Oncc ,  t h e  s i m u l a t i o n  is f o u n d  t o  c o r r e l a t e  ~ ~ 1 1  w i t h  t h e  t e r r e s t r i a l  
d a t a ,  a t t e n t i o n  wLIL b e  f o c u s s e d  upon b e h a v i o r  t o  b e  e x p e c t e d  i n  s p i c e .  
P r o c e s s q s  w h i c h  c o n t r i b u t e  t e r r e s t r i a l l y  o n l y  t o  s e c o n d  o r d e r  ( e . g . ,  O s t w a l d  
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ripening) effects can be expected to play a more dominant role in space, 
once the removal of first-order gravitational effects is achieved. Ini- 
tial application of the computer simulation to studies of droplet- 
coalescence kinetics in zero gravity will be made to a Science Demonstration 
Experiment conducted on Skylab. 
of an initially well-mixed oil-water mixture. 

The experiment deals with the separation 

Simulation studies will also be made of the solidification kinetics 
of two-phase liquid-metal systems and effects of zero gravity are also 
likely to be felt hcre as well as in the kinetics of second-phase coales- 
cence. 

In addition, experiments will be repeated at low-g on the A1-In 
alloy system t o  provide additional comparative data on the particle-size 
distribution at low-g verses 1-g. 

Finally, select systems containing miscibility gaps will be 
Zxperimentally screened by measuring specific pro-Jzi-Ziea of potential 
interest. 

cessing. This experimental work will be in addition to the analytical 
efforts underway for evaluating the potential of these systems. 

This will be done on alloys which have been very rapidly cooled 
to prsduze -+I J L L ~ L C U r 2 s  .-e.. x h i c h  might sirdate t h c s e  obta ized by 0-g prn- 
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THE LLECTRICAL PROPERTIES OF LOW-G 
Pfi(>CFSSF:l~ I?!?!ISCI H1.E ,\l.l.OYS 

G. H. Otto* 
P h y s i c s  I )c~ar  tmen t 

l l n i v e r s i t y  of Alabama i n  H u n t s v i l l e  
H u n t s v i l l e ,  Alabama 35807 

and 

L. L. Lacy 
Space S c i e n c e s  L a b o r a t o r y  

NASA/Yarshall Space  F l i g h t  C e n t e r ,  Alabama 35812 

When d i s p e r s e d  or mixed h i s c i b l e s  are s o l i d i f i e d  on e a r t h ,  a l a r g e  
m o u n t  of s e p a r a t i o n  of t h e  c o n s t i t u e n t s  tsiccs p l a c e  due  :u d i f f e r e n c e s  i n  
d e n s i t i e s .  Hawever, when t h e  imn l i sc ib l e s  are  d i s p e r s e d  and s o l i d i f i e d  i n  
z e r o - g r a v i t y ,  densi:y s e p a r a t i o n  does  no t  o c c u r ,  and un ique  c o x g o s i t e  
s o l i d s  c a n  be f o r n e d  w f t h  many n m  n v d  p r m i s l n g  e l e c t r i c a l  p r o ? c t t i r s .  
By measu r ing  t h e  e l e c t r i c a l  r e s i s t i v i t y  and s u p e r c o n d u c t i n g  c r i t i c a l  
+ - - - - - = ~ * - r p  c L . " ' r L ' y c - - - ,  T CF of 2eio-E precessed C q - R i  samples .  i t  tias been  found t h a t  
t h e  e l e c t r i c a l  p r o p e r t l e s  of such  m t e r i a l s  art3 e n t l r e i y  a i f t e r e r i i  f i t>= 
t h e  b a s i c  c o n s t i t u e n t s  and t h e  ground c o n t r a 1  s a n p l e s .  T h e  f i n e s t  d i s -  
p e r s i o n s  are o b t a i n e d  on!y i n  a low-grav i ty  e n v i r o n n e n t .  The d e g r e e  o f  
d i s p e r s i o n  c r i t i c a l l y  c o . i t r o l s  t h e  t e m p e r a t u r e  dependence  o f  t h e  e l e c t r i -  
c a l  r e s l s t i v i t y .  Our r e s u l t s  i n d i c a t e  t h a t  s p a c e - p r o c e s s e d  i n m i s c i h l e  
materials may form a n  e n t i r e l y  nzw c l a s s  of e l e c t r o n i c  materials.  

T h i s  p a p e r  w i l l  a l s o  b r i e f l y  review t h e  i n t e r e s t i n g  e l e c t r i c a l  
p r o p e r t i e s  >f  d i r e c t i o n a l l y  s o l i d i f i e d  A l - C u  e u t e c t i c ,  a two-comnonent 
%31luv consisting of A 1  l ad  :Il?C.11 ;,hfc'1 \::is ~ : - o ~ ' b  ::st-d o i l  Sk.5-;,i.1; ( . ' > % ( - ) .  

The e l e c t r i c a l  r e s i s t i v i t y  of  d i r e c L i o n a i L y  s n l i d i t i t l d  c i ~ t c ~ ~ t i ~ - +  : . i : ; i  a 
lamellar s t r u c t u r e  are h i g h l y  a n i s o t r o p i c  and have  been  s t u d i e d  b o t h  
e x p e r i m e n t a l l y  and t h e o r e t i c a l l y .  The l o c a l  r e s i s t i v i t v  of t h e   pace- 
p r o c e s s e d  samples  a r e  compared t o  a ground c o n t r o l  sample  and  t o  t h e  
e x p e c t e d  t h e o r e t i c a l  r e s u l t s .  

I. I>:TROL)CCTIOS 

:m;;iiscible ,2110-1.; n ~ y  170 d t . f i l t T c i  - I S  txcl o r  n i T r t '  c , ~ . : . o r ; . . : l t  ~ 1 t ~ ~ r t ; i l s  
which a re  m u t u a l l y  i n ; o l i i b l t ,  wlit..~ i n t  iz,i:t,!.,- ni:;t.cl , i t  ;I ~ i . : t \ ; >  t .  :'rt r : t tu re  
and p r e s s u r e .  Each of t h e  components of t h e  complex m y  he e i t h ~ r  a g3s  
( G ) ,  ii l i q u i d  ( L ) ,  or  a s o l i d  ( S ) .  I? few of t h e  f o l l o w i n g  esari?Ics w i l l  
i l l u s t r a t e  some of t h e  p o s s i b l e  b i n a r y  combina t ions .  P e r h a p s  t!ie most 
common of t h e  i m i s - i b l e  s u b s t n c c e s  is  t h r  I t q i i f d - l i q u i d  (I,, L.) s:;s ten 
( i . e . ,  w a t e r / o i l  e m u l s i o n s ) .  Also w i d e l y  b o w n  is t h e  l i q i i i d - s o l i d  ( L , S )  
sys t em such  a s  s o l s  ( i . e . ,  i n k )  and t h e  l i q u i d - g a s  svstern siicii A <  foams. 

*Paper p r e s e c c e d  by  G .  H.  Ot to .  
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An i m p o r t a n t  c c o n o m i c  cli ics of I m m i s c i b l e  m a t e r i a l s  is tlic s o l i d - s o l i d  
group of w h i c h  s.me s o l f d f f f c d  a l l o y s  a re  t h e  b e s t  m n m p l c s .  Bv t h e  . ibove 
d c f : , t i t i o n ,  s o l f a l i f  i t 4  c v i t t * c t  1c.s would lw I n  c l i c *  ( S , S )  q v s t t ’ m .  

S i n r e  t h e  t w o  cnmpnnvii ts  o f  a c o m p l r x  u s u i i l l y  liiivv t i f f  f e r e n t  d e n s i t i e s ,  
t h e  d i s p e r s i o n  o f  o n e  o f  tht- c o q p o n e n t s  (C,  L ,  or S) i i l c o  8 l i q u i d  mat r ix  
w i l l  r e s u l t  i n  t h e  separation of t h e  two p h a s e s  w1ic.n tliv o p e r a t i o n  is p e r -  
formed on  e a r t h .  The mnfn t e c ! i n i ? u e  f o r  o v e r c o m i n g  J c n s i t y  s e g r e g a t i o n  i n  
e m u l s i o n s  is  to  r r d u c c  t h e  s f z e  o f  :he d i s p e r s e d  p : i r t l c l c s  t o  t h e  s u b m i c r o n  
r a n g e  s u c h  t h a t  t h e  Rrcwnfan  m o t i o n  p r e v e n t s  s c t t l f n g  a n d  t o  k e e p  t h e  
m i x t u r e s  d i l c t c  s u c h  t h a t  t h e  r a t e  of c o a l e s c e n c e  Is small. I f  tlic d i s -  
p e r s f o n  i s  p e r f o r m r d  i n  z e r o - g r i i v i t y ,  p a r t i c l e s  ( c i t l i t ’ r  C ,  L ,  o r  S) of any 
s i t e  and  d e n s i t y  c a n  be u n i f o r m l y  mixed w i t h i n  n l i q u i d  n t i t r i x  a n d  s u b s e -  
q u e n t l y  s o l l d i f i e d .  In t h e  low g r a v i t a t i o n a l  f i c l d  I c v e l s  t o  10-6 g )  
e x p e r i e n c e d  in e a r t h  o r b i t ,  o n l y  tiit. smal l  n d h c s i v c .  .)lid c o h e s i v e  f o r c e s  
and t h e  m i x i n g  t e c h n i q u c  c o n t r o l  t h c  u n i f o r m 1  r y  of tli,* p i i r t i c l c  d i s t r i b u -  
t i o n .  Even in z e r o - g r a v i t y ,  ;i qr ics t ion  rim7ins o f  w l i , . t I i t * r  or n o t  a (l, ,L) 
d i s p  t- r s i (m t c  lid 5 t o st’p ii rii t ti h y c o i i  1 c s ( -  m ,-P io r 1 lvi I: so 1 i d i f i c J t i o n  t i m e  s . 
I t  has b e e n  d e m o n s t r a t e d  i n  t h i s  rcspec? on Skv1, ib  4 t h a t  a d i s p c r s i o i i  o f  
o i l  m d  water  w i l l  n o t  v i s i b l y  change  nnd s e p a r : a t e  b,: c o a l e s c e n c e  w i t h i n  
a p e r i o d  of 10 h r s t l ) .  Such ii  t - m e  i n t e r v a l  i s  s t i f i i r i c n t  for most s o l i d i -  
f i c a t i o n  rgtes.  

Tbc n b s c n c c  o f  Jt.ns1 t y  s e g r e g a t i o n  i n  z c r c - . g r . i v l t v  a l l o w s  p r o c c s u i n g  
and  s o l f d i f i c a t i o n  o f  i m m i s c i b l e  a l l o y s  nnd ncw i i i t > ta l  s y s t e m s  w h i c h  c a n n o t  

:TL+I; , :  ny! 6 : ~ r r h .  I n  t l ? ic  pnpcr,  z’i‘ :.??! c ~ i - , s i d c r  h a ~ l i  i i i e u r e t i c n i l y  a n d  
e x p e r i m e n t a l l y  t h e  r l c c t r i c a l  p r o p e r t i e s  of such b i n a r y  mater ia l  s y s t e m s ,  
a n  a c c o u n t  of w h i c h  h a s  b e e n  p r e s e n t e d  e a r l i e r [ ? ] .  O f  p a r t i c u l a r  i n t e r e s t  
t o  u s  a r e  t h e  exp , -c ted  p r o p e r t i e s  o f  zero-g  s o l i d i f i c d  emulsions (L,L)  a n d  
s o l s  ( L , S ) .  In t h c  n e x t  s e c t i o n ,  we - d i l l  t h e o r t ~ t i c L i l l y  c o n s i d e r  some o f  
t h e  p a r a m e t e r s  e x p e c t e d  t o  i n f l u e n c e  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  s u c h  
materials. S e c t i o n s  1 1 1  and I V  d e a l  wi t h  t h c  e l e c t r f c , i l  and s r i p e r c o n d u c t -  
i n g  p r o p e r t i e s  e x p e r i r , v n t a l l v  o b s e r v e d  f o r  low-1: proc-c,ssed s a m p l e s  of 
G n - B i  (L,L s y s t e m ) .  11- S e c t i o n  \’, we w i l l  rt’Fc)r: wi t h e  r e s u l t s  o f  
w a s u r c m c n t s  o f  t h e  e1cc:rical r c s i s ’ i v i t v  i n  d i r c c . t  i o . i a l l v  s o l i d i f i e d  
s . inp1t .s  of Al-Cu c t i t c c t i c  proccs5c.d on S k y l . j b  3 and 4 .  

11. TtlEORETICXL COUCEPTS 

T h e  e l e c t r i c a l  c o m p o n e n t s  of ;i s o l i d i f i e d  i n m i s c i h l c  s y s t e m  c a n  b e  
d i v i d e d  i n c d  foiir c l a s s e s :  i n s u l n t o r s ,  s e m i c o n ~ l t i c t o r s ,  c o n d u c t o r s ,  a n d  
s t i p c r c ~ i r ? d i i r t o r s .  T h i s  c l a s s i f  i c n t i c m  of t h r  conponc‘ l i t s  has bt,cn schc-mat i -  
c a l l y  i 1 l u s t r : a t t v i  i n  F i g u r e  1 .along w l t h  t y p i c a i l  v;i lut-s  o i  t h e  r e l n t i v e  
resistivity o and a car:mon e s n m p l c  i n  c. .ch clc?ss. Tlic, n v c r l . i p p i n z  arc’n 
rcprrst’nts tlii3sc fc.w i , L i t e r i . i l s  i n  e a c h  c1;iss w h i c h  may t.7b.c t h e  p r o p c r t i c s  
of t w o  t i i f f c r e n t  c ln s ses  d e p e n d i n g  OR t c m p e r a t u r e ,  p r e s s u r e ,  a n d  i m p u r i t y  
c o n d i t i o n s .  The s u p e r c o n d u c t o r s  a r e  c o n s i d e r e d  a s  0 s u b c l . i s s  of conduc-  
to rs ,  z i n c e  t h e y  a r c  normal  c o n d u c t o r s  a b o v e  some c r i t i c a l  t e m p e r a t u r e ,  
Tc, w h i c h  is  t y p i c a l . l y  b e i o w  a b o u t  2 O K .  What is i m p o r t a n t  f o r  our d i s -  
c u s s i o n  h e r e  is t h a t  t h e  p r o p o r t i e s  of  a givl’n r z n t e r l , ~ l  g e n e r a l l y  f a l l  i n  
o:ily one o f  t h e  a b o v e  c l a s ses ;  t h e r e  a r e  v c r y  few m ~ i c r i a l s  w h i c h  f n l i  i n t o  
the o v ~ r l a p p i n g  areas.  With z e r o - g r a v i t y  d i s p e r s i o n  a n d  s o i i d i f  i c a t i o n  of 
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i m m i s c i b l e s ,  we 3re s u d d e n l y  f a c e d  w i t h  t h e  p o s s i b i l i t y  of o b t a i n i n g  en- 
t i r e l y  new e l e c t r o n i c  materials whose p r o p e r t i e s  have  b e e n  crossbred from 
t h e  above  components.  

S i n r e  e i t h e r  t h e  m.itr:x or ~I ic  d i s p e r s e d  p h a s e  may have  a n y  one  of 
t h e  above p r o p e r t i e s ,  16 d i f f e r e n t  p e r m u t a t i o n s  are p o s s i b l e .  Indeed ,  
m n y  i n t e r e s t i n g  and u s e f u l  c o m b i n a t i o n s  c o u l d  be produced .  
i f  one  d i s p e r s e d  a small amount of p a r t i c u l a t e  i n s u l a t o r  (i.e.,  o x i d e s )  i n  
a s u p e r c o n d u c t i n g  m a t r i x ,  t h e  r e s u l t i n g  compos i t e  c o u l d  c a r r y  a l a r g e r  
c r i t i c a l  c u r r e n t  t h a n  t h e  b a s i c  s u p e r c o n d u c t o r  b e c a u s e  o f  an i n c r e a s e  i n  
m a g n e t i c  f l u x  p i n n i n g .  The i m m i s c i b l e  used  i n  t h e  above  example  would ,  
however,  behave  q u i t e  d i f f e r e n t l y  if s u p e r c o n d u c t i n g  p a r t i c l e s  were Gis- 
p e r s e d  i n  a n  i n s u l a t i n 4  m a t r i x .  The o n l y  d i f f e r e n c e  be tween t h e  t w o  exam- 
p l e s  is t h e  r e l a t i v e  volume f r a c t i o n  of e a c h  p h a s e  used .  The e lec t r ica l  
r e s i s t a n c e  of t h e  t w o  i m m i s c i b l e s  would d i f f e r  by many o r d e r s  of magni tude ;  
one would b e  a good s u p e r c o n d u c t o r  w i t h  a r e s i s t i v i t y  p of less t h a n  
10-20 pa-cm, and t h e  o t h e r  would be a l o w  t e m p e r a t u r e  d i a m a g n e t i c  i n s u l a t o r  
o f  9 - lC15 pQ-cm. 
would change g r e a t l y  wl:h small  changes  in t h e  v o l u n e  f r a c t i o n s  o f  t h e  two 
phases .  O the r  i n t e r e s t i n g  c o m b i n a t i o n s  would i n c l u d e  semiconduc tc r s - supe r -  
c o n d u c t o r s  and supe rconduc  tors -conduc  tors .  

F o r  example ,  

The b e h a v i J r  of s u c h  an  i m m i s c i b l e  s y s t e m  (i.e., Pb-PbO) 

I f  one  a l s o  i n c l u d e s  t b e  magne t i c  p r o p e r t i e s  o f  t h e  materials (i.e., 
f e r rom, igne t i c ,  d i a m a g n e t i c ,  or m a ~ n e t o r e s i s t i v e ) ,  t h e  number of combina- 
tions becomes v e r y  l a r g e ,  and s y n e r g i s t i c  material  p r o p e r t i e s  may a p p e a r .  
For example,  i f  me s h o u l d  d i s p e r s e  f e r r o m a g n e t i c  p a r t i c l e s  o f  low r e t e n t i -  
v i t y  (e .g . ,  F e j  ir.co a mKnt i .orrs i s t ive  reti::< (S.R., si), the res l l l t inu 0 

compos i t e  s h o u l d  have great ' .y enhanced  m a g n e t o r e s i s t i v e  p r o p e r t i e s .  Such 
i n m i s c i b l e s  c o u l d  a c t  as m < n e t i c  s w i t c h e s  or s o l i d  s t a t e  r e l a y s  w i t h  f a s t  
s w i t c h i n g  times. T h i s  i m m i s c i b l e  sys t em might  a l s o  be  u s e f u l  as  a magne- 
t i c  d e t e c t o r  w i t h  enhanced  s e n s i t i v i t y .  

Another  i m p o r t a n t  concep t  c o n c e r n i n g  t h e  e l e c t r i c ? ?  p r o p e r t i e s  o f  
s p a c e - s o l i d i f i e d  i m m i s c i b l 2 s  is t h a t  t h e s e  p r o p e r t i e s  w i l l  depend on size 
and t n t e r f a c e  e f f e c t s .  When t h e  s i z e  of t h e  d i s p e r s e d  p h a s e  becomes 
s ~ . . i l l . e r  t han  some c r i t i c a l  d i s t a n c e ,  tlic e l e c t r o n i c  p r o p e r t i e s  of t h e  
compt.;ite w i l l  undergo  l:lJ..ge c h a n s e s .  T h i s  c r i t i c a i  size depends  on t h e  
p a r t i c u l a r  p r o p e r t y  of interest, b u t  i n  many cases may be  comparab le  t o  
t h e  e l e c t r o n  w a n - f r e e - p a t h ,  which i s  t y p i c a l l y  t o  m. S imul t an -  
e o u s l y ,  w i t h  t h e  d e c r e a s i n g  s i z e  of :he d i s p e r s a n t ,  t h e  amount o f  i n t e r -  
face area i n c r e a s e s  l ead j .ng  t o  i n c r e a s e d  e l e c t r o n  s c a t t e r i n g .  For s p h e r i -  
c a l  p a r t i c l e s  o f  r a d i u s  I < ,  d i s p e r s e d  in a c o n t i n u o u s  m a t r i x ,  t h e  t o t a l  s u r -  
f a c e  area S of t h e  d i s p e r s e d  phase  p e r  u n i t  volume is 

s = 3v/R , (1) 

where v is t h e  volumc: f i a c t i o n  of t hc  d i s p e r s e d  phase .  Thus ,  a s  w i l l  b e  
shown in t h e  nex t  s e c t i o n ,  a d e c r e a s e  i n  R will l e n d  t o  a n  i n c r e a s e  i n  S 
w i t h  a s u b s e q u e n t  i n c r e i s e  in e l e c t r o n  s c a t t e r i n g  and i n t e r f a c e  e f f e c t s .  
Fo r  materials w i t h  R 10-5 m ,  t h e  d i s p s r s e d  p h a s e  may a c h i e v e  t h i n  f i l m  
p r o p e r t i e s ,  and t h e  m i t r i s  phase  is e x p e c t e d  t.2 be s t r o n g l y  i n f l u e n c e d  by 
t h e s e  s u r f a c ?  e f f e c t s .  
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I n  summary, t h e  e l e c t r i c a l  o r  magnet ic  p r o p e r t i e s  of space-processed 
h i a c i b l e s  would depend on t h e  n a t u r e  of each phase ( i . e . ,  i n s u l a t o r  o r  
c o n d u c t o r ) ,  t he  volume f r a c t i o n  of each phase,  and the s i z e  of t h e  d i s -  
pe r sed  p a r t i c l e s .  

111. ELECTRICAL R E S I S T I V I T Y  OF G a - B i  

A s imple  method f o r  o b t a i n i n g  a l i q u i d  d i s p e r s i o n  of two metals 
w i t h o u t  having t o  n e c h a n i c a l l y  mix is t o  make use of t h e  m i s c i b i l i t y  gap,  
o c c u r i n g  in numerous metal l ic  c o n s t i t u t i o n  d i ag rams[3 ] .  Samples of G a - B i  
were p rocessed  d u r i n g  3 . 5  sec of f r e e  f a l l  i n  t h e  NSFC d rop  tower[4] .  I n  
t h i s  t i m e  span ,  a s ing le -phase  m e t a l l i c  l i q v i d  was coo led  through t h e  l i q u i d  ' 

m i s c i b i l t t y  gap t o  form two l i q u i d  phases  which were subsequen t ly  s o l i d i -  
f i e d .  A ground c o n t r o l  sample was p rocessed  under o t h e r w i s e  i d e n t i c a l  con- 
d i t i o n s  e x c e p t  t h a t  t h e  sample w a s  no t  dropped. The Ga-Bi samples  were 
p rocessed  in t an t a lum c o n t a i n e r s  u s i n g  metals wi th  a t  least  99.999 p e r c e n t  
p u r i t y  and a c o n c e n t r a t i o n  of 50 a / o  of each element .  D e t a i l s  of t h e  pro- 
c e s s i n g  p rocedure  are g iven  by Reger and Ya tes [S ] .  

Photomicrographs of t h e  samples  can be seen i n  F i g u r e  2 ,  where t h e  
l i g h t - c o l o r e d  a r e a s  r e p r e s e n t  t h e  B i  matr ix  and the  d a r k e r ,  c i r c u l a r  a r e a s  
a r e  t h e  G a .  As expec ted ,  t he  low-g p r o c e s s i n g  l e d  t o  a f i n e r  and more 
uniform d i s p e r s i a n  of Ga p a r t i c l e s  i n  a B i  ma t r ix .  

The t empera tu re  dependence of t he  e l e c t r i c a l  r e s i s t i v i t y  p ( T )  was 
m P q g i i r r c l  uii i w i i  dropped samp?es (A and B) ZEC! one ground c o n t r o l  sample 
(C)  by t h e  c o n v e n t i o n a l  fou r -con tac t  t echn ique .  A c o n s t a n t  c u r r e n t  of 
10 mA w a s  passed through a t h i n  s l i c e  b c  t h e  m a t e r i a l  by means of f i n e -  
spring-loaded-copper w i r e s  c o n t a c t e d  t o  t h e  sample b a s e s  by s i l v e r  con- 
d u c t i v e  p a i n t .  The v o l t a g e  drop w a s  measured on two s e p a r a t e  p o t e n t i a l  
l e a d s  and cou ld  be r eco rded  a s  a f u n c t i o n  of t empera tu re .  The sample 
t empera tu re  w a s  measured wi th  a c a l i b r a t e d  p1:tinum r e s t s t a n c e  thermo- 
meter  t o  20K and below t h i s  t empera tu re  w i t h  a c a l i b r a t e d  G e  r e s i s t a n c e  
thermometer.  

Tlie r e s u l t s  of t he  r e s f s t i v i t y  measurements t ' ( T )  a r e  g iven  in  F i g u r e  3. 
Each l e t t e r  r e f e r s  t o  t h e  same samples a s  i d e n t i f i e d  i n  F igu re  2 .  The 
r e s u l t s  c l e a r l y  show t h a t  t h e  r e s i s t i v i t y  of t h e  z e r o - g r a v i t y  samples  (A and 
B)  is r ju i t e  d i f f e r e n t  from t h e  ground c o n t r o l  sample (C). For comparison, 
t h e  r e s i s t i v i t c e s  f o r  pu re  B i  (curve D) and pure Ga (curve E ) [ 6 ]  have a l s o  
been inc luded .  The room tempera tu re  (295K) v a l u e  f o r  a l l  samples is approx- 
ima te ly  t h e  same a s  f o r  t he  pu re  B i .  An a b s o l u t e  d e t e r m i n a t i o n  of p f o r  a l l  
samples is  l i m i t e d  by t h e  s m a l l  sample geometry t o  w i t h i n  8 p e r c e n t ,  j n d i -  
c a t e d  by t h e  roLn t empera tu re  e r r o r  b a r .  However, t h e  r e l a t i v e  v a l u e s  of p 
f o r  a given curve a r e  a c c u r a t e  t o  w i t h i n  1 p e r c e n t .  What is  of i n t e r e s t  
h e r e  is thar. t h e  changes i n  r e s i s t i v i t y  a s  a f u n c t i o n  of t empera tu re  f o r  t h e  
t h r e e  samples a r e  q u i t e  d i f f e r e n t .  

The s l o p e  (dp/dT) of t he  c u r v e s  ( C ) ,  (D), and ( E )  are a l l  p o s i t t v e  
which is i y p f c a l  of normal conductors .  Note t h a t  t h e  c o a r s e  d i s p e r s i o n  
of t he  p o u n d  c o n t r o l  sample (C) has  g iven  a m a t e r i a l  w i t h  t h e  same 
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e l e c t r i c a l  c h a r a c t e r i s t i c s  ;is for p u r e  Bi. However, when t h e  d i m e n s i o n s  
or d i a m e t e r  of t h e  d i s p e r s e d  (;a p a r t i c l e s  i n  sample  (B)  become small 
(3-10 i i m ) ,  t h e  e l c c t r ! c a l  c h i i r a c t e r i s t  i c s  of t h e  H i  m a t r i x  have  changed  
( i . e . ,  (I,)/ciT 2 0 ) .  ~ t > r -  i * \ ~ c i 1  s ; w l l t * r  d i s p e r s i o n s  ( t i  I i.:n) :IS sct\n i:1 t ~ i r .  
zcre-g ~am;,lc ( A ) ,  t l i t-  <.oiitiiic.tlvity o f  ;tic m n t r i x  has c a n : p l t ~ t c ~ ! y  c l i , in~: t~ t~  
s u c h  t h a t  dp /dT .: 0, and  a broad  maximum o c c u r s  a t  100);. The hifill t cmpcra-  
t u r e  r e s i s t i v i t y  of sample  (A) behaves  similar t o  a n  i n t r i n s i c  semicondiic- 
tor. As i n d i c a t e d  by E q u a t i o n  ( l ) ,  t h e  r e s i s t i v i t y  of  the s a m p l e s  d e p e n d s  
s t r o n g l y  on t h e  p a r t i c l e  s i z e  R even  f o r  ttle same volume f r a c t i o n  v. 

Zn t h e  l o w  t e m p e r a t u r e  r e g i o n  be tween  25 and 4 . 2 K ,  a11 samp1t.s show 
t y p i c a l  me ta l l i c  b e h a v i o r .  The t e m p e r a t u r e - d e p e n d e n t  r e s i s t i v i t y  msy bc 
e x p r e s s e d  as t h e  sum of a t e m p e r n t u r e - i n d e p e n d e n t  term, po,  m a  a tempera- 
t u r e - d e p e n d e n t  term, p i ( T )  = CTn, i n  a c c o r d a n c e  w i t h  N a t t h i e s s e n ' s  r u l e [  7 1 ,  

p = po + CT" . 
Tilt? v a l u e  of po can  be a s s o ~ i a t e d  w i t h  e l e c t r o n  s c a t t e r i n g  from i m p u r i t i e s ,  
d c i c c t s ,  or  i n t e r f a c e s  and is indeed  v e r y  h i g h  f o r  sample ( A ) ,  h a v i n g  tlic 
f i n e s t  d i s p e r s i o n .  From F i g u r e  3 ,  i t  can  be s e e n  t h a t  po i n c r e a s e s  a s  t h e  
p a r t i c l e  s i ze  becomes smaller, i n d i c a t i n g  t h a t  po Is p r o p o r t i o n a l  t a  the  
s u r f a c e  area S i n  E q u a t i o n  (1). The t e m p e r a t u r e - d e p e n d e n t  t e r m  f o r  a l l  
s amples  c a n  be e x p r e s s e d  w i t h  n v a r y i n g  be tween 2 f o r  pure b i s m i t h  ;ind 
4 for  p u r e  g a l l i u m .  

S i m i l a r  r e s i s t i v i t v  p e a k s  have  been r e p o r t e d  by  Thompson[R] for R i  
s amples  doped w i t h  Pb ,  Sn, and Gt.. I t  silomiti be  noccci, iiowcvt>r, t i i a r .  our 
r c s u l t s  a r c  n o t  e x p e c t e d  t o  ht. i n f l u e n c e d  by i m p u r i t v  e f f e c t s ,  s i n c e  very 
p u r e  m a t e r i a l s  were used  and t h e  r e s i s t i v i t y  peak  does n o t  o c c u r  fo r  t h e  
ground c o n t r o l  sample .  

In summary, o u r  r e s u l t s  show t h a t  t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  
Bi m a t r i x  are d r a s t i c a l l y  changed by zero-p p r o c e s s i n g .  The f i n e r  t h e  
d i s p e r s i o n ,  t h e  more pronnunci.d is t h c  changc  i n  t h e  p r o p c r t i c s  of  the 
compos i t e  as exprc t tv i  from Eqiintion (1) .  

I n  ms;ny i n s t a n c e s ,  t h e  s u p e r c o n d u c t i n g  p r o p e r t i e s  of ;I m a t t - r i a 1  CJ:I 

bc used  a s  a complcmcntary  means of a n a l y z i n g  i t s  c o n d i t i o n s  o f  stiitt .  
Al though  b i smuth  i n  i t s  b u l k  form is n o t  s u p e r c o n d u c t i n g [ 9 )  above R temper- 
a t u r e  of 0.5K, g a l l i u m  s h o u l d  show a t r a n s i  t i o n  t o  t h e  s i i p e r c o n d u c t i n g  
s t n t e [ l O ]  a t  1.08R. 
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known s u p e r c o n d u c t i n g  volume,  t h e  s i g n a l  a m p l i t u d e  c a n  b e  u s e d  t o  d e t e r -  
mine  t h e  volume f r a c t i o n  o f  t h e  s u p e r c o n d u c t i n g  p h a s e  in t he  G a - B i  s a m p l e s .  
All s i implcs  c o n t a i n e d  b e t w e e n  1.5 t o  3.0 volume p e r c e n t  o f  t h e  s u p e r c o n -  
Iluc t i n g  pl1ase. 

S i n c e  i t  i s  found t h a t  a l l  s a m p l e s ,  i n c l u d i n g  t h e  g r o u n d  c o n t r o l  
s a m p l e s ,  c o n t a i n  ;1 s m a l l  € r a c t i o n  of  t h e  s u p e r c o n d u c t i n g  p h a s e ,  t h e n  t h e  
s u p e r c o n d u c t i v i t y  c a n n o t  h e  e n t i r e l y  a s s o c i a t e d  w i t h  t h e  d i s p e r s e d  Ga 
p a r t i c l e s  o r  t h e  B i  m a t r i x .  r \ n n e a l i n g  o f  t h e  s a m p l e s  up  t o  100°C € o r  40 
min,  w h i c h  is 70°C a b o v e  t h e  m e l t i n g  t e m p e r a t u r e  of Ga, l e a v e s  t h e  amount  
o f  t h e  s u p e r c o n d u c t i n g  p h a s e  n e a r l y  u n c h a n g e d .  

Al t l iough p a r t  of t h e  samples heconies s u p e r c o n d u c t i n g ,  t h e  r e s i s t i v i t y  
docs n o t  d r o p  t o  z e r o  a t  t e m p e r a t u r e s  b e l o w  7.9K as  may h e  s e e n  f r o m  F i g u r e  
3 .  I n  f a c t ,  t h e  r e s i s t a n c e  a t  t h i s  p a r t i c u l a r  t e m p e r a t u r e  d i d  n o t  d r o p  b y  
more t h a n  1 p e r c e n t ,  w h i c h  is t h e  r e l a t i v e  a c c u r a c y  o f  t h e  res i s ta l ice  
mc:isuremcnt .  T h i s  o b s e r v a t i o n  i n d i c a t e s  t h a t  t h e  s u p e r c o n d u c t i n g  p h a s e  
c o n s i s t s  of i s o l a t e d  r e g i o n s .  

The f a c t  t h a t  p o r t i o n s  of t h e  s a m p l e s  becom? s u p e r c o n d u c t i n g  a b o v e  
t h e  u s u a l  T, of e i t h e r  component  c a n n o t  b e  a t t r i b u t e d  t o  p r o c e s s i n g  i n  
zero-g,  s i n c e  t h e  g r o u n d  c o n t r o l  s a m p l e  shows t h e  same e i f e c t .  The be-  
h a v i o r  mulit b e  a t t r l b u t e d  t o  a c h a n g e  i n  s t a t e  o f  some of t h e  g a l l i u m  o r  
bismrrth.  Both ma te r i a l s  a r e  known t o  p r o ? u c e  p h a s e  c h a n g e s ,  some of  w h i c h  
.ire l f s t cc !  i n  'l'ahlc I ,  when p u t  t inder  s u f : i c i e n t l y  ! i igh  p r e s s u r e [ l l ]  o r  when 

a c c o r d i n g l y  a n d  c a n  b e  a s  h i g h  as  8.55K €or  B i  u n d e r  a p r e s s u r e  of 90 k b n r  
o r  8 . / t S ,  r e s p e c t i v e l y ,  f o r  t h i n  f i l m  g a l l i u m .  T h e r e  i s  a s t r o n g  p o s s i b i -  
l i t y  t h a t  e i t h e r  o f  t h e s e  p h a s e s  may e x i s t  i n  our s a m p l e s .  

- 

' - I - - ' , . - * ~ A  I I 1 " L A L U C . U  IZ ~ i ~ i ! :  f i l m . :  I ; ? ,  1 7 1  ~ Tiit- t ~ ~ i i ~ i t i ~ ~  t r ~ p ~ r a t u r e  c h a n g e s  

T a b l e  I. T r a n s i t i o n  t e m p e r a t u r e  and  s u p e r c o n d u c t i n g  volume 
of v a r i o u s  G a ,  R i ,  a n d  C a - R i  s a m p l e s  

Snmp le Sripercondric  t i n g  
Vo?e  ie (p . , rcent )  

( t i )  

(13)  
(C 1 

(;a (3) 
C.3 ( V I  

(:a 

( t h i n  f i l m )  
B f  
B i  I V  ( 4 3  k b a r )  
R i  V (68  k h a r )  
Bi V I  (90 k b a r )  

8 .01 
7.96 
7.95 
1.08 
h. 2 
7.62 
s . .5 

< 0.5 
i . 0  
6.7 
s.55 

1 . 7  
1 . 6  
3 .0  
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V. RESISTIVITY OF SKYLAB 3 AND 4 SOLIDIFIED 
Al-Ctl  EUTECTIC (M566) 

i 

The s c l i d l f i c a t i o n  of an  e u t e c t i c  i n v o l v e s  t h e  d e c o m p o s i t i o n  of a 
s i n g l e  l i q u i d  phase  i n t o  two s o l i d  p h a s e s .  The A1-Cu e u t e c t i c  d i r e c t i o n a l l y  
s o l i d i f i e d  on Sky lab  c o n s i s t s  of a l t e r n a t i n g  l a y e r s  o r  lamellae of A1 and 
A12Cu w i t h  a t y p i c a l  lamellar t h i c k n e s s  v a r y i n g  be tween 3 . 4  and 4 . 1  pm. F o r  
a d e t a i l e d  d e s c r i p t i o n  of t h e  e x p e r i m e n t  and  f o r  t y p i c a l  p h o t o m i c r o g r a p h s  of 
t h e  lamellar s t r u c t u r e ,  see t h e  p a p e r  p r e s e n t e d  by Hasemeyer[ l4]  or  t h e  
f i n a l  r e p o r t  on t h e  E1566 E x p e r h e n t  [ 1 5 ] .  

The e l ec t r i ca l  p r o p e r t i e s  of sing1.e-phase metals are r e l a t i v e l y  w e l l  .., , r r , u c l J L ~ ~ ~ ~ ~ ~ ,  A -  .... . t - -  wnereas  t h e  e l e c t r i c a l  p r o p e r t i e s  of two-phase a l l o y s ,  s u c h  
as d i r e c t i o n a l l y  s o l i d i f i e d  e u t e c t j c s ; ,  have  o n l y  r e c e n t l y  r e c e i v e d  a t t e n -  
t i o n [ 1 6 , 1 7 , 1 8 ] .  The f i n a l  r e p o r t  on t h e  M566 Exper iment  wi l l  show t h a t  t h e  
e l e c t r i c a l  r e s i s t i v i t i e s ,  p ,  o f  d i r e c c i o n a l l y  s o l i d i f i e d  e u t e c t i c s  w i t h  a 
lamellar s t r u c t u r e  are h i g h l y  a n i s o t r o p i c  and c a n  b e  c a m p l e t e l y  s p e c i f i e d  
i f  f o u r  p a r a m e t e r s  are known. These  p a r a m e t e r s  are t h e  e l ec t r i ca l  res is -  
t i v i t y  of t h e  t w o  i n d i v i d u a l  components ( i .e. ,  p i  and p 2 ) ,  t h e  volume r a t l l o  
v o f  t h e  p h a s e s ,  and a lamellar o r i e n t a t i o n  a n g l e  9 which  is d e f i n e d  h e r e i n .  
With t h e  f i r s t  t h r e e  p a r a m e t e r s ,  one  may c a l c u l a t e  t h e  r e s i s t i v i t y ,  P I ,  
p e r p e n d i c u l a r  t o  and ,  p,, , p a r a l l e l  t o  t h e  lamellar s t r u c t u r e .  
w i l l  b e  shown t h a t  

Tha t  is, i t  

P,,  = P1 r(1 + v ) / ( r  + v )  

and 

PL = o1 (1 + r v ) / ( l  + VI  , (4 1 

where r is t h e  r e s i s t i v i t y  r a t i o  p2/p1. The volume r a t i o ,  v 2 7 / 2 / V l ,  may b e  
c a l c u l a t e d  from p r e c i s e  d e n s i t y  measurements or d e t e r m i n e d  f rom rceasurements 
of t h e  l a n e l l c l r  s p a c i n g :  

v = x / x  
2 1 '  

where 11 is t h e  l a m e l l a r  t h i c k n e s s  of t h e  f i r s t  phase  and A2 is t h e  t h i c k -  
n e s s  of t h e  second phase .  

The r e s i s t i v i t y  f o r  any  a r b i t r a r y  d i r e c t i o n  can  t h e n  l e  shown t o  b e  

2 P ( B )  = pL COS e + p,, s i n 2  e , 
where  6 is t h e  a n g l e  bet-ez 2 s p e c i f i e d  d i r e c t i o n  i n  t h e  material  and a 
v e c t o r  nsi-iiiJi t o  the l a m l l n r  s t r u c t u r e .  

Djrectionally s o l i d i f i e d  samples of A1-Cu e u t e c t i c  c o f i s i s t  of a l te r -  
nating l aye r s  of A12Cu and A 1  doped w l t h  less  t h a n  1 p e r c e n t  Cu. Our 
d e n s i t y  measurements i n d i c a t e  t h a t  t h e  samples  h a v e ' o n l y  a s l i g h t l y  h i g h e r  
volume € ? a c t i o n  of A 1  (51  p e r c e n t )  t h a n  A12Cu. 
e u t e c t i c  and components c a n ,  t h u s ,  be c h a r a c t e r i z e d  by t h e  d a t a  i n  T a b l e  11. 
I n  T a b l e  11, t h e  r e s i s t i v i t y  v a l u e  f o r  A12Cu i s  a measured b u l k  v a l u e ,  and  

The r e s i s t i v i t y  of A1-Cu 
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t h e  v a l u e  f o r  ~1 is f o r  p u r e  t \ l .  The r e s i s t i v i t y  v a l u e s  f o r  t h e  e u t e c t i c s  
are  Calculated from E q u a t i o n s  ( 3 )  t h r o u g h  ( 6 ) .  

Tab 1 e 1 I . E IC c t r i c ;I 1 r c  s i s t i v  i t y c ' i a r a c  t c r i z.1 t ion o f  
t\l-Cu e u t t ' c t  ic 

Ma t c r  i a l  

A 1 

A 1  c u  2 
E u t e c t i c  

R e s i s t i v i t y  
(;1!2-cm] 

2 . 7 L  

6 . 2 7  

4 .47  

3 .78  

4 .12  

B e c a u s e  t h e  r c s i s t i v i t y  i n  t h e s e  c i i t c c t i c  s a m p l e s  is r e l a t i v e l y  low 
and  t h e  s a m p l e  d i a m e t e r s  .it-? r e l a t i v e l y  l a r g e  ( 6 . 1  m m ) ,  c o n v e n t i o n a l  
t e c h n i q u e s  f o r  m e a s u r i n g  r e s i s t i v i t y  are  n o t  s u f f i c i e n t l y  a c c u r a t e .  T h e r e -  
f o r e ,  i t  became n e c e s s a r y  t o  d e v e l o p  a b e t t e r  t e c h n i q u e  w h i c h  e x t e n d s  t h e  
, i ccuracv  of t h e  mens i i rements  f rom a b o u t  5 p e r c e n t  t o  nbo,it 0 . 4  p e r c e n t .  I n  
t t i i s  n c w  tt.chnic,rie, w e  meastired t h e  deciiy o f  e d d y  c u r r e n t s  i n  a manner  
s i m i l a r  t o  t h e  s y s t e m s  n s  f i r s t  d e s c r i b e d  by B e a n [ l Q ] .  

I n  t h e  e d d y - c u r r e n t - d e c a y  t e c h n i q u e ,  a r a p i d l y  d e c r e a s i n g  a x i a l  
mngnct i c  f i e l d  g e n e r a t e s  e d d y  c u r r e n t s  w h i c h  f l o w  aro i ind  t h e  c y l i n d r i c a l  
sample a n d  d e c a y  i n  a c h a r s c t e r i s t i c  t i m e  w h i c h  d e p e n d s  on t h e  l o c a l  
r e s i s t i v i t y  o f  tho s a m p l e .  i t  w i l l  b e  shown i n  the f i n a l  r e p o r t  t h a t  t h e  
e d d y  c u r r e n t s  a v e r a g e  o u t  t h e  a g u l a r  d e p e n d e n c e  of ~ ( 0 )  a s  g i v e n  by  
E q i i a t i o n  ( 6 )  t o  y i e l d  

~ ( E c )  = (nL + p,, ) / 2  = ~ ( 4 5 " )  ( 7 )  

w h e r c  , > ( I < C )  i c p r e s e n t s  t h e  mt.asiircd I, by  t i i p  c d d y  c u r r e n t  t e c h n i q u e .  The 
e x p e c t e d  v n l c e  of ~ ( 4 5 " )  is  a l s o  g i v e n  i n  T a b l e  11. 

A t y p i c a l  r e s u l t  i n d i c a t i n g  t h e  r e s i s t i v i t y  v a r i a t i o n  i n  t h e  s a m p l e s  
R S  a f u n c t i o n  of l e n g t h  is shown i n  F i g u r e  5 ,  w h e r e  t h e  l o c a l  r e s i s t i v i t y  
of a zero-g  s a m p l e  m e l t e d  on S k y l a b  4 ( s a m p l e  N566-8) is compared  t o  a 1-g 
m e l t e d  s a m p i e  ( ~ 5 6 6 - 1 2 ) .  The e r r n r  b a r  r e p r e s e n t s  a t y p i c a l  r e p r o d u c i b i -  
l i t v  O F  t h e  m e a s u r e m e n t .  Tht. d r a w i n g  a t  the t o p  of t h e  g r a p h  shows t h e  
r e l a t i v ?  p o s i t i o n  of t h e  s a m p l e  (?!5f)6-8) and i!npport.ii:t i d c n t l f y i n g  fea- 
t u r e s  s u c ! ~  d~ th:. r - ~ m e l t  l i n e .  Ttir : i ; - : ; I i t , < I  l i n c  i n  I.[r:iirt> 5 r e p r e s r n : s  the, 
t h e o r e t i c a i  v a l u e  f o r  a p e r f e c t  s . i m p i c .  'I> ii.:-~ i n  l < i t > l c  11. 

t l o te  t h a t  t h e  r e s i s t i v i t y  v a l u e  o f  the h o t  r n d  o f  b o t h  s a m p l e s  is 
a b o u t  t h e  same and a g r e e s  w i t n  t h e  t h e o r e t i c a l  v a l u e .  L i k e w i s e ,  p(EC) 
. ~ g r e e s  f o r  b o t h  s a m p l p s  i n  t h e  w " n e d  p o s i t i o n s  of t h e  n a t e r i a l .  Gih;?t 
is i n d e e d  s u r p r i s i n g  is t h a t  t h e  l o c a l  r e s i s t i v i t i e s  are  q u i t e  d i f f e r e n t  
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i n  t h e  center p a r t  of t h e  me l t ed  samples ,  w i t h  a peak o c c u r r i n g  i n  t h e  
f l i g h t  m a t e r i a l .  

S i n c e  the peak i n  t h e  r e s i s t i v i t y  o c c u r s  n e a r  t h e  s u r f a c e  d e f o r -  
mation of t h e  f l i g h t  sample,  it w a s  s u s p e c t e d  t h a t  L;ie two a r e  c l o s e l y  
r e l a t e d .  To d e t e r n i n e  i f  t h e r e  is any c o r r e l a t i o n  between t h e  peak and 
t h e  de fo rma t ion ,  t h e  c r o s s  s e c t i o n a l  areas of t h e  samples  were measured. 
The r e s u l t s  of t h e  c r o s s  s e c t i o n a l  area measuremmts  i n d i c a t e d  t h a t  t h e r e  
is a c l o s e  c o r r e l a t i o n  between t h e  r e s i s t i v i t y  v a l u e s  and t h e  s u r f a c e  
de fo rma t ion ,  b u t  t h e s e  de fo rma t ions  a r e  n o t  s e v e r e  enough to accoun t  f o r  
t h e  t o t a l  h e i g h t  of t h e  peak. It  is  expec ted  t h a t  p a r t  of t h e  i n c r e a s e  in 
r e s i s t i v i t y  is a s s o c i a t e d  w i t h  a d i s t u r b a n c e  of  t h e  lamellar s t r u c t u r e .  

The i n t e r p r e t a t i o n  of t h e  r e s u l t s  of t h e  peak i n  r e s i s t i v i t y  w i l l  
r e q u i r e  f u r t h e r  s tudy .  We w i l l  a t t e m p t  to c o r r e l a t e  t h e  r e s i s t i v i t y  d a t a  
w i t h  photomicrographs s u p p l i e d  by t h e  m e t a l l u r g i c a l  i n v e s t i g a t o r s .  I t  
shou ld  be  no ted  t h a t  t h e  peak e f f e c t  o c c u r s  i n  a l l  f l i g h t  samples  a t  t h e  
same l o c a t i o n ,  i n c l u d i n g  t h o s e  p rocessed  on Skylab 3 .  A d d i t i o n a l  p h y s i c a l  
p r o p e r t i e s  of t h e  samFle, such as r e s i s t i v i t y  r a t i o s  r E p(300K)/p(4.2K) 
and d e n s i t i e s  can  be found i n  Refe rences  [151 o r  [18 ] .  

V I .  CONCLUSIONS 

Mhen Lmmisciblc materials a r e  d i s p e r s e d  and s u b s e q u e n t l y  s o l i d i f i e d  
i n  a low-gravi ty  environment ,  unique composi te  s o l i d s  can be formed. The 
e l e c t r o n i c  p r o p e r t i e s  of such m a t e r i a l s  can be q u i t e  d i f f e r e n t  from t h e  

p e r s i o n .  There a r e  a wide v a r i e t y  of p o s s i b l e  m a t e r i a l  combina t ions  which 
can l e a d  to numerous e l e c t r i c a l  o r  e l e c t r o n i c  a p p l i c a t i o n s .  The i n i t i a l  
expe r imen t s  on zero-g p rocessed  Ga-Bi samples i n d i c a t e  semiconduc t ing ,  
normal conduc t ing ,  and supe rconduc t ing  type  p r o p e r t i e s  i n  t h e  same sample.  
As d e s c r i b e d  i n  t h e  s e c t i o n  on T h e o r e t i c a l  Concepts ,  such a r ange  of  
e l ec t r i ca l  p r o p e r t i e s  cannot  occur  i n  s ing le -phase  a l l o y s .  Some of t h e  
e l e c t r i c a l  p r c p e r t i e s  can be q u a l i t a t i v e l y  c o r r e l a t e d  w i t h  photomicro- 
graphs.  An even f i n e r  d i s p e r s i o n  of G a  i n  R i  h e l o w  1 U m  p a r t i c l e  sizc 
should i n c r e a s e  t h e  peak i n  r e s i s t i v € t y .  The h igh  Tc observed i n  ou r  
samples cannot b e  c o r r e l a t e d  with zero-g p r o c e s s i n g  bu t  may be r e l a t e d  t o  
some h igh  p r e s s u r e  o r  t h i n  f i l m  m o d i f i c a t i o n s  i n  t h e  b u l k  m a t e r i a l .  

n r n n ~ r t i o c  cf b 2 s - i ~  c=nscituents 2nd :zii depend 3:: thc ,?noun: =f  d i s -  
r --r-- ---I 

The e l e c t r i c a l  r e s i s t i v i t y  of d i r e c t i o n a l i y  s o l i d i f i e d  Al-Cu e u t e c t i c  
is anisotrop 'c  and can be w e l l  c h a r a c t e r i z e d  by Equa t ions  ( 3 )  through ( 7 )  
and t h e  d a t a  of Table  11. The l o c a l  r e s i s t i v i t y  as a f u n c t i o n  of  l e n g t h  
a l m g  t h e  samples d i f f e r e d  between t h e  Skylab and ground-processed s a m p l e s ,  
w i t h  the  Skylab samples always e x h i b i t i n g  a peck i n  r e s i s t i v i t y  n e a r  t h e  
s u r f a c e  de fo rma t ion .  The peak i n  r e s i s t i v i t y  is no t  y e t  w e l l  unde r s tood  
bu t  i s  belit-ro+ t o  be a s s o c i a t e d  w i t h  changes i n  t h e  l s m e l l a r  s t r u c t v r e .  
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FIGURE 1. A CLASSIFICATION OF THE POSSIBLE J~ELXRONTC 
COMFONENTS OF M IMMISCIBLE SYSTEM. 
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FIGURE 2 .  PHOTOMICROGRAPHS, REPRODUCED FFK!?! FFFERENCE [4], 
CF TY?ICAL, SAMPLES OF TRE IMMISCIBLE SYSTEM Ga-Bi. 
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PROJF.CTED F K U R E  SPACE PROCESSING ACTIVITIES 

BY 

Dt. James H. Bredt 

Washington, D.C. 20546 
NASA O f f i c e  of A p p l i c a t i o n s  , 

The purpose  of  this conc lud ing  paper  of  t h e  Th i rd  NASA Space 
P r o c e s s i n g  Symposium is t o  r ev iew where t h e  s p a c e  p r o c e s s i n g  program 
s t a n d s  w i t h  r e s p e c t  to  i ts  l o n g  r a n g e  o b j e c t i v e s  and what p l a n s  have 
beerl made t o  pu r sue  them i n  t h e  n e x t  s e v e r a l  y e a r s .  
o b j e c t i v e s  can  be  summed up i n  t h e  s t a t e m e n t  t h a t  w e  are  t r y i n g  t o  make 
'1 perm.inent p l a c e  f o r  space  p r v c e s s i n g  a s  a n  i n t e g r a l  p a r t  of  t h e  w o r l d ' s  
s a t e r i a l s  technology,  and from t h i s  broad v i ewpo in t  t h e r e  a r e  two t h i n g s  
t h a t  are  c l e a r l y  n e c e s s a r y  t o  r e a c h  t h e  program's g o a l .  
is a s p a c e  f l i g h t  system l a r g e  enough t o  s u p p o r t  m a t e r i a l s  r e s e a r c h  and 
development work on a s i g n i f i c a n t  scale and e v e n t u a l l y  s u p p o r t  manufac- 
t u r i n g  o p e r a t i o n s  a s  w e l l  i f  t h e s e  deve lop .  The o t h e r  is a group of  
m a t e r i a l s  s c i e n t i s t s  and e n g i n e e r s  l a r g e  enough t o  d o  s p a c e  r e s e a r c h  and 
development on a scale t h a t  can  impact materials s c i e n c e  and t echno logy  
ann' e v e n t u a l l y  deve lop  manufac tu r in2  a s  -ell 2 s  ~ e s ~ i r c h  a p p l i c a t i o n s  
of space  p r o c e s s i n g .  

Very b r i e f l y ,  t h e s e  

One o f  them 

We can  b e  r e a s o n a b l y  c e r t a i n  t h a t  t h e  Space S h u t t l e  a n d ' s p a c e l a b  
w i l l  p r o v i d e  s u i t a b l e  f l i g h t  c a p a b i l i t i e s  f o r  s p a c e  p r c c e s s i n g  when t h e y  
become o p e r a t i o n a l ,  and i n  f a c t  t h e  p o i n t  of +he  payload p l a n n i n g  s t u d i e s  
d e s c r i b e d  by K. R. Tay lo r  a t  t h i s  Symposium h a s  boen t o  e n s u r e  t h e i r  
s u i t a b i l i t y .  To d a t e  w e  b e l i e v e  t h a t  t h e  r i g h t  d e s i g n  c h o i c e s  have been 
made i n  bo th  systems from t h e  s p a c e  p r o c e s s i n g  v i e w p r i n t ;  t h e  n e x t  s t e p s  
t h a t  a r e  planned i n  t h e  S h u t t l e / S p a c e l a b  payload a r e a  w i l l  be  d i s c u s s e d  
below. 

On t h e  o t h e r  hand, t h e  development of a group of u s e r s  for t h e  
S h u t t l e  and Space lab  systems c a l l s  for a kind of  e n g i n e e r i n g  t h a t  is  
v e r y  d i f f e r e n t  from what one does  f o r  payload p l a n n i n g  and development.  
The space  p r o c e s s i n g  program's  development p l a n s  i n  t h i s  area are d i s -  
cussed i n  t h e  f o l l o w i n g  two s e c t i o n s ,  which d e t a i l  what w e  have done and 
p l an  to do t o  e n s u r e  t h a t  t h e  space  p r o c e s s i n g  c o m i n i t y  w i l l . b e  r e a d y  
t o  make f u l l  u s e  of t h e  r e s o u r c e s  t h a t  w i l l  become a v a i l a b l e  t o  them i n  
1930. 

SKYLAB AND ASTP EXPERIMENT PROGRAMS 

S i n c e  t h e  midd le  of 1971 w e  hpve r ega rded  t h e  s ? a c e  p r o c e s s i n g  
e x p e r h e n t  program o n  Skylab i n  p a r t  as a u s e r  development p r o j e c t ,  and 
t h e  s u c c e s s f u l  comple t ion  of t h e  f l i g h t  expe r imen t s  h a s  b rocgh t  t h i s  
a s p e c t  of t h e  e f f o r t  app rox ima te ly  t o  i ts  halfway p o i n t .  
of t h e  p r o j e c t  c o n s i s t s  of t ho rough ly  u n d e r s t a n d i n g  t h e  r e s u l t s  of  t h e  

The o t h e r  h a l f  
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cxpcrinenCs and informtng t h e  s c i e n t i f i c  and i n d u s t r i a l  community abou t  
d i n t  t 1 , t - v  mean. Th6.x-e i s  no formal  s chedu le  f o r  t h i s  p a r t  of the c f f o r t ,  
and ; i l thorish t h e  program o b v i o u s l y  cannot  a t - fo rd  t o  he d i l l - t o r y  w e  should 
l i k e  t o  make s u r e  t h a t  t h e  i n v e s t i g a t o r s  work a s  l o n g  as  they  need t o  
and have whatever h e l p  is r e q u i r e d  t o  a c h i e v e  a f u l l  u n d e r s t a n d i n g  of  
t h e i r  r e s u l t s .  We a l s o  wish each of them t o  p u b l i s h  complete  d e t a i l s  
of t h e i r  work i n  t h e  permanent open l i t e r a t u r e  0: t h e i r  r e s p e c t i v e  
s c i e n t i f i c  and e n g i n e e r i n g  d i s c i p l i n e s .  The l a t t e r  is impor t an t  i n  
o r d e r  t o  shcw s c i e n t i s t s  and e n g i n e e r s  who have neve r  cons ide red  u s i n g  
space  c a p a b i l i t i e s  i n  t h e i r  work t h a t  some of t h e i r  c o l l e a g u e s  have used 
space and n-.aie d i s c o v e r i e s  t h a t  would n o t  have come abou t  o t h e r w i s e .  

I b e l i e v e  t h a t  t h i s  l a s t  f u n c t i o n  of t h e  Skylab experiment  program 
is t h e  r e a l l y  v i t a l  one i t  h a s  t o  perform,  because  i t s  e f f e c t s  i n  i n i -  
t i a t i n g  a c t i o n  by o t h e r  i n v e s t i g a t o r s  w i l l  be  f e l t  l o n g  a f t e r  t h e  e x p e r i -  
ments themselves  have become of p u r e l y  h i s t o r i c a l  i n t e r e s t .  T t  i s  v e r y  
encouraginx t h a t  t h e  p r e s e n t a t i o n s  a t  t h i s  S,mposium have i n d i c a t e d  t b a t  
t h e  p u b l i c a t i o n s  from t h e  Skylab program w i l l  e v i d e n t l y  be of g r c a t  
i n t e r s s t  t o  t h e  peop le  w e  wish t o  r e a c h ,  and i t  is a l s o  g r a t i f y i n g  t h a t  
:he ASTP program w i l l  c o n t i n u e  t h e  a c t i v i t y  begun on Skylab and m u l t i p l y  
i t . ;  e f C e c t s .  These two programs should have t h e  e f f e c t  of producing a 
f a i r l y  s t e a d y  flow of pub l i ca t . i ons  a t  l e a s t  through 1977, which w i l l  b e  
of a c o n s i d e r a b l e  v a l u e  i n  p rekqr ing  f o r  S h u t t l e  and Space lab  a c t i v i t i e s .  

l a b  and ASTP i n v e s t i g a t o r s  i n  o u r  p l ann ing  a c t i v i t i e s  h e n c e f o r t h .  
T-  ;ddf:i=n, we hnpp t n  make good iise c f  t h e  z d v i c e  of expe r i enced  Sky- 

S O U N D I N G  ROCKET EXPERIMENT PROGRAM 

Assuming t h a t  w e  d o  succeed i n  i n t e r e s t i n g  a wider  community i n  
space  p r o c e s s i n g ,  t h e  n e x t  t h i n g  t h a t  is needed is a way f o r  them t o  
g i v e  F r a c t i c a l  e f f e c t  t o  t h e i r  i n t e r e s t s  by t r y i n g  o u t  what space  can 
do f o r  them. However, a complete  payload h a s  a l r e a d y  been s e l e c t e d  f o r  
t h e  ASTF mission, x h i c h  i s  t h e  l a s t  manned f l i g h t  scheduled b e f o r e  t h e  
Shr i t  t l c ~ / S p a c e l a b  program b e g i n s .  The o n l y  o t h e r  a l t e r n a t i v e  seems t o  
b e  t o  conduct  o u r  own f l i g h t  program, and i t  is because  of t h i s  t h a t  t h e  
O E f i c e  of A p p l i c a t i o n s  h a s  dec ided  t o  i n i t i a t e  a series of sounding r o c k e t  
expe r imen t s  f l i g h t s  i n  FY 1975, a s  M r .  Mathews snnounced i n  h i s  keynote  
s p e e c h .  Yr. Wuenscher h a s  g iven  an e l e g a n t  j u s t i f i c a t i o n  f o r  sounding 
rocke t  expe r imen t s  i n  h i s  p r e s e n t a t i o n ,  bu t  f r o m  t h e  mundane s t a n d p o i n t  
of a program manager I have t o  admit t h a t  t h e  d e c i s i o n  was made mos t ly  
because such  expe r imen t s  promise t o  be r easonab ly  u s e f u l  f o r  a f a i r l y  
w i d e  r;lnKc of t o p i c s  and they  w e r e  t h e  b e s t  that w e  could a f f o r d .  

L'e b e l i e v e  t h a t  a s a t i s f a c t o r y  c a p a b i l i t y  f o r  sounding r o c k e t  
expe r imen t s  i n v o l v i n g  w e i g h t l e s s n e s s  w i l l  soon be  demons t r a t ed .  During 
t h e  month of May, t h e  Goddard Space  F l i g h t  Cen te r  h a s  scheduled two 
r o c k e t  f l i g h t s  c a r r y i n g  a system des igned  t o  l i m i t  payload a c c e l e r a t i o n s  
t o  10-5g i n  f ree  f l i g h t .  
p r e p a r e  a n  Announcement of F l f g h t  Oppor tun i ty  f o r  space p r o c e s s i n g  ex- 
pe r imen t s  w i t h  a t a r g e t  d a t e  of May 31 f o r  s i g n a t u r e  i f  GSFC meets i t s  
s c h e d u l e  and i f  t h e  system .*arks as des igned .  The mechanics of p r o d u c t i o n  

Concur ren t ly  w i t h  t h e s e  tests,  w e  i n t e n d  t o  
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and d i s t r i b u t i o n  f o r  Announcements of F l i g h t  Opportuni ty  are such t h a t  
addres sees  should receive t h e i r  cop ie s  i n  t h e  m a i l  by about  J u l y  1 i f  
we meet our  planned s i g n a t u r e  d a t e .  

Our b a s e l i n e  piart f o r  t he  sounding rocke t  program c a l l s  f o r  
f l y i n g  a t o t a l  of about  750 l b .  of experimental  appa ra tus  (about  equal  
t o  t h e  experiment payload of t h e  ASTP mission)  i n  t h e  f i r s t  yea r  of 
f l i g h t  ope ra t ions  and b u i l d i n g  up t o  a s t eady  ra te  about  twice  as  l a r g e  
dur ing  t h e  next  year  o r  two.  Thereaf:er, t h e  program is intended t o  
run a t  t h a t  r a t e  u n t i l  t h e  S h u t t l e  becomes a v a i l a b l e .  We hope t o  com- 
p l e t e  t h e  f i r s t  series of f l l g h t s  by t h e  end of FY 1975 f o r  reasons  r e l a t e d  
t o  t h e  NASA budget c y c l e ,  so t h a t  t h e  f i r s t  p a r t i c i p a n t s  i n  t h e  rocke t  
program w i l l  involve  themselves in t h e  kind of high p res su re  development 
e f f o r t  t h a t  had t o  be s taged  f o r  t h e  Skylab Mult ipurpose Furnace exper i -  
ments. S ince  the  f l i g h t  program w i l l  be  cont inuous over  a per iod of 
yea r s ,  however, t h e  i n i t i a l  p roposa l  s e l e c t i o n  can cover experjments  
wi th  a broad spectrum of development times, and w e  can  f l y  t h e  ones wi th  
s h o r t e r  lead  t i m e s  f i r s t .  

The more i n t e r e s t i n g  a s p e c t  of t h e  r o c k e t  program is the  use  
we can make of i t  when i t  is i n  s t e a d y  s t a t e  ope ra t ion .  The Announce- 
ment of F l i g h t  Opportuni ty  f o r  t h e  program w i l l  be  open and i n t e r n a t i o n a l  
i n  scope l i k e  t h e  Skylab announcements, and l i k e  them i t  w i l l  express  
NASA's cont inuing  i n t e r e s t  i n  n e g o t i a t i n g  coope ra t ive  agleements  w i t h  
p r i v a t e  o rgan iza t ions  t h a t  wish t o  i n v e s t  i n  experiment a c t i v i t i e s  and 
I *-pure_ -- proprietary r i g h t s  i n  d s ~ s  that  are commensurate wi th  t h e  amount 
of t h e i r  investment.  Unlike the  Skylab announcements, however, rockc'L 
announcements w i l l  be  i s sued  wi th  y e a r l y  r e v i s i o n s  and remain open f o r  
proposa ls  u n t i l  we dec ide  t o  begin c l o s i n g  down t h e  program. 

Therefore ,  i n  about  a year  we expect  t o  be  running an  experiment 
program t h a t  has many ana log ie s  to t h e  S h u t t l e  program i t s e l f .  Experiment 
s e l e c t i o n  can be  cont inuous wi th in  t t e  c o n s t r a i n t s  imposed by f i n a n c i a l  
cyc le s ,  and f l i g h t  o p p o r t u n i t i e s  w i l l  be  a v a i l a b l e  whenever an i n v e s t i -  
ga to r  wi th  a l e g i t i m a t e  reason f o r  a s e r i e s  of experiments  can be ready 
t o  start .  I n  a d d i t i o n ,  i in l ike  the  SE.:rlab and ASTP programs, t h e  rocke t  
program can be expanded above i t s  b a s e l i n e  l e v e l  i f  t h i s  seems t o  be 
warranted by t h e  deg ree  of u se r  i n t e r e s t  and t h e  va lue  of t h e  experimept 
r e s u l t s  i t  produces.  

By running t h e  program i n  t h i s  way, w e  hope t o  bu i ld  up a much 
l a r g e r  g r w p  of experienced space  process ing  experimenters  than  Skylab 
and ASTP could provide,  and a l s o  t o  c r e a t e  a gene ra l  consciousness  of 
t he  u t i l i t y  of space methods i n  t h e  s e v e r a l  n a c e r i a l s  communiti2s whose 
i n t e r e s t s  a r e  a f f e c t e d .  I f  a11 goes w e l l ,  we nay a l s o  be a b l e  t o  develop 
t h e  kinds of p o l i c i e s  and a d m i n i s t r a t i v e  precedents  t h a t  a r e  needed f o r  
commercial p a r t i c i p a t i o n  i n  t h e  S h u t t l e  experiment program. 

To summarize, w e  t h ink  t h a t  w e  can reasonably  expect  t o  conduct 
experiment ope ra t ions  through t h e  rest of t h e  1970's  on a s c a l e  and i n  . 



il way t h a t  w i l l  e n a b l e  t h e  s p a c e  p r o c e s s i n g  u s e r  communi ty  t o  make a 
f a i r l y  smooth  t r a n s f  t ' n n  i n t o  t h e  S h u t  t l ~ / S p n c c l a 5  program wher  i t  
b e g i n s .  I n  t h c  r t .m. i i i i ' 1 t . r  o f  t h i s  p a p e r .  I w i s h  t o  t u r n  t o  t h e  q u e s t f o n  
o f  p l a n n i n g  a n d  J ~ * v e l o p i i i ~  S h t t l e  a n d  S p a c e l a b  p a y l o a d s .  

SHUTTLE/SPACEIAB PAYLOAD PROGRAM 

I n  t h e  p a y l o a d  a r e a ,  a s  i n  r e l a t i o n s  w i t h  p o t e n t i a l  u s e r s ,  t h e  
s p a c e  p r o c e s s i n g  p r o g r a m ' s  a s s i g n m n t  f o r  t t e  1 9 7 0 ' s  i s  t o  c o p e  w i t h  
t h e  s t a r t u p  p r o b l e m s  p r e s e n t e d  b y  a n  c x p e r i r i e n t  p r o g r a m  much l a r g e r  
t h a n  a n y t h i n g  t h a t  w i l l  h a v e  b e e n  d o n e  b e f o i e  i t  b e g i n s .  D u r i n g  t h e  
p a y l o a d  s t u d i e s  t h a t  Xr. T a y l o r  h a s  d e s c r i b t s d ,  w e  h a v e  t r i e d  t o  e s t i m a t e  
t h e  r e q u i r e m e n t s  of a f u l l y  d e v e l o p e d  s p a c e  p r o c e s s i n g  e x p e r i m e n t  p r o g r a m  
SO as  to  s u p p o r t  t h e  d e s i g n  o f  t h e  S h u t t l e  a n d  S p a c e l a b  s y s t e m s .  I n  
t h e  p r o c e s s ,  we h a v e  f o u n d  t h a t  i t  w i l l  b e  p o s s i b l e  t o  f l y  t o n s  of e q u i p -  
ment  o n  t h e  S h u t t l e ,  p r o v i d e  b e t w e e n  10 and  20 kw o f  e l e c t r i c  power i f  
r e q u i r e d ,  and  p r e p n r c  l i t e r a l l v  h u n d r e d s  o f  s a m p l e s  on 3 s i n g l e  s e v e n  
d a y  m i s s i o n .  On t h e  othcr h a n d ,  s i n c e  t h e  d e s i g n  f e a t u r e s  of t h e s e  
l a r g e  f l i g h t  s y s t e m s  a r e  q u i t e  i n s e n s i t i v e  t o  most d e t a i l s  o f  j . n d i v i d u a 1  
e x p e r i m e n t s ,  most o f  our work to  d a t e  bas b e e n  d o n e  w i t h  v e r y  g e n e r a l  
a n d  a p p r o x i m a t e  estimates o f  r e q u i r e m e n t s .  

T h e  S p a c e  S h r i : t l e ' s  b a s i c  d e s i g n  ! s  now q u i t e  w e l l  d e f i n e d ,  a n d  
all of  t h e  aajor d e s i g n  c h o i c e s  i o r  t h e  S p a c e l a b  s y s t e m  w i l l  b e  made b y  
:hc t ime cf :he Preliminary nc-sign R c * v i t a w  w i l i c h  is i c i  'ne hpl i i  ei(1.1y 
n e x t  y e a r .  Host o f  t h e  d a t a  t h a t  w i l l  r e p r e s e n t  t h e  s p a c e  p r o c e s s i n g  
p r o g r a m ' s  i n f  l u e n c e  on t h e s e  d e s i g n  c h o i c e s  h a v e  a l r e a d y  b e e n  p r e p a r e d ,  
a n d  t h e  r e s t  o f  what  n e e d s  t o  b e  d o n e  i n v o l v e s  s p e c i a l i z e d  e n g i n e e r i n g  
t o p i c s  t h a t  need  n o t  be d i s c u s s e d  h e r e .  

The  n e x t  p a y l o a d  p r o b l e m  to  b e  f a c e d  is t h a t  o f  d e s i g n i n g  a n d  
b u i l d i n g  t h e  e q u i p - n e n t  t h a t  m u s t  b e  r e a d y  when S h u t t l e  a n d  S p a c e l a b  
o p e r a t i o n s  b e g i n ,  a n d  I b e l i e v e  t h a t  t h e  r e s u l t s  p r e g e n t e d  a t  t h i s  Sym- 
pos ium h a v e  made i t  v i r t i ~ a l l v  c e r t a i n  t h r l t  s p a c e  p r o c e s s i n g  w i l l  h e  o n e  
o f  t l i p  d i s c i p l i n e s  t h a t  a r t r i n l l y  b u i l d s  p .?yloads for ; h e  p a r l y  S h u t t l e  
f l i g h t s .  B u i l d i n g  t h e s e  p a y l o a d s  will h e  much t h e  l a r g e s t  p r o j e c t  t h a t  
t h e  s p a c e  p r o c e s s i n g  p r o g r a m  h a s  u n d e r t a k e n ,  and  t h e  f i r s t  s t e p  i n  t he  
p r o c e s s  m u s t  b e  t o  d e f i n e  what  o u r  e q u i p m e n t  r e q u i r e m e n t s  w i l l  b e  i n  
1980-82 a s  f a r  a s  w e  c a n  fo re< t=e  them,  h o t h  f o r  rxrcriments w e  c a n  p l a n  
now a n d  f o r  o n e s  t h a t  may he p r o p o s e d  a f t e r  a n o t h e r  f i v e  ;.ears o f  p r o -  
g r e s s .  T h e s e  r e q u i r e m e n t s  a r e  sure t o  b e  q u i t e  d i f f e r e n t  f r o m  t h e  
a p p r o x i m a t i o n s  t h a t  were a p p r o p r i a t e  d l t r i n g  t h e  S h u t t l e  a n d  S p a c e l a b  
d e s i g n  phases .  

T h e  hii:;incs..: of d v f i i i i n g  reqr i i rcmrnts  f o r  our e a r l y  S h u t t l e  a1:d 
S p a c e l a b  p a v l o a d s  w i l l  c a l l  upon 11s t o  L I S P  all of  t h e  i n f o r m a t i o n  t h a t  
c a n  b e  b r o u g h t  to  b e a r  f r o m  t h e  S k y l a b  p r c g r a m  a n d  o t h e r  a v a i l a b l e  
s o u r c e s .  We are  now i n  th.3 p r o c e s s  or' p l a n n i n g  how t o  d o  t h i s ,  a n d  
most of t h e  d e t a i l s  r e m a i n  t o  b e  s e t t l e d ,  bl i t  t h e  b r o a d  o u t l i n e s  are  
s u f f i c i e n t l y  c l e a r  SO t h a t  t h e y  c a n  be s k e t c h e d  h e r e .  

. 
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The medium w e  p l a n  t o  u s e  t o  a s s e m b l e  p r e l i m i n a r y  r e q u i r e m e n t s  
i s  a n  Announcement of P l a n n i n g  O p p o r t u n i t y  t o  bo  i s s u e d  a t  t h e  end  o€ 
: h i s  summer, c a l l i n g  f o r  p r o p o s a l s  t o  p a r t i c i p a t e  i n  a c o n s u l t i n g  p a n e l  
a c t  i v t t y  t o  b e g i n  d r f  i n i t  i n n  of p a y l o a d s  f o r  e a r l y  S h u t t l e  e x p e r i m e n t  
o p e r a t i o n s .  From v a r i o u s  c o n t a c t s  w e  h a v e  had  s i n c e  t h e  Skylab-3  m i s s i o n  
l a n d e d ,  I b e l i e v e  t h a t  t h e  r e s p o n s e  t o  t h i s  announcement is l i k e l y  to  
b e  q u i t e  l i v e l y ,  and  t h a t  w e  c a n  a s s e m b l e  a s t r o n g  g r o u p  to  a s s i s t  us. I 

The p l a n n i n g  p a n e l  t o  b e  se t  u p  i n  t h i s  way w i l l  need  t o  c o m p i l e  
a f a i r l y  c o m p r e h e n s i v e  s e t  o f  p r e l i m i n a r y  r e q u i r e m e n t s  by  t h e  end o f  
t h e  y e a r ,  b e c a u s e  w e  w i sh  t o  b e g i n  P h a s e  A e n g i n e e r i n g  s t u d i e s  of o u r  
p a y l o a d s  e a r l y  n e x t  y e a r  a f t e r  t h e  S p a c e l a b  d e s i g n  s o l i d i f i e s .  The 
e n g i n e e r i n g  c o n t r a c t o r s  w i l l  b e  e x p e c t e d  t o  combine  t h e  d a t a  t h a t  w i l l  
t h e n  b e  a v a i l a b l e  on s p a c e c r a f t  i n t e r f a c e s  and  c o n s t r a i n t s  w i t h  t h e  
r e q u i r e m e n t s  g e n e r a t e d  by t h e  p l a n n i n g  p a n e l  t o  d e r i v e  d e s i g n  e n v e l o p e s  
and c o n c e p t u a l  d e s i g n s  f o r  equipment  t h a t  meets t h e  r e q u i r e m e n t s  and  
u s e s  t h e  r e s o u r c e s  o f  t h e  v e h i c l e s  e f f i c i e n t l y .  Dur ing  t h e  c o u r s e  o f  
t h e  s t u d i e s  t h e  e n g i n e e r i n g  work w i l l  b e  r ev iewed  p p r i o d i c a l l y  w i t h  
t h e  p l a n n i n g  p a n e l ,  and w e  e x p e c t  t h a t  t h e  p a n e l ' s  t h i n k i n g  w i l l  evolve 
s i g n i f i c a n t l y  as  t h e  e n g i n e e r i n g  i m p l i c a t i o n s  of  t h e i r  recommendat ions  
become v i s i b l e .  We t h e r e f o r e  i n t e n d  t o  k e e p  t h e  p l a n n i n g  p a n e l  a c t i v e  
t h r o u g h o u t  t h e  P h a s e  A p e r i o d  and  t o  c a l l  f o r  s e v e r a l  r e v i s i o n s  o f  
t h e i r  recummendat ions .  The P h a s e  A a c t i v i t y  w i l l  c o n c l u d e  w i t h  a P r e -  
l i m i n a r y  Requ i remen t s  Review i n  t h e  f i r s t  q u a r t e r  o f  1976. 

-. 
I h n  roctti r c  cf the Ph:lse .a- ~cr_ii?it :? qill ::..e< n a ~ r 1 - 7 y  r-- - - - -_ - -  

t h e  p r o s p e c t i v e  s p a c e  p r o c e s s i n g  c a p a b i l i t i e s  of  t h e  S h u t t l e  and S p a c e l a b  
i n  a n  Announcement o f  F l i g h t  O p p o r t u n i t y  and  t o  c o n s t r u c t  a S t a t e m e n t  
o f  Work f o r  a Phase  R pay load  d e f i n i t i o n  s t u d y .  A g r o u p  o f  i n t e n d i n g  
e x p e r i m e n t e r s  w i l l  b e  s e l e c t e d  f rom among t h e  r e s p o n d e n t s  t o  t h e  announce- 
ment and  w i l l  f u n c t i o n  d u r i n g  P h a s e  B as  t h e  p l a n n i n g  p a n e l  d i d  i n  Phase  
A;  t h a t  is ,  t h e y  w i l l  p r o v i d e  r e q u i r e m e n t s  d a t a  t o  t h e  e n g i n e e r i n g  c o n t r a c t o r  
on t n e i r  g e n e r a l  d i s c i p l i n r s  a s  w e l l  a s  on t h e  s p e c i f i c  e x p e r i m e n t s  [Jhich 
t h e y  a re  unde r  c o n t r a c t  t o  implement .  The e n g i n e e r i n g  c o n t r a c t o r  w i l l  
h e  ct?,irgrd w i t h  a s s e m b l i n g  d e t n i l t d  s p r c i f i c n c i n n s  f o r  a s u f f i c i e n t  
i n i t i a l  complement of g:cnt.ral p u r p o s e  pay load  cqu ipmeq t ,  b e s i n n i n g  w i t h  
t h e  i tems t h a t  have  t h e  l o n g e s t  l e a d  t i m e s .  W e  e x p e c t  t h a t  t h e  f i r s t  
app roved  s p e c i f i c a t i o n s  w i l l  b e  r e l e a s e d  i n  t h e  s p r i n g  of  1977 and t h a t  
t h e  f i r s t  c o n t r a c t s  f g r  d e s i g n  and c o n s t r u c t i o ~ ~  of equipment  t o  f l y  i n  
1950 w i l l  be  l e t  i n  t h e  second  h a l f  o f  1971.  

The Announcement of  F l i g h t  O p p o r t u n i t v  w i l l  b e  renewed and  new 
e x p e r i m e n t e r s  s c l e c t e d  y e a r l y  a f t e r  1976,  so as  L O  b u i l d  up an  e x p e r i m e n t  
prosram t h a t  w i l l  f i l l  t h e  a v a i l a b l ~  S l i u t t l e / S p n c e l n h  r e s o u r c e s  when 
the f l  i f i h t  program L e g i n s .  T h e  r v . p i ~ r i m r n t t ~ r : -  w i l l  hn k 2 p t  d i r e c t l y  in- 
v o l v e d  i n  a l l  s t a g e s  of equipment  d e f i n i t i o n ,  d e s i g n  and deve1opmt:nt. 
and work on n:Jtv--Cquipment i tems w i l l  be  i n i t i a t e d  ;I: l e a s t  y e a r l y  a f t e r  
1976 i n  r e s p o n s e  t o  r e q u i r e m e n t s  r a i s e d  by t h e  y e a r l y  s e l e c t i o n  of new 
e x p e r i m e n t s .  We e x p e c t  t h a t  pnyload  developrnent w i l l  pass  t h r o u g h  n 
p e r i o d  of peak  e f f o r t  i n  t h e  two y e a r s  b e f o r e  S h u t t l e  o p e r a t i o n s  b e g i n  



and t h e n  s l a c k e n  t o  a lower s t e a d y - s t a t e  l e v e l  when t h e  i n v e n t o r y  of 
a v a i l a b l e  equipment becomes l a r g e  enough t o  meet most o l d i n a r y  e x p e r i -  
men ta l  needs .  

F i n a l l y ,  I f e e l  t h a t  i t  is  p o s s i b l e  t o  v e n t u r e  o n l y  one p r e d i c -  
t i o n  r e g a r d i n g  what w i l l  happen when t h e  S h u t t l e / S p a c e l a b  experiment  
program b e g i n s ,  b u t  I t h i n k  t h a t  t h i s  p r e d i c t i o n  h a s  a s o l i d  b a s i s  i n  
t h e  d a t a  reviewed f o r  us a t  t h e  p r e s e n t  Symposium. We have  l e a r n e d  
i n  t h e  p a s t  two days  t h a t  abou t  a t h i r d  of t h e  s p a c e  p r o c e s s i n g  a c t i -  
v i t i e s  performed on t h e  Skylab m i s s i o n s  have produced resalts whose 
i a p l i c a t i o n s  r e a c h  w e l l  beyond what anyone expec ted  beforehand.  If 
t h i s  p r o p o r t i o n  is ma in ta ined  i n  t h e  S h u t t l e  era when we s h a l l  b e  p e r -  
forming hundreds of expe r imen t s  p e r  ye,ir ,  I am confidenr:  t h a t  t h e  f i r s t  
few y e a r s  of o p e r a t i o n s  w i l l  be a p e r i o d  of e x p l o s i v e ,  r e v o l u t i o n a r y  
growth i n  s p a c e  p r o c e s s i n g ,  and t h a t  t1.o-v w i l l  l e a d  t o  developments  i n  
m a t e r i a l s  s c i e n c e  and technology which w . 1 1  s u r p a s s  t h e  b o l d e s t  i d e a s  
:- can  conce ive  today.  
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