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ABSTRACT 

The object of this program was to determine the feasibility of using 

continuous high-temperature reactions of alkali metals and silicon halides to 

produce silicon in large quantities and of suitable purity for use in the pro- 

duction of photovoltaic solar cells. Equilibrium calculations showed that a 

range of conditions were available where silicon was produced as a condensed 

phase but the byproduct alkali metal salt was a vapor. A process was proposed 

usicg the vapor phase reaction of Na with SiCIG. 

Low pressure esperiments were performed demonstrating that free silicon 

was produced and providing experience with the construction of reactant vapor 

generators. Further esperiments at higher reagent flow rates were performed 

in a low temperature flow tube configuration with co-axial injection of reagents. 

Relatively pure silicon was produced in these experiments. A high temperature 

graphite flow tube was built and continuous separation of Si from NaCl was 

demonstrated. A larger-scaled well-stirred reactor was built. 

Esperiments were performed to investigate the compatability of graphite- 

based reactor materials of construction with sodium. At 1100-1200 K none of 

these materials were found to be suitable. At 1700 K the graphites performed 

well with little damage escept to coatings of pyrolytic graphite and silicon 

carbide which were damaged. 
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The o b j e c t  of t h i s  program was t o  de te rmine  t h e  f e a s i b i l i t y  of u s i n g  

con t inuous  high- temperature  r e a c t i o n s  of a l k a l i  m e t a l s  and s i l i c o n  h a l i d e s  t o  

produce s i l i c o n  i n  l a r g e  q u a n t i t i e s  and of s u i t a b l e  p u r i t y  f o r  u s e  i n  t h e  pro- 

d u c t i o n  of p h o t o v o l t a i c  s o l a r  c e l l s .  Reac t ions  of gaseous  N a  o r  K w i t h  s i l i c o n  

h a l i d e s  (e.g., SiC16, SiHC13, o r  S i F 4 )  a r e  h i g h l y  exo thermic  and luminescen t ,  

producing h i g h  a d i a b a t i c  f lame tempera tu res .  Using r e l i a b l e  thermochemical  

d a t a ,  e q u i l i b r i u m  c a l c u l a t i o n s  show t h a t  s i l i c o n  i s  t h e  on ly  condensed phase  

i n  t h e  p roduc t  s t ream;  t h e  a l k a l i  metal s a l t  is  i n  t h e  vapor  phase.  T h i s  d i f -  

f e r e n c e  i n  p h y s i c a l  s t a t e  of d e s i r e d  and u n d e s i r e d  p r o d u c t s  i s ' p r o p o s e d  a s  a 

b a s i s  f o r  s e p a r a t i n g  t h e  s i l i c o n  from t h e  byproduct  sal t .  Th is  r e s e a r c h  pro- 

gram, begun on 1 7  May 1 9 7 7 ,  set o u t  t o  e x p e r i m e n t a l l y  demons t ra te  t h e  p r a c t i -  

c a l i t y  of a  p r o d u c t i o n / s e p a r a t i o n  p r o c e s s  based on t h e s e  concep t s .  , A s  p a r t  of 

Task I of t h e  JPL Low-Cost S o l a r  Array P r o j e c t  t h e  o v e r a l l  o b j e c t i v e  i s  t o  pro- 

duce s o l a r - g r a d e  s i l i c o n  a t  a c o s t  of l e s s  t h a n  $10 p e r  kg ( i n  1975 d o l l a r s ) .  

P r e s e n t  technology produces  semiconductor-grade s i l i c o n  a t  a c o s t  between $50 

and $150 p e r  kg, s o  a n  o r d e r  of magnitude r e d u c t i o n  i n  c o s t  is  d e s i r e d  w i t h  

o n l y  s l i g h t l y  less s t r i n g e n t  p u r i t y  requ i rements .  

I n i t i a l  exper iments  were  performed a t  low p r e s s u r e s  i n  an  opposed- je t  
' 

d i f f u s i o n  f l ame  c o n f i g u r a t i o n .  T h i s  work, d i s c u s s e d  i n  S e c t i o n  111, prov ided  

i n f o r m a t i o n  on r e a g e n t  v a p o r i z e r  c o n s t r u c t i o n ,  and e s t a b l i s h e d  t h a t  f r e e  sili- 

con was produced i n  t h e  f l ames .  The exper iment  was t h e n  s c a l e d  up and r u n  i n  

a  f low-tube c o n f i g u r a t i o n  w i t h  co-ax ia l  i n j e c t i o n  of r e a g e n t s .  S e c t i o n  I V  of 

t h i s  r e p o r t  p r e s e n t s  d e t a i l s  of t h i s  work as t h e  p r o d u c t i o n  r a t e  of s i l i c o n  

and t h e  r e a c t o r  t empera tu re  were p r o g r e s s i v e l y  i n c r e a s e d .  

A s  an  outgrowth of e x p e r i e n c e  gained i n  o u r  exper iments  and a t  t h e  r e q u e s t  

of JPL a l i m i t e d  s e r i e s  of m a t e r i a l  c o m p a t i b i l i t y  s t u d i e s  was performed t o  

i n v e s t i g a t e  t h e  e f f e c t s  o f  sodium (vapor)  on g r a p h i t e  m a t e r i a l s .  These r e s u l t s  

are p r e s e n t e d  i n  S e c t i o n  V. 

F i n a l l y ,  t h e  c u r r e n t  s t a t u s  of t h e  program i s  a p p r a i s e d ,  t h e  c o n c l u s i o n s  

reached  are p r e s e n t e d ,  and recommendations f o r  f u r t h e r  work a r e  made. We be- 

l i e v e  t h a t ,  a l t h o u g h  some t e c h n i c a l  d i f f i c u l t i e s  remain t o  be  mas te red ,  t h e  

proposed p r o c e s s  i s  a  s t r o n g  v i a b l e  c a n d i d a t e  f o r  t h e  p roduc t ion  of low-cost 

h i g h - p u r i t y  s i l i c o n .  



I I , B A C K G R O U M  

The r e a c t i o n  o f  s i l i c o n  h a l i d e s  w i t h  a n  a l k a l i  m e t a l  was t h e  p r o c e s s  usad 

i n  t h e  f i r s t 1  p r e p a r a t i o n  of m e t a l l i c  s i l i c o n  i n  t h e  e a r l y  1 8 0 0 ' s .  The conf ig -  

u r a t i o n  o f  t h e s e  e a r l y  exper iments ,  however, was such  t h a t  t h e  b u l k  of t h e  

r e a c t i o n  took p l a c e  i n  t h e  condensed phase  and e x t e n s i v e  p r o d u c t  s e p a r a t i o n  

p rocedures  had t o  b e  employed t o  i s o l a t e  t h e  s i l i c o n .  A more e l a b o r a t e  v e r s i o n  

o f  t h i s  p r e p a r a t i v e  method h a s  more r e c e n t l y  been employed2 i n  which t h e  reac -  . 
t i o n s  a p p a r e n t l y  occur  mainly  i n  t h e  gas  phase  w i t h  a s i l ' icon p roduc t  o f  

v a r i a b l e  and c o n t r o l l a b l e  p u r i t y  b e i n g  d e p o s i t e d  on t h e  hea ted  w a l l s  of t h e  

r e a c t o r .  I n  a l l  of  t h e s e  s t u d i e s ,  t h e  p r e p a r a t i o n  was c a r r i e d  o u t  i n  b a t c h e s .  

No con t inuous  r e a c t i o n s  were  s u s t a i n e d  a l t h o u g h  s t e a d y - s t a t e  g a s  phase  r e a c t i o n  

. s u r e l y  must have t aken  p l a c e  f o r  some t i m e  i n  a l l  c a s e s .  

Other  ~ t u d i e s , ~ - ~  conducted p r i m a r i l y  f o r  purposes  o f  s t u d y i n g  chemical  

k i n e t i c s  and chemi-exc i t a t ion  phenomena, have demonstra ted t h a t  t h e  h a l i d e s  of 

s i1 , icon comprise  b u t  one member o f  at-: e x t e n s i v e  series of compounds which r e a c t  

spon taneous ly  when t h e i r  v a p o r s  are brought  i n t o  c o n t a c t  w i t h  gaseous  a l k a l i  

m e t a l s  a t  low p r e s s u r e s .  The r e a c t i o n s  which ensue a r e  s e l f - i g n i t i n g ,  e x o t h e r -  

mic , rap id  and e m i t  v i s i b l e  and u l t r a v i o l e t  l i g h t ;  t h e y  t h u s  may b e  c l a s s i f i e d  

q u i t e  p r o p e r l y  a s  f lames.  The f a c t  t h a t  t h e s e  r e a c t i o n s  a r e  spontaneous  pre- 

c l u d e s  premixing of t h e  r e a c t a n t s  and t h e  rates of consumption a r e  t h e r e f o r e  

c o n t r o l l e d  by mass t r a n s p o r t  of r e a c t a n t s  t o  t h e  f l ame  zone r a t h e r  t h a n  by chemi- 

c a l  k i n e t i c s  w i t h i n  t h e  f l ame  i t s e l f .  Combustion sys tems  of t h i s  k ind  a r e  c l a s s i -  

f i e d  a s  " d i f f u s i o n  f lamesM a l t h o u g h  i n  most c a s e s ,  convec t ion ,  r a t h e r  than  

d i f f u s i o n ,  i s  t h e  o p e r a t i v e  mass t r a n s p o r t  mechanism. They a r e  t y p i c a l l y  

c h a r a c t e r i z e d  by an  i n t e n s e  h i g h  t e m p e r a t u r e  r e a c t i o n  zone l o c a t e d  a t  t h e  

i n t e r s e c t i o n  of two r e a c t a n t  s t r e a m s ;  p r o d u c t s  d i f f u s e  away from t h i s  r e a c t i o n  

zone,  o r  a r e  convected away, depending on t h e  p r e s s u r e  and geometry of t h e  

burner  employed. S ince  t h e  r e a c t i o n s  invo lved  i n  f l a m e s  of t h i s  t y p e  a r e  

c h a r a c t e r i s t i c a l l y  v e r y  f a s t ,  scale-up c o n s i d e r a t i o n s  a r e  l a r g e l y  g a s  dynamic 

i n  n a t u r e  and tend t o  be somewhat more s t r a i g h t f o r w a r d  than  i n  r e a c t i o n  r a t e -  

l i m i t e d  sys tems.  

The mechanism involved i n  a l l  of t h e s e  i n o r g a n i c  h a l i d e  and halomethane/  

a l k a l i  metal f lames appears  6-10 t o  comprise  s u c c e s s f v e  halogen a b s t r a c t i o n  

r e a c t i o n s  t o  produce,  e . g . ,  KX o r  NaX and p a r e n t  m e t a l  atoms ( M ) .  Although 

t h e  s i l i c o n  h a l i d e  r e a c t i o n s  have n o t  themselves  been e x t e n s i v e l y  i n v e s t i g a t e d  



i n  terms of  t h e i r  r e a c t i o n  mechanisms, t h e  ev idence  s t r o n g i y  i n d i c a t e s  t h a t  

t h e y  a r e  r e p r e s e n t a t i v e  members of t h i s  l a r g e  c l a s s  of r e a c t i o n s  and t h e r e f o r e  

can  b e  expec ted  t o  r e a c t  i n  a s i m i l a r  f a s h i o n .  I n  f a c t ,  t h e  thermochemical  

s t a b i l i t y  of S i  atoms i n  t h e s e  f l ames  i s  c o n s i d e r a b l y  g r e a t e r  t h a n  many of t h e  

o t h e r  p a r e n t  m e t a l s  and t h e  p r o b a b i l i t y  of t h e  s i l i c o n  r e a c t i n g  w i t h  o t h e r  

f l ame  s p e c i e s  upon c o o l i n g  can b e  expected t o  b e  c o n s i d e r a b l y  lower ,  

Eva lua t ion  of any p o t e n t i a l l y  a t t r a c t i v e  combustion system i s  b e s t  

begun w i t h  c a l c u l a t i o n s  of e q u i l i b r i u m  composi t ions  and a d i a b a t i c  t empera tu res .  

These i d e a l  composi t ions  a r e  q u i t e  c l o s e l y  approached i n  most f l ames  w i t h  o n l y  

c e r t a i n  r e l a t i v e l y  minor s p e c i e s  c o n c e n t r a t i o n s  e x h i b i t i n g  s i g n i f i c a n t  devia-  

t i o n s  due t o  t h e  e f f e c t s  of d i v e r s e  r a t e s  of chemical  r e a c t i o n s ,  p a r t i c u l a r l y  

s low r a d i c a l  r ecombina t ion ;  t h e  a d i a b a t i c  f lame tempera tu re  assumption f o r c e s  

a l l  t h e  h e a t  r e l e a s e d  i n  exothermic  r e a c t i o n s  t o  appear  a s  p roduc t  t empera tu re .  

It t h u s  r e a r e s e n t s  a  t h e o r e t i c a l  maximum which, f.n r e a l  sys tems,  i s  o f t e n  c l o s e -  

l y  approached; h e a t  l o s s e s  due t o  r a d i a t i o n  t y p i c a l l y  lower t h e  t empera tu re  o n l y  

a  few p e r c e n t  and conduc t ion  t o  t h e  burner  and o t h e r  c o o l e r  r u r f a c e s  can  b e  

made q u i t e  s m a l l  by c a r e f u l  d e s i g n .  Regard less  of t h e  i n f l u e n c e  of p o s s i b l e  

h e a t  l o s s  and k i n e t i c s  problems, e q u i l i b r i u q  i s  an  unambiguous d e s c r i p t i o n  of 

t h e  s t a t e  of t h e  sys tem which n a t u r e  i s  s t r i v i n g ' t o  r e a c h  and a f f o r d s  t h e  

exper imente r  an  o p p o r t u n i t y  t o  a n t i c i p a t e  optimum c o n d i t i o n s  f o r  h i s  s p e c i f i c  

purposes .  

Our e q u i l i b r i u m  c a l c u l a t i o n s  v 2 r e  performed u s i n g  t h e  A i r  Force  Rocket 

P r o p u l s i o n  Labora to ry  "ISP" Computer Code. The thermochemical  d a t a  used a s  
11 i n p u t  t o  t h e  c a l c u l a t i o n s  come from t h e  JANAF Tables .  I n  reviewing a v a i l -  

a b l e  thermodynamic i n f o r m a t i o n  on Si /H/Cl  compounds i t  appears  t h a t  t h e  o n l y  

s i g n i f i c a n t  d i f f e r e n c e  between t h e  JANAF d a t a  used i n  t h e s e  c a l c u l a t i o n s  and 

r e c e n t  l i t e r a t u r e  v a l u e s  i s  t h e  AH" 
f  , 2 9 8  

f o r  SiHCL3; JANAF g i v e s  -112.G k c a l  

mol-' whereas t h e  r e c e n t  work of S i r t l  and ~ u n t "  i n d i c a t e s  -116.9 k c a l  mol-'. 

The u n c e r t a i n t y  i n  t h i s  v a l u e ,  a s  r e f l e c t e d  i n  a  v a r i a t i o n  i n  t h e  f r e e  energy 

changes i n v o l v i n g  t h i s  s p e c i e s ,  comprises  on ly  a  minor p e r t u r b a t i o n  i n  t h e  

r e s u l t s  o b t a i n e d .  A s  t h e  d a t a  r e p o r t e d  below i n d i c a t e ,  on ly  a  smal l  propor- 

t i o n  of t h e  S i  con ta ined  i n  t h e  m i x t u r e s  of i n t e r e s t  i s  p r e s e n t  a s  gaseous  

s p e c i e s ;  n e a r l y  a l l  of t h e  S i  a p p e a r s  a s  e i t h e r  l i q u i d  o r  s o l i d  phase  and t h e  

u n c e r t a i n t i e s  i n  t h e  g a s  phase  composi t ion d i s t r i b u t i o n s  a r e  t h e r e f o r e  irrele- 

v a n t  i n  terms of t h e  d e s i r e d  exper imenta l  o b j e c t i v e .  



Calcula t ions  were f i r s t  made f o r  reagents,  i n  t h e i r  s t anda rd  s t a t e s  a t  

298 K. Adiaba t ic  flame temperatures  f o r  t h e  ~ a / S i ~ l &  and K / S ~ C I &  systems a r e  

given i n  Fig.  1 a s  a func t ion  of pressure .  The r e s u l t s  e x h i b i t  s i g n i f i c a n t  

p re s su re  dependence due mainly t o  t h e  h e a t  r e l ea sed  i n  t h e  d imer iza t ion  of t h e  

a l k a l i  m e t a l  s a l t  i n  t h e  vapor phase. 

To f u r t h e r  i l l u s t r a t e  t h e s e  l a t t e r  e f f e c t s ,  t h e  equ i l i b r ium compositions 

of t h e  system K/SiC?.& a t  t h e  p re s su res  c i t e d  above a r e  given i n  Table I. The 

i n c r e a s e  i n  temperature wi th  inc reas ing  p re s su re  is  due almost e n t i r e l y  t o  t h e  

formation of K 2 C l z  and t h e  h e a t  r e l ea sed  is  s u f f i c i e n t  no t  only t o  r a i s e  t h e  

temperature but  a l s o ,  a t  p re s su re s  above about 0.5 atm, t o  melt  t h e  S i  produced. 

The Na/SiCls system i s  somewhat more complex; analogous d imer i za t ion  of N a C l  

l i b e r a t e s  h e a t  i n  t h i s  system a s  we l l ,  b u t  a l though t h e  r e a c t i o n  i s  more exo- 

thermic and more ex tens ive  than  i n  t h e  case  of KC1,  l i q u i d  NaCl appears  i n  t h e  

products  a t  t h e  two higher  p re s su re s  due t o  t h e  h igher  mel t ing  p o i n t  and h e a t  

of vapor i za t ion  of NaC1. A t  p r e s su re s  up t o  1 atm, a l l  K C 1  remains i n  t h e  gas 

phase i n  systems of t h i s  s toichiometry.  

TABLE I 

EQUILIBRIUM COMPOSITIONS OF K / S i C l t ,  MIXTURES 

AS A FUNCTION OF PRESSURE 

Mole F rac t ions  

Pressure ,  atm 0.036 0.1 0.36 - 1.0  

Product 

S i  ( l i q .  ) ---- a ---- a 1 . 7 - 1  2.28(-1) 

S i (so1id)  2.06 (-1) 2.09 (-1) 1 . 0 1  (-1) ---- a 

S i c 1  2.62 (-6) 4.01 (-6) 3.99 (-6) 4.17 (-6) 

SiC12 O ( - 3 )  1.24(-3) l . lO(-3) l.Ol.(-3) 

SiC13 2.01 (-5) 2.51 (-5) 2.82 (-5) 3.10 (-5) 
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FIGURE 1 ADIABATIC FLAME :CE!@RRATURES FOR ALKALI METAL/SiCl& 
MIXTURES AS A FUNCTION OF PRESSURE 

A l l  reagents a t  298 K. 



The e f f e c t  of a d d i t i o n  of H z  t o  t h e s e  m i x t u r e s  was a l s o  i n v e s t i g a t e d ,  

a g a i a  w i t h  t h e  r e a g e n t s  i n  t h e i r  s t a n d a r d  s t a t e s  a t  298 K. T h i s  a d d i t i o n  

lowers  t h e  a d i a b a t i c  t empera tu res  somewhat and changes  t h e  composi t ion of t h e  

g a s e s  above t h e  condensed phase  N a C l  and /or  S i  b u t  t h e  p r o p o r t i o n  of s i l i c o n  

i n  t h e  m i x t u r e  which ends up a s  t h e  m e t a l  i s  changed v e r y  l i t t l e .  These 

e f f e c t s  a r e  demonstra ted by t h e  p r o d u c t  d i s t r i b u t i o n s  and t e m p e r a t u r e s  g iven  

i n  Tab le  I1 f o r  m i x t u r e s  c o n t a i n i n g  ( i n i t i a l l y )  50 mol % H Z .  C a l c u l a t i o n s  

i n  which t h e  t empera tu re  i s  v a r i e d  above and below t h e  a d i a b a t i c  v a l u e s ,  as 
L 

would b e  t h e  c a s e  i f  t h e  r e a c t a n t s  were h e a t e d  o r  a h e a t  s i n k  p rov ided ,  r e v e a l  

t h a t  c o n c e n t r a t i o n s  of v o l a t i i e  p r o d u c t s  a r e  enhanced somewhat by t h e  a d d i t i o n  

o f  H Z  b u t  t h e  e f f e c t s  a r e  minimal; t h e  predominant S i - c o n t a i n i n g  s p e c i e s  a t  

e q u i l i b r i u m  remains  l i q u i d  o r  s o l i d  S i  up t o  a t e m p e r a t u r e  of 2000 K O  

TABLE I1 

EQUILIBRIUM COMPOSIT.ION OF A K/SiCl& MIXTURE CONTAINING 50% Hz 

P = 1 atm, T = 1560 K 

Produc t  -, Mole F r a c t i o n  Produc t  Hole F r a c t i o n  . 

S i  ( s o l i d )  1.07 (-1) S'iH3C1 3.58(-5) 

K C 1  ( l i q u i d )  6.75 (-2) SiC12 1 .04  (-5) 

K C 1  2.17 (-1) H C 1  1.30(-3) 

K z C l z  7.10 (-2) H 2.32 (-5) 

K 1 .35 (-3) Hz  5.34 (-1) 

S i n c e  a major o b j e c t i v e  of t h i s  p r o j e c t  was t o  c o n t i n u o u s l y  s e p a r a t e  t h e  

s i l i c o n  from t h e  a l k a l i  m e t a l  sa l t ,  i t  was n e c e s s a r y  t o  o p e r a t e  t h e  r e a c t o r  a t  

a t empera tu re  above b o t h  t h e  m e l t i n g  p o i n t  of s i l i c o n  and t h e  b o i l i n g  p o i n t  

of t h e  s a l t .  One way of i n c r e a s i n g  t h e  f l ame  tempera tu re  i s  t o  u s e  gas  phase  

r e a c t a n t s .  T h i s  t e c h n i q u e  h a s  t h e  p o s s i b l e  added advantage of p u r i f y i n g  t h e  

r e a g e n t s  a t  t h e  i n l e t  s t a g e  i f  a d i s t i l l a t i o n  column i s  used as a vapor  s o u r c e .  

An a d d i t i o n a l  s e r i e s  of e q u i l i b r i u m  c a l c u l a t i o n s  was performed f o r  i n j e c t i o n  

of t h e  a l k a l i  m e t a l  a s  a gas  a t  i t s  b o i l i n g  p o i n t .  The r e s u l t i n g  f l ame  tempera- 

t u r e s  a r e  p l o t t e d  i n  Fig .  2 f o r  t h e  K/SiC14 system. The added e n t h a l p y  r e s u l t s  

i n  h i g h e r  f lame tempera tu re  b u t ,  excep t  f o r  t h i s  r a t h e r  obvious  e f f e c t ,  no 

o t h e r  s i g n i f i c a n t  changes a r e  observed.  The chemical  composi t ion remains  

q u a l i t a t i v e l y  v e r y  similar t o  t h o s e  of t h e  lower  t empera tu re  system. 
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FIGUKE 2 EFFECT OF VAPORIZING POTASSIUM ON ADIABATIC FLAME 
TEMPERATURE FOR STOZCHIOMETRIC K/SiC14 



S i n c e  a l l  of t h e  contemplated r e a c t a n t s  undergo spontaneous  r e a c t i o n  

when brought  i n t o  c o n t a c t  w i t h  a l k a l i  m e t a l ,  t h e  f lames of t h i s  s t u d y  must b e  

d i f f u s i o n  f l ames  and v e r y  s t e e p  c o n c e n t r a t i o n  g r a d i e n t s  w i l l  n e c e s s a r i l y  pre-  

v a i l  a c r o s s  t h e  r e a c t i o n  zone. A t  t h e  h a l i d e  i n l e t ,  t h e r e  w i l l  b e  no a l k a l i  

m e t a l  p r e s e n t ,  o n l y  t h e  h a l i d e  i t s e l f  and perhaps  some combustion p r o d u c t s .  

I n  o r d e r  t o  g a i n  some i n s i g h t  i n t o  t h e  n a t u r e  of the.  e q u i l i b r i u m  p r o d u c t / r e a c -  

t a n t  d i s t r i b u t i o n  a c r o s s  a r e a c t i o n  zone, a  s e r i e s  of composi t ion c a l c u l a t i o n s  

was performed o v e r  a  r a n g e  of rneta l /hel i .de  r a t i o s .  The r e s u l t s  f o r  v a r i o u s  

K/SiC14 m i x t u r e s  a r e  g i v e n  i n  F i g .  3 .  To a  f i r s t  approximat ion,  t h e  d i f f e r e n t  

K/SiC14 r a t i o s  correspond t o  d i f f e r e n t  d i s t a n c e s  a c r o s s  t h e  r e a c t i o n  zone; 

t h u s ,  a t  low v a l u e s  of K/SiClt, t h e  c a l c u l a t e d  composi t ion r e f l e c t 2  t h a t  t o  b e  

found n e a r  t h e  S i C l b  i n l c t  where t h e  e x t e n t  of r e a c t i o n  i s  s m a l l :  c o ~ v e r s e l y  

a t  high K/SiC14, t h e  composi t ion r e f l e c t s  t h a t  t o  b e  found n e a r  t h e  p o i n t  o f  

K vapor  i n t r o d u c t i o n .  Most i m p o r t a n t ,  l i q u i d  S i  i s  found i n  abundance through- 

o u t  i n d i c a t i n g  t h a t ,  a t  least a t  e q u i l i b r i u m ,  t h e  d e s i r e d  p roduc t  shou ld  b e  

e x t r a c t a b l e  from a l a r g e  p o r t i o n  of t h e  r e a c t i o n  volume. 

The a d i a b a t i c  f l ame  tempera tu res  produced by K r e d u c t i o n  o f  t h r e e  

r e a d i l y  a v a i l a b l e  h a l i d e  r e a c t a n t s  a r e  g iven  i n  F i g .  4 .  The c u r v e  p r e s e n t e d  

f o r  each o f  t h e s e  m a t e r i a l s  ( s o l i d  l i n e s j c o r r e s p o n d s  t o  a s t o i c h i o n e t r i c  m i s t u r e  

i n  terms of a l k a l i  h a l i d e  p roduc t .  i . e . ,  SiCl4:K and SiF4:K = 1 : 4  and SiHC13:K = 

1 : 3 .  The much lower t empera tu res  produced by t h e  f l u o r i d e  i s  clue t o  i t s  much 

lower  h e a t  of fo rmat ion  which,  I- t u r n ,  r educes  t h e  e x o t h e r m i c i t y  o f  t h e  reac -  

t i o n .  Compare, f o r  exzmple, t h e  AH v a l u e s  f o r  t h e  fo l lowing :  

Also  shown i n  t h e  f i g u r e  is  t h e  p o t e n t i a l  o p e r a t i n g  r e g i o n  of a r e a c t o r  pro- 

duc ing  s i l i c o n  from t h e  r e d u c t i o n  of SiC14. T h i s  o p e r a t i n g  r e g i o n  i s  t h e  

t empera tu re -pressure  domain between t h e  a d i a b a t i c  f lame tempera tu re ,  as t h e  

h i g h e s t  p o s s i b l e  t empera tu re ,  and t h e  m e l t i n g  p o i n t  of s i l i c o n  o r  t h e  b o i l i i i g  

p o i n t  of KC1 ,  whichever is  h i g h e r ,  It i s  s e e n  t h a t  f o r  t h e  SiC14 o r  SiHC13 

sys tem a  wide o p e r a t i n g  r e g i o n  would be  a v a i l a b l e .  For K + S i F 4 ,  however, t h e  

f l a m e  tempera tu re  i s  below t h e  b o i l i n g  p o i n t  of KF and a  con t inuous  s e p a r a t i o n  

o f  p r o d u c t s  would n o t  be  p o s s i b l e  under  t h e s e  c o n d i t i o n s .  



FIGURE 3 EQUILIBRIUEl PRODUCT CONCENTRATIONS FOR 
VARIOUS K/SiClh EIISTURES 





Similar results calculated for ~a/SiCl& are shown in Fig. 5. The 

use of vaporized Na is seen to give a wide operating region, whereas additional 

heat input would be necessary in order to use liquid Na. The Na/Si~cl~ system 

is analogous to K/S~HC~, but ~a/siF& is even less attractive than K/SiF& due 

to the higher boiling point of NaF over KF. Vapor pressure data for these 

species are shown in Fig. 6 where one can see the advantage of either using 

potassium as a reducing agent or using a chloride of silicon. Sodium has 

important economic advantages over potassium and, in addition, reduces the mass 

flow of alkali metal salt produced as a byproduct in the proposed technique. 

Further details of the stoichiometric Na/SiC14 system using vapor 

phase reagents are given in Fig. 7. The computed mole fractions of the 

reaction products are shown as a function of pressure. Liquid silicon is the 

only condensed product and accounts for 2: 90% of the total silicon with SiClz 

being the only other silicon-containing species of importance. Operation with 

slight excess alkali metal reduces the concentration of this radical signifi- 

cantly (cf. Fig. 3). 

No detailed attempt was made at this point in the program to assess 

the potential of these self-sustaining flames for the elimination of impuri- 

ties from the condensed phase Si product. Preliminary estimates indicate that 

at least one of these contaminants, boron, can be largely eliminated from the 

product silicon quite simply by virtue of the high volatility of its equilib- 

rium products in halogenated systems. This can, for esample, be envisioned as 

follows: A t  1500 K, using Na as reactant, the' most likely fG.oll C1-stripping 

process for any BC1, impurities in SiCl,, involves the thermodynamically favored 

BC1 radical: 

BC1 + Na $ NaCl + B (1) 

This reaction has an equilibrium constant, K1 = 4 x while for the corre- 

sponding Si-producing reaction 

SiCl + Na * NaCl + Si (2) 

Kz = 30. Thus, prior to condensation, the bulk of the boron will be in the 

form BC1 while the silicon is largely present as metal atoms. If a kinetic 

means can be found to take advantage of the metal atom composition in the gas 

phase, the potentially attainable degree of enrichment will be given by the 

ratio of the equilibrium constants Kl/Kz, i.e., the equilibrium constant for 

the reaction 





FIGURE 6 VAPOR --RESSURE DATA FOR SEVERAL SPECIES IPIPORTANT 
I N  A L U L I  METAL-S ILICON HALIDE FLA'IES 
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FIGURE 7 PRODUCT CONCENTRATIONS FOR STOICHIOMETRIC 
Na/SiCls USING VAPOR PHASE REAGENTS 



o b t a i n e d  by s u b t r a c t i n g  Reac t ion  (1)  from Reac t ion  (2) .  Thus 

which i m p l i e s ,  assuming B C 1  and S i c 1  are p r e s e n t  i n  d i r e c t  p r o p o r t i o n  t o  t h e i r  

t h e i r  concentrations-h-tkrreactants, an  enr ichment  f a c t o r  of 1 / 1 . 3  x = 

7 x l o 4 .  
I n  t h e  r e a c t i o n s  analogous t o  (1) and ( 2 )  i n v o l v i n g  condensed phase  

S i  and B r a t h e r  t h a n  gaseous  m e t a l  atoms, boron i s  a g a i n  less favored  t h a n  

s i l i c o n ,  t h e  e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  r e s p e c t i v e  r e a c t i o n s  b e i n g  i n  t h e  

r a t i o  30 x 10' :1.5 x 10'. Th i s  i m p l i e s  t h a t  an  enhancement of a t  l e a s t  20 i n  

S i /B  r a t i o  i n  t h e  condensed phase p r o d u c t s  o v e r  t h a t  p r e v a i l i n g  i n  t h e  h a l i d e  

r e a g e n t s  i s  a t t a i n a b l e .  

These r e s u l t s  show t h e  li1cel.ihood t h a t  a  p r a c t i c a l  p r o c e s s  f o r  t h e  

p r o d u c t i o n  of s i l i c o n  can  b e  ach ieved  u s i n g  vapor  phase  r e a g e n t s  i n  t h e  

Na/SiCls ( o r  one o f  s e v e r a l  o t h e r )  r e a c t i o n  system. These r e a c t i o n s  a r e  known 

t o  produce s t a b l e ,  s e l f - s u s t a i n i n g  " d i f f u s i o n  f lames"  even i n  d i l u t e  g a s  

m i x t u r e s  a t  low p r e s s u r e s ,  i n d i c a t i n g  t h a t  they  shou ld  b e  r e a d i l y  amenable t o  

scale-up t o  h i g h e r  p r e s s u r e s  and h i g h e r  r e a c t a n t  f l o w  r a t e s .  The f l ame  reac-  

t i o n s  a r e  spontaneous  and t h u s  r e q u i r e  no i g n i t i o n  s o u r c e ;  t h e y  a r e  luminous 

and t h e r e f o r e  e a s i l y  monitored and they  a r e  s t r o n g l y  exothermic  w i t h  r e s p e c t  

t o  s t a n d a r d  s t a t e  r e a c t a n t s  a t  295 K t h e r e b y  minimizing t h e  need f o r  e x t e r n a l  

energy i n p u t .  Consequent ly ,  t h e y  appear  i d e a l l y  s u i t e d  t o  u t i l i z a t i o n  a s  a 

p r a c t i c a l  p r e p a r a t i v e  method. It i s  emphasized, however, t h a t  t h e s e r a r e  

e q u i l i b r i u m  composi t ions  and i t  would b e  s u r p r i s i n g  i f  r e a c t i o n  k i n e t i c s  and 

condensa t ion  r a t e s  would a l l  be s u f f i c i e n t l y  f a s t  t h a t  t h e y  could  b e  s a f e l y  

ignored  i n  p r e d i c t i o n s  of a c t u a l  compositi.on d i s t r i b u t i o n s .  
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The i n i t i a l  exper iments  i n  t h i s  program were low p r e s s u r e  d i f f u s i o n  

f l ames  u s i n g  vapor  phase  r e a c t a n t s .  The o b j e c t i v e  was t o  d e t e r m i n e  t h e  s t a b i l -  

i t y  of t h e  f l ames ,  demons t ra te  t h a t  t h e  r e a c t i o n  rates were v e r y  r a p i d ,  and 

develop t h e  t e c h n i q u e s  f o r  producing and h a n d l i n g  t h e  v a p o r i z e d  r e a g e n t s .  A 

b r i e f  su rvey  of t h e  s p e c t r o s c o p i c  c h a r a c t e r i s t i c s  of s e v e r a l  f l ames  was a l s o  

made t o  p o s s i b l y  i d e n t i f y  i n t e r m e d i a t e  r e a c t i o n  s p e c i e s  and t o  de te rmine  t h e  

r e a c t i o n  t empera tu re .  

A 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 i o n ,  t h e  u s e  of v a p o r i z e d  r e a g e n t s  

r e s u l t s  i n  h i g h  a d i a b a t i c  f l ame  t e m p e r a t u r e s ,  above t h e  b o i l i n g  p o i n t  of t h e  

p roduc t  a l k a l i  m e t a l  sal t .  T h i s  t e c h n i q u e  a l s o  h a s  t h e  advan tage  t h a t  one may 

p u t  a  d i s t i l l a t i o n  s t a g e  a t  t h e  i n p u t  t o  t h e  r e a c t o r ,  r educ ing  t h e  i m p u r i t y  

c o n c e n t r a t i o n  i n  t h e  r e a g e n t s .  Gas-phase a l k a l i  metals a r e  n o t ,  however, used 

e x t e n s i v e l y  i n  t h e  chemical  i n d u s t r y  and s o  some work was n e c e s s a r y  t o  develop 

t h e  needed e x p e r t i s e .  

Vapor g e n e r a t o r s  of a common b a s i c  d e s i g n  were  used t o  produce b o t h  

a l k a l i  m e t a l  and s i l i c o n  h a l i d e  r e a g e n t  s t r e a m s  ( w i t h  t h e  e x c e p t i o n  of S i F 4  

which i s  a gas  a t  room tempera tu re ) .  A schemat ic  d iagram o f '  t h e  f i r s t  a l k a l i  

m e t a l  s o u r c e  i s  shown i n  Fig .  8. It i s  an e l e c t r i c a l l y  h e a t e d  b o i l e r  equipped 

w i t h  a  r e f l u s  column which can be p r e s s u r i z e d  from t h e  top  w i t h  an  i n e r t  gas .  

It may a l s o  be  thought  of a s  a  d i s t i l l a t i o n  column f u n c t i o n i n g  a s  a  "hea t  p ipe"  

w i t h  t h e  vapor  p r e s s u r e  of t h e  m e t a l  b e i n g  e q u a l  t o  t h e  p r e s s u r e  imposed by t h e  

i n e r t  gas .  C o n s t r u c t i o n  of t h i s  s o u r c e  was from welded 304 s t a i n l e s s . s t e e 1 .  

The h e a t i n g  c o i l s  were  1/8 i n .  diam s t a i n l e s s  s t e e l  r o d ,  powered by a 250 A 

a d j u s t a b l e  welding supply, .  T h i s  power supp ly  o p e r a t e d  i n  t h e  c o n s t a n t  c u r r e n t  

mode and t h e r e f o r e  was i n s e n s i t i v e  t o  minor v a r i a t i o n s  i n  t h e  h e a t e r  c i r c u i t  

r e s i s t a n c e .  The t u b e  through which t h e  a l k a l i  m e t a l  vapor  w a s  d e l i v e r e d  was 

i n c o r p o r a t e d  i n t o  t h e  h e a t i n g  c u r r e n t  p a t h  t o  p r e v e n t  condensa t ion  of Na o r  K 

i n  t h e  t u b e  and b lockage  of r e a g e n t  d e l i v e r y .  The vapor  t o  b e  r e a c t e d  w i t h  

s i l i c o n  h a l i d e  (SiC14 i n i t i a l l y )  w a s  drawn o f f  between t h e  b o i l e r  and t h e  

condensa t ion  p o i n t  i n  t h e  column th rough  a  0.25 mm d i m  s a p p h i r e  o r i f i c e  

mounted i n  t h e  d e l i v e r y  tube.  I f  a  h i g h e r  f l o w  r a t e  was d e s i r e d ,  t h e  i n e r t  

g a s  (Ar) p r e s s u r e  w a s  i n c r e a s e d ,  more h e a t  was withdrawn from t h e  b o i l e r , a n d  

t h e  vapor  p r e s s u r e  of t h e  meta l  i n c r e a s e d  t o  match t h e  A r  p r e s s u r e  be ing  
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superimposed,  At a l l  t i m e s ,  t h e  p r e s s u r e  downstream of  t h e  s a p p h i r e  o r i f i c e  

was main ta ined  a t  h a l f  t h e  g e n e r a t o r  p r e s s u r e  o r  l e s s  t o  i n s u r e  t h a t  c r i t i c a l  

( s o n i c )  f l o w  w a s  mainta ined.  Under t h e s e  c o n d i t i o n s ,  t h e  f l u x  of r e a c t a n t  

vapor  was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  upst ream p r e s s u r e  on ly .  

At tempts  t o  f i n d  an a c c e p t a b l e  m a t e r i a l  from which t o  f a b r i c a t e  t h e  

o r i f i c e  r e q u i r e d  c o n s i d e r a b l e  e f f o r t .  The s a p p h i r e  used i n  o u r  f i r s t  model 

was found t o  c r a c k  and e r o d e  a f t e r  t h r e e  t o  f o u r  h o u r s  of o p e r a t i o n ;  it was 

r e p l a c e d  w i t h  304 s t a i n l e s s  s t e e l .  The s t e e l ,  t o o ,  eroded r a p i d l y .  A 0.33 mrn 

diam o r i f i c e  opened t o  abou t  1 mm diam i n  t h e  c o u r s e  of t h r e e  r u n s  of l e s s  t h a n  

one hour  d u r a t i o n  each. The f low c o n t r o l  a s p e c t  o f  t h e  problem cou ld  be  s o l v e d  

by r e p l a c i n g  t h e  f i x e d  s i z e  o r i f i c e  w i t h  a v a l v e  t h a t  cou ld  b e  z d j u s t e d  t o  com- 

p e n s a t e  f o r  t h e  i n c r e a s i n g  a p e r t u r e  s i z e  as t h e  o r i f i c e  eroded;  however, t h e  

con tamina t ion  i n t r o d u c e d  by e r o s i o n  s t i l l  p r e d i c a t e d  t h e  u s e  of a n  a l t e r n a t i v e  

m a t e r i a l .  

The sodium v a p o r i z e r  w a s  l a t e r  modif ied t o  g i v e  b e t t e r  f l o w  c o n t r o l  

and t o  a l l o w  complete s h u t o f f  of N a  d e l i v e r y  w i t h  t h e  b o i l e r  h o t .  T h i s  was 

accomplished by adding a n e e d l e  v a l v e  t o  t h e  d e l i v e r y  t u b e  c a p a b l e  of o p e r a t i n g  

a t  T ~ 1 2 0 0  K. The t a p e r e d  n e e d l e  and s e a t  were l o c a t e d  i n  t h e  v a p o r i z e r  a t  

t h e  upst ream end of t h e  d e l i v e r y  t u b e  ( s e e  Fig .  9 )  w h i l e  t h e  v a l v e  body ( t h r e a d s  

and Tef lon  s e a l i n g  m a t e r i a l )  was l o c a t e d  a t  t h e  end of a  s t a i n l e s s  s t e e l  exten-  ' 

s i o n  rod  some 20 cm away from t h e  ex t remely  h o t  r e g i o n .  Th is  ar rangement  gave 

good c o n t r o l  of t h e  m e t a l  vapor d e l i v e r y  r a t e  and c o o l  o p e r a t i o n  of t h e  v a l v e  

body. The n e e d l e  and s e a t  were f i r s t  c o n s t r u c t e d  of 304 s t a i n l e s s  s t e e l  and 

later  n i c k e l ,  b u t  bo th  m a t e r i a l s  were  s i g n i f i c a n t l y  eroded i n  l e s s  t h a n  two 

hours  of o p e r a t i o n .  A n e e d l e  and s e a t  of I n c o n e l  were t h e n  made and found t o  

be much more c o r r o s i o n  r e s i s t a n t .  However, a t  t h i s  t ime  we a l s o  modif ied o u r  

p rocedures  t o  remove small amounts of oxygen and/of  o x i d e s  which might b e  p res -  

e n t  i n  t h e  a l k a l i  m e t a l  v a p o r i z e r  and which e x i s t i n g  i n f o r m a t i o n  i n d i c a t e d  was 

a  prime s o u r c e  of c o r r o s i o n  problems. A scavenger  m a t e r i a l  which would r e a c t  

w i t h  any a v a i l a b l e  oxygen t o  form a s t a b l e  ox ide  was p laced  i n  t h e  v a p o r i z e r  

a long w i t h  t h e  a l k a l i  metal. I n  o r d e r  t o  p reven t  con tamina t ion  of t h e  sodium 

r e a c t a n t , s i l i c o n  was used as t h e  scavenger .  With t h e s e  m o d i f i c a t i o n s  t h e  

v a p o r i z e r  performance w a s  q u i t e  s a t i s f a c t o r y .  

The f i r s t  s i l i c o g  h a l i d e  v a p o r i z e r  was s i m i l a r  i n  d e s i g n  b u t ,  due t o  

t h e  lower t empera tu res  r e q u i r e d ,  h e a t i n g  was ach ieved  by c i r c u l a t i n g  h o t  w a t e r  

through a  j a c k e t  su r rounding  t h e  boTler .  The whole assembly w a s  c o n s t r u c t e d  
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of g l a s s  and t h e  vapor  f low was c o n t r o l l e d  by a s t a i n l e s s  s t e e i  v a l v e .  SiCI,, 

and SiBC13 were s u p p l i e d  from t h i s  a p p a r a t u s ,  shown i n  F ig .  1 0 ,  w h i l e  S iF& was , 

d e l i v e r e d  d i r e c t l y  from a  h i g h  p r e s s u r e  c y l i n d e r  u s i n g  a c o r r o s i o n  r e s i s t a n t  

r e g u l a t o r  and s t a i n l e s s  steel n e e d l e  v a l v e .  

. B, REACTOR 

I n i t i a l  low p r e s s u r e  exper iments  were performed i n  a steel r e a c t i o n  

chamber o f  35 cm diam w i t h  f i v e  p o r t s ,  two sets of opposed p o r t s  w i t h  one p o r t  

p e r p e n d i c u l s r  t o  t h e  p l a n e  of t h e  o t h e r  f o u r .  Two opposed p o r t s  were used f o r  

r e a g e n t  i n l e t s  a s  i n d i c a t e d  i n  Fig .  11. The o t h e r  two a r e  used f o r  v iewing and 

s p e c t r o s c o p i c  measurements. We chose t o  i n i t i a t e  t h e  program w i t h  low p r e s s u r e  

f lames of K and SiCl* w i t h  t h e  r e a g e n t s  be ing  i n t r o d u c e d  a s  opposed j e t s .  The 
' 

burner  housing was t h e r e f o r e  equipped w i t h  pumping c a p a b i l i t y  compris ing a  

8500 R min'" mechanical  pump. S i n c e  t h i s  r e a c t i o n  produces  o n l y  condensable  

p roduc t s  t h e r e  is,  i n  p r i n c i p l e ,  no need f o r  t h e  pump a f t e r  t h e  r e a c t o r  has  

been exhausted i n i t i a l l y .  However, i n  p r a c t i c e ,  i t  was found d e s i r a b l e  t o  

sweep t h e  windows and t h e  r e a c t o r  volume w i t h  s m a l l  f lows  of A r  t o  m a i n t a i n .  

v i s i b i l i t y .  
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Both r e a g e n t  g e n e r a t o r s  perfornied w e l l .  Some i r r e g u l a r i t i e s  i n  t h e  

b o i l i n g  o f  N a  o r  R were encounte red ,  p a r t i c u l a r l y  when a  f r e s h  charge  of m e t a l  

was hea ted  f o r  t h e  f i r s t  time. Also h e a t  l o s s e s  i n  tt:e a l k a l i  m e t a l  d e l i v e r y  

t u b e  caused condensa t ion  and c logg ing  i n  some exper iments .  A d d i t i o n a l  h e a r i n g  

o f  t h i s  s t a i n l e s s  s t e e l  t u b e  prevenred t h i s  behav ior .  

I n i t i a l l y  f l ames  of SiC14 were e s t a b l i s h e d  w i t h  R and l a t e r  w i t h  Na. 

Low p r e s s u r e ,  1 t o  1 0  Tor r  f l ames  were blue-green i n  c o l o r  and d i f f u s e  i n  I 

c h a r a c t e r .  The f l o w  of each r e a c t a n t  was v a r i e d  o v e r  t h e  range  of abou t  0 . 1  t o  

1 . 5  g  min-' by a d j u s t i n g  t h e  a p p r o p r i a t e  v a p o r i z e r  p r e s s u r e  (Ar) .  These f low 

r a t e s  were based on  c r i t i c a l  f low through o r i f i c e s  of known d iamete r .  A t  s t o i -  

chiometry  t h e  mass f low r a t i o  of Na/SiC14 is  4(23) /170 = 0.54 and o f  K/SiCl& is 

4(39) /170  = 0.92, When t h e  f lows  were c l o s e  t o  s t o i c h i o m e t r i c  r a t i o  t h e  f l ame  

p o s i t i o n e d  i t s e l f  n e a r l y  midway between t h e  two opposed r e a g e n t  j e t s .  Flames 

s t a b i l i z e d  i n  106-200 T o r r  k r  were ye l low i n  appearance and spatially v e r y  com- 

p a c t .  Ns v i s u a l  d i f f e r e n c e  was 011-nr-nd i n  u s i n g  K o r  Na a s  reduc ing  a g e n t .  

To b e t t e r  c h a r a c t e r i z e  r- &-+;on zone t empera tu res  and t o  g a i n  

i n f o r m a t i o n  about  t h e  t r a n s i e n t  s p e c i e s  p r e s e n t  and t h e  e n e r g y - t r a n s f e r  pro- 

c e s s e s  o c c u r r i n g  i n  a l k a l i  m e t a l - s i l i c o n  h a l i d e  f l ames ,  we have recorded  t h e  . 
emiss ion  s p e c t r a  o f  t h e s e  f l ames  and,  i n  t h e  same e s p e r i m e n t s ,  c o l l e c t e d  s o l i d  

p roduc t  samples .  The low p r e s s u r e  d i f f u s i o n  f l ames  of R + SiClt, and N a  + Sic14 

e x h i b i t  s i m i l a r  s p e c t r a 5  c h a r a c t e r i z e d  by s t r o n g  K o r  Na a tomic  emiss ion  l i n e s  

a l o n g  w i t h  s e v e r a l  chemiluniinescent bands i n  t h e  Llue r . ~ d  g r e e n .  Our i n i t i a l  

i n s t r u m e n t a l  exmi ina t ion  of t h i s  f lame was made u s i n g  an  f / 4  Spes  "llini-mate" 

0 .25  m monochromator w i t h  a 1P2S p h o t o m u l t i p l i e r  d e t e c t o r .  The monochromator was 

' o r i e n t e d  a t  a  r i g h t  a n g l e  t o  t h e  a s e s  of t h e  opposed r e a g e n t  i n l e t  t u b e ;  l i g h t  

from t h e  f l ame  between t h e  i n l e t s  was focused on t h e  e n t r a n c e  s l i t  w i t h  a  6 . 5  

cm dinm l e n s .  Although t h i s  ins t rument  had low r e s o l v i n g  power, i t s  l a r g e  apex- 

t u r e  nlade i t  a p p r o ~ i i a t e  f o r  t h e  r a p i d  survey work d e s i r e d  i n  p r e l i m i n a r y  

exper iments .  The s p e c t r a  of t h e  K/SiClr, Elames c o n t a i n  s t r o n g  enl iss ions  Eroni 

b o t h  K, a t  405 nni, and Na a t  589 nm. A continuum u n d e r l i e s  t h e  v i s i b l e  por- 

t i o n  of t h e  spectrum w i t h  an i n t e n s i t y  masimum n e a r  450 nm. 

A t y p i c a l  spectrum Erom a  NalSiClt, f l ame  which e x h i b i t s  i d e n t i c a l  

f e a t u r e s  t o  those  Erom K f l ames  w i t h  t h e  e s c e p t i o n  of t h e  K a t o m i c  l i n e s ,  i s  

g iven  i n  F i g . 1 2 .  The i n t e n s i t i e s  a r e  n o t  c o r r e c t e d  For t h e  wavelength  r e s p o n s e  



of  t h e  g r a t i n g  o r  t h e  d e t e c t o r .  The s t r o n g  l i n e s  a t  569,  4 9 5 ,  4 6 7 ,  and  450 nm 

( i n  a d d i t i o n  t o  t h e  r e s o n a n c e  d o u b l e t  at 589), are a t t r i b u t a b l e  t o  N a  e m i s s i o n  

from e s c e p t i o n a l l y  h i g h  ene rgy  l e v e l s .  The  569 nm l i n e ,  f o r  e s a m p l e ,  a r i s e s  

f rom t h e  4D l e v e l  of Na, n e a r l y  1 0 0  k c a l  above  t h e  g r o ~ i n d  s t a t e .  E s c i t a t i o n  

o f  t h i s  magn i tude  is  u s u a l l y  t h e  r e s u l t  o f  ene rgy  t r a n s f e r  p r o c e s s e s .  I11 t h e  

No/Cl-, sys t em t h e  prod .uc t ion  of  e s c i t e d  N a  h a s  been  n t t r i b u t e d " ~  t h e  r e a c t i o n s  

Na2 + C 1  -+ ~ a ~ l *  + Na 

and Na + ~ a ~ l *  -." NaCl -t ~ a "  

i . e . ,  t r a n s f e r  o f  v i b r a t i o n a l  e n e r g y  d e p o s i t e d  i n  t h e  d i a t o m i c  p r o d u c t  of a 

h i g h l y  e s o t h e r m i c  r e a c t i o n  t o  t h e  f r e e  atom. 

The o n l y  o t h e r  i d e n t i f i a b l e  f e a t u r e s  o f  t h i s  s p e c t r u m  were l i n e s  wllich 

a p p e a r  t o  b e  d u e  t o  e s c i t e d  S i  atoms.  T h e s e  e m i s s i o n s  were  d e t e c t a b l e  o n l y  f rom 

t h e  b r i g h t e s t  r e g i o n s  of t h e  f l a m e s  and are q u i t e  weak. T h i s  was d u e  t o  t h e  

f a c t  t h a t  t h e  S i  l i n e s  i n  t h e  v i s i b l e  p o r t i o n  of t h e  s p e c t r ~ i m  o r i g i n a t e  f rom 

v e r y  h i g h  ene rgy  l e v e l s  ; a s e a r c h  i n t o  t h e  u l  t r n v i o l c t  was i n d i c a t e d .  

I I I I I 
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The bands i n  t h e  400-500 nm r e g i o n  were n o t  i d e n t i f i e d .  It i s  worth 

n o t i n g ,  however, t h a t  bands of a v e r y  s i m i l a r  n a t u r e  were observed i n  t h e  
13 

r e a c t i o n  zones of t h e  SiCl,,/H non-eqni l ibr ium plasma j e t .  The most l i k e l y  

c a n d i d a t e  emitters, then ,  would appear  t o  be  S i 2 ,  S i c 1  o r  SiC12 a l t h o u g h  i f  

e i t h e r  of t h e  former  two a r e  r e s p o n s i b l e ,  they  must be  i n  ex t remely  h i g h  energy  

s t a t e s ,  as w e l l .  

A d d i t i o n a l  exper iments  were performed t o  r e c o r d  t h e  u l t r a v i o l e t  

s p e c t r a  o f  Na/SiC14 f l ames  from 200 t o  400 nn u s i n g  t h e  same equipment a s  i n  

o u r  e a r l i e r  e s p e r i m e n t s  b u t  v iewing through a  q u a r t z  window. An u l t r a v i o l e t  

bandpass f i l t e r  (Corning 7-54, 240 < X/nm < 400) was a l s o  used i n  some e s p e r i -  

ments.  F i g u r e  1 3  shows a  t y p i c a l  spectrum o b t a i n e d  w i t h o u t  t h e  bandpass  f i l -  

t e r .  S t r o n g  emiss ions  a t t r i b u t a b l e  t o  N a  were observed a t  330, 309, 255, and 

268 nm and t o  S i  a t  255 and 252 nm. S e v e r a l  weaker emiss ion bands from 225 

t o  249 nm were f i r s t  a t t r i b u t e d  t o  S iCl ,  bu t  l a t e r  h i g h e r  r e s o l u t i o n  s p e c t r a  

a l lowed a d e t e r m i n a t i o n  t h a t  t h e  e m i t t i n g  s p e c i e s  was SiO produced from reac-  

t i o n  w i t h  e i t h e r  oxygen i n  t h e  r e a g e n t s  o r  w i t h  r e s i d u a l  O p  i n  t h e  r e a c t i o n  

chambers. The band a t  259 nm remains  u n i d e n t i f i e d .  

A c a l c u l a t i o n  of t h e  e f f e c t i v e  t empera tu re  of t h e  S i ,  assuming equi-  

l i b r i u m  e s c i t a t i o n ,  was made from t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  S i  a tomic  

emiss ion  observed a t  258 and 252 nm and t h e  corresponding p u b l i s h e d  t r a n s i t i o n  

p r o b a b i l i t i e s .  Emission a t  t h e  l a t t e r  wavelength was assumed t o  be  due  t o  a  

combinat ion of t h e  S i  l i n e s  a t  251.4, 251.6, 251.9, 252.4 and 252.5 nm. T h i s  

p rocedure  y i e l d e d  a  t empera tu re  o f  4900 K--some 2500 K above t h e  a d i a b a t i c  

maximum. Non-equil ibrium e s c i t a t i o n  of t h i s  n a t u r e  i n d i c a t e s  e i t h e r  t h a t  t h e  

e m i t t i n g  s i l i c o n  atoms a r e  produced i n  h i g h l y  eso thermic  chemical  r e a c t i o n s  

l e a d i n g  d i r e c t l y  t o  e x c i t e d  s t a t e s ,  o r  p o s s i b l y  t h a t  S i  atoms a r e  long- l ived  

enough t o  undergo energy-pooling c o l l i s i o n s  from high-energy e l e c t r o n i c / v i b r a -  

t i o n  s t a t e s  of d i a t o m i c  molecules .  These S i  atoms, then ,  a r e  n o t  i n  the rmal  

e q u i l i b r i u m  w i t h  t h e  remainder of t h e  g a s ,  s o  an a c c u r a t e  f lame tempera tu re  was 

n o t  a t t a i n a b l e  from t h i s  s p e c i e s .  

Tde a l s o  o b t a i n e d  emiss ion s p e c t r a  from Elames of Na 4- SiFlCl,, 

Na + S i F 4 ,  and K + SiF4. The spectrum from a  Na + SiHC13 f lame i s  shown i n  

F i g .  14.  The spectrum i s  dominated by N a  l i n e s  w i t h  an o v e r l a p p i n g  b road  con- 

tinuum peaking a t  a wavelength o f  about 500 nm. The emiss ion  due t o  si lf5 ob- 

se rved  a t  414 nm i n  t h i s  f lame had not  been observed i n  t h e  Na + SiC14 Elames. 



FIGURE 13 N a  + S i C 1 4  F W I E  ULTRAVIOLET SPECTRUPI 
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FIGURE 1 4  N a  + SiHC13  FLtUlE SPECTRUN 



The u l t r a v i o l e t  p o r t i o n  o f  t h i s  s p e c t r u m  c o n s i s t s  o f  N a  l i n e s  a t  330 and 309 

nm p l u s  a number o f  weaker  bands  a t  w a v e l e n g t h s  less t h a n  300 nm. The SiO 

bands  f rom a p p r o s i m a t e l y  215 t o  245 nm and t h e  S i  a t o n d c  e m i s s i o n  a t  3 5 1  and 

288 nm were a g a i n  o b s e r v e d  as in t h e  Na + SiC14 f l a m e  b u t  a t  much l o v e r  

i n t e n s i t i e s .  

Flames o f  S I F b  w i t h  e i t h e r  Ma o r  R were  n o t  found t o  e x h i b i t  t h e  

s t r o n g  e m i s s i o n s  t h a t  c h a r a c t e r i z e  t h e  S i C l 4  and SiHCls f l a m e s .  Both  S i F b  

f l a m e s  were  j u s t  b a r e l y  v i s i b l e ,  t h e  s p e c t r u m  showing o n l y  N a  l i n e s  a t  5 8 9  and 

5 6 9  nni. No u l t r a v i o l e t  e m i s s i o n  was o b s e r v e d .  From t h e  d i f f e r e n c e  i n  t h e  

a d i a b a t i c  f l a m e  t e m p e r a t u r e  be tween S i F 4  and SiC14 s y s t e m s  ( s e e  S e c t i o n  1 1 )  

t h e  sodium e m i s s i o n  i n t e n s i t y  would be  e x p e c t e d  t o  be  smaller by more t h a n  two 

o r d e r s  o f  magn i tude ,  r o u g h l y  i n  a c c o r d  w i t h  o u r  o b s e r v a t i o n s .  

S o l i d  p r o d u c t  material was o b s e r v e d  t o  d e p o s i t  on t h e  r e a c t o r  w a l l s  

and r e a g e n t  i n l e t  t u b e s  d u r i n g  t h e s e  o p p o s e d - j e t  e s p e r i m e n t s .  S e v e r a l  s amples  

w e r e  t a k e n  o f f  t h e  w a l l s  a f t e r  r u n s  w i t h  SiC14 and e i t h e r  K o r  N a .  The r e a c -  

t i o n  p r o d u c t  appea red  t o  b e  a  m i x t u r e  o f  brown and w h i t e  powders.  The c o n f i g -  

u r a t i o n  o f  t h e  r e a c t o r  p r e c l u d e d  d e t e r m i n a t i o n  o f  t h e  t i m e  r e q u i r e d  f o r  p a r t i -  

- c l e  f o r m a t i o n  s i n c e  t h e r e  was no b u l k  g a s  f low.  The d e p o s i t s  accumula t ed  o n  

a l l  t h e  w a l l s  o f  t h e  a p p a r a t u s ;  t h e y  a d h e r e d  v e r y  l o o s e l y  t o  t h e  w a l l s  and  d i d  

n o t  form d e n s e  ag.g.lomerates. A t  some p o s i t i o n s  i n  t h e  r e a c t o r  t h e  powder was 

n e a r l y  a l l  w h i t e ,  a t  o t h e r s ,  a  d a r k  brotm. 

T h e r e  were no a p p a r e n t  v i s u a l  d i f f e r e n c e s  i n  t h e  p r o d u c t s  o f  t h e  

two a l k a l i  metals. A f t e r  t h e  powders were  c o l l e c t e d ,  t h e y  w e r e  p l a c e d  i n  a  

f i l t e r  f u n n e l  and washed w i t h  d i s t i l l e d  w a t e r  and d i l u t e  HC1. A f t e r  d r y i n g ,  

t h e  p r o d u c t  was i n  t h e  form of a d a r k  brown cake  which crumbled  r e a d i l y  i n t o  a  

f r e e l y  f l o w i n g  powder. E s a m i n a t i o n  u n d e r  a m e t a l l u r g i c a l  m i c r o s c o p e  r e v e a l e d  

apg lo rne ra t e s  of  i r r e g u l a r  s h a p e s  and s i z e s  t h a t  a p p e a r e d  t o  be  composed o f  

sub-micron r o u g h l y  s p h e r i c a l  p a r t i c l e s .  

I n  o r d e r  t o  d e t e r m i n e  whe the r  i m p u r i t i e s  i n  t h e  r e a g e n t s  become more 

o r  less  c o n c e n t r a t e d  as t h e y  are c o n v e r t e d  t o  p r o d u c t ,  we pe r fo rmed  a series 

o f  q u a l i t a t i v e  a n a l y s e s  f o r  heavy e l e m e n t s  u s i n g  X-ray f l u o r e s c e n c e .  Samples 

o f  t h e  t e c h n i c a l  g r a d e  SiCl,, r e a g e n t  were  hydro lyzed  i n  d i s t i l l e d  H20 and t h e  

r e s u l t a n t  S iOz used  a s  t h e  b a s i s  o f  compar ison  f o r  p r o d u c t  p u r i t y .  The 

r e a g e n t s  e x h i b i t e d  f l u o r e s c e n c e  f rom t h e  c o n t a m i n a n t s  Fe ,  Hg, Cu, N i ,  Zn, and 

B r .  The washed,  brown amorphous s i l i c o n  p r o d u c t  c o n t a i n e d  no d e t e c t a b l e  Hg o r  



P.r and reduced q u a n t i t i e s  ( 4  1 0  ppm) of Cu, N i ,  and Zn. The Fe c o n t e n t  of 

b o t h  r e a g e n t s  and p roduc t s  w a s  h i g h l y  v a r i a b l e ;  r u s t  from t h e  i n s i d e  of t h e  

r e a c t o r  and con tamina t ion  by s t a i n l e s s  s t e e l  l a b o r a t o r y  u t e n s i l s  used i n  t h e  

washing p r o c e s s e s  were probably  r e s p o n s i b l e .  Q u a n t i t a t i v e  measurements were  

d e f e r r e d  u n t i l  exper iments  could  be r u n  under more c a r e f u l l y  c o n t r o l l e d  

c o n d i t i o n s .  

For both  of t h e  S i F 4  f l ames  t h e  s o l i d  p roduc t  c o l l e c t e d  from t h e  

r e a c t o r  w a l l s  was found,  a f t e r  washing w i t h  w a t e r ,  t o  be. a  t a n  powder u n l i k e  

t h e  d a r k  brown produc t  of t h e  SiC14 and SiHC13 f lames.  S i n c e  t h e  a b s t r a c t i o n  

r e a c t i o n s  of N a  w i t h  SiF,, x = 1-4, a r e  endothermic  and,  by analogy w i t h  

s i m i l a r  r e a c t i o n s ,  a r e  expected t o  o c c u r  s lowly ,  t h e  p r o d u c t i o n  of s i l i c o n  

and n u c l e a t i o n  of t h e  s o l i d  would be expec ted  t o  b e  s lower  t h a n  f o r  t h e  

r e a c t i o n s  of o t h e r  s i l i c o n  h a l i d e s .  



I V  8 FLOW RFACTOR FXPFR IMFNTS 

A ,  APPARATUS 

I n  t h e  opposed- je t  exper iments  t h e  r e a c t i o n  p r o d u c t s  had l i t t 1 . e  n e t  

f low v e l o c i t y  and a m a j o r i t y  of t h e  p roduc t  e i t h e r  s e t t l e d  t o  t h e  bottom of 

t h e  chamber o r  condensed on i t s  w a l l s .  Reagent f low r a t e s  were q u i t e  low and 

t h e  c o n f i g u r a t i o n  d i d  n o t  a l l o w  v a r i a t i o n s  of pa ramete rs  such  a s  w a l l  tempera- 

t u r e  o r  b u l k  g a s  (Ar) f low v e l o c i t y .  A t u b u l a r  f low r e a c t o r  was t h e r e f o r e  

des igned t o  s t u d y  t h e  o v e r a l l  r e a c t i o n  r a t e ,  p roduc t  condensa t ion  a n d  depos i -  

t i o n  r a t e s ,  and s e p a r a t i o n  and c o l l e c t i o n  e f f i c i e n c y .  Higher  mass f low r a t e s  

and w a l l  t empera tu res  were a l s o  t o  b e  i n v e s t i g a t e d .  

B a s i c a l l y ,  t h e  t u b u l a r  f low r e a c t o r  c o n s i s t e d  of a 200 cm l o n g ,  1 5  

cm diam, heavy-walled Pyrex p i p e  w i t h  r e a g e n t  and i n e r t  g a s  d e l i v e r y  sys tem a t  

one end and connec t ion  t o  a  vacuum system a t  t h e  o t h e r  end. F i g u r e  1 5  shows 

t h e  o v e r a l l  c o n f i g u r a t i o n  of t h e  a p p a r a t u s .  An i n n e r  t u b e  of smaller d i a m e t e r  

was used t o  i n c r e a s e  t h e  l i n e a r  f low v e l o c i t y  of t h s  g a s  and t o  a l l o w  i n s u l a -  

t i o n  and /or  h e a t i n g  of t h e  i n n e r  r e a c t o r  t u b e  w a l l s .  The f i g u r e  shows t h e  

a p p a r a t u s  a s  r u n  w i t h  u n i n s u l a t e d  w a l l s  u s i n g  a  120 cm l o n g ,  6.4 cm diam Pyrex 

r e a c t i o n  tube  i n s e r t .  Var ious  t u b e  m a t e r i a l s  and dimensions  were used d u r i n g  

t h e  c o u r s e  of t h e  program. A g l a s s  wool p a r t i c l e  f i l t e r  was used  t o  p r e v e n t  

f i n e  d u s t  from r e a c h i n g  t h e  vacuum pump ( a  S tokes  300 f t 3  min-I pump). The 

a p p a r a t u s  w a s  capab le  of o p e r a t i n g  a t  p r e s s u r e s  from 2 atm down t o  a  few Tor r  

and was segmented t o  p r o v i d e  a c c e s s  f o r  p roduc t  sample removal.  

The i n l e t  f l a n g e  i s  shown i n  Fig.  16. The a l k a l i  m e t a l  and s i l i c o n  

h a l i d e  v a p o r i z e r s  have been describ 'ed i n  S e c t i o n  I11 and were s imply  moved 

from t h e  opposed-jet  r e a c t o r  t o  t h i s  a p p a r a t u s .  I n  t h e  i n i t i a l  c o n f i g u r a t i o n ,  

t h e  S i C I L  was added u s i n g  a  4 cm diam i n j e c t o r  r i n g  of 0.3 cm s t a i n l e s s  s t e e l  

tub ing .  I n  t h e s e  exper iments  r e a g e n t  mixing was poor and t h e  s i l i c o n  produc- 

t i o n  i n  t h e  t u b e  was r e l a t i v e l y  i n e f f i c i e n t .  A modif ied i n l e t  r e g i o n  was con- 

s t r u c t e d ,  a s  shown i n  Fig.  17 ,  t o  i n c r e a s e  t h e  mixing r a t e  and f l ame  i n t e n s i t y .  

A t h i r d  a n n u l a r  n o z z l e  was a l s o  i n c o r p o r a t e d  t o  a l l o w  t h e  a d d i t i o n  of an i n e r t  

gas  o r  a H 2 / A r  mixture .  The c o n f i g u r a t i o n  shown i n  Fig .  17 h a s  t h e  i n e r t  g a s  

e x i t i n g  t h e  n o z z l e  between t h e  r e a g e n t s ;  t h e  SiC14 and A r  i n l e t  were  exchange- 

a b l e  f o r  cxper iments  w i t h  an  o u t e r  s h e a t h  of gas .  The n o z z l e s  were  c o n s t r u c t e d  

of s t a i n l e s s  s t e e l ;  t h e  main f l a n g e  was go ld-p la ted  aluminum and water-cooled 

t o  t r a n s f e r  away t h e  h e a t  of r e a c t i o n ,  
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FIGURE 17 AlJNULAR NOZZLE FLOW REACTOR INLET SECTION 

One of t h e  o b j e c t i v e s  of exper iments  w i t h  t h i s  a p p a r a t u s  was t o  

s i m u l a t e  c o n d i t i o n s  of t h e  proposed Westinghouse a r c - j  e  t p r o c e s s  "or s i l i c o n  

p r o d u c t i o n  i n  which s i l i c o n  h a l i d e  i s  reduced by r e a c t i o n  w i t h  sodium. I n  

t h i s  d e s i g n  t h e  r e a g e n t s  a r e  sprayed i n  as l i q u i d s  and a d d i t i o n a l  h e a t  i n p u t  is 

s u p p l i e d  by a j e t  of H 2 / A r  a rc-heated t o  T - 3500 K. It was recognized  a t  t h e  

o u t s e t  t h a t  i t  would be imposs ib le ,  and indeed unnecessa ry>  t o  c o n s t r u c t  an 

e x a c t  s m a l l  s c a l e  ana log  of t h e  Westinghouse a p p a r a t u s .  I n s t e a d  r e a c t i o n s  were 

t o  be r;n under thermodynamically i d e n t i c a l  c o n d i t i o n s  w i t h  t h e  i n p u t  e n t h a l p y  

d i s t r i b u t e d  among a l l  t h e  r e a c t a n t s  r a t h e r  t h a n  be ing  c o n c e n t r a t e d  mainly i n  

t h e  H Z / . h r  a r c - j e t  s t r eam a s  i n  t h e i r  a p p a r a t u s .  Tab le  111 summarizes t h e  i n p u t  

c o n d i t i o n s  of each of t h e  two r e a c t o r s .  The e n t h a l p y  of t h e  H 2 / A r  (mol r a t i o  

4 : l )  s t r eam i s s u i n g  from t h e  a r c  j e t  was t a k e n  a s  57.6 k c a l  mol-' (6  kca l  g-') , 
a  v a l u e  l y i n g  i n  t h e  c e n t e r  of t h e  90 t o  135 kg h" o p e r a t i n g  enve lope  f o r  

s i l i c o n  p roduc t ion .  The e n t h a l p i e s  f o r  l i q u i d  N a  a t  500 K and S i C l b  i n  i t s  

s t a n d a r d  s t a t e  a t  298 K f o r  t h e  arc-jet input were t a k e n  from t h e  JANAF Thermo- 
11 chemical  Tab les .  A f t e r  m u l t i p l y i n g  by t h e  a p p r o p r i a t e  mole f r a c t i o n s  s p e c i -  

f i e d  i n  Ref. 16 and summing, a v a l u e  of -1.9 k c a l  mol" i s  o b t a i n e d .  
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AeroChem Westinghouse 
S imula t ion  Reactor  Arc-Jet  Reac to r  

Flo l e  
Reac tan t  F r a c t i o n  S t a t e  T  ( K )  H (kca l )  S t a t e  T (K) H (kca l ;  

4Hz / A r  0 .33  g a s  1300 2.2 sas - 3 6 0 0 ~  19.2  

Na 0.53 gas  1200 1 6 . 1  l i q u i d  500 1.1 ' 

SiC14. 0.14 g a s  600 -20.2 l i q u i d  298 -22.2 

T o t a l  -1.9 -1.9 

a  Es t imated  from Fig .  5 .2  Ref. 1 6 f 0 r  h e a t i n g  v a l u e  of 6  k c a l  g - ' .  

To match t h i s  e n t h a l p y  i n  t h e  a p p a r a t u s  of Fig .  1 5  i n  which t h e  N a  

and SiC14 a r e  b o t h  in t roduced  as vapor  a t  t h e  t empera tu res  i n d i c a t e d  i n  Tab le  

111, t h e  H 2 ( A r  f r a c t i o n  must have a h e a t  c o n t e n t  of 2.2 k c a l  o r  6.7 k c a l  mol". 

T h i s  e n t h a l p y  i s  achieved i n  a H2/Ar = 4 : l  m i x t u r e  a t  a  t empera tu re  s l i g h t l y  

i n  excess  of 1300 K. These c o n d i t i o n s  a r e  e a s i l y  a t t a i n a b l e  w i t h  c o n v e n t i o n a l  

r e s i s t i v e l y  hea ted  l a b o r a t o r y  f u r n a c e s  such as t h e  one i n d i c a t e d  i n  Fig.  18. 

The oven c o n s i s t s  of a s tand&d 1.2 kW r e s i s t a n c e  h e a t e r  i n  a  w e l l  . i n s u l a t e d  

c o n t a i n e r .  T e s t s  showed t h a t  t h i s  a p p a r a t u s  could  achiev,: ,:emperatures g r e a t e r  

t h a n  t h e  r e q u i r e d  1300 K. A small h e a t e r  f o r  t h e  SiC14 (or a t h e r  s i l i c o n  h a l i d e )  

vapor was a l s o  added. T h i s  was s imply a h e a t e d  q u a r t z  t u b e  i n  t h e  f low l i n e  

between t h e  h a l i d e  v a p o r i z e r  and t h e  r e a c t o r ,  w i t h  a thermocouple a t  i t s  e x i t . ,  

A s t a i n l e s s  s t e e l  t u b e  w a s  f i r s t  used b u t  t h e  m e t a l  was r a p i d l y  a t t a c k e d  by t h e  

h o t  SiC14. The q u a r t z  showed no s i g n s  of r e a c t i o n  w i t h  t h e  SiC1, and no decom- 

p o s i t i o n  p r o d u c t s  were found i n  t h e  e x i t  tube .  T h i s  h e a t e r  a l l o w s  some f l e x i -  

b i l i t y  i n  t h e  t empera tu re  t o  which t h e  H 2 / A r  s t r eam had t o  be h e a t e d  i n  

exper iments  des igned  t o  s i m u l a t e  t h e  Westinghouse p rocess .  The polyatomic SiC14 

(and o t h e r  s i l i c o n  h a l i d e s  a s  w e l l )  h a s  a c o n s i d e r a b l y  h i g h e r  h e a t  c a p a c i t y  t h a n  

a  H 2 / A r  mix tu re ,  s o  h i g h e r  i n p u t  e n t h a l p i e s  could be achieved by r a t h e r  modest 

p r e h e a t i n g  of t h i s  r e a g e n t  s t ream.  For example, t h e  r a t i o  Cp(SiC14)/Cp(4Hz/Ar) 

a t  500 K i s  3 . 5 ,  t h u s  r e q u i r i n g  h e a t i n g  of t h e  SiC14 on ly  100 K t o  p r o v i d e  

a d d i t i o n a l  r e a c t i o n  zone e n t h a l p y  e q u i v a l e n t  t o  h e a t i n g  t h e  Hz./Ar 350 K. 

The a d i a b a t i c  f lame tempera tu res  i n  bo th  r e a c t o r s  a r e ,  of c o u r s e ,  

i d e n t i c a l  s i n c e  t h e  t o t a l  i n p u t  e n t h a l p i e s  and composi t ions  have been matched. 

Th is  t empera tu re  i s  2370 K. The p roduc t  composi t ion a t  t h i s  t e m p e r a t u r e ,  ca lcu-  

l a t e d  a g a i n  w i t h  t h e  A i r  Force ISP thermochemical e q u i l i b r i u m  code,  i s  g iven  i n  
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FIGURE 1 8  H2/AR OVEN 

Table  I V .  S i l a n e ,  t h e  c h l o r o s i l a n e s ,  S i 2 ,  and S i 3  were c a l c u l a t e d  t o  be pres-  

e n t  i n  q u a n t i t i e s  l e s s  t h a n  mole f r a c t i o n  and a r e  n o t  l i s t e d  i n  t h e  t a b l e .  

The o n l y  s i g n i f i c a n t  gas-phase s i l i c o n - c o n t a i n i n g  s p e c i e s  is  s e e n  t o  be SiC12, 

account ing  f o r  7% of t h e  t o t a l  s i l i c o n  p r e s e n t ,  Hydrogen is  o n l y  s l i g h t l y  

r e a c t i v e ,  producing s m a l l  amounts of H C 1  i n  t h e  p roduc t  d i s t r i b u t i o n .  

B ,  f l  OW RFACTOR FXPFRIMFNTS 

O v e r ' f i f t y  Na + SiCl,, exper iments  were r u n  i n  t h e  f low t u b e  r e a c t o r  

under a  v a r i e t y  of c o n d i t i o n s .  The f i r s t  group of exper iments  was r u n  under  

c o n d i t i o n s  s i m i l a r  t o  t h o s e  of t h e  \Jes t inghouse p rocess .  Heated H 2 / A r  d i l u e n t  

was used t o  i n c r e a s e  t h e  f lame t e m p e r a t u r e ' t o  about  2400 K. Reac to r  p r e s s u r e s  

and l i n e a r  f low v e l o c i t i e s  were r e l a t i v e l y  low a t -  0.1 t o  0.25 atm and 50 t o  

200 cm s-', r e s p e c t i v e l y .  Nominal r e a g e n t  d e l i v e r  r a t e s  were 0.03 and 0.12 

mol min-I f o r  S i C l 4  and N a .  An unheated 6.0 cm i . d .  q u a r t z  t u b e  was used.  

These c o n d i t i o n s  r e s u l t e d  i n  r a p i d  c o o l i n g  of t h e  r e a c t i o n  p r o d u c t s  w a l l s .  

Samples of t h i s  product  were found ( a s  i n  p r i o r  exper iments )  t o  be composed of 

v e r y  f i n e  p a r t i c l e s  ( a  1 u m  diam).  I f  t h e  two condensed p r o d u c t s  d e p o s i t  



TABLE I V  

CALCULATED EQUILIBRIlJlf PRODUCT COMPOSITION 

OF N a  + SiC14 REACTION 3ILTJTED WITH l I 2 / ~ r a  

S p e c i e s  

A r  

C1 

H 

HC1 

H P  

N a  

NaH 

N a C l  

Mole % 

6.57 

0.07 

0.62 

3.65 

23.92 

5 . 4 1  

0.03 

46.40 

Weight % 

7.01 

JLa? 
0.02 

3.55 

1 .27 

3.15 

0.02 

72.37 

a 
Condi t ions  a s  i n  Tab le  111 f o r  an  a d i a b a t i c  r e a c t i o n  t empera tu re  o f  2370 K. 

i n  t h e i r  s t o i c h i o m e t r i c  4NaC1 + S i  r a t i o ,  t h e  samples would be 89.3% sal t  

and 10.7% s i l i c o n  by weight .  S i n c e  t h e  sa l t  i s  e a s i l y  removed by washing w i t h  

s l i g h t l y  a c i d i c  (HC1) w a t e r ,  a n  i n v e s t i g a t i o n  was made t o  see i f  samples  t a k e n  

from d i f f e r e n t  p a r t s  of t h e  r s a c t i o n  v e s s e l  con ta ined  h i g h e r  s i l i c o n  f r a c t i o n s .  

Samples t a k e n  from t h e  f lame r e g i o n  o f  t h e  r e a c t o r  ( t h e  f i r s t  20 cm of t h e  t u b e )  

were found t o  be  50% r i c h e r  i n  s i l i c o n  than  s t o i c h i o m e t r i c ,  w i t h  i n s o l u b l e  f r a c -  

t i o n s  of 16-22%. Samples t aken  from t h e  downstream p o r t i o n  of t h e  r e a c t o r  were 

found t o  b e  10-12% i n s o l u b l e .  Thus we s e e  t h a t  i n  t h e s e  exper iments ,  which 

appear  t o  be  c h a r a c t e r i z e d  by r a p i d  n u c l e a t i o n  of b o t h  p r o d u c t s ,  s i l i c o n  i s  

a p p a r e n t l y  d e p o s i t i n g  o n t o  t h e  w a l l s  f a s t e r  than  t h e  sa l t .  Samples of t h e  

washed p r o d u c t  from t h e s e  exper iments  were s u b j e c t e d  t o  i m p u r i t y  a n a l y s i s  ( s e e  

S e c t i o n  1II .C)  



Thc second s e r i e s  of exper iments  w a s  performed i n  t h i s  same 6 . 0  cm 

q u a r t z  t u b e  h e a t e d  t o  approximately  900 K p r i o r  t o  s t a r t i n g  t h e  r e a c t i o n .  The 

f lame e x o t h e r m i c i t y  f u r t h e r  h e a t s  t h e  t u b e  w a l l s  i n  t h e  r e a c t i o n  zone.  Two 

exper iments  were performed w i t h  H 2 / A r  d i l u e n t  a t  approx imate ly  1000 K and two 

w i t h  300 K pure  A r  d i l u e n t ,  b o t h  sets a t  volume f low r a t e s  of S O ( S T P ) C ~ ~  s-I 

( l i n e a r  f low v e l o c i t i e s  = 7 0  cm s - I ) .  Another r u n  was made w i t h  h o t  H 2 / A r  a t  

h a l f  t h e  d i l u e n t  f l o w  r a t e .  I n  t h e s e  exper iments  most of t h e  p r o d u c t  c o l l e c t e d  

i n  t h e  f i r s t  h a l f  of t h e  100 cm long q c a r t z  tube .  S p e c i f i c a l l y ,  i n  s e v e r a l  r u n s  

a n  average  of 76% of t h e  s o l i d  was i n  t h e  upst ream h a l f  of t h e  t u b e ,  6% i n  t h e  

downstream h a l f ,  and 18% c o l l e c t e d  on t h e  p a r t i c l e  f i l t e r  i n  t h e  l i n e  t o  t h e  

vacuum pump. The p a r t i c l e  s i z e  of t h e  m a t e r i a l  from t h e  f i l t e r  was s m a l l e s t  

and was found t o  be  s l i g h t l y  r i c h  i n  sa l t  c o n t e n t .  L i t t l e  d i f f e r e n c e  was noted 

i n  s o l i d  p roduc t  d e p o s i t i o n  o r  c h a r a c t e r  between t h e  exper iments  u s i n g  t h e  h o t  

H 2 / A r  and cold  A r  d i l u e n t .  The f lame,  however, was less luminescen t  when H, 

was p r e s e n t  i n  t h e  d i l u e n t .  The r e a s o n  f o r  t h i s  d i f f e r e n c e  i s  n o t  unders tood.  

Samples of t h e  washed p roduc t  from t h e s e  exper iments  were a l s o  ana lyzed  f o r  

i m p u r i t i e s .  

To i n c r e a s e  t h e  l i n e a r  f low v e l o c i t y  and r e a c t o r  w a l l  t empera tu re  w e  

a l s o  used a q u a r t z  tube  w i t h  2.1 cm diam. Flow v e l o c i t i e s  were i n c r e a s e d  by a 

f a c t o r  of e i g h t  and much h i g h e r  w a l l  t empera tu res  were achieved.  The NaCl/Si 

m i x t u r e  was f u s e d  t o  t h e  r e a c t o r  w a l l s ,  demons t ra t ing  t h a t  t e m p e r a t u r e s  i n  

excess  o f  t h e  m e l t i n g  p o i n t  of s a l t  (1074 K) were achieved.  Fol lowing t h e s e  
I 

exper iments  t h e  s m a l l  q u a r t z  t u b e  w a s  b r i t t l e ,  cracked e a s i l y ,  and i t  was i m -  

p o s s i b l e  t o  s e p a r a t e  t h e  f u s e d  p roduc t  from t h e  r e a c t o r  w a l l s  wi thou t  d e s t r o y -  

i n g  t h e  tube.  Other  t u b e  m a t e r i a l s  o r  b e t t e r  t empera tu re  c o n t r o l  a l o n g  t h e  

p i p e  were needed f o r  t h e s e  h i g h  t empera tu re  exper iments  s o  s e v e r a l  exper iments  

were performed u s i n g  a h i g h  p u r i t y  alumina t u b e  of 2.5 cm i . d .  Alumina i s  n o t ,  

however, expec ted  t o  be an  a c c e p t a b l e  m a t e r i a l  f o r  t h e  r e a c t o r  w a l l s ,  s i n c e  t h e  

sodium does  r e a c t  w i t h  t h i s  m a t e r i a l  and A 1  con tamina t ion  of t h e  s i l i c o n  would 

be expected.  Very h i g h  w a l l  t empera tu res  were  ach ieved  i n  t h e s e  exper iments ,  

e s t i m a t e d  t o  b e  1300-1500 K. Almost a l l  of t h e  s o l i d  p roduc t  w a s  found i n  t h e  

1 0  cm downstream from t h e  f lame zone. Th is  m a t e r i a l  was d a r k  b rown,c rys ta l -  

l i n e ,  and covered most of t h e  c r o s s  s e c t i o n a l  a r e a  of t h e  tube.  Large f u s e d  

s a l t  c r y s t a l s  w e r e  found a t  t h e  downstream end of t h e  d e p o s i t .  



A Na + SiF4  exper iment  was run  i n  t h e  6 .0  cm i . d .  unheated t u b u l a r  

f low r e a c t o r  us ing  Ar d i l u e n t  a t  T  = 1000 K. A s  was observed i n  o u r  e a r l i e r  

exper iments  i n  t h e  opposed- je t  r e a c t o r ,  t h i s  f lame w a s  n o t  a s  i n t e n s e l y  chemi- 

luminescen t  as t h e  SiC14 f l ames .  Large q u a n t i t i e s  of s o l i d  p r o d u c t ,  

s i m i l a r  i n  appearance t o  t h e  p rod~acr  of S?.Pi4 r e a c t i o n s ,  were d e p o s i t e d  o n t o  

t h e  r e a c t o r  w a i l s .  The washed p roduc t  was d a r k  brown, i n  c o n t r a s t  t o  t h e  t a n  

c o l o r  of t h e  product  from our  e a r l i e r  S iF4  exper iments .  Weight-loss measure- 

ments showed a  l a r g e  i n s o l u b l e  f r a c t i o n  n e a r  t h e  f lame zone,  w i t h  18.2% i n s o l u -  

b l e  compared t o  6.5% remaining a f t e r  washing of t h e  downstream produc t .  The 

s t o i c h i o m e t r i c  p roduc t  o f  t h i s  r e a c t i o n  would be 14.3% s i l i c o n .  However, a  

p o s s i b l e  i n t e r f e r e n c e  t o  t h e  p r o d u c t i o n  o f  s i l i c o n  due t o  t h e  r e a c -  

t i o n  S iF4  + 2NaF 2 Na2SiF6, t h i s  p roduc t  a l s o  be ing  i n s o l u b l e  i n  w a t e r .  To 

test  whether our  i n s o l u b l e  p roduc t  was S i  o r  a  mb-:1-re of  S i  and Na2SiF6,  we 

hea ted  a sample t o  1308 K under  vacuum. At t h i s  t empera tu re  t h e  e q u i l i b r i u m  

vapor  p r e s s u r e  of SiF4 would be g r e a t e r  t h a n  one atmosphere1' and t h e  Na,Si.F6 

would be comple te ly  decomposed. The r e s i d u e  was found t o  be 26% i n s o l u b l e ,  t h e  

remainder presumably be ing  NaF. The amount of s i l i c o n  i n  t h e  o r i g i n a l  p r o d u c t  

was t h e r e f o r e  q u i t e  s m a l l ,  l e s s  t h a n  18.2% x 26% o r  4.7%. T h i s  N a  + SiF4  e x p e r i -  

ment was r u n  w i t h  an  unheated,  u n i n s u l a t e d  q u a r t z  t u b e ,  g i v i n g  v e r y  r a p i d  quench- 

i n g  of p roduc t s .  Higher r e a c t i o n  t empera tu re  and w a l l  t empera tu re  should s h i f t  

t b e  e q u i l i b r i u m  of t h e  S iF4  + NaF r e a c t i o n  away from t h e  d i r e c t i o n  o f  Na2SiF6 

produc t ion .  

F u r t h e r  exper iments  were performed u s i n g  a  h e a t e d  q u a r t z  f l o w  tube .  

No Na2SiF6 was found i n  t h e  p roduc t  d e p o s i t e d  i n  t h e  h o t  zone of t h e  r e a c t o r  

where t h e  w a l l  t empera tu re  was approximately  1000 K. The s o l i d  d e p o s i t e d  down- 

s t r e a m  of t h e  hea ted  t u b e  d i d ,  however, conca in  some Na2SiF6; h e a t i n g  a  washed 

sample of t h i s  cold-zone p roduc t  t o  .I250 K,  produced measurab le  we igh t  l o s s  

(due t o  S iF4  e v o l u t i o n )  and a  cor responding  amount of water s o l u b l e  N ~ F ( s ) .  

W e  concluded from t h e s e  exper iments  t h a t  Na2SiF6 fo rmat ion  would n o t  be a  prob- 

l e m  i n  an a c t u a l  p r o c e s s  r e a c t o r  where t h e  w a l l  t empera tu re  could  b e  main ta ined  

a t  o r  above 1000 K. There  appeared t o  b e  l i t t l e  d i f f e r e n c e  w i t h  r e s p e c t  t o  

c o l o r ,  p a r t i c l e  s i z e ,  o r  p u r i t y  between s i l i c o n  produced a t  h i g h  t e m p e r a t u r e s  

u s i n g  e i t h e r  SiF4 o r  SiCl,,. The N a  + SiF4  a d i a b a t i c  flaine t empera tu res  are, 

however, s i g n i f i c a n t l y  lower t h a n  t h o s e  of Na+SiC14 and, i n  a d d i t i o n ,  t h e  

b o i l i n g  p o i n t  of NaF i s  zlmost 300 K h i g h e r  t h a n  t h e  b o i l i n g  p o i n t  of N a C 1 ;  

b o t h  of t h e s e  f a c t o r s  make t h e  s e p a r a t i o n  of p r o d u c t s  i n  t h e  Na + S ~ P E  c a s e  



more d i f f i c u l t .  The b o i l i n g  p o i n t  of  KF,  however, i s  a lmost  e q u a l  t o  t h a t  of  

N a C l  and s o  p roduc t  s e p a r a t i o n  would be  more favored  i n  t h e  K + SiFh sys tem 

t h a n  i n  t h e  Na + S i F 4  case .  

C ,  PRODUCT ANALYSES 

Scanning e l e c t r o n  microscope (SEM) photographs  of unwashed and washed 

samples of  N a  + Sic14  product  from f l o w  t u b e  exper iments  were o b t a i n e d  and a r e  

shown i n  F i g s .  1 9  and 20,  r e s p e c t i v e l y .  The unwashed samples  c o n t a i n  a l a r g e r  

p o r t i o n  of  submic,ron "dus t "  a l o n g  w i t h  l a r g e r  (2-50 pm) p a r t i c l e s .  The l a r g e r  

e n t i t i e s  appear  t o  be  r a t h e r  l o o s e l y  a d h e r i n g  agg lomera tes  of s m a l l  p a r t i c l e s ,  

w i t h  a  h i g h l y  t e s t u r e d  s u r f a c e .  S i m i l a r  SEN photographs  of t h e  washed p r o d u c t  show 

p a r t i c l e s  i n  t h e  2- 40 prn r a n g e ,  w i t h  none of t h e  l o o s e  "dust"  v i s i b l e .  The 

washed p a r t i c l e s  appear  t o  be  more c r y s t a l l i n e  i n  c h a r a c t e r  w i t h  smoother s u r -  

f a c e s  and more s h a r p l y  d e f i n e d  edges .  Apparent ly  i n  t h e  unwashed sample t h e s e  

S i  p a r t i c l e s  a r e  covered  by a  c o a t i n g  of small p a r t i c l e s  which a r e  s o l u b l e  i n  

w a t e r .  The s m a l l  p a r t i c l e s  and "dust"  a r e  t h e r e f o r e  t e n t a t i v e l y  i d e n t i f i e d  as 

NaCl w h i l e  t h e  s i l i c o n  a p p e a r s  t o  be p r e s e n t  i n  t h e  l a r g e r  s i z e s .  

Impur i ty  a n a l y s i s  of s i l i c o n  samples by X-ray f l u o r e s c e n c e  h a s p r o v e d  

t o  be u n r e l i a b l e  and a l t e r n a t e  methods were r e q u i r e d .  E i ~ h t  sanlples from . 

N a  + SiC1, exper iments  and one from t h e  Na + SiF4  esper iment  were s e n t  t o  a  com- 

m e r c i a l  l a b o r a t o r y  f o r  a n a l y s i s  by e m i s s i o n  s p e c t r o s c o p y .  Although t h i s  tech-  

n ique  i s  n o t  e x t r e m e l y  s e n s i t i v e ,  i t  o f f e r s  a  r e l a t i v e l y  s imple  and i n e x p e n s i v e  

a n a l y s i s  f o r  a wide v a r i e t y  of  p o s s i b l e  i m p u r i t i e s .  S i l i c o n  samples w i t h  pre- 

c i s e l y  known amounts of  i m p u r i t i e s  were  o b t a i n e d  commercial.ly t o  s t a n d a r d i z e  

t h e  measurements and c a l i b r a t e  t h e  r e s u l t s .  Samples were t e s t e d  f o r  t h i r t y - o n e  

e lements ,  and o n l y  n i n e  e lements  were  d e t e c t e d .  S e v e r a l  o t h e r  i m p u r i t i e s  of 

s p e c i a l  i n t e r e s t  i n  s i l i c o n  f o r  s o l a r  c e l l  a p p l i c a t i o n s  (boron,  t i t a n i u m ,  and 

z i rconium,  f o r  example) were n o t  d e t e c t e d  a t  t h r e s h o l d  l e v e l s  of  1 0  ppm. T a b l e  

V shows t h e  r e s u l t s  o f  t h e s e  a n a l y s e s .  The p roduc t  was confirmed t o  b e  s i l i c o n  

w i t h  an  a v e r a g e  of 0.016% Na ( a s  NaC1). No s p e c i a l  e f f o r t s  were  made i n  t h e  

washing p r o c e s s  t o  be  thorough i n  removing t h e  s a l t .  Sample !/9 however c o n t a i n s  

Na a s  a  p r i n c i p a l  component, l e n d i n g  a d d i t i o n a l  s u p p o r t  t o  t h e  s u g g e s t i o n  t h a t  

l a r g e  amounts of Na2s i .F~  were p r e s e n t  i n  t h i s  p a r t i c u l a r  Na + S i F 4  r e a c t i o n  

product .  Samples //1 and #2, from a n  e a r l y  esper iment  i n  a n  unheated q u a r t z  

t u b e ,  c o n t a i n  c o n s i d e r a b l e  amounts of i m p u r i t i e s  from s t a i n l e s s  s t e e l  (Fe,  C r ,  

and Ni). The o t h e r  samples  show a much reduced l e v e l  (2 f 1 ppm) of Fe, w i t h  
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TABLE v 

Element C o n c e n t r a t i o n ,  ppm 

Sample: 1 - 7 3 4 5  6 7 8 9 - - - - - - - - -  
S i  pa p  P P  P  P P  P  P  

- - - - - - - - - 
a 

P = p r i n c i p a l  component 
b -  = below t h r e s h o l d  and n o t  d e t e c t e d  

V o l u m e t r i c  
Flow R a t e  

Sample System R e a c t o r  D i l u e n t  (STP cm3 s-l) Remarks 

1 Na + S i c 1 4  6 cm u n h e a t e d  h o t  H,/Ar 1 5  0 sample  f rom 
q u a r t z  t u b e  f l a m e  zone  

2 Na + SiCl, ,  6 c m  u n h e a t e d  h o t  H2/Ar 1 5  0  sample  f rom 
q u a r t z  t u b e  downstream 

t u b e  w a l l s  
3 N a  + SiCl,,  6 c m  h e a t e d  h o t  H2/Ar 5  0  

q u a r t z  t u b e ,  
T  = 950 K 

4 Na + SiC14 6 cm h e a t e d  h o t  H2/Ar 5  0  
q u a r t z  t u b e ,  
T =  950 K 

5  N a  + SiC14 6 c m  h e a t e d  300 K Ar 5  0  
q u a r t z  t u b e ,  
T == 950 K 

G Na + SiCl , ,  6 cm h e a t e d  300 K A r  5  0  
q u a r t z  t u b e ,  
T = 950 K 

7 Na + SiC14 6 cm h e a t e d  h o t  H 2 / A r  2 5  
q u a r t z  t u b e ,  
T  = 950 K 

8 N a  + SiCl,,  2 . 5  cm h e a t e d  h o t  H2 /4 r  5  0  
a l u m i n a  t u b e ,  
T  = 1400  K 

9  Na + SiF4 6 c m  u n h e a t e d  h o t  A r  7 5  
q u a r t z  t u b e  

p robab ly  con- 
t a i n s  Na2SiF6 



C r  and N i  n o t  d e t e c t e d .  P o s s i b l y  Sample /I1 w a s  contaminated i n  t h e  l a b o r a t o r y  

d u r i n g  hand l ing .  Sample /I9 from t h e  esper iment  i n  t h e  a lumina t u b e  shows 

5  ppm of A l ,  demons t ra t ing  t h e  u n s u i t a b i l i t y  of t h i s  t u b e  m a t e r i a l  f o r  h igh  

p u r i t y  work. C o n s i d e r a b l e  t r a c e s  of Cu and Mg a r e  p r e s e n t  from unknom s o u r c e s  

( t h e  Mg was d e t e c t e d  b u t  t h e  a c t u a l  c o n c e n t r a t i o n  n o t  de te rmined) .  

X-ray d i f f r a c t i o n  s t u d i e s  were  performed on s e v e r a l  samples of washed 

p roduc t  t o  de te rmine  whether  t h e  s i l i c o n  produced i n  t h e s e  f l ames  h a s  a c r y s t a l  

s t r u c t u r e .  P roduc t s  from ( i )  two N a  + SiC14 f low t u b e  e s p e r i m e n t s ,  ( i i )  t h r e e  

oprosed  jet  R + SiC14 e s p e r i m e n t s ,  and ( i i i )  a  Na + SiF4  f low t u b e  exper iment  

we: analyzed.  The d i f f r a c t i o n  r e s u l t s  from ( i )  showed t h r e e  peaks a t  a n g l e s  

o f  29.4, 47.3, and 56.1  degrees  cor responding  w e l l  w i t h  s t a n d a r d  a n g l e s  f o r  

c r y s t a l l i n e  s i l i c o n  of 28.44, 47.34, and 56.08 d e g r e e s .  The r e l a t i v e  peak 

i n t e n s i t i e s  of 1.00/0.57/0.32 a l s o  compared c l o s e l y  w i t h  t h e  s t a n d a r d  1.00/ 

0.60/0.35 i n t e n s i t y  r a t i o s .  No o t h e r  s i g n i f i c a n t  peaks were observed ;  i n  

p a r t i c u l a r  t h e  d i f f r a c t i o n s  due t o  NaCl a t  27.35, 31.69, and 45.45 d e g r e e s  

were  n o t  v i s i b l e .  R e s u l t s  from t h e  opposed jet samples showed much less 

c r y s t a l l i n e  n a t u r e  m a t e r i a l ;  t h e  d i f f r a c t i o n s  were c o n s i d e r a b l y  weaker and 

b roader .  Microscopic  examinat ion of t h e s e  samples showed them t o  be much l e s s  

uniform i n  p a r t i c l e  s i z e  and c o l o r .  Pfany w h i t e  c r y s t a l s ,  presumed t o  b e  s a l t ,  

were  a l s o  observed.  The l a s t  sample,  t h a t  from t h e  Na + SiF,, r e a c t i o n ,  showed 

a v e r y  d i f f e r e n t  r e s u l t .  Ten r e l a t i v e l y  l a r g e  pealcs (and s i s  s m a l l e r  peaks) 

were observed,  i n c l u d i n g  t h e  t h r e e  due t c  s i l i c o n ,  b u t  a t  reduced i n t e n s i t i e s  

abou t  h a l f  t h a t  of sample type, (i.). The o t h e r  peaks were due n e i t h e r  t o  NaCl 

o r  NaF and were determined t o  correspond t o  t h o s e  from Na,SiF6. 

PRODUCT S F P A R A T I O N  FXPER IMFNTS 

Independent esper iments  were performed t o  t r e a t  t h e  problem of separa -  

t i n g t h e  s i l i c o n  from t h e  byproduct a l k a l i  s a l t  w i t h o u t  t h e  added complexi ty  of 

running t h e  N a  + SiC14 f lame.  A high  t empera tu re  c r u c i b l e / h e a t e r  made of 

g r a p h i t e  and hea ted  by p a s s i n g  h i g h  c u r r e n t s  (up t o  150 A) through t h e  g r a p h i t e  

was c o n s t r u c t e d .  Th is  1 0  cm l o n g ,  2.0 cm diam c r u c i b l e  was made of u l t r a - h i g h  

p u r i t y  g r a p h i t e ,  >lacKay grade  UF4S, w i t h  0.13 cm w a l l  t h i c k n e s s ,  and was used 

t o  h e a t  samples o f  N?.C1, S i ,  o r  Si/NaCl.  Samples of N a C l  i n  d i r e c t  c o n t a c t  

w i t h  t h e  g r a p h i t e  c r u c i b l e  could be  mel ted and vapor ized  w i t h  t h e  r a t e  of t h e  

p r o c e s s  e a s i l y  c o n t r o l l e d  by v a r y i n g  t h e  h e a t e r  c u r r e n t .  Granu la r  samples of 

c r y s t a l l i n e  s i l i c o n  were a l s o  m e l t e d ,  b u t  t h e  l i q u i d  S i  a p p e a r s  t o  e i t h e r  w e t  



t h e  g r a p h i t e  and s imply f low through t h e  t h i n  walls, o r  r e a c t  w i t h  t h e  w a l l s  

forming s i l i c o n  c a r b i d e .  I n  e i t h e r  c a s e  a p o r t i o n  o f  t h e  l i q u i d  s i l i c o n  

escaped t o  t h e  o u t s i d e  of t h e  c r u c i b l e  where i t  s o l i d i f i e d  a s  i t  coo led .  I n  

a n o t h e r  exper iment  a  h igh  p u r i t y  q u a r t z  l i n e r  was used t o  hold  a  sample o f  

s i l i c o n  i n s i d e  t h e  g r a p h i t e  c r u c i b l e / h e a t e r  w h i l e  t h e  S i  was mel ted.  T h i s  

exper iment  was n o t  s u c c e s s f u l  because ,  a l though  t h e  s i l i c o n  mel ted ,  t h e  q u a r t z  

w a s  s o f t e n e d  enough t o  flow. There i s  on ly  a  s m a l l  t e m p e r a t u r s  rar.ge above 

t h e  m e l t i n g  p o i n t  of s i l i c o n  w i t h i n  which q u a r t z  r e t a i n s  i t s  i n t e g r i t y ,  and 

a p p a r e n t l y  i n  our exper iments  t h e  t empera tu re  c o n t r o l  o r  homogeneity was inade-  

q u a t e  t o  s t a y  w i t h i n  t h i s  r ange .  A few p r e l i m i n a r y  exper iments  were a l s o  per-  

formed i n  which Si/NaCl powder samples o b t a i n e d  from N a  + SiCIL f lame e s p e r i -  

ments were h e a t e d  i n  a  q u a r t z . c r u c i b l e  t o  a  t empera tu re  above t h e  b o i l i n g  p o i n t  

of N a C l  b u t  c o n s i d e r a b l y  below t h e  m e l t i n g  p o i n t  of s i l i c o n .  It may be  poss i -  

b l e  t o  s e p a r a t e  t h e  product  s p e c i e s  by b o i l i n g  t h e  s a l t  away i n  t h i s  manner, 

b u t  exper imenta l  problems (e .g . ,  l e a k s ,  e t c . )  plagued t h e  t e s t s  and they  were 

d i s c o n t i n u e d .  

E, H i  

Wall t empera tu res  i n  our  f i r s t  s e r i e s  of f low t u b e  exper iments  were  

l i m i t e d  t o  l e s s  than  about  1300 K .  Under t h e s e  c o n d i t i o n s  t h e  post - f lame g a s e s  

cooled s u f f i c i e n t l y  r a p i d l y  t h a t  t h e  a l k a l i  m e t a l  sa l t  and t h e  s i l i c o n  appeared t o  

condense s i m u l t a n e o u s l y  and d e p o s i t  on t h e  r e a c t o r  w a l l s  i n  an  approx imate ly  

s t o i c h i o m e t r i c  (4NaC1 + S i )  r a t i o .  I n  o r d e r  t o  s e p a r a t e  t h e s e  p r o d u c t s  on a  

cont inuous  b a s i s ,  h i g h e r  t empera tu res  were needed. To t h i s  end, a  modif ied 

a p p a r a t u s  was c o n s t r u c t e d  u s i n g  r e s i s t i v e l y  hea ted  th in -wal led  g r a p h i t e  r e a c t i o n  

t u b e s , s i m i l a r  i n  d e s i g n  t o  t h e  g r a p h i t e  c r u c i b l e  d e s c r i b e d  i n  t h e  p rev ious  sec -  

t i o n .  Two t y p e s  of exper iments  were performed i n  t h i s  appara tus .  I n  t h e  

f i r s t ,  t h e  e f f l u e n t  g a ~ / ~ a r t i c l e  s t ream from a  15 cm l o n g  2 . 5  cm diam unheated 

q u a r t z  f low r e a c t o r  was d i r e c t e d  i n t o  a  1 0  cm l o n g ,  2.2 cm diam g r a p h i t e  c r u c i -  

b l e  hea ted  t o  a  t empera tu re  above t h e  m e l t i n g  p o i n t  of s i l i c o n ,  O p t i c a l  pyrom- 

e t r y  was used t o  measure t h e  c r u c i b l e  t empera tu re  which cou ld  e a s i l y  be  

mainta ined above 1700 K. 

A t  t h e  conc lus ion  o f  a  65 min r u n ,  u s i n g  a  s t o i c h i o m e t r i c  low p r e s s u r e  

( =  50 Tor r )  Na + S i C l 4  flame w i t h  25(STP)cm3 s-' A r  f low i n  t h e  nominal I g  min-I 



N a  vapor s t r e a m , ' n o  s o l i d  p roduc t  of any form was found i n  t h e  h e a t e d  g r a p h i t e  

c r u c i b l e  i t s e l f .  However, i n  t h e  1 t o  3 cm r e g i o n  of t h e  q u a r t z  e x i t  t u b e  j u s t  

downstream from t h e  c r u c i b l e ,  a v e r y  hard  s i l v e r - c o l o r e d  s i l i c o n  d e p o s i t  w a s  

found.  A c o n s i d e r a b l e  amount of s o l i d  p roduc t  w i t h  t h e  brown appearance  of a 

Si/NaCl m i x t u r e  was a l s o  d e p o s i t e d  upst ream of  t h e  c r u c i b l e  i n s i d e  t h e  c o o l e r  

q u a r t z  d e l i v e r y  tube .  Downstream of t h e  h e a t e d  c r u c i b l e  a powder r a n g i n g  i n  

c o l o r  from l i g h t  brown t o  a lmos t  p u r e  w h i t e  d e p o s i t e d  on t h e  w a l l s .  We conc lude  

from t h e s e  o b s e r v a t i o n s  t h a t ,  a l though  t h e  s o l i d  p roduc t  d e l i v e r y  from t h e  

f l ame  zone t o  t h e  g r a p h i t e  c r u c i b l e  was n o t  h i g h l y  e f f i c i e n t ,  a c o n s i d e r a b l e  

q u a n t i t y  of NaCl/Si d i d  r e a c h  t h e  h i g h  t empera tu re  r e g i o n  o f  t h e  c r u c i b l e .  

Under t h e s e  c o n d i t i o n s  o f  p r e s s u r e ,  t empera tu re ,  and r e s i d e n c e  t ime ,  p roper  

c o n d i t i o n s  f o r  d e p o s i t i n g  S i  on t h e  w a l l s  w h i l e  m a i n t a i n i n g  t h e  NaCl as a vapor  

were  a p p a r e n t l y  ach ieved  j u s t  downstream of t h e  c r u c i b l e .  No S i  w a s  r e t a i n e d  

i n  t h e  c r u c i b l e  because  t h e  A r  f l o w  r a t e  w a s  p robab ly  t o o  l a r g e ,  r e s u l t i n g  i n  

t o o  s h o r t  a  r e s i d e n c e  t ime i n  t h e  h o t  r eg ion .  

Subsequent exper iments  were performed w i t h o u t  A r  i n  t h e  r e a c t a n t  f l o w  

and w i t h  h o t  w a l l s  su r rounding  t h e  f lame zone. Th is  e x p e r i m e n t a l  ar rangement  

i s  shown i n  F i g .  21, S l i g h t l y  t h i c k e r  w a l l s  (0.20 cm i n s t e a d  o f  t h e  e a r l i e r  

v a l u e  of 0 .13  cm) i n  t h e  g r a p h i t e  r e a c t i o n  tube  were a l s o  used.  The w a l l  tem- 

p e r a t u r e  p r i o r  t o  beg inn ing  t h e  exper iment  was somewhat lower  t h a n  t h e  m e l t i n g  

p o i n t  of S i ,  t h e  w a l l  t empera tu re  e s t i m a t e d  o p t i c a l l y  t o  be  between 1500 and 

1600 K. However, t h e  h e a t  r e l e a s e  from t h e  f lame would be  expec ted  t o  s i g n i f i -  

c a n t l y  raise t h i s  t empera tu re .  A N a  + SiC14 f lame wi thou t  d i l u e n t  was s u s t a i n e d  

f o r  50 min consuming about  135 g  o f  SiC1, and 75 g  of N a .  The i n i t i a l  ( s t a t i c )  

r e a c t o r  p r e s s u r e  was c o n s t a n t  a t  175 Tor r  throughout  t h e  exper iment  s i n c e  t h e  

r e a c t i o n  p r o d u c t s  a r e  a l l  condensables .  S i n c e  no a rgon  was added d u r i n g  t h e  

exper iment ,  no pumping was needed. 

Upon disassembly of t h e  r e a c t o r ,  t h e  g r a p h i t e  t u b e  was found t o  have 

a  ha rd  c o a t i n g  of s i l i c o n ,  some a s  c r y s t a l s  and some a s  s i n t e r e d  powder. NaCl 

w a s  observed on ly  around t h e  e x i t  opening.  The s o l u b i l i t y  o f  samples t aken  

from v a r i o u s  a r e a s  of t h e  a p p a r a t u s  w a s  determined i n  o r d e r  t o  e s t i m a t e  t h e  

amount of NaCl remaining.  The s i l i c o n  from t h e  upst ream a r e a  o f  t h e  r e a c t i o n  

t u b e ,  where t h e  m a j o r i t y  of t h e  p roduc t  d e p o s i t e d ,  w a s  found t o  be e s s e n t i a l l y  

a l l  i n s o l u b l e  ( > 95%).  A sample from t h e  downstream a r e a  o f  t h e  r e a c t i o n  t u b e  

n e a r  t h e  e x i t  was = 70% i n s o l u b l e ,  whereas j u s t  p a s t  t h e  t u b e  e x i t  on t h e  o u t e r  

w a l l s ,  where t h e  t empera tu re  w a s  s i g n i f i c a n t l y  lower ,  t h e  sample w a s  comple te ly  
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s o l u b l e .  F u r t h e r  away from t h e  g r a p h i t e  t u b e  i n  t h e  room tempera tu re  a r e a  

where a s m a l l  amount of v e r y  f i n e  p a r t i c l e s  s e t t l e d ,  t h e  s o l u b i l i t y  of a sample 

was found t o  correspond t o  s t o i c h i o m e t r i c  p r o d u c t  (13.2% i n s o l u b l e ) .  

From t h e s e  o b s e r v a t i o n s  we concluded t h a t  a  f u l l y  s u c c e s s f u l  h i g h  

t empera tu re  s e p a r a t i o n  of t h e  S i  from t h e  N a C l  w a s  demonstra ted i n  t h i s  e x p e r i -  

ment. The key f a c t o r s  i n  t h i s  s u c c e s s  appear  t o  be t h e  a b i l i t y  t o  s u s t a i n  w a l l  

t eu lpera tu re  approximately  e q u a l  t o  t h e  m e l t i n g  p o i n t  of s i l i c o n  and n o t  u s i n g  

argon i n  e i t h e r  r e a g e n t  s t ream.  The d i l u e n t ,  i f  p r e s e n t  i n  t h e  r e a g e n t  f lows ,  

r a i s e s  t h e  r e a c t o r  p r e s s u r e  and r e d u c e s  t h e  p roduc t  r e s i d e n c e  t i m e  d u r i n g  which 

s i l i c o n  c o l l e c t i o n  on t h e  w a l l s  must t a k e  p l a c e .  The s i l i c o n / s a l t  m i x t u r e  

found downstream from t h e  r e a c t o r  r e p r e s e n t s  o n l y  a  s m a l l  f r a c t i o n  of t h e  t o t a l  

amount of s i l i c o n  produced, bu t  demons t ra tes  t h a t  t h e  s e p a r a t i o n - c o l l e c t i o n  

p roduc t  was n o t  100% e f f i c i e n t .  

F, Y F A T  R F I  F A S F  AND PRODUCT C0NT)FNSAT ION M F k W F N T S  

Having shown t h a t  r e l a t i v e l y  p u r e  s i l i c o n  cou ld  be pr0duce.d i n  low 

tempera tu re  r e a c t o r s  where t h e  s i l i c o n  and a l k a l i  s a l t  p a r t i c l e s  c o d e p o s i t e d  

on to  t h e  w a l l s ,  an  exper imenta l  program was des igned  t o  test t h e  proposed 

s e p a r a t i o n / c o l l e c t i o n  t echn iques .  We a l s o  s c a l e d  up t h e  exper iment  t o  a l l e v i a t e  

problems due t o  h e a t  l o s s e s  and t o  produce l a r g e r  amounts of s i l i c o n .  A s  a n  

i n i t i a l  g u i d e l i n e  we chose  a s c a l e  f a c t o r  such  t h a t  t h e  r e a c t i o n  e x o t h e r m i c i t y  

(wi thout  s a l t  condensa t ion)  would b e  abou t  e q u a l  t o  t h e  e l e c t r i c a l  power pre-  

v i o u s l y  used t o  h e a t  t h e  g r a p h i t e  f low r e a c t o r s ,  abou t  1 . 2  k\J, i . e . ,  a  scal-e-up 

by about  a f a c t o r  of 25 t o  a p r o d u c t i o n  r a t e  of s i l i c o n  of = 0 . 5  kg h". 

To produce s i l i c o n  a t  t h i s  r a t e ,  3 . 1  kg h-' of  Sic14 is  consumed r e q u i r i n g  - 
150 W f o r  i t s  v a p o r i z e r .  Th i s  energy f l u x  could  n o t  b e  main ta ined  a c r o s s  

t h e  g l a s s  v a p o r i z e r  w a l l s  s o  a  p la t inum w i r e  immersion h e a t e r  was b u i l t .  A 

SiC14 r e c h a r g i n g  system was a l s o  added s i n c e  t h e  150 cm3 c a p a c i t y  of  our  

v a p o r i z e r  was i n a d e q u a t e  a t  t h e  much h i g h e r  f low r a t e .  With t h i s  sys tem t h e  

r e a c t i o n  i s  no t  l i m i t e d  by SiC14 f l o w  r a t e  o r  c a p a c i t y .  'F low meters were  in -  

s t a l l e d  i n  t h e  h a l i d e  d e l i v e r y  l i n e  t o  a l l o w  c l o s e  ad jus tment  of t h e  ~ a / ~ i ~ l &  

e q u i v a l e n c e  r a t i o .  

The r e q u i r e d  1 . 7  kg h-' of N a  co r responds  t o  a  f l o w  r a t e  of 220 R min-' 

of vapor  a t  1200 K and 0 . 5  atm. It was dec ided  t h a t  a n  e x p e r i m e n t a l  confirma- 

t i o n  of t h e  Na f low r a t e  would be  r e q u i r e d .  The h e a t  i n p u t  needed t o  v a p o r i z e  

t h i s  q u a n t i t y  of N a  i s  2.0 klJ and was found t o  be  e a s i l y  w i t h i n  t h e  e s i s t i n g  



v a p o r i z e r  c a p a b i l i t y .  Experiments were performed i n  which t h e  gaseous  N a  de- 

l i v e r e d  d u r i n g  a  t e n  minute  p e r i o d  was condensed and weighed t o  de te rmine  t h e  

f l o w  r a t e .  An o r i f i c e  w i t h  3 .0  mm diam was found t o  produce t h e  d e s i r e d  f low 

r a t e  w i t h  one a tmosphere  N a  v a p o r . p r e s s u r e  i n  t h e  v a p o r i z e r .  (Higher p res -  

s u r e s  are n o t  used f o r  r e a s o n s  of s a f e t y . )  The 0 .8  R c a p a c i t y  of t h e  l i q u i d  

r e s e r v o i r  i n  t h i s  v a p o r i z e r  a l l o w s  r u n s  of abou t  30 min d u r a t i o n  w i t h o u t  re-  

charg ing .  

I n  t h e  f i r s t  t e s t  of t h e s e  scaled-up systems t h e  r e a c t o r  was a  1 . 5  cm i . d . ,  

0 . 3  cm w a l l  t h i c k n e s s  g r a p h i t e  t u b e  l o o s e l y  h e l d  i n s i d e  a  s t a i n l e s s  s teel  t u b e .  

T h i s  combinat ion was h e a t e d  t o  1200 K by a  "clam s h e l l "  r e s i s t a n c e  h e a t e r  p r i o r  

t o  beg inn ing  t h e  exper iment .  The N a  + SiC14 f lame was r u n  f o r  s i x  minu tes  b e f o r e  

s o l i d  p r o d u c t  d e p o s i t s  c logged t h e  r e a c t i o n  tube .  Approximately 4.7  molds .Na 

and 1 .4  mole SiC14 were  d e l i v e r e d ,  cor responding  v e r y  c l o s e l y  t o  t h e  d e s i r e d  

s i l i c ~ n  p roduc t ion  r a t e  of 0.5 kg h-l .  The g r a p h i t e  t u b e  was found t o  be  f r a c -  

t u r e d  i n t o  p i e c e s  and s a t u r a t e d  w i t h  s i l i c o n .  Both r e a g e n t  sys tems performed 

wi thou t  problems. 

Subsequent exper iments  were c a r r i e d  o u t  i n  l a r g e r  (4.3 cm i . d . )  a lumina 

r e a c t i o n  t u b e s .  With t h e  t u b e  p r e h e a t e d  t o  1400 K ,  i n t r o d u c t i o n  of t h e  r e a g e n t s  

q u i c k l y  r a i s e d  t h e  w a l l  t empera tu re  t o  1900 K where i t  s t a b i l i z e d  f o r  t h e  

remainder  of t h e  exper iment .  From t h i s  i n i t i a l  w a l l  h e a t i n g  rate, t h e  

r e a c t i o n  h e a t  r e l e a s e  was e s t i m a t e d  t o  b e  1 .2  kW, cor responding  c l o s e l y  t o  

t h a t  computed assuming no N a C l  condensa t ion .  Samples of d e p o s i t s  from t h e  

middle  of t h e  r e a c t i o n  zone were found t o  b e  ~ 9 9 %  s i l i c o n  and -10% N a C 1 .  

Near t h e  c o o l  r e a g e n t  i n l e t  f l a n g e  and a t  t h e  downstream end of  t h e  f l o w  t u b e  

t h e  p roduc t  w a s  = 7 5 %  s i l i c o n .  Thus good s e p a r a t i o n  of t h e  s i l i c o n  from t h e  

a l k a l i  sa l t  was o c c u r r i n g  i n  t h e  h i g h  t empera tu re  r e g i o n  of t h e  r e a c t o r .  

An exper iment  was a l s o  r u n  w i t h o u t  p r e h e a t i n g  t h e  r e a c t o r  tube .  F i g u r e  22 

shows t h e  measured w a l l  t empera tu re  p r o f i l e .  I n i t i a l l y  a  r a p i d  w a l l  h e a t i n g  

r a t e  (800 K min-l) was observed d u r t n g  t h e  p e r i o d  i n  which b o t h  s a l t  and s i l i -  

con condensa t ion  occur red  ("I" i n  P ig .  22) .  The r e a c t i o n  e x o t h e n n i c i t y  

under t h e s e  c o n d i t i o n s  and f low r a t e s  i s  about  5.7 kW. The t e m p e r a t u r e  t h e n  

s t a b i l i z e d  b r i e f l y  a t  t h e  b o i l i n g  p o i n t  of NaCl ( 1 1 ) ,  and from t h e r e  r o s e  

above 2000 K where t h e  Pt /Pt-10% Rh thermocouple f a i l e d .  Thus t h e  u l t i m a t e  

r e a c t o r  t empera tu re  was n o t  measured. The exper iment  was t e rmina ted  due 
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FIGURE 22 WALL TEMPERATURE PROFILE DURING A Na + Sic14 RUN 
WITH NO REACTOR PREHEATING 

t o  e x c e s s  heat'ing of t h e  o u t e r  g l a s s  vacuum system w a l l .  Although t h e  r e a c t i o n  

t u b e  d e p o s i t s  c o n t a i n  a h i g h  p o r t i o n  (= 75%)uf N a C 1 ,  t h e  amount of s i l i c o n  

recovered  a s  e l e m e n t a l  S i  i n  t h i s  exper iment  was abou t  90% of t h e  t o t a l  which 

could  have been produced. F i g u r e  2 3  shows t h a t  t h e  s o l i d  p r o d u c t s  (NaC1 and 

S i )  were c o l l e c t e d  predominarltly i n  t h e  s e c t i o n  of t h e  r e a c t o r  n e a r  t h e  i n l e t ,  

w h i l e  F ig .  24 i n d i c a t e s  where t h e  s i l i c o n  f r a c t i o n  d e p o s i t e d .  

Thus i n p u t  of a d d i t i o n a l  energy t o  p r e h e a t  t h e  r e a c t o r  d i d  n o t  appear  

t o  b e  n e c e s s a r y .  However; l o n g e r  r u n  t i m e s  were needed t o  r e a c h  s t e a d y - s t a t e  

i n  t h e  r e a c t o r  t o  a c h i e v e  good s e p a r a t i o n  of t h e  s i l i c o n  from t h e  byproduct  

s a l t .  Nuc lea t ion  and condensa t ion  rates appear  t o  b e  l a r g e  enough f o r  e f f i -  

c i e n t  s i l i c o n  c o l l e c t i o n  under exper imenta l  c o n d i t i o n s  of abou t  160 m s  

r e s i d e n c e  t i m e  and 0 .5  a t m  i n  t h e  f low tube .  

Heat r e l e a s e  pa ramete rs  needed t o  o p t i m i z e  t h e  r e a c t o r  s i z e  a r  f u r t h e r  

s c a l e  up t o  produce l a r g e r  amounts of s i l i c o n  have  a l s o  been measured. To do 

t h i s  a 6 cm i . d .  s t a i n l e s s  s t e e l  t u b e  w i t h  f o u r  s e p a r a t e  c o o l i n g  c o i l s  w a s  

i n s t a l l e d  i n t o  t h e  r e a c t o r ,  c f .  F i g . 2 5  and w a l l  c o o l i n g  a i r  t e m p e r a t u r e  pro- 

f i l e s  f o r  each s e c t i o n  were measured d u r i n g  r e a c t o r  o p e r a t i o n ,  from a co ld  
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FIGURE 25 REACTOR CONFIGURATION FOR MEASURING HEAT RELEASE RATES 



start. These p r o f i l e s  a r e  shown in F ig .  26, The t o t a l  h e a t  p r o d u c t i o n  was 

computed from t h e  t empera tu re  p r o f i l e s  and t h e  h e a t  c a p a c i t y  of t h e  c o o l i n g  

a i r  and r e a c t o r , a n d  i s  shown i n  F i g .  27 f o r  each r e a c t o r  s e c t i o n  and t h e  t o t a l  

( C ) .  Most o f  t h e  h e a t  was produced i n  zones  A and B which were  1 0  

and 16 cm l o n g ,  r espec tTve ly .  From t h e  r e a c t a n t  f low r a t e s  we c a l c u l a t e d  an  

z x o t h e r m i c i r y  of 4 .2  kW, i n  good agreement w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  

Measured h e a t  f l u x  through t h e  r e a c t o r  w a l l s  i s  p r e s e n t e d  i n  F i g .  28. I n  

t h e  f i r s t  25 cm of t h e  r e a c t o r  an average  v a l u e  of 5 W cin-2 was o b t a i n e d .  Volu- 

m e t r i c  h e a t  r e l e a s e  d a t a  a r e  g iven  i n  F ig .  29. An a v e r a g e  v a l u e  of 3 W was 

measured f o r  t h e  p o r t i o n  of t h e  reacto:  n e a r  t h e  i n l e t  w h i l e  i n  t h e  downstream 

r e g i o n s  t h e  v a l u e  dropped t o  l e s s  t h a n  0.5 W cme3. These d a t a  c l e a r l y  show 

t h a t  t h e  r e a c t i o n  t a k e s  p l a c e  i n  s e c t i o n s  A and B of t h i s  r e a c t o r ,  conf i rming  

t h a t  t h e  k i n e t i c s  of t h e  r e a c t i o n  a r e  r a p i a ,  p robab ly  mixing l i m i t e d .  Thus 

s m a l l e r  r e a c t o r  volumes cou ld  be  u s e d ,  s i m g l i f y i n g  r e a c t o r  d e s i g n  and cons t ruc-  

t i o n .  

G, S\]W RFACTOR AND T F S T  F A C I l  I T Y  

I n  some of t h e  p rev ious  exper iments  w e  exper ienced  s e v e r e  h e a t i n g  of 

t h e  o u t e r  Pyrex r e a c t i o n  chamber w a l l s  c a u s i n g  a s a f e t y  hazard  shou ld  t h e  Pyrex 

break.  I n  a d d i t i o n  we needed s l a r g e r  volume chamber, conf igured  t o  a l l o w  q u i c k  

changes t o  b e  made i n  t h e  r e a c t o r  wi thou t  r e c o n s t r u c t i n g  t h e  whole a p p a r a t u s  

between suc:essive r u n s .  To medt t h e s e  needs ,  a l a r g e  (65 cm diam, 80 cm h i g h )  

s t a i n l e s s  steel vacuum chamber w i t h  2 cm t h i c k  aluminum end f l a n g e s  w a s  purchased 

f o r  t h e  new exper imenta l  f a c i l i t y .  A l l  c o n n e c t i o n s ,  vacuum, e l e c t r i c a l ,  e t c . ,  

were  r i g i d l y  mounted on t h e  f i x e d  t o p  f l a n g e .  The water-cooled chamber could  

t \ u s  be q u i c k l y  and e a s i l y  lowered t o  g a i n  a c c e s s  t o  t h e  r e a c t o r .  With t h i s  

arrangement we expec ted  t o  b e  a b l e  t o  t e s t  d i f f e r e n t  r e a c t o r  c o n f i g u r a t i o n s ,  

r e a c t o r  c o n s t r u c t i o n  m a t e r i a l s ,  and o p e r a t i n g  modes w i t h  much s h o r t e r  tu rn -  

around t imes t h a n  were p r e v i o u s l y  r e q u i r e d .  The o u t e r  water-cooled w a l l s  pro- 

v ided  s u r f a c e s  f o r  N a C l  c o l l e c t i o n .  

Using t h e  d a t a  o b t a i n e d  i n  our  e a r l i e r  h e a t  r e l e a s e  exper iments ,  we 

concluded t h a t  t h e  Na/SiCl4 r e a c t i o n  goes r a p i d l y  t o  complet ion,  and a  much 

smaller r e a c t o r  volume t h a n  had been used i n  p r e v i o u s  d e s i g n s  would be  adequate .  

A new r e a c t o r  was des igned  w i t h  s m a l l e r  (8 cm diam, 16 cm l o n g )  r e a c t o r  dimen- 

s i o n s  fo l lowing  t h e s e  conc lus ions  anci i s  shown i n  Fig .  30. 
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FIGURE ?.9 VOLUPIETRIC HEAT RELEASE PROFILES 
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Our aim was t o  c o l l e c t  h i g h  p u r i t y  l i q u i d  s i l i c o n  a t  t h e  r e a c t o r  

o u t l e t ,  w i t h  t h e  N a C l  (and,  w e  hoped, most o t h e r  i m p u r i t i e s )  be ing  c o l l e c t e d  

on cooled s u r f a c e s  f a r  from t h e  S i  c o l l e c t o r .  IJe would t h u s  show t h a t  p roduc t  

c o l l e c t i o n  and s e p a r a t i o n  were e a s i l y  ach ieved  i n  t h e  absence of c a r r i e r  g a s e s  

s u c h  a s  H, o r  Ar. A major  i .nnovation i n  t h e  new d e s i g n  concerns  s i l i c o n  p a r t i -  

c l e  s e p a r a t i o n  from t h e  NaCl(g). The e x i t  from t h e  r e a c t i o n  volume was conf ig -  a 

u r e d  a s  a s m a l l  converging nozz le .  I n  t h e  i n i t i a l  t e s t s  t h e  r e a c t o r  was 

planned t o  o p e r a t e ' n e a r  0.5 atm w i t h  t h e  r e a c t o r  w a l l s  n e a r  o r  above 1700 K. 

The r e a c t i o n  p r o d u c t s ,  NaCl(g) and S i ( R ) ,  would l e a v e  t h e  r e a c t o r  through t h e  

n o z z l e ,  e x h a u s t i n g  i n t o  a  l a r g e  volume h e l d  a t  a  low ( <  1 0  T o r r )  p r e s s u r e .  

The j e t  from t h e  r e a c t o r  would impinge on a  h o t  ( = 1700 K) g r a p h i t e  c r u c i b l e  

where t h e  S i (R)  d r o p l e t s  would be  c o l l e c t e d .  The NaCl would condense on t h e  

c o l d  w a l l s  of t h e  vacuum chamber. Using a  low p r e s s u r e  i s  n o t  unreasonab le  f o r  

a  p r o c e s s  where e s s e n t i a l l y  a l l  of  t h e  r e a c t i o n  p r o d u c t s  a r e  c o n d e n s i b l e ,  s i n c e  

o n l y  a  v e r y  s m a l l  pumping c a p a c i t y  would be  r e q u i r e d  t o  m a i n t a i n  t h e  low pres -  

s u r e .  The e s s e n t i a l  c h a r a c t e r i s t i c s  of t h i s  s i l i c o n  c o l l e c t i o n  t e c h n i q u e  a r e  

t h a t  t h e  S i  p a r t l c l e s  a r e  given a  l a r g e  forward momentum i n  t h e  n o z z l e ,  c a u s i n g  

them t o  c o l l e c t  by impact ion on t h e  c r u c i b l e .  The lower  p r e s s u r e  a s s i s t s . t h i s  

p r o c e s s  by i n c r e a s i n g  t h e  s t o p p i n g  d i s t a n c e  of t h e  p a r t i c l e s .  C a l c u l a t i o n s  

i n d i c a t e d  t h a t  even 0 . 1  u m  diam s i l i c o n  d r o p l e t s  would p e n e t r a t e  = 5 mm i n t o  

t h e  shock l a y e r  above t h e  S i  l i q u i d  i n  t h e  c r u c i b l e .  Impact ion,  d i f f u s i o n ,  and 

the rmophore t i c  c o l l e c t i o n  would t h e n  remove many of even t h e s e  v e r y  s m a l l  drop- 

l e t s  from t h e  g a s  i n  t h i s  l a y e r .  Parameters  t o  be v a r i e d  were r e a c t i o n  zone 

volume, n o z z l e  d iamete r  o r  shape,  c r u c i b l e  t e m p e r a t u r e ,  c r u c i b l e  t o  n o z z l e  d i s -  

t a n c e ,  and r e a g e n t  f low r a t e s .  It was of a d d i t i o n a l  i n t e r e s t  t o  test whether  

t h e  t h i c k  g r a p h i t e  w a l l s  would w i t h s t a n d  exposure  t o  t h e  r e a c t a n t s  and p r o d u c t s  

wi thou t  s t r u c t u r a l  damage. 

A s  shown i n  F i g .  30 p r e h e a t e r s  v e r e  i n s t a l l e d  t o  h e a t  b o t h  t h e  r e a c t o r  

2nd c r u c i b l e  b e f o r e  beginning an  exper iment .  FIolybdenum r e s i s t a n c e  h e a t e r s  

were used f o r  t h e  e a r l y  work w i t h  changeover t o  a  noncontaminat ing h e a t e r  

planned a f t e r  i n i t i a l  tssts. The r e a c t o r  and c r u c i b l e  were su r rounded  by h e a t  

s h i e l d s  and h i g h  t empera tu re  i n s u l a t i o n  m a t e r i a l .  The i n l e t  r e g i o n  was made 

thin-r*ral.led t o  minimize h e a t  t r a n s f e r  t o  t h e  A 1  f l a n g e  from which t h e  w l ~ o l e  

r e a c t o r  i s  suspended. S t a i n l e s s  s t e e l  tubes  c a r r i e d  t h e  r e a c t a n t s  t o  t h e  r e a c -  

t o r  a r e a  where they v e r e  mixed i n  a  h i g h l y  t u r b u l e n t  manner. 



The f i r s t  h e a t e r s  were b u i l t  u s i n g  two 0.10 cm (0.04 i n . )  diam )lo 

w i r e s  i n s i d e  d u a l  b o r e  alumina tubes .  Inadequa te  h e a t  t r a n s f e r  and t empera tu re  

c o n t r o l  caused f a i l u r e  of t h e s e  h e a t e r s  and,  i n  some c a s e s ,  m e l t i n g  of t h e  

alumina t u b e s .  We t h e n  redes igned  t h e  h e a t e r s  such t h a t  t h e  w i r e s  were exposed 

excep t  f o r  s m a l l  a r e a s  n e c e s s a r y  f o r  s u p p o r t .  R a d i a t i v e  h e a t  t r a n s f e r  from 
, 

b a r e  w i r e s  a t  T  = 2400 K w a s  e s p e c t e d  t o  be  v e r y  e f f i c i e n t .  I n i t i a l  t e s t s  o f  

t h e s e  h e a t e r s  were n o t  s u c c e s s f u l  i n  r a i s i n g  t h e  r e a c t o r  and c r u c i b l e  t o  t h e  

d e s i r e d  o p e r a t i n g  t empera tu res  ( >  1700 R). Smal l  a i r  l e a k s  c a u s i n g  e s c e s s i v e  

c o r r o s i o n  o f  t h e  $10 w i r e  were a  major problem. Another problem was t h a t  t h e  

h i g h  t empera tu re  r e s i s t i v i t y  of t h e  &lo proved t o  be g r e a t e r  t h a n  t h e  p u b l i s h e d  

v a l u e s  assumed i n  t h e  h e a t e r  d e s i g n ,  The v o l t a g e s  r e q u i r e d  t o  d r i v e  t h e  

h e a t e r s  were t h u s  g r e a t e r  t h a n  what t h e  a v a i l a b l e  power s u p p l i e s  could p rov ide .  

The a c t u a l  r e s i s t i v i t y  of t h e  w i r e  was subsequen t ly  measured and t h e  h e a t e r s  

r e b u i l t .  It was r e a l i z e d  t h a t  FJo h e a t e r s  were n o t  an  i d e a l  environment f o r  

producing h i g h  p u r i t y  S i .  T r a n s f e r  of Fio t o  t h e  S i  produced i n  t h e  a p p a r a t u s  

w a s  probably  unavoidab le  and t h e  s e n s i t i v i t y  of t h e  e l e c t r o n i c  p r o p e r t i e s  of 

s i l i c o n  t o  t r a c e s  of t h i s  e lement  was recognized .  T h e r e f o r e ,  once t h e  power 

l e v e l s  r e q u i r e d  t o  o p e r a t e  t h e  r e a c t o r  and c r u c i b l e  u s i n g  t h e  redes igned  Mo 

h e a t e r s  were e s t a b l i s h e d ,  w e  p lanned t o  s w i t c h  t o  more s u i t a b l e  (and more 

expensive)  h e a t e r  m a t e r i a l s .  

F u r t h e r  exper imenta l  d i f f i c u l t i e s  were encountered w i t h  t h e  r e a c t o r  

and c r u c i b l e  h e a t e r s  b u t  t h e  t e s t s  d i d  p r o v i d e  t h e  power requirement  d a t a  

needed t o  r e d e s i g n  t h e  h e a t e r s .  Commercial s i l i c o n  c a r b i d e  h e a t e r s  were con- 

s i d e r e d  b u t  were n o t  a p p l i c a b l e  because t h e  r e q u i r e d  t empera tu res  a r e  t o o  h i g h ,  

and t h e  s i l i c o n  c a r b i d e  i s  n o t  chemica l ly  s t a b l e  i n  a  reduc ing  atmosphere.  

Drawing from exper ience  gained e a r l i e r  i n  t h i s  program w e  chose  g r a p h i t e  r e s i s -  

t a n c e  h e a t e r s  f o r  t h e  new des ign .  Th is  m a t e r i a l  i s  s t a b l e  when exposed t o  t h e  

r e q u i r e d  t empera tu res  and environment.  E a s i l y  o b t a i n e d  and inexpens ive  0.62 cm 

(0.25 i n . )  diam s p e c t r o s c o p i c  r o d s  were found t o  match c l o s e l y  t h e  a v a i l a b l e  

h i g h  c u r r e n t  (250 A) power s u p p l i e s .  Approximately 3 lcrJ and 4.5 klJ were re-  

q u i r e d  t o  h e a t  t h e  c r u c i b l e  and r e a c t o r  t o  t empera tu res  of 1450 and 1550 K ,  

r e s p e c t i v e l y .  

The g l a s s  SiC1, r e f l u s  condenser  used i n  p r e v i o u s  exper iments  was 

i n a d e q u a t e  i n  l i q u i d  c a p a c i t y ,  vapor  d e l i v e r y  r a t e ,  and i n  s a f e t y  margin f o r  

t h e  planned runs .  T h e r e f o r e  a  l a r g e r  s t a i n l e s s  s t e e l  model was c o n s t r u c t e d  t o  

a l l o w  l o n g e r  r c n s  w i t h o u t  p e r i o d i c  f l u c t u a t i o n s  i n  t h e  SiCl,,  f lo-J .  A r e f l u s i n g  



r a t h e r  than  f l a s h  h e a t i n g  d e s i g n  was chosen because  h i g h e r  p u r i t y  Sic14 vapor  

could  be  f u r n i s h e d ,  l e a v i n g  many i m p u r i t i e s  behind i n  t h e  b o i l e r .  The d e s i g n  

a l s o  a l lowed a  much l a r g e r  s a f e t y  f a c t o r  when o p e r a t i n g  t h e  b o i l e r  a t  e l e v a t e d  

p r e s s u r e s .  

During t h e  f i r s t  run ,  b o t h  s t a i n l e s s  steel r e a g e n t  d e l i v e r y  t u b e s  

f a i l e d  due t o  SiC1, a t t a c k  on t h e  h o t  m e t a l  and t h e  Na and SiC1, mised i n  t h e  

i n l e t  r e g i o n .  S i n c e  t h e  r e a c t i o n  took p l a c e  i n  t h e  r e a c t o r  h o l d e r  r a t h e r  t h a n  

i n  t h e  r e a c t o r  i t s e l f ,  t h e r e  was no s e p a r a t i o n  of t h e  S i  from NaCl o r  c o l l e c -  

t i o n  of p r o d u c t s  i n  e i t h e r  t h e  r e a c t i o n  chamber o r  t h e  c r u c i b l e .  The sodium 

i n l e t  t u b e  was modif ied t o  p rov ide  t empera tu re  c o n t r o l  of t h e  i n l e t  p o r t  by 

f lowing  N p  g a s  through a  double-walled assembly,  and t h e  r e a c t o r  r a n  success -  

f u l l y  f o r  20 min i n  t h e  second run.  Upon opening t h e  sys tem a f t e r  t h i s  r u n ,  a 

c o n s i d e r a b l e  amount of product  was found on t h e  vacuum chamb,er w a l l s .  Very 

l i t t l e  s i l i c o n  was found i n  t h e  c r u c i b l e ,  p robab ly  due t o  i n s u f f i c i e n t  h e a t i n g .  

During t h e  t h i r d  r u n ,  t h e  r e a c t o r  and c r u c i b l e  reached o p e r a t i n g  t e m p e r a t u r e s  

of 1650 K. U n f o r t u n a t e l y ,  t h e  sodium h e a t  p i p e  c logged and t h e  sys tem was pre- 

mature ly  s h u t  down. 

The r e a c t o r  h o l d e r  was redes igned  s o  t h a t  each r e a g e n t  e n t e r e d  t h e  

r e a c t o r  through a  s e p a r a t e  chamber. Argon i n i t i a l l y  flowed i n t o  t h e  N a  s i d e  

t o  p reven t  t h e  SiC1, from r e a c h i n g  t h e  N a  i n l e t  tube .  During one r u n  t h e  

r e a g e n t s  mixed i n  t h e  SiC1, chamber and i n  a n o t h e r  t h e y  mised i n  t h e  Na chamber. 

The r e a c t o r  h o l d e r  was t h e r e f o r e  a g a i n  redes igned  t o  p r e v e n t  b o t h  t h e  S iCl ,  and 

t h e  N a .  from mixing u n r i l  t h e y ' r e a c h e d  t h e  r e a c t o r .  T h i s  new r e a c t o r  h o l d e r  

c o n t a i n e d  a  d u a l  chamber assembly w i t h  t h e  SiC1, e n t e r i n g  t h e  r e a c t o r  through 

an alumina t u b e  and t h e  Na e n t e r i n g  through a  double-walled s t a i n l e s s  s t e e l  

i n l e t .  At t h i s  p o i n t ,  by pass ing  a i r  o r  N p  between t h e  w a l l s ,  i t  w a s  d iscov-  
t 

e r e d  t h a t  t h e  premature  mis ing i n  t h e  r e a c t o r  h o l d e r  was due t o  t h e  f a i l u r e  of 

t h e  N a  v a p o r i z e r  va lve .  I n  an e a r l i e r  r u n  i t  had mel ted and i t  remained open 

d u r i n g  subsequent  runs .  A s  t h e  v a p o r i z e r  was brought  t o  t e m p e r a t u r e  b e f o r e  

s t a r t i n g  a  r u n ,  b o t h  l i q u i d  and vapor ized  N a  e n t e r e d  t h e  r e a c t o r  h o l d e r .  A 

n.ew t y p e  of v a l v e  t o  c o n t r o l  t h e  Na f low w a s  made t o  p reven t  t h i s  t y p e  of 

f a i l u r e .  

To observe  v i s u a l l y  t h e  h i g h  v e l o c i t y  r e a c t i o n  j e t  as i t  e x i t s  from 

t h e  r e a c t i o n  chamber, one run  was made w i t h o u t  t h e  c r u c i b l e  i n  p l a c e .  A b r i g h t ,  

ye l low j e t - l i k e  f lame approximately  1 0  cm long  was observed f o r  a  few seconds 

b e f o r e  t h e  s a l t  byproduct coated t h e  o b s e r v a t i o n  window. During t h i s  r u n ,  a 



c o n i c a l  mound ( -  1 0  cm h i g h  and .r 1 5  cm b a s e  diar . )  o f  r e a c t i o n  product  c o l l e c -  

t e d  on an  aluminum p l a t e  p laced  one f o o t  away from t h e  r e a c t o r  e x i t  n o z z l e .  

T h i s  r e a c t i o n  p roduc t  was 20% S i  and SO% sa l t  by weight .  Microscopic  examina- 

t i o n  showed t h a t  t h e  p a r t i c l e  a g g r e g a t e s  ranged i n  s i z e  from 1 t o  1 0  p. 

The r e a c t o r  w a s  a l s o  run  w i t h  t h e  s i l i c o n  c o l l e c t i o n  c r u c i b l e  i n  

p l a c e .  Three  grams of t h e  s i l i c o n  p roduc t  ( c o n t a i n i n g  ~ 1 0 %  sa l t  by weigh t )  

c o l l e c t e d  i n  t h e  c r u c i b l e .  S i n c e  t h i s  p roduc t  appeared amorphous, t h e  i n a b i l i -  

t y  t o  c o l l e c t  t h e  s i l i c o n  p roduc t  may be due t o  an i n s ~ r f f i c i e n t  c r u c i b l e  

t empera tu re  ( a  1500 K d u r i n g  t h i s  r u n ) .  
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I n  t h e  c o u r s e  of performing t h e  exper iments  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 i o n  s e v e r a l  o b s e r v a t i o n s  were made which b rought  i n t o  q u e s t i o n  t h e  s u i t a b i l -  

i t y  of g r a p h i t e  a s  a  m a t e r i a l  of c o n s t r u c t i o n  i n  c o n t a c t  w i t h  s i l i c o n  o r  sodium. 

F igure  31,  f o r  example, shows t h e  d e s t r u c t i o n  t o  a 2.5 c m  g r a p h i t e  r e a c t i o n  

t u b e  caused by a  Na/SiCl& flame. It was n o t  p o s s i b l e  t o  de te rmine  whether  t h i s  

was t h e  r e s u l t  of r e a c t i o n  w i t h  sodium, s i l i c o n  h a l i d e ,  o r  s i l i c o n ,  o r  s imply 

due t o  expansion of s i l i c o n  a s  i t  s o l i d i f i e d .  S i n c e  g r a p h i t e  i s  i m p o r t a n t  i n  

our  work, and f o r  o t h e r  proposed p r o c e s s e s ,  f u r t h e r  i n v e s t i g a t i o n  of t h e  prob- 

l e m  was made. 

The f i r s t  t e s t s  were performed as fo l lows :  Samples of g r a p h i t e ,  nominal ly  

3  x 5 cm, 1-2 cm t h i c k ,  were suspended by a  w i r e  . in  t h e  sodium vapor  g e n e r a t o r  

a t  a  l e v e l  such t h a t  they  would be  immersed i n  t h e  r e f l u x i n g  sodium vapor  ( s e e  

F i g .  3 2 ) .  The samples were exposed t o  r e f l u x i n g  sodium a t  0 . 5  atm and 1150 K f o r  

f i v e  minu tes ,  coo led ,  and removed from t h e  a p p a r a t u s .  S i n c e  t h e s e  exper iments  

were performed a t  t h e  dew p o i n t  of sddium, t h e  samples were  exposed t o  b o t h  l i q -  

u i d  and vapor  sodium. Table  V I  l i s t s  t h e  manufac tu re r ,  g r a d e ,  and p h y s i c a l  char-  

a c t e r i s t i c s  of t h e  t e s t e d  samples.  A.ccording t o  t h e  m a a u f a c t u r e r s '  l i t e r a t u r e ,  

t h e s e  a r e  h i g h  q u a l i t y  g r a p h i t e s .  Airco-Speer g r a d e  580 i s  l i s t e d  as " t h e  .dens- 

est and s t r o n g e s t  ex t ruded  m a t e r i a l  commercially a v a i l a b l e . "  The S t a c k p o l e  g r a d e  

2020 is  a  molded, h i g h  d e n s i t y  material w i t h  s m a l l  p o r e  s i z e .  Prom U l t r a  Carbon 

w e  t e s t e d  s e v e r a l  coa ted  g r a p h i t e s ,  i n c l u d i n g  a  p y r o l y t i c  g r a p h i t e  coa ted  sample. 

The r e s u l t s  of t h e  t e s t s  were  e s s e n t i a l l y  t h e  same f o r  every  sample. Both 

t h e  coa ted  and uncoated g r a p h i t e s  emerged expanded, s u s t a i n e d  m u l t i p l e  c r a c k s ,  

and,  i n  some c a s e s ,  were even broken. The s i l i c o n  c a r b i d e  c o a t i n g  cou ld  no long- 

e r  be  seen ,  w h i l e  t h e  p y r o l y t i c  g r a p h i t e  c o a t i n g  was c racked ,  broken,  and p e e l i n g  

from i t s  s u b s t r a t e .  The samples were  quenched i n  wa te r  t o  remove e x c e s s  sodium. 

A f t e r  t h e  i n i t i a l  r e a c t i o n  of sodium on t h e  sample s u r f a c e ,  e v o l u t i o n  of bubbles  

w a s  observed f o r  h o u r s ,  i n d i c a t i n g  t h a t  c o n s i d e r a b l e  sodium had permeated t h e  

samples.  

We concluded from t h e s e  s i m p l e  t e s t s  t h a t  n e i t h e r  g r a p h i t e ,  s i l i c o n  c a r b i d e ,  

o r  p y r o l y t i c  g r a p h i t e  coa ted  g r a p h i t e  i s  s t r u c t u r a l l y  s t a b l e  i n  c o n t a c t  w i t h  

sodium, a t  l e a s t  n e a r  t h e  sodium dew p o i n t .  It i s  l i k e l y  t h a t  t h e  observed e f f e c t s  

a r e  due t o  a c t u a l  chemical  r e a c t i o n  of t h e  g r a p h i t e  w i t h  t h e  a l k a l i  m e t a l .  Com- 

pounds r e s u l t i n g  from such r e a ~ t i o n s ~ h a v e  been o b s e r ~ e d , ' ~ , ~ ~  a l t h o u g h  l i t t l e  



F I G U R E  31  PHOTOGRAPH SHOWING DESTRLICTION OF A 2.5 cm D I M 1  R E A C T I O N  
TUBE BY A N a / S i C l ,  FLIVIE 
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FIGURE 32 APPARATUS FOR NaIGRAPHITE TESTS AT 1150 K 

TABLE VI 

LIST OF HATERIALS TESTED I N  CONTACT WITH SODIUbf AT 1150 K 

Supp l ie r IGrade  P h y s i c a l  C h a r a c t e r i s t i c s  

A.D. ~ a c k a y I U F 4 S  

G r a p h i t e ,  e x t r u d e d ;  1 .76  g  cm-3 d e n s i t y ,  22% 
p o r o s i t y ,  0.020 cm maximum g r a i n  s i z e .  

G r a p h i t e ,  similar t o  Airco-Speer 580 g rade  
b u t  p u r i f i e d  t o  5 ppm a s h  c o n t e n t .  

G r a p h i t e ;  d e n s i t y  > 1.77 g  ~ m - ~ ,  1 7 %  p o r o s i t y ,  
0.004 cm maximum g r a i n  s i z e ,  1 . 5  pm a v e r a g e  
p o r e  s i z e .  

U l t r a  ~ a r b - o n / ~ ~ - l O l  P y r o l y t i c  g r a p h i t e  c o a t e d  g r a p h i t e ;  c o a t i n g  
t h i c k n e s s  e s t i m a t e d  t o  b e  = 0.005 cm, sub- 
s trate g r a p h i t e  g r a d e  unknown. 

U l t r a    arb on/^^-1300 

U l t r a  CarbonIPT-444 

S i l i c o n  c a r b i d e  c o a t e d  g r a p h i t e ;  s u b s t r a t e  
g r a p h i t e  g r a d e  UT-22, 1 . 7 0  g  ~ r n - ~  d e n s i t y ,  
21% p o r o s i t y ,  0.015 cm maximum g r a i n  s i z e .  
Coat ing t h i c k n e s s  unknown. 

S i l i c o n  c a r b i d e  c o a t e d  g r a p h i t e ;  m a n u f a c t u r e r ' s  
code A-9648-6, s u b s t r a t e  g r a p h i t e  p r o p e r t i e s  
unknown. 



work h a s  been done f o r  sodium r e a c t i o n s .  Potassturn r e a d i l y  forms a C e K  i n t e r -  

c a l a t i o n  compound, shown i n  F ig .  3 3 ,  i n  which t h e  plane- to-plane s p a c i n g  of 

t h e  g r a p h i t e  i n c r e a s e s  from 0.34 t o  0.54 nm r e s u l t i n g  i n  a 60% expans ion  of t h e  

m a t e r i a l  i n  t h i s  d i r e c t i o n .  A C s L N a  compound h a s  been observedZ1 where a 

sodium atom i n s e r t s  i t s e l f  i n t o  e v e r y  s i x t h  l a y e r  expanding t h e  plane- to-plane 

spac ing  t o  0.56 nm. Other  compounds probably  e x i s t .  The c o n c l u s i o n  from t h e s e  

o b s e r v a t i o n s  i s  t h a t  a l k a l i  m e t a l s  a r e  indeed r e a c t i v e  w i t h  g r a p h i t e  and t h e  

fo rmat ion  of i n t e r s t i t i a l  compound is  mani fes ted  i n  l a r g e  macroscopic  changes 

i n  t h e  m a t e r i a l s .  

0.34 "rn( 

GRAPHITE 

FIGURE 33 STRUCTURE OF C e K  

(a£  t e r  Ref. 1 9 ) .  



I n  o r d e r  t o  make f u r t h e r  t e s t s  under more c l o s e l y  c o n t r o l l e d  condi t . ions  and 

a t  h i g h e r  t empera tu res ,  a  h e a t e d  f low r e a c t o r  was c o n s t r u c t e d .  Although n o t  ex- 

pec ted  t o  s u r v i v e  more t h a n  a  few exper iments ,  a 46 cm l o n g ,  5 cm diam alumina 

t u b e  was used f o r  t h e  f low t u b e  ( s e e  F i g . 3 4 ) .  The f i r s t  30 cm of t h e  t u b e  were 

wrapped w i t h  0.127 cm (0.050 i n . )  diam Mo w i r e  i n  t h r e e  s e p a r a t e  h e a t e r  windings  

connected i n  p a r a l l e l  t o  a n  a c  a r c  welder  power supp ly  c a p a b l e  of s u p p l y i n g  abou t  

250 A. A d r y  r u n  was performed w i t h  no r e a g e n t s  p r e s e n t  i n  o r d e r  t o  test  t h i s  

new f low t u b e  d e s i g n  and a l s o  t o  check t h e  f u n c t i o n i n g  of t h e  r e a c t o r  f a c i l i t y .  

-- 

SAMPLE 

INSULATION 

'ED 
TUBE 

FIGURE 34 FLOW TUBE APPARATUS FOR N~IGRAFHITE TESTS 
AT 1200 K AND 1700 K 



The f i r s t  test produced t empera tu res  i n  e x c e s s  of 2200 K. Although t h e  t u b e  

f r a c t u r e d  a t  t h e  end of t h e  h e a t e d  zone upon c o o l i n g ,  t h e  f a i l u r e  w a s  a t t r i b u t e d  

o n l y  t o  o u r  having hea ted  t h e  t u b e  t o o  r a p i d l y  and t o  t o o  h i g h  a tempera tu re .  

Consequently,  a n c t h e r  t u b e  of s i m i l a r  d e s i g n  was c o n s t r u c t e d  t o  r e p l a c e  i t .  

I n  o r d e r  t o  perform t e s t s  d i r e c t l y  a p p l i c a b l e  t o  t h e  Westinghouse a r c - j e t  

r e a c t o r ,  we o b t a i n e d  from t h e  same s u p p l i e r  samples of t h e  s p e c i f i c  g rade  of 

pyro ly t i c -coa ted  g r a p h i c e  used i n  t h e i r  d e s i g n  (Grea t  Lakes Carbon Corp. g r a d e  

HLM g r a p h i t e  coa ted  w i t h  0.013 t o  0.025 cm (0.005 t o  0.010 i n . )  of p y r o l y t i c  gra-  

p h i t e  and s u p p l i e d  by P f i z e r  Inc.). These samples were approx imate ly  2.5 cm l o n g  

segments of 1 .9  cm diam rod coa ted  on a l l  s u r f a c e s .  S i m i l a r l y  coa ted  samples 

o f  S t a c k p o l e  g rade  2020 g r a p h i t e  were a l s o  o b t a i n e d  from P f i z e r .  To t e s t  t h e  

c o m p a t i b i l i t y  of t h e s e  samples w i t h  sodium vapor ,  one sample of each was sus-  

pended i n  a Mo w i r e  b a s k e t  a t  t h e  mid-region of t h e  h e a t e d  f l o w  t u b e  (about  

1 3  t o  18 cm from t h e  sodium i n l e t ) .  

Condi t ions  f o r  t h e s e  exper iments  were s e l e c t e d  i n  c o o p e r a t i o n  w i t h  JPL 

Task I s c i e n t i s t s Z 2 t o  b e  an  a c c e p t a b l e  compromise between t h e  e x a c t  Westinghouse 

v a l u e s  and t h o s e  t h a t  could  b e  ach ieved  w i t h  e x i s t i n g  a p p a r a t u s  a ?  berochem. 

Experiment:; were chosen t o  b e  performed a t  1200 and 1700 K, 0 . 5  atm of u n d i l u t e d  

sod iuK,  ?. l i n e a r  f low v e l o c i t y  of a t  l e a s t  2.5 m s- l ,  and a n  exper iment  d u r a t i o n  

of 0.5 h  o r  longer .  Table  V I I  g i v e s  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  t h a t  were  i n  f a c t  

achieved.  T e s t  1 f e l l  somewhat s h o r t  of t h e  g o a l s  i n  p r e s s u r e  and d u r a t i o n  and 

T e s t  2  a  b i t  s h o r t  i n  d u r a t i o n .  The r e s u l t s  of T e s t  2  were ,  however, c o n c l u s i v e  

and Tesc 3 r e p e a t e d  t h e  c o n d i t i o n s  of T e s t  1, s o  i t  i s  f e l t  t h a t  s u f f i c i e n t  d a t a  

were  t aken  f o r  t h e  d e s i r e d  purposes .  The c o l d  t r a p  des igned  t o  c a p t u r e  and f r e e z e  

the Na vapor  proved t o  b e  on ly  p a r t i a l l y  e f f e c t i v e  and a  c loud of s m a l l  N a  par-- 

t i c l e s  f i l l e d  t h e  r e a c t o r  chamber. T e s t  1 w a s  t e rmina ted  a t  16 min when t h e  

p a r t i c l e  f i l t e r  i n  t h e  pumping l i n e  became clogged.  The problem w a s  most l i k e -  

l y  due t o  c o o l i n g  t h e  Na vapor  t o o  r a p i d l y ,  and a h i g h e r  t empera tu re  c o l d  t r a p  

w a s  used i n  t h e  subsequent  exper iments .  The Na d u s t  i n  t h e  chamber c r e a t e d  

somewhat of a  c leanup hazard ,  r e q u i r i n g  = 24 h  of s u r f a c e  p a s s i v a t i o n  b e f o r e  

t h e  chamber could b e  opened t o  (mois t )  a i r .  

Nonetheless ,  t h e  exper iments  d i d  p rov ide  good t e s t s  of t h e  m a t e r i a l  i n  

q u e s t i o n ,  Two o b s e r v a t i o n s  were immediately obvious .  F i r s t ,  n e i t h e r  t h e  pyro- 

l y t i c  c o a t i n g  nor  any s u b s t r a t e  g r a p h i t e  s u r v i v e d  t h e  test a t  1150-1200 K. A l l  

samples were  crac.ked and expanded approximately  10 t o  30%. The r e s u l t s  from t h e  

f low t u b e  experiment a t  1200 K corraspond t o  t h o s e  of t h e  r e f i u x i n g . e x p e r i m e n t s  



TMLE V I I  

n o w  TUEE CONDITIONS FOR Na/GWHITE COFPATIBILITY TESTS 

T  P v D u r a t i o n  
- 

T e s t  K Tor r  m s-' min samplea Remarks 

1 17 00 50-150 1.0-6.4 1 6  A Coa t ing  c racked  and 
p e e l i n g ,  s u b s t r a t e  
g r a p h i t e  OR. 

B Same a s  LA. 

A E s t e n s i v e  damage t o  
c o a t i n g  and s u b s t r a t e .  

B Same a s  2A. 

C E x t e n s i v e  damage. 

A Coa t ing  c racked ,  sub- 
s t r a t e  OK. Very l i t t l e  
Na absorbed i n t o  sample.  

B No damage v i s i b l e ,  l i t -  
t l e  Na absorbed i n t o  
sample. 

C Same a s  3B. 

a  
A = P y r o l y t i c a l l y  c o a t e d  g r a p h i t e ;  G r e a t  Lakes Carbon Corp. ,  HLFI g rade .  

B.= P y r o l y t i c a l l y  c o a t e d  g r a p h i t e ;  S t a c k p o l e ,  2020 g rade .  

C = Uncoated g r a p h i t e ;  Airco-Speer,  580 grade .  . 

performed i n  t h e  Na v a p o r i z e r .  The second o b s e r v a t i o n  was t h a t  t h e  r e s u l t s  a r e  

q u i t e  d i f f e r e n t  2 t  1700 K. A t o t a l  of f i v e  samples .were esposed t o  Na vapor  a t  

1700 K and none s u s t a i n e d  s t r u c t u r a l  damage. The uncoa ted  g r a p h i t e  sample  show- 

ed no ev idence  of absorbed sodium. The p y r o l y t i c  g r a p h i t e  c o a t i n g ,  however, was 

e s t c n s i v e l y  cracked i n  t h r e e  o u t  of f o u r  samples .  Probably  i f  t h e  Na g e t s  under  

t h e  c o a t i n g  a t  any i m p e r f e c t i o n  i t  s e p a r a t e s  from t h e  s u b s t r a t e  and c r a c k s .  It 

i s  u n l i k e l y  t h a t  any l a r g e - s c a l e  r e a c t o r  could  b e  made w i t h o u t  some such imper- 

f e c t i o n s .  

The pr imary i m p l i c a t i o l l  of t h i s  work w i t h  r e g a r d  t o  t h e  IJes t inghouse  a r c -  

jet  r e a c t o r  i s  t h a t  t h e  p y r o l y t i c a l l y  c o a t e d  g r a p h i t e  r e a c t o r  l i n e r  must b e  

above 1200 K b e f o r e  e s p o s m e  t o  ; ~ e  s ~ d i ~ ~ n l  [Low. 



V I ,  CONCLUSIONS 

The main conclusions from this program are: 

1. Flames of gaseous Na or K with SiCl,, or SiHC13 are stable, high 

temperature, characterized by rapid kinetics, and produce free 

silicon. 

2. Flames of gaseous Na or K with SiF4 are characterized by much 

lower temperatures, slower kinetics, and produce free silicon 

only if the reactor is hotter than about 1000 K so that NanSiFs 

formation is prevented. Additional heat input would be necessary 

to separate the pr ,~ct Si from the NaF in the gas phase. 

3.  Silicon produced from the ~a/SiCl& reaction'can be separated 

from the byproduct NaCl(g) if the reactor temperature is above 

= 1750 K and inert gas (argon) in the system is minimized. 

4. Heat release measurements show the Na/SiC14 reaction to be mis- 

ing limited, thus allowing a well-stirred reactor to be compact 

in volume. 

5. Sodium-graphite compounds form at T L  1200 K causing severe 

material problems. Similar problems are observed for pyrolytic 

graphite 07 silicon carbon coated graphite. At T A 1 7 U O  K these 

problems are not observed for graphite although the coatings 

still fail. 



V I I ,  RECOMMENDATLONS 

With t h e  c o m p l e t i o n  o f  t h e  e s p e r i m e n t s  d i s c u s s e d  i n  S e c t i o n  IV t e c h n i c a l  

e f f o r t  on t h e  c u r r e n t  program i s  ended.  We a r e  now i n  a  p o s i t i o n  t o  p r o d u c e  

r e l a t i v e l y  l a r g e  samples  (0.2-0.5 kg) of  s i l i c o n ,  te . s t  s e p n r a t i o n / c o l l e c t i o n  

methods ,  e v a l u a t e  r e a c t o r  material p r o p e r t i e s ,  and measure  i m p u r i t y  l e v e l s  and 

s o u r c e s  i n  t h e  s i l i c o n  p r o d u c t .  The f o l l o w i n g  recommendations are made f o r  

e s t e n d i n g  t h e  work per formed u n d e r  t h i s  c o n t r a c t .  

1. It i s  recommended t h a t  t h e  p r e s e n t  program be c o n t i n u e d  t o  mea- 

s u r e  t h e  o v e r a l l  r a t e  o f  r e a c t i o n  p roduc ing  s i l i c o n ,  t h e  v o l u m e t r i c  rate of 

h e a t  r e l e a s e ,  and t h e  e x t e n t  o f  r e a c t i o n .  These  d a t a ,  measured as f u n c t i o n s  

of p r e s s u r e ,  t e m p e r a t u r e ,  r e a c t o r  volume,  e t c . ,  a r e  n e c e s s a r y  t o  e v a l u a t e  t h e  

f e a s i b i l i t y  o f  a p r o d u c t i o n  p r o c e s s  and t o  d e t e r m i n e  t h e  e f f e c t s  o f  s c a l i n g  on  

t h e  p r o c e s s .  F u r t h e r  s t u d i e s  s h o u l d  a l s o  b e  made of t h e  p a r t i c l e  i m p a c t i o n  

t e c h n i q u e  f o r  s e p a r a t i n g  t h e  s i l i c o n  p r o d u c t  from t h e  NaCl(g) and p c s s i b l e  

i m p u r i t i e s .  

2. It i s  recommended t h a t  t h e  p r e l i m i n a r y  r e a c t o r  material s t u d i e s  

r e p o r t e d  h e r e i n  i n  S e c t i o n  V b e  c o n t i n u e d  t o  d e t e r m i n e  t h e  s u i t a b i l i t y  of  v a r i -  

o u s  r e a c t o r  m a t e r i a l s  i n  c o n t a c t  w i t h  S i ,  S i C l b ,  and Na. 

3 .  It i s  recommended t h a t  a more d e t a i l e d  s t u d y  o f  a l k a l i  m e t a l /  

s i l i c o n  h a l i d e  r e a c t i o n s  b e  i n i t i a t e d  u s i n g  a h i g h  t e m p e r a t u r e  f a s t  f l o w  

r e a c t o r .  T h i s  program would measu re  g l o b a l  r e a c t i o n  r a t e  c o e f f i c i e n t s ,  b u t  

more i m p o r t a n t l y ,  would s t u d y  t h e  s i l i c o n  n u c l e a t i o n  and p a r t i c l e  g rowth  k i n e t -  

ics. T h i s  l a t t e r  phenomerlon c a n n o t  be  modeled o r  computed w i t h  any r e a s o n a b l e  

a c c u r a c y .  T h e r e f o r e ,  e s p e r i m e n t a l  d a t a  are needed f o r  p r o c e s s  d e s i g n .  The 

d a t a  a r e  a l s o  needed i n  t h e  development  o f  b e t t e r  t h e o r i e s  and computer  models  

f o r  p r e d i c i n g  t h e  r a t e - o f  s u c h  p r o c e s s e s .  

V I I I ,  NEW T F C H N Q L O G Y  

No r e p o r t a b l e  i t e m s  o f  new t e c h n o l o g y  have  been  i d e n t i f i e d .  
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