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ABSTRACT 

The obj.ect 'of this program wa's 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 photovolt~i~ solar .celis. ~quilibrium calculations showed that a 
. . 

range of.condit.ions were available where silicon.was produced as a .condensed 

phase but. the byproduct. al.kali metal'salt. was a vapor., A process was proposed'.. 

using the vapor phase reaction of .Na with SiCls. 
. . 

Low pressure experiments were performed demonstrating that ' free .silicon 

was produced and providing' experience with the construction of reactant vapor 

generators. ~urther experiments at higher reagent flow rates were performed 

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

~elativel~ pure silicon was. produced. in these experiments. A high temperature 

graphite flow tube, was"bui1t and continuous separation.of. Si frpm NaCl. 'bas 

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

Exper'iments, were performed to investigate.the compatability of graphite- 

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

these 'material's were found to be suitable. ' At 1700 K the graphites performed . . 

well with, 'little damage except to. coatings of pyrolytic graphite and silicdn 

carbide which were damaged. 
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I 
The object. of' .this program was to determine -the feas'ibility of using 

I 
I 

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.. Reactions of gaseous Na or K with silicon 

halides (e.g., SiCl,, S ~ H C ~ ,  , or SiF,) are highly exothermic and luminescent, 

producing high adiabatic flaqe temperatures. Using reliable thdrmochemical 

data, equilibrium calculations show .that.'silicon ts the only.condensed phase .. 

in the product stream; the alkali metal salt is in the vapor phase. This dif- 

ference in physical state of desired and undesired products is propdied as a' 

basis ,for separating' the silicon from the byproduct salt. This research pro- 

gram, begun on 17 May. 1977;'set out to experimentally demonstrate the practi- 

cality of a production/separation process.based on these concepts. As part of. 

Task I of the JPL Low-Cost Solar Array project the overall objective is to pro- 

duce solar-grade silicon at a 'cost of less than $10 per kg (in 1975 dollars). 

Present technology produces semiconductor-grade silicon . . at a cost between $50 

.and $150 per kg, sd an order of magnitude reduction in cost is desired with 

oily slightly less stringent' purity requirements. 

Init.ia1 experiments were performed at .low in an opposed-jet 

diffusion flame con£ iguration. This work, discussed' in Section 111, provided 

information on reagent vaporizer construction, and estab1,ished that. free sili- 

con was produced in the flames. The experiment was then scaled up and run in 

a flow-tube configuration with co-axial injection of reagents. Section IV of 

this report presents details of this. work as the production rate of silicon 

and, the reactor temperature were progressively increased; 

As an outgrowth.of experience gained in our experiments and at the request 
. . 

of JPL a limited series- of material- compatibility studies was .performed to 

investigate the effects of sodium (vapor) on graphite materials. These results 

are presented in section V. 

Finally, the current status of the program is appraised, the conclusions 

reached are presented,'and recommendations.for further work are made. We be- 
. . 

lieve . . that, although some technical difficulties remain to be mastered, the 
. . 

proposed~'process is a strong viable candidate for the production ,of low-cost 

high-purity silicon. 



1 1 ,  BACKGROUND 

The r e a c t i o n  of s i l i c o n , h a l i d e s  wi th  an a l k a l i  metal  was t h e  process  used 

i n  t h e  f i r s t '  p r epa ra t ion  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  1800's .  The config-  

u r a t i o n  of t h e s e  e a r l y  experiments,  however, .was such t h a t  t h e  bulk  of t h e  

r e a c t i o n  took p l a c e . i n  the .  condensed phase and ex tens ive  product s e p a r a t i o n  

procedures  had t o  be 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  ve r s ion  

of t h i s  p r e p a r a t i v e  method has more r e c e n t l y  been employedZ i n  which t h e  reac-  

t i o n s  apparent ly  occur mainly <n t h e  gas phase wi th  a  s i l i c o n  product of 

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  being depos i ted  on the  heated 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 repa ra t ion  was c a r r i e d  ou t  i n  ba tches .  

No continuous rear2tions were sus t a ined  al though s t eady- s t a t e  gas  phase r e a c t i o n  

s u r e l y  must have taken p l a c e  f o r  some time i n  a l l  cases .  . . 

Other s t u d i e s ,  3-6 conducted p r imar i ly  f o r  purposes of s tudying  chemical 

. k i n e t i c s  and chemi-exci tat ion phenomena, have demonstrated . t h a t  t h e  h a l i d e s  of 

s i l i c o n  comprise but  one member'of an ex tens ive  s e r i e s  of compounds which r e a c t  

spontaneously when t h e i r  vapors  a r e  brought i n t o  con tac t  wi th  gaseous a l k a l i  

meta ls  a t  low p res su res .  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 ,  exother -  

mic, r ap id  and emit v i s i b l e  and' u l t r a v i o l e t  l i g h t ;  they thus  may be c l a s s i f i e d  
. . 

q u i t e  p r o p e r 1 y . a ~  flames. 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 ludes  premixing of the.  r e a c t a n t s  and t h e  r a t e s  of 'con'sumption a r e  t h e r e f o r e  

c o n t r o l l e d  by mags t r a n s p o r t  of r e a c t a n t s  t o  t h e  flame zone r a t h e r  than by chemi- 

c a l  k i n e t i c s  w i th in  t h e  flame i t s e . l f .  Combustion systems of t h i s  kind a r e  c l a s s i -  

f i e d  a s  "d i f fus ion  f lamesn a l though i n  most c a s e s ,  convect 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  

cha rac t e r i zed  by an i n t e n s e  high temperature r e a c t i o n  zone loqa ted  a t  t he  

i n t e r s e c t i o n  of two r e a c t a n t  s t reams;  products  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 the  p re s su re  and'geometry 06 t h e  

burner  employed. Since the  r e a c t i o n s  involved .in flames of t h i s  type a r e  

c h a r a c t e r i s t i c a l l y  very  f a s t ,  scale-up cons ide ra t ions  a r e  l a f g e l y  gas dynamic 

i n  na tu re  and tend t o  be somewhat more s t r a igh t fo rward  than i n  r e a c t i o n  r a t e -  

l imi t ed  s y s  terns.. 

The mechanism involved i n  a l l  of t h e s e  inorganic  h a l i d e  and halomethanel 

a l k a l i  meta l  .flames appears  6-  1 0  
. . t o  comprise succes s ive  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 parent  meta 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 not themselves been ex tens ive ly  i n v e s t i g a t e d  



i n  terms o f ,  t h e i r  r e a c t i o n  mechanisms, t h e  e v i d e n c e  s t r o n g l 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 . m e m b e r s  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  thammany 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 lame s p e c i e s  upon c o o l i n g  can b e  expect'ed t o  be c o n s i d e r a b l y  lower ,  

E v a l u a t i o n  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 '  coniposi t ions  and a d i a b a t i c  t e m p e r a t u r e s .  

These i d e a l .  compos i 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  dev ia -  

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 ' t e m p e r a t u r e  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  exo thermic  r e a c t i o n s .  t o  a p p e a r  as p r o d u c t  t e m p e r a t u r e . .  

. I t  t h u s  r e p r e s e n t s  a t h e o r e t i c a l  maximum which,  i 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 e m p e r a t u r e  o n l y  

a  few p e r c e n t  and conduc t ion  t o  t h e  b u r n e r  and o t h e r  c o o l e r ' s u r f a c e s  can  -be 

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  . . 

heat '  l o s s  and k i n e t i c s  problems,  equixibr iurp  is  a n  unambiguous d e s c r i p t ' i o n  bf 

t h e  s tate of the .  sys tem which n a t u r e  . is  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  a n  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  were 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 as 
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 T a b l e s .  I n  rev iewing  a v a i l -  

a b l e  thermodynamic i n f o h a t i o n  on Si /H/Cl  compounds i t  a p p e a r s  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  is  t h e  AH0 f o r  SiHC13; JANAF g i v e s  -112.0. k c a l  
f  , 298  

mol-I whereas t h e  r e c e n t  work of S i r t l  .and Hunt1 , i n d i c a t e s  -116.9 k c a l  mol-l '  

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 ,  compr i ses  ' only.  a  minor p e r t u > 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 ,  o n l y  a  small propor-  

t i o n  of t h e  S i  c o n t a i n e d  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  as 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  i r r e l e -  

v a n t  i n  t e rms  of t h e  d e s i r e d  e x p e r i m e n t a l  o b j e c t i v e .  



Calculations were 'first made for reagents. in their standard states at 

298 K. Adiabatic flame temperatures. for the Na/SiC1.b and K/SiClb systems are 
. . 

given in Fig. 1 as. a function of pressure. The results exhibit significant, 

pressure dependence due mainly to the heat released in.the dimerization of the 
. . 

alkali metal salt in the vapor phase. 

To further illustrate these.latter effects, the equilibrium compositions 

. of the system K/SiClb at the pressures cited above are given: iri Table I. The 
. . 

increase in temperature with increasing' pressure is .due .almost entirely to the 

formation of K2C12 and'the heat released is sufficient not only to raise the 

temperature but also, at pressures above about 0.5 atm, to'melt the Si produced. 

The Na/SiClb system is somewhat more 'complex; analogous dimerization of NaCl 

liberates heat in this system as well, but although.the reaction is more exo- 

thermic and more extensive than in the case of. KC1, liquid NaCl appears in the 

products at the two higher pressures due to the higher melting point and heat 

of vaporization o f  NaC1. At pressures up to 1 atm, all'KC1' remains in.the gas 

phase in systems of this stoichiomefry. 

. . .TABLE I 

EQUILIBRIUM COMPOSITIONS OF KIS~CI, MIXTURES 

AS A FUNCTION OF PRESSURE 

Yressure, atm 

Product 

Mole Fractions 

0.036. '0.1 0.36 1.0 



0,l 

PRESSURE, ATM 

FIGURE 1 ADIABATIC 'FLAME TEMPERATURES FOR ALKALI METAL/SiCl, 
MIXTURES' AS,A FUNCTION OF PRESSURE 

All reagents at '298 K. 



  he e f f e c t  o'f a d d i t i o n  of H z  t o  t he se .  mix tures  was a l s o  i n v e s t i g a t e d ,  

aga in  wi th  t h e  r eagen t s  i n  t h e i r  s t anda rd  s t a t e s  a t  298 K. This  a d d i t i o n  

lowers  t h e  a d i a b a t i c  tempera tures  somewhat and changes t h e  composition of . the  

gases  above t h e  condensed phasg NaCl and/or  s i  bu t  t h e  p ropor t i on  of s i l i c o n  

i n  t h e  mixture  which epds up a s  t h e  me ta l  i s  changed very' l i t t l e .  These 

e f f e c t s  a r e  demonstrated by t h e  product  d i s t r i b u t i o n s  and tempera tures  given 

i n  Table  11' f o r  mixtures .  con ta in ing  ( i n i t i a l l y )  5 0 m o l  X H z .  ~ a l c u l a t i o n s .  ' . 

i n  which t h e  temperature  is  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 ,  a s  

would .be t h e  c a s e  i f  t h e  r e a c t a n t s  were hea ted  o r  a h e a t  s i n k  r e v e a l  
. . 

t h a t  . concent ra t ions  of v o l a t i l e  p roducts  a r e  enhanced somewhat by t h e  a d d i t i o n  

of Hz bu t  t h e  e f f e c t s  a r e  minimal; t h e  predominant. s i -cor i ta ining s p e c i e s  a t  

equ i l i b r ium remains l i q u i d  o r  s o l i d  S i  up t o  a tempera ture  of 2000 K O  

TABLE 11, 

E~UILIBRIUM COMPOSITION OF A K/SiCl MIXTUKE CONTAINING 50% Hz 

Product Mo.le F r a c t i o n  Product ,  Mole F r a c t i o n  
. .  . 

S i  ( s o l i d )  0 7 ( - 1  ' SiHsC1' . 3.58(-5). . . - 

KC1 ( l i q u i d )  . 6.75(-2) 

KCI 2.17 (4) 
K z C l z  7 . lo ( -2)  

K 1.35 (-3)  

. Since a major o b j e c t i v e  of t h i s  .proj .ect  was t o  cont inuous ly  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  me ta l  s a l t ,  i t  w a s  necessary  t o  o p e r a t e  t h e  r e a c t o r  a t  

' a  t empera ture  above both  t h e  me l t i ng  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  flame temperature  i s  t o  u se  gas  phase 

r e a c t a n t s .   his technique  has  the p o s s i b l e  added advantage of p u r i f y i n g  t h e  
. . 

r eagen 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 is  used a s  a vapor  source.  

An a d d i t i o n a l  s e r i e s  of equ i l i b r ium c a l c u l a t i o n s  w a s  performed f o r  i n j e c t i o n  

of t h e  a l k a l i  meta l  a s  a gas  at, i t s  b o i l i n g  po in t .  The r e s u l t i n g  f lame 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/SiCl& system. The added en tha lpy  r e s u l t s  

i n  h ighe r  flame temperature  b u t ,  except  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  very  s i m i l a r  t o  t hose  of t h e  lower tempera ture  system. 
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FIGURE 2 EFFECT OF VAPORIZING POTASSIUM ON ADIABATIC FLAME 
TEMPERATURE FOR STOICHIOMETRIC K/SiCl,, 



-- 

Since 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  con tac t  wi th  a l k a l i  meta l ,  t h e  f lames,  of t h i s  s tudy  must be 
. 

d i f f u s i o n  flames and very  s t e e p  concen t r a t ion  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  ac ros 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  be  no a l k a l i  

meta l  p r e s e n t ,  only t h e  h a l i d e  i t s e l f  and perhaps some .combustion products .  

I n  o r d e r  t o  ga in  some i n s i g h t  i n t o  t h e  n a t u r e  of t h e  equ i l i b r ium product / reac-  

t a n t  d ' i s t f i bu t ion  a c r o s s  a r e a c t i o n  zone, a  s e r i e s  of compositipn c a l c u l a t i o n s  

was , performed over a  range of m e t a l / h a l i d e  r a t i o s .  The r e s u l t s  f o r  va r ious  

K/SiClk mixtures  a r e  given i n  Fig. 3. To a  f i r s t  approximation, t h e  d i f f e r e n t  

. .  K / S i C l , , 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  ac ros s  t h e  r e a c t i o n  zone;. 

' .  t h u s ,  a t  low va lues  of K/SiClk t h e  c a l c u l a t e d  composition r e f l e c t s  t h a t  t o  be 

found. near.  t h e  S iClk  i n l e t .  where t h e  e x t e n t  of r e a c t i o n  is  smal l ;  converse ly  

a t  high K/SiClk, t h e  composition r e f l . e c t s  t h a t  t o  be found near  t h e  p o i n t  of 

K vapor i n t roduc t ion .  Most important ,  l i q u i d  S i  'is found i n  abundance through- 

ou t  i n d i c a t i n g  t h a t ,  a t  l e a s t  a t  equi l ibr ium,  the  d e s i r e d  ' product should be  

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

The a d i a b a t i c  flame temperatures  produced by K r educ t ion  of 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  given i n  Fig. '4.  The curve presented  

f o r  each of these m a t e r i a l s  ( s o l i d  1ines) 'corresponds t o  a  s t o i c h i o n e t r i c  mixture 

i n  terms of a l k a l i  h a l i d e  product ;  i . e . ,  ~ i ~ 1 , : k  and SiF4:K = 1 : 4  and SiHC13:K = 

1:3. The much lower ' temperatures  produced by the  f l u o r i d e  is due t o  i t s .much  

lower hea t  of formation which, i n  t u r n ,  reduces the  exothermic i ty  o f . t h e  reac- 

t i o n .  Compare, f o r  example, t h e  AH va lues  f o r  t h e  fol lowing:  

SiFk + 4K -+ 4KF + S i  AHz,, = -144 kcal /mol  

Also shown i n  t h e  f i g u r e  i s  t h e  p o t e n t i a l  ope ra t ing  reg ion  of a  r e a c t o r  pro- 

1 . .  ducing s i l i c o n  from t h e  r educ t ion  of SiClb. Th i s  ope ra t ing  r eg ion  is  . t h e  ' ' 

temperature-pressure domain between t h e  a d i a b a t i c  flame temperature,  a s  t he  

h ighes t  p o s s i b l e  temperature,  and t h e  mel t ing  po in t  of s i l i c o n  o r  t h e  b o i l i n g  

p o i n t  6f KC1,  whichever. i s  h igher .  It i s  seen t h a t  f o r  t h e  SiCl,, o r  SiHC13 

system a wide ope ra t ing  r eg ion  would be a v a i l a b l e .  For K + SiF4., however, - the 

flame temperature is  below the '  b o i l i n g  p o i n t  of KF and a cont inuous s e p a r a t i o n  

of products  would no t  be possibl 'e  under t h e s e  condit , ions.  



FIGURE 3 EQUILIBRIUM PRODUCT CONCENTRATIONS FOR 
VARIOUS R/SiCl& MIXTURES 
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FIGURE 4 ' ADIABATIC FLAME .TEMPERATURES FOR 
K(GAS AT 1030 K ) +  S iCl , ,  SiHCl,, AND SiF, 

The dashed l i n e s  i n d i c a t e  the .  b o i l i n g  p o i n t  of K C 1  and KF 
and t h e  m e l t i n g  p o i n t , > o f  s i l i c o n .  



Similar results calculated for Na/SiC14 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/SiHC13 system 

is analogous to K/SiHC13 but Na/SiF4 is even less attractive than K/SiF4 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 ch10,rid.e 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/SiCl, 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 = 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 volatil'ity of its .equilib- 

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

follows: At 1500 K, using .Na as.reactant, the most likely final C1-stripping 

process for any BCl, .impurities in sic14 involves the thermodynamically favored 

BC1 radical: 
. . 

BC1 + Na Z NaCl + B , . . (1 ) 

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

sponding Si-producing reaction 

Sic1 + Na $ NaCl + Si (2  ) 

K2 = 30. Thus, prior to,condensation, the bulk of the boron will be in the 

form B C 1  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 a'ttaihable degree of enrichnient will be given by the 

ratio of the equilibrium constants K1/K2, i.e., the equilibrium constant for 

the reaction 



PRESSURE, ATM 

' . FIGURE 5 ADIABATIC FLAME TEMPERATURES ,FOR Na/SiCl, 

 h he upper  s o l i d  curve'  i s  f o r  N a  vapor  a t  i t s  b o i l i n g  p o i n t  
'. ' w h i l e  t h e  lower s o l i d  c u r v e  i s  f o r  N a  l i q u i d .  The 'dashed 

l i n e s  i n d i c a t e  t h e  b o i l i n g  p o i n t  of  N a C l  and 
. t h e  m e l t i n g  p o i n t  of S i .  



FIGLTRE 6 VAPOR PRESSURE DATA FOR SEVERAL SPECIES; IMPORTANT 
I N  'ALKALI METAL-SILICON HALIDE FLAMES 
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FIGURE. 7 PRODUCT CONCENTRATIONS FOR STOICHIOMETRIC 
.Na/SiCl& USING VAPOR PHASE REAGENTS. 



BCI + Si 2. Sic1 + B (3) 

obtained by subtracting Reaction (1) from ~eaction (2). .Thus 

which implies, . . assuming BCl 'and Sic1 are present in direct proportion to their 

their concentrations.-eactants, an enrichment factor of 111.3 x lo-'. = 

7 X '  lo4 .' 
In the reactions analogous to (1) and '(2) involving condensed phase 

8i and B rather than gaseous metal atoms, boron ,is again less favo.red than 

silicon,'the equilibrium constants for the respective reactions being 'in the 

ratio 30 X 1oe:1.5 x 10'. This implies that an enhancement of at least 20' in 

Si/B ratio in the cbndensed phase products over that prevailing in the halide 
. . 

reagents is attainable. 

These results show'the. likelihood that a practical process for the 

productiori of silicon can be 'achieved' using vdpor phase reagents in the 

Na/.SiClo (or one of several other) reaction system,, These reactions are known 

to produce stable, self-sustaining "diffusion flames" even in dilute gas 

mixtures at low indicating that they should be readily amenable t6 

scale-up to higher pressures and higher reactant flow rates. The flame reac- 

tions are spontaneous arid thus require no ignition 'source; they are luminous 

and therefore easiJy monitored and they are strongly exothermic with, respect 
. . 

to' standard state reactants at 298 K thereby minimizing ,the need for' external 

energy- input. consequently., they appear ideally suited to utilization as a 
, . 

practical preparative method. It is emphasized, however, that these are 

equilibrium compositions and it would be surprising'if.reaction kinetics and 

condensation rates would all be suf f icieitly f as,t that they could be, safely 

ignored in predictions of actual composition distributions. 



The i n i t i a l  experiments 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  

flames u,sing v a p o r ' ~ h a s e  r e a c t a n t s .  The o b j e c t i v e  was. t o  determine t h e  s t a b i l -  

i t y  of t h e  f lames,  demonstrate t h a t ,  t h e  r e a c t i o n  r a t e s  were very  r a p i d ,  and 

develop the  techniques  f o r  producing and handl ing  t h e  vaporized reagents .  A 

b r i e f  survey of t h e  spec t roscop ic  c h a r a c t e r i s t i c s  of s e v e r a l  flames was a l s o  

made t o  poss ib ly  i d e n t i f y  i n t e rmed ia t e  r e a c t i o n  s p e c i e s  and t o  determine t h e  

r e a c t i o n  temperature.  
. . 

A s  d i scussed  i n  t h e  previous  s e c t i o n , . t h e  use  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  high a d i a b a t i c  flame temperatures ,  above t h e  b o i l i n g  po'int of t h e  . . 

product  a l k a l i  metal  s a l t .  This  technique a l s o  has t h e  advantage t h a t  one may , 

put  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 ,  reducing t h e  impuri ty  

concent ra t ion  i n  t h e  reagents .  Gas-phase a l k a l i  meta ls  a r e  n o t ,  however, used 

ex tens ive ly  i n  t h e  chemical i n d u s t r y  and s o  somg work was necessary  t o  develop 

' the  needed . expe r t i s e .  

Vapor gene ra to r s  of a  cqmmon b a s i c  des ign  were used t o  produce both  

a l k a l i  metal  and s i l i c o n  h a l i d e  reagent  s t reams (with t h e  except ion  of SiF4 

which i s  a  gas a t  room temperature) .  A schematic diagram- 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 is an e l e c t r i c a l l y  heated b o i l e r  equipped 

wi th  a  r e f l u x  column which 'can be p re s su r i zed  from t h e  top  wi th  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 func t ion ing .  a s  a  "heat  pipe" 

w i t h  t h e  vapor p re s su re  of t h e  meta l  being equal  t o  t h e  p re s su re  imposed by the  

i n e r t  gas. Cons t ruc t ion  of t h i s  source  was from welded 304 s t a i n l e s s  s t e e l .  

.The hea t ing  c o i l s  were 1/8 in .  diam s t a i n l e s s  s t e e l  rod,  powered by a  250 A 

a d j u s t a b l e  welding supply. This  power supply opera ted  i n  t h e  cons t an t  c u r r e n t  

mode a n d ' 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 tube  through which the  a l k a l i  meta l  vapor was de l ive red  was 

incorpora ted  i n t o  t h e  hea t ing  c u r r e n t  pa th  t o  prevent  condensat ion of Na o r  K 

i n  t h e  tube and .b lockage  of reagent  de l ive ry .  The vapor. t o  be  r e a c t e d . w i t h  

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

co idensa t ion  po in t  i n  t h e  column through a 0.25 mrn diam sapph 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 igher  flow r a t e  was des i red , ,  t h e  i n e r t  

gas  (Ar) p re s su re  was inc reased ,  more he'at was withdrawn from t h e  b o i l e r , a n d  

t h e  vapor p re s su re  of t h e  meta l  increased  t o  match t h e  A r  p r e s su re  being 

. . 
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superimposed. A t  a l l  t imes,  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 maintained a t  ha 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  

( son i c )  flow was maintained.  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  upstream p re s su re  only.  

Attempts ' to f i n d  an accep tab 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 equ i r ed  cons ide rab l e  e f f o r t .    he sapph i r e  used i n  ou r  f i r s t  model 

was found t o  c rack  and erode a f t e r  t h r e e  t o  f o u r  hours  of ope ra t i on ;  i t  was . 

rep laced  wi th  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 ap id ly .  A 0.33 mm 

diam o r i f i c e  opened t o  abbut 1 mm diam i n  t h e  course  of t h r e e  runs  of less' than  

one hour d u r a t i o n  each. The , f low c o n t r o l  a spec t  of t h e  problem cotild be so lved  

by r ep l ac ing  the  f i x e d  s i z e  o r i f i c e  wi th  a  v a l v e  t h a t  could be  a d j u s t e d  t o  .com- 

pensa 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  a s  t h e  o r i f i c e  eroded; however; t h e  

contaminat ion in t roduced  by e r o s i o n  s t i l l  p red i ca t ed  t h e  u s e , o f  an a l t e r n a t i v e  

material . .  

The sodium vapor i ze r  was l a t e r  modified t o  g ive  b e t t e r  f low c o n t r o l  

and t o  a l low complete shu to f f  of N a  d e l i v e r y  w i th  . the b o i l e r  ho t .  Th i s  was 

accomplished by adding a  needle  va lve  t o  t h e  d e l i v e r y  tube  capable  of o p e r a t i n g  

a t  T  z l 2 0 0  K. The t ape red  need le  and s e a t  were l oca t ed  i n  t h e  v a p o r i z e r  a t  

t h e  upstream end of t h e  d e l i v e r y  tube  ( s ee  Fig.  9 )  whi le  t h e  v a l v e  body ( t h r e a d s  

and Teflon 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  extremely h o t  reg ion .  This  arrangement gave 

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

body. 'The need le  and s e a t  were f i r s t  cons t ruc t ed  of 304 s t a i n l e s s  s t e e l  and 

l a t e r  n i c k e l ,  but  both 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  than two 

hours  of opera t ion .  A needle  and seat of Inconel  were t hen  made and found t o  

be much more co r ros ion  r e s i s t a n t .  However, a t  t h i s  t ime we a l s o  modified our  

procedures  t o  remove ,small  amounts of oxygen andlo$ oxides  which might be  pres-  

e n t  i n  t h e  a l k a l i  meta l  vapo r i ze r  and which e x i s t i n g  in format ion  i n d i c a t e d  was 

. a  prime source .  of co r ros ion  problems. A scavenger  m a t e r i a l  which would r e a c t  

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

a long wi th  t h e  a l k a l i  m e t a l . '  I n  o r d e r  t o  prevent  contaminat ion of t h e  sodium 

reac t an t ,  s i l i c o n  was used a s  t h e  scavenger.  With t h e s e  mod i f i ca t i ons  t h e  

vapor i ze r  performance was 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 n  h a l i d e  vapo'rizer was s i m i l a r  i n  des ign  b u t ,  due t o  

t h e  lower tempera tures  r equ i r ed ,  hea t ing  was achieved by c i r c u l a t i n g  h o t  water  

through a  j a c k e t  surrounding t h e  b o i l e r .  The whole assembly was cons t ruc t ed  
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of g l a s s  and t h e  vapor  f l o w  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 .  s ic i ,  

1 . . and SiHC1. were s u p p l i e d  from t h i s  a p p a r a t u s ,  s h o r n  i n  Fig .  1 0 ,  w h i l e  SiF,  w a s  
I 

i 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  s t e e l  n e e d l e  v a l v e .  
I 

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  s t e e l  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 s e t s  of opposed p a r t s  w i t h . o n e  p o r t  

p e r p e n d i c u l a 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  Bs 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 l ames  o f  K and S i C l & ' w i t h  t h e  r e a g e n t s . b e i n g  i n t r o d u c e d  a s  opposed j e t s .  The 

b u r n e r  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  compr i s 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 r o d u c 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  h a s  

been exhaus ted  i n i t i a l l y .  However, i n  p r a c t i c e ,  i t  w a s  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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FIGURE 11' 'SCHEMATIC DIAGRAM OF LOW PRESSURE, OPPOSED JET EXPERIMENTS 



Both reagent  gene ra to r s  performed wel l .  Some i r r e g u l a r i t i e s  i n  t h e  

' bo i l i ng  of Na o r  K were encountered,  p a r t i c u l a r l y  when a  f r e s h  charge3 of meta l  

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

t ube  caused condensat ion and c logging  i n  some experiments.  Add i t i ona l  h e a t i n g  

of t h i s  s t a i n l e s s  s teel  tube  prevented t h i s  behavior .  

I n i t i a l l y  f lames of SiC14 were e s t a b l i s h e d  wi th  K and l a t e r  w i th  Na. . . 

Low p r e s s u r e , . l  t o . 1 0  Torr  flames were blue-green i n  c o l o r  and d i f f u s e .  i n  

c h a r a c t e r .  The f l o w ' o f  each r e a c t a n t  was v a r i e d  over  t h e , r a n g e ' o f  about  0 .1  t o  

1 .5  g' min'? by a d j u s t i n g  t h e  app rop r i a t e  vapo.rizer 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 l o w . t h r o u g h  o r i f i c e s  of known diameter .  A t  s t o i -  

chiometry t h e  mass f low r a t i o  of NalSiC1, is  4(23) 1170 = 0.54 and of K/.SiCl, is 

4(39)/170 = 0.92, When t h e  flows 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  flame 
. . 

pos i t i oned  i t s e l f  n e a r l y  midway between t h e  two opposed reagent  j e t s .  . Flames 

s t a b i l i z e d  l n '  100-200 Torr  . A r  were i .e l low i n  appearance and spatially ve ry  com- 

pac t .  No v i s u a l  d i f f e r e n c e  was observed i n  u s ing  K o r  Na a s  reducing ' agent .  

To b e t t e r  c h a r a c t e r i z e  r e a c t i o n ' z o n e  tempera tures  snd t o  ga in  

in format ion  about  t h e  t r a n s i e n t  s p e c i e s  ' p r e sen t  and t h e  ene rgy - t r ans fe r  pro- 

c e s s e s  occu r r ing  i n  a l k a l i  me ta l - s i l i con  h a l i d e  f lames,  we have recorded t h e  
'. emission s p e c t r a  of t h e s e  f lames and, i n  t h e  same experiments ,  c o l l e c t e d  s o l i d  

product  samples. The 1ow.p re s su re  d i f f u s i o n  flames of  K + SiCl& and Na + SiC14 

e x h i b i t  s i m i l a r  s p e c t r a g  c h a r a c t e r i z e d  b.y s t r o n g  K o r  Na atomic emission l i n e s  

a long  w i t h  s e v e r a l  chemiluminescent bands , i n  t h e  5 l u e  a;id g reen .  Our i n i t i a l  

i n s t rumen ta l  examinat ion of t h i s  flame was made us ing  an £14 ~ p e x  "llini-mate" 

0.25 m monochromator w i th  a  1P2S pho tomul 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  axes of t h e  opposed reagent  i n l e t  t ube ;  l i g h t  

'from t h e  flame between t h e . i n l e t s  was focused on t h e  en t r ance  s l i t  wi th  a  6.5' . . 

cm diam l ens .  Although t h i s  i n s t rumen t ' had  low r e s o l v i n g  power, i t s  l a r g e  aper-  

t u r e  made it a p p r o p r i a t e .  f o r  t h e  r ap id  survey work d e s i r e d  i n  p re l imina ry  

experiments .  The s p e c t r a  of t h e  K/SiCIL f lames con ta in  s t r o n g  emiss ions  from 

both K,  a t  405 nm, and Na a t  5 8 9 . ~ 1 .  A continuum unde r l i e s .  t h e  v i s i b l e  por- 

I t i o n  of t h e  spectrum w i t h  an i n t e n s i t y  maximum nea r  450 nm. 

A t y p i c a l  spectrum from a Na/SiCIL flame 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  t hdse  from K f lames w i t h  t h e  except ion  of t h e  K atomic. l i n e s ,  i s  
. . 

g i v e n , i n  Fig.12.  The i n t e n s i t i e s  a r e  no t  c o r r e c t e d  f o r  t h e  wavelength response 



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, 498 , .  467, and 4.50 rim 

( i n . a d d i t i o n  t o  t h e  resonance double t  a t  589) ,  a r e  a t t r i b u t a b l e  t o  Na emiss ion  

from excep t iona l ly  high.  energy l i v e l s .   he 569 nm l ine ,  f o r  example, a r i s e s  

from t h e  4 D  l e v e l  of Na, n e a r l y  160 k c a l  above t h e  ground s t a t e .  E x c i t a t i o n  

of t h i s  magnitude is u s u a l l y  t h e  r e s u l t  of energy t r a n s f e r  p roces se s .  I n  t.he 

Na/CT2 system t h e  product ion  of exc i t ed 'Na  has  been a t t r i b u t e d 3  t o  t h e  r e a c t i o n s  

. . 
Na2 + C 1  ~ a ~ l *  + , Na 

and . . . Na + ~ a c l * .  -+ NaCl + ~ a *  

i . e . ,  t r a n s f e r  of v i b r a t i o n a l  energy depos i t ed  i n  t h e  d ia tomic  produ'ct of a  

h igh ly  exothermic r e a c t i o n  t o  t h e  f r e e  atom. 

The o n l y  o ther . ;  i d e n t i f  i ab l t i  f  e a t i r e s  ' of t h i s  spectrum were 1ine.s which 

a p p e a r  t o  be due t o  exc i t ed  S i  a toms.  ~ h e s .  emissions were d e t e c t a b l e  on ly  from 

t h e  b r i g h t e s t  r eg ions  of t h e  flames and a r e  q u i t e  weak. This  was due 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  spectrum o r i g i n a t e  from 

v e r y h i g h  energy l e v e l s ;  a  s ea rch  i n t o  t h e  u l t r a v i o l e t  was i n d i c a t e d .  

. . 

FIGURE 12. SPECTRUM FROM LOW'PRESSURE Na/SiCl, FLAME 



The bands in the 400-500 nm region were not identified. It is worth 

noting, however, that bands of a very similar nature were observed -in the. 
.1 3 

reaction zones of the SiCl4/H non-equilibrium plasma jet. The most likely 

candidate emitters, then, would appear ,to be Siz, 3iC.l or SiC12 although if 

either.of the former two are responsible, they must be in extremely high energy 

states, as. well. 

Additional experiments were performed to record the ultraviolet 

spectra of Na/SiCl, flames from 200 to 400 nm using the same equipment as in 

our earlier experiments but viewing 'through a quartz window. An ultraviolet 

bandpass filter (Corning 7-54, 240 < X/nm < 400) was also used in some experi-. 

ments. Figure 13 shows a typical spectrum obtained without the bandpass fil- 

ter. Strong emissions, attributable- to Na were.observed at 330, 309, 285, and 

268 nm and to Si at. 288 and 252 nm. Several weaker emission bands from 225 

to 249 nm here first attributed to SiC1, but later higher resolution spectra 

allowed a determination that the emitting species was.Si0 produced from reac- 

tion with either .oxygen in the reagents or'with residual O2 in the reaction 

chambers. The band at 259 nm remains unidentified.. 

A calculation of the effective temperature of the Si, assuming equi- 

librium exci~ation, was made from the relative intensities of the Si atomic 

emission observed at 288 and 252 nm and the corresponding published transition 

probabilities."  mission at the latter wavelength was assumed to be due to a 
combination of the Si lines at 251.4, 251.6, 251.9,,252.4 and 252.8 nm. ' This 

procedure yielded a temperature of 4900 K--some 2500 K above the adiabatic 

maximum.  on-equil'ibrium excitation of this nature indicates either that the 
emitting silicon atoms are produced in highly exothermic chemical reactions 

leading directly to' excited states, or that. Si atoms are long-lived 

enough to. undergo energy-pooling collisions from high-energy electronic/vibra- 

tion states of diatomic~molecules. . These Si atoms, then, are not in thermal 

equilibrium with the reinainder of the gas, so an accurate flime temperature was 

not attainable from this species. 

We also obtained emission spectra from flames of Na + SiHC1, ,, 
Na-+ SiF,, and K + SiF,. The spectrum from a'Na + SiHC13 flame is shown in 
Fig. 1 4 .  The spectrum is dominated by Na lines with an overlapping broad con- 

tinuum peaking at $ wavelerigth of about 500 nm. The emission due to sid5 ob- 

served at 41'4 nm in this flame had not been observe'd in the ~ a '  + SiCl, flames. 
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. ' FIGURE 13 Na'+ SiC14 FLAME ULTRAVIOLET SPECTRUM 

FIGURE 14 Na + SiHC13 FLAME SPECTRUM 
. . 



nm plus a number of weaker bands at wavelengths less than 300 nm. The SiO 

bands from approximately 215 to 245 nm and the Si atomic emission at 251 and. 

288 nm were again observed as in the Na + SiC14 flame but at muc.h lower 
. . 

intensities. 

.Flames of SiF4 with either Na or K were not found to exhibit the. 

strong emissions that characterize the SiC14 and SiHC13 flames.. Both SiF4 

flames were just barely visible, the spectrum showing only Na lines at 589 and 

569 nm. No ultraviolet emission was observed. From the difference in the 

'adiabatic flame temperature between SiF& and SiC14 systems (see Section 11) 

, the sodium emission intensity would be expected to be smaller by more than two 

orders of magnitude, roughiy in accord with our observations. 

Solid product material was observed to deposit on the reactor walls 

and reagent inlet tubes during these opposed-jet experiments. Several samples 

were taken off the walls after runs with SiC14 and either K or Na. The reac- 

tion product appeared to be a mixture of brown and white powders. The config- 

uration of the reactor precluded determination of the time required for parti- 

cle formation since there was no bulk gas flow. The deposits accumulated on 

all the walls of the apparatus; they adhered very loosely to the walls and did 

not form dense agglomerates. . . At some positions in the reactor the powder was 

nearly all white, at others, a dark brown. 

There were no apparent visual differences in the products of the 

two alkali metals. After the powders were collected, they were placed in a 

filter funnel and washed with distilled water and dilute HC1. After drying, 

the product was in the form of a dark brown cake which crumbled readily into n 

freely flowing powder. Examination under a metallurgical microscope revealed 

agglomerates of irregular shapes and sizes that appeared to be composed of 

sub-micron roughly spherical particles. 

In order to determine whether impurities in the reagents become more 

or less concentrated as they are converted to product, we performed a series 

of qualitative analyses for heavy elements using X-ray fluorescence. Samples 

of the technical grade SiC14 reagent were hydrolyzed in distilled HzO and the 

resultant SiOz used as the basis of comparison for product purity. The 

reagents exhibited fluorescence from the contaminants Fe, Hg, Cu, Ni, Zn, and 

Br. The washed, brown amorphous silicon product contained no detectable Hg or 



Br and reduced quantities ( '< 10 ppm) of Cu, Ni, and Zn. The Fe content of . , 

both reagents and products was highly variable; rust from the inside of the 
. . 

reactor. and contamination by stainless steel laboratory utensils used in the 

washing processes were probably responsible. Quantitative measurements were 

deferred until experiments could be run under more carefuily controlled 
. . 

conditions. 

For both of the SiF4'flames the solid product collected from the 

reac'tor walls was found, after washing with 'water, to-b6 a tan powder unlike 

the ,dark brown product of the Siil, .And S ~ H C ~ .  flames. since the abstraction ' .  

reactions of 'Na with SiFx, x = 1-4, are endothermic and, by analogy with 

similar reactions, are expected to .occur slowly, the production of silicon 

and nucleation of the solid would be expected to be slower than' £or the 

.reactions of other silicon halides. 



IV 8 Fl OW RFACTOR FXPFRIMFNTS 

A l  APPARATUS 
I n  t h e  opposed-jet  experiments  t h e  r e a c t i o n  products  had l i t t l 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  product  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  wa l l s .  Reagent flow r a t e s  were q u i t e  low and 

t h e  con f igu ra t i on  d i d  no t  a l low v a r i a t i o n s  of parameters  such a s  w a l l  tempera- 

t u r e  o r  bu lk  gas  (Ar) f low v e l o c i t y .  A t u b u l a r  flow r e a c t o r  was t h e r e f o r e  

designed t o  s tudy  t h e  o v e r a l l  r e a c t i o n  r a t e ,  product  condensat ion and deposi-  

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  temperatures  were a l s o  t o  be 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  flow r e a c t o r  c o n s i s t e d  of a  200 cm long ,  .15 

cm d i & ,  heavy-walled Pyrex p i p e  w i t h  reagent  a n d ' i n e r t  gas  d e l i v e r y  system a t  

one end and c o n n e c t i o n . t o  a vacuum system a t  t h e  ,other  end. F igure  15 shows 

t h e  o v e r a l l  con f igu ra t i on  of t h e  appara tus .  An . inne r  t ube  of s m a l l e r  d iameter  

was used t o  i n c r e a s e  t h e  l i n e a r  flow v e l o c i t y  of t h e  gas  and t o  a l low in su l a -  

t i o n  and/or  hea t ing  of t h e  i n n e r  r e a c t o r  tube  wa l l s .  The f i g u r e  shows t h e  

appa ra tu s  a s  run  w i t h  un insu l a t ed  w a l l s  u s ing  a  120 cm long ,  6.4 cm diam Pyrex 

r e a c t i o n  tube i n s e r t .  Various tube  m a t e r i a l s  and dimensions were used du r ing  

t h e  course  of t h e  program. A g l a s s  wool 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  miri" puinp) . The 

appa ra tu s  w a s  capable  of ope ra t i ng  a t  p r e s s u r e s  from 2  atm down t o  a  few Torr  

and,was segmented t o  provide  x c e s s  f o r  product  sample removal. 

The i n l e t  ' f l a n g e  is shown in .  Fig. 16. The a l k a l i  meta l  and s i l i c o n  

h a l i d e  vapor i ze r s  have been desc r ibed  i n  Sec t ion  I11 and were simply moved 

' f r o m  t h e  opposed-jet r e a c t o r  t o  t h i s  appara tus .  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  SiC14 was added us ing  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  

tubing.  In t h e s e  experiments  reagent  mixing was poor and t h e  s i l i c o n  produc- 

t i o n  i n  t he  tube  was r e l a t i v e l y  i n e f f i c i e n t .  A modi f ied . in1e . t  r eg ion  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 flame i n t e n s i t y .  

A t h i r d  annular  nozz l e  w a s  a l s o  incorpora ted  t o  a l low t h e  a d d i t i o n  of an i n e r t  

ga s  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  has  t'he i n e r t  ga s  

e x i t i n g  t h e  nozz le  between t h e  r eagen t s ;  t h e  S iCl& and A r  i n l e t  were exchange- 

a b l e ' . f o r  experiments  w i t h  an o u t e r  shea th  of gas .  The nozz l e s  were cons t ruc t ed  

of s t a i n l e s s  s t e e l ;  , t h e  main f.lange was gold-plated aluminum and water-cooled 

. t o  t r a n s f e r  away t h e  hea t  of r eac t iono .  
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FIGURE 15 TUBULAR FLOW REACTOR 

FIGURE 16 INITIAL FLOW REACTOR INLET .FLANGE 



FIGURE 17 'ANNULAR 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  w a s  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 1 6  f o r  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. 1n  

t h i s  d e s i g n  t h e  r e a g e n c s  a r e  sp rayed  i n  a s  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  i s  

s u p p l i e d  by a j e t  of H 2 / A r  a rc -hea ted  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 b e  i m p o s s i b l e ,  and indeed  u n n e c e s s a r y ,  t o  c o n s t r u c t  an  

e x a c t  ' smal l  s c a l e  a n a l o g  .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 u n  under thermodynamically iden tLca1-  . . c o n d i t i o n s  w i t h  t h e  i n p u t  enthalpy:  

. 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  co 'ncen t ra ted  mainly  i n  

t h e  Hz/.!.r a r c - j e t  str 'eam a s  i n  t h e i r  a p p a r a t u s .  Tab le  I11 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  as 57.6 k c a l  mol-I (6  k c a l  g - I ) ,  

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 SiCl,. 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  a r c - j e t  i n p u t  were  t a k e n  froui t h e  JANAF ~ h e r m o -  

chemica l  ~ a b l e s .  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 sunk ing ,  a v a l u e  of -1.9 k c a l  mol" i s  o b t a i n e d .  



TABLE. I11 

.COMPARATIVE THERMOCHEMICAL P A ~ T E . R S  FOR ARC-JET PROCESS S'IMULATION 

AeroChem West inghouse 
S imula t ion  Reac tor .  Arc-Jet Reactor  

Mole 
Reactant  F r a c t i o n  S t a t e  T  ( K )  H (kcal)  S t a t e  . T (K).  H ( kca l ?  

4H / A r  0.33 gas  1300 2.2 gas  -- 3600a . 19.2 

Na 0.53 gas. 1200 16.1'  l i q u i d  5  00 1.1 

SiC1, 0.14 gas  600 -20.2 l i q u i d  298 . . -22.2 

a  
Est imated from Fig. 5.2 Ref. 16 f o r  i e a t i n g .  va lue  of 6  k c a l  'g- '  . 

To match t h i s  en tha lpy  i n  t h e  appa ra tu s  of Fig. 15  i n  which t h e  Na 

and SiC14 a r e  both introduced a s  vapor  a t  t h e  tempera tures  i n d i c a t e d  i n  Table  

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

This  en tha lpy  i s  achieved i n  a  H 2 / A r  = 4 : l  mixture  a t  a  temperature  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 th  convent iona l  

r e s i s t i v e l y  heated l a b o r a t o r y  furnaces  such' a s  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 tandard  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  insulated 

con ta ine r .  Tests .showed t h a t  t h i s  appa ra tu s  could ach ieve  tempera tures  g r e a t e r  

than  t h e  r equ i r ed  1300. K . '  A smal l  h e a t e r  f o r  t h e  SiC14. ( o r , o t h e r  s i l i c o n . h a l i d e )  

vapor was a l s o  added. This  was s imply a  hea ted  q u a r t z  tube  i n  t h e  f low l i n e  

between t h e  h a l i d e  vapor i ze r  and t h e  reac tor . ,  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  tube  was f i r s t  used but  t h e  meta l  was r a p i d l y  a t t acked  by t h e  

ho t  SiC1,. The qua 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  products  were found i n  t h e  e x i t  tube. This  h e a t e r  a l lows  some f l e x i -  

b i l i t y  i n  t h e  temperature  t o  which t h e  H 2 / A r  s t ream had t o  be hea ted  i n  

experiments designed t o  s imu la t e  t h e  Westinghouse process .  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  we l l )  has  a  cons iderab ly  h igher  hea t  c a p a c i t y  t han  

a  H 2 / A r  mix ture ,  s o  h igher  i npu t  ~ n t h a l p i e s  could be achieved by r a t h e r  modest 

p rehea t ing  of t h i s  reagent  stream. For example, t h e  r a t i o  Cp(SiC1,)/Cp(4H2/Ar) 

a t  500 K i s  3.5, t hus  r e q u i r i n g  hea t ing  of t h e  SiC14 only  100 K t o  provide  

a d d i t i o n a l  r e a c t i o n  zone en tha lpy  equ iva l en t  t o  hea t ing  t h e  H z / A r  350 K. 

The a d i a b a t i c  flame temperatures  i n  .both r e a c t o r s  a r e ,  of course ,  

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. 

This  temperature  i s  2370 K. The product  composi t ion a t  t h i s , t e m p e r a t u r e ,  calcu-  

l a t e d  aga in  w i t h  t h e  A i r  Force ISP thennochemical equ i l i b r ium code, i s  given i n  
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T a b l e  I V .  S i l a n e ,  t h e  c h l o r o s i l a n e s ,  Si., and S i ,  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  lo-* ? o l e  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  b e  SiCl., 

a c c o u n t i n g  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 i s  onJy s l i g h t l y  

r e a c t i v e ,  producing s m a l l  amounts of HC1.in t h e  p roduc t  d i s t r i b u t i o n .  

Over f i f t y  Na + S ~ C I *  exper iments  were r u n  i n  t h e  f low tube  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 .  T h e  f i r s t  group of e x p e r i m e n t s w a s  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  Westinghouse p r o c e s s .  Heated H , / 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 l o w  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 a t m  and 50 t o  

200 cm s-I,, 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- '  f o r  siCl4 and N a .  A n  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  p roduc t  were found ( a s  i n  p r i o r  e x p e r i m e n t s ) t o  be  composed of 

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



TABLE .IV 

OF Na +,SiCl,, REACTION 3ILYTED WITH x2/~ra 

Species Mole % . Weight % 

Ar 6.57 7.01 

c 1 . '0.07 .n , .  

NaH , ' 0.03 0.02 

NaCl 46.40 22.37 

0.21 . . Na 2 Cl 
. . 

0.66 

Si(g) ' 0.14. o .io 

a conditions as in ~adle '111 for an adiabatic reaction temperature of 2370 K. 

in rheir stoichiometric 4NaC1 + Si ratio, the samples would be 89.3% salt 
and 10.7% silicon b y  weight. Since the salt is easily removed by washing with 

slightly acidic (HC~) water, an investigationwas made to see if samples taken. 

from different parts of the reaction vessel contained higher. silicon fractions. 
. . 

.Samples taken from the flame region. of the reactor (the first 20 cm of'the. tube) 
. . 

were found to be 50% richer in silicon than stoichiometric, with insoluble frac- 

tions of 16-222. sampies taken f ,om the downstream portion of the reactor were' 
. . 
found to be 10-12%' insoluble. Thus we see that in these experiments, which' 

. . 

appear to be characterized by rapid nucleation of both products, silicon is. ' ' 

apparently depositing onto the walls faster than the salt.. samples of the . 

washed product from these experiments were subjected to impurity analysis, (see 

Section 111- C). 



The second s e r i e s  of experiments  was performed i n  t h i s  same 6 .0  cm 

' q u a r t z  tube  heated 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 

flame e x o t h e r n i i c i t y ' f u r t h e r  h e a t s  t h e  tube  wal1.s i n  t h e  r e a c t i o n  zone. Two 

experiments  were performed w i t h  H 2 / A r  d i l u e n t  a t  approximately 1000 K and two 

wi th  300 K pure A r  d i l u e n t ,  both sets a t  volume f low . r a t e s  of  SO(STP) cm3 s-' 

( l i n e a r  flow v e l o c i t i e s  .r 70 cm s- ' ) .  Another run  w a s  made wi th  ho t  H 2 / A r  a t  

h a l f  ' t h e  d i l u e n t '  f low r a t e .  I n  t h e s e  experiments  most of t h e  product  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 qua 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  runs  

. an  average of 76% of t h e  s o l i d  w a s  i n  t h e  upstream h a l f  of t h e  yube, 6% i n  t he  

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 he  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  s a l t  con ten 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  product 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  experiments  u s ing  t h e  hot  

H 2 / A r  and cold A r  d i l u e n t .  The flame, however, w a s  l e s s  luminescent  when,H, 

was p re sen t  i n  t h e  d i l u e n t .  The reason  f o r  t h i s  d i f f e r e n c e  i s  no t  understood.  

Samples of t h e  washed product  from t h e s e  experiments  were a l s o  analyzed 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  flow v e l o c i t y  and r e a c t o r  w a l l  temperature  w e  

a l s o  used a qua r t z  tube  wi th  2.1 cm diam. Flow v e l o c i t i e s  were i nc reased  by a 

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

mix ture  was fused t o  t h e  r e a c t o r  w a l l s ,  demonstrat ing t h a t  t empera tures  i n  

excess  of t he  mel t ing  p o i n t  of s a i t  '(1074 K)  were achieved. Following t h e s e  

experiments  t h e  i m a l l  qua r t z  t ube  was 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  fused  product  from t h e  r e a c t o r  w a l l s  without  hes t roy-  

i ng  t h e  tube. Other tube  m a t e r i a l s  o r  b e t t e r  temperature  c o n t r o l  a long t h e  

p i p e  were needed f o r  t h e s e  h i g h  temperature-  experiments  s o  s e v e r a l  experiments  

were us ing  a .high p u r i t y  alumina tube  of 2.5 cm i.d.  Alumina is  n o t ,  

however, expected t o  be  an accep tab 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 th  t h i s  m a t e r i a l  and A 1  contaminat ion of t h e  s i l i c o n  would 

be expected. Very h igh  w a l l  temper 'atures were achieved i n  t h e s e  experiments ,  

es t imated  t o  be  1300-1500 K. Almost a l l  of  t h e  s o l i d  was found i n  t h e  

1 0  cm downstream from t h e  f lame zone. Th i s  m a t e r i a l  was d a r k  brown, c r y s t a l -  

l i n e ,  and covered mos t ' o f  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 fused 

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



. . 

A Na'+ S ~ F ,  experiment was run in the 6.0 cm i.d. unheated.tubular 

flow reactor using Ar diluent at T = 1000 K. As was observed in our earlier 

experiments 'in the opposed-jet reactor, this flame was not as intensely chemi- 

luminescent a s  the siclr. flames. Large quantitiks of .solid product, 

'similar in appearance to the product of SiC1,. reactions, were. deposited onto 

the reactor walls. The washed product was dark brown, in contrast to 'the tan 

color of the product from our earlier SiFi experiments. Weight-loss measure- 

ments showed a large insoluble fraction near the flame zone, with 18.2% insolu- 

ble compared to 6.5% remaining after washing ,of the downstream product. The 

stoichiometric product of this reaction would be 14.3% silicon. However, a 

possible interference to the production of silicon exists l 7  3 '' due to the reac- 
tion SiF4 + 2NaF N ~ ~ s ~ F ~ ,  this .product also being insoluble in water,. To 

test whether our insoluble product was Si or a mitture o£' Si and NazSiFs, we. 

heated .a sample to 1300 K under vacuy. 'At this temperature the equilibrium. 

vapor pressure of SiF, would be greater than one atmospherel'and the NaPSiFb 

would. be completely decomposed. The residue was found to be 26% insoluble,' the 

'remainder presumably being NaF. The amount of silicon in the original product 

was therefore quite small, less than 18.2% x 26% or 4.7%. This Na + SiF, experi- 
ment was run with an unheated, uninsulated quartz tube, ,giving very rapid quench- 

ing qf products. ' Higher reaction temperature and wall temperature should shift 

the equilibr'ium of the SiF4 + NaF reaction away from the direction of NazSiFs 
production., 

Further experiments were performed using a heated quartz'flow,tube. 

No NazSiFs was.found in the product deposited in 'the hot zone of the reactor 

where the wall temperature was approxim.ately 1000 K. . The solid deposited down-' 

stream of the heated tube did, however, contain some'NazSiFs; heating.a washed 

sample o f  this cold-zone product to ,1250 K, produced measurable weight. loss 

(due to SiF, evolution) and a corresponding amount of water soluble NaF(s). 

We concluded from these experiments that NazSiFs formation would not be a prob- 

lem in an actual process reactor where the wall temperature could be maintained 

at or above 1000 K. There appeared to be little difference with respect to 

color, particle size, or purity between silicon produced at high temperatures 

using either SiF, or SiC1,. The Na + SiF, adiabatic flame temperatures are, 
however, significantly lower than those of Na+SiCl, and, in addition, the 

boiling point of NaF is almost 300 K higher than the boiling point of NaC1; 

both of these factors make the separation of products in the Na + SiF, case 



. . 

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, how,ever, is  almost equa l  t o ' t h a t  of 

NaCl and so  product  s e p a r a t i o n  uould be more. favored i n  t h e  K + SiF, system 

than  i n  t h e  Na + SiF4 case.  

.C, PRODUCT ANALYSES 

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

. . 

samples of ~a  + SiC1, product -from f low tube  experiments-  were ob ta ined  and a r e  

shown i n  F igs .  19 and 20, r i k p e c t i y e l y .  The unwashed samples con ta in  a  l a r g e r  

p o r t i o n  of submicron "dust" a long w i t h  l a r g e r  (2-50 pm) p a r t i c l e s .  The larg 'er  

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  adher ing  agglomerates  of smal l  ~ a r t i c l e s ,  
. '  

with  a  h igh ly  t e x t u r e d  s u r f a c e .  S imi l a r  SEM photographs of t h e  washed producc show 

p a r t i c l e s  i n  t h e  2- 40 pm range,  w i th  none ,of  the .  l oose  " d u s t " . v i s i b l e .  .The ' .  

washed p a r t i c l e s ' a p p e a r  t o  be more , c r y s t a l l i n e  i n  charact,e'r wi th  smoother sur -  

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

S i  p a r t i c l e s  a r e  covered by a  coa t ing  of smal l  p a r t i c l e s  which a.re s o l u b l e  i n  

water .  The smal 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 en . t a . t i ve .1~  i d e n t i f i e d  a s  

NaCl whi le  - t h e .  s i l i c o n  appears  t o  b e .  p r e s e n t  i n  t h e  larg'er s i z e s .  

Impurity a n a l y s i s  of s i l i c o n  samples by X-ray f l uo re scence  has  proved 

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 equ i r ed  .. ~ i g h t  samples from 

Na . + SiC1, . experiments  and one from the .Na  + SiF, exgeriment .were s e n t  t o  a  com- 

merc 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 emission ~ p e c t r o s c o p y . .  Although t h i s  tech- . . 

nique i s  no t  extremely'sensitive,.it~offers a  r e l a t i v e l y  s imple and inexpensive 

analysi 's  f o r  a  wide v a r i e t y  of poks ib l e  i m p u r i t i e s .  s i l i c o n  samples w i th  pre- 

c i s e l y  known amounts of i m p u r i t i e s  were ob ta ined  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  th i r ty -one .  

- e l e m e n t s ,  and only  n ine  elements were .de tec ted .  S.evera1 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  ( b o r o n , ' t i t a n i u m ,  and 

zirconium, f d r  example) were no t  de t ec t ed  a t  t h r e sho ld  l e v e l s  of 10 ppm. Table. 

' V  shows t h e  r e s u l t s  of t h e s e ' a n a l y s e s .  The product  was confirmed t o  be s i l i c o n  

wi th  , a n  average of 0.016% Na (as  NaC1). No s p e c i a l  e f f o r t s  were made i n  t h e  

washing process  t o  be thorough i n  removing t h e .  s a l t .  Sample , / I9 however c o n t a i n s  

Na a s  a  p r i n c i p a l  component, l ending  a d d i t i o n a l  suppor t  t o  t h e  sugges t ion  t h a t  

l a r g e  amounts of Na2SiF6 were p re sen t  i n  t h i s  p a r t i c u l a r  ' Na + SiF, r e a c t i o n '  

product .  Samples # l  and #2, from an e a r l y  experiment i n  an unheated q u a r t z  

tube,  con ta in  cons ide rab l e  amounts: of i m p u r i t i e s  ,£ram s t a i n l e s s  s teel  (Fe, C r ,  

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



FIGURE 19 - 

PHOTOGRAPHS OF UNWASHED PRODUCT 
(4NaC1 + Si) 

(Viewed at 45 degrees) 

ELECTRON MICROSCOPE 



FIGURE 20 ELECTRON MICROSCOPE 
PHOTOGRAPHS OF WASRED PRODUCT 

( V i e w 4  at 45 degrees) 



TABLE V 

SPECTROCHEMICAL ANALYSIS OF SILICON PRODUCED I N  SODIUM/SILICON HALIDE FLAMES 

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

Sample: 1 - 2 3 . 4  5 6 7 8 9 - - - - - - - -  
S i Pa P P P P :  P P P P ' 

Cu 1 0  1 0 .  1 4 2 2 2 5 1 

. . < 1  C . 1  < 5  < 5  ( 5  ( 5 '  < 5  < 5  < 5  

A g - - < 1  < 1  - - - < l  - 
a 

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

Volumet r ic  
Flow Rate  

(STP cm3 s- ' )  Remarks Sample 

1 

System 

N a  + SiCl,..  

Reac to r  

6 .cm unheated 
q u a r t z  tube '  

D i l u e n t  

h o t  H 2 / A r  15 0 sample from 
f lame  zone 

6 cm unheated 
q u a r t z  tube' 

h o t  H 2 / A r  15 0 sample from 
downstream 
t u b e  w a l l s  

5 0 6 cm h e a t e d  
q u a r t z  t u b e ,  
T .r 950 K 

h o t  H 2 / A r  

6 cm h e a t e d  . 

q u a r t z  t u b e ,  
T - 9 5 0 K  , '  

.6 cm h e a t e d  
q u a r t z  tube; ,  
T 950 K 

6 cm h e a t e d .  
q u a r t z  t u b e ,  
T ,= 950 K 

6 cm h e a t e d  
q u a r t z  t u b e ,  
T = 950 K 

h o t  H 2 / A r  

2.5 cm h e a t e d  
a lumina t u b e ,  
T .z 1400 K 

h o t  H 2 / A r  

6 cm unheated 
q u a r t z  t u b e  

h o t  Ar 7 5 probably  con- 
t a i n s  Na2SiF6 



Cr and Ni not detected. Possibly Sample 81 was. contaminated in the laboratory 

during handling. sample 119 .from the experiment in the alumina tube shows 

5 ppm of Al, demonstrating the unsuitability of this tube material for high 

purity work. Considerable traces of Cu and ' M ~  are present from unknown sources 

(the Mg was detected but the aCtual concentration not determined). 

X-ray diffraction studies were. performed on several samples of washed 

product to determine whether the silicon produced in these flames has a crystal 

structure. Products from (i) two Na + SiC14 flow tube experiments, (ii) three 
opposed jet K + SiCl,,experiments, and (iii) a Na + SiF4 flow tube exper'iment 
were analyzed; The diffraction results from (i) showed three peaks at angles 

of 28.4, 47.3, and 56.1 degrees corresponding well with standard angles for 

crystalline silicon of 28..44, 47.34, and 56.08 degrees. The relative peak 

intensities. of 1.00/0.57/0.32 also compared closely with the standard 1.001 

0.6010.35 intensity ratios. No other significant peaks.were observed; in 

particular the diffractions due to NaCl at.27.35, 31.69, and 45.45 degrees 

were not visible. Results.from the o~posed jet samples showed much less 

crystalline nature material; the diffractions were considerably weaker and 

broader. Microscopic examination of. these samples showed them to be much less 

uniform in particle size and color. Many white crystals, presumed to be salt, 

were also observed. The last sample, that from the.Na'+ SiF4 .reaction, showed 

a very different result. Ten relatively large peaks (and six smaller peaks) . . 

were observed, including the three.due to silicon, but at reduced,intensities 

about half that of sample type .(i). The other peaks were due .neither to NaCl 
. . 

or NaF and were determined to- correspond to those from NazSiF6. 

D , PRODUCT SFPARATION FXPERIMFNTS 

Independent experiments were performed to Ereat the problem of separa- 

ting the ,silicon from the byproduct alkali salt without the added complexity of 

running the Na + SiCl& flame. A high temperature cruciblelheater made of 

graphite and heated by passing high currents (up to 150 A) through the graphite 

was constructed.. This 10 cm long, 2.0 cm.diam crucible was made of ultra-high 

purity graphite, MacKay grade UF4S, with 0.13 cm wail. thickness, and was, used 

to heat samp1e.s of NaC1, Si, or SilNaC.1. Samples of NaCl in direct contact 

with the graphite crucible could be melted and vaporized with the rate of the 

process easily cont.rolled by varying the heater current. Granular samples of 

crystalline silicon were also melted, but the liquid 'Si appears to either wet 



t h e  g r a p h i t e  and s imply f low through t h e  t h i n  w a l l s ,  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 .  In 

a n o t h e r  exper iment  a  h i g h ' p u r i t y  q u a r t z  l i n e r  w a s  used t o  ho ld  a  sample of 

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 t h o u g h  t h e  s i l i c o n  m e l t e d ,  t h e  q u a r t z  

. .  was s o f t e n e d  enough t o  f low. There is  o n l y  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  whi'ch 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  o u r  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  range.. 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  f r o g  Na + ~ i ~ l ;  flame exper 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 e m p e r a t u r e  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  o f  s i l i c o n .  It  may be p o s s i -  

b l e  t b  s e p a r a t e  t h e  p r b d u c t  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  manne,r, 

b u t  e x p e r i m e n t a l  problems (e .g . ,  l e a k s ,  e t c . )  plagued t h e  t e s t s  and t h e y  were 

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

E l .  U G H  TFMPFRATURF Fl OW TUBF F X P F R I M F N T S  . 
. . 

Wall t e m p e r a t u r e s  i n  o u r  f i r s t  s e r i e s  of f low t u b e . e x p e r i m e n t s  were 

l i m i t e d  t o  l e s s  t h a n  abou t  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  me ta l  s a 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  a n  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  

con t inuous  b a s i s ,  h i g h e r  t e m p e r a t u r e s  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  h e a t e d  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 r e v i o u s  s e c -  

t i o n .  Two t y p e s  of exper iments  were performed i n  this a p p a r a t u s .  I n  t h e  

f i r s t ,  t h e  e f f l u e n t  g a s l p a r t i c l e  s t r e a m  from a 1 5  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  w a s  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  c o n c l u s i o n  o f  a  65 min. run ,  u s i n g  a  . s t o i c h i o m e t r i c l o w  

( 50 T o r r )  N a  + SiC1, f lame w i t h  2 ' 5 ( S ~ ~ ) c m ~ ,  s-' A r  f low i n  t h e  nominal 1 g  min-' 



N a v a p o r  s t ream,  no s o l i d  p r o d u c t  of any form w a s  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  I t o  3 cm r e g i o n  o f  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  was 

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

SiINaC1 m i x t u r e  w a s  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  the '  c o o l e r  

q u a r t z  d e l i v e r y  t u b e .  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 t h o u g h  t h e  s o l i d  p r o d u c t  d e l i v e r y  from t h e  

f iame zone t o '  t h e  g r a p h i t e  c r u c i b l e  w a s  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 N ~ C ~ / S I  d i d  r e a c h  t h e  h i g h  t e m p e r a t u r e  r e g i o n  of 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  d f  p r e s s u r e ,  t e m p e r a t u r e ,  and r e s i d e n c e  t i m e ,  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 a s  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  Ar f l o w  r a t e  w a s  p robab ly  ' too'  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 e g i o n .  

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 low 

and w i t h  h o t  walls s u r r o u n d i n g  t h e  f lame zone.  T h i s  e x p e r i m e n t a l  ar rangement  

i s  shown ' i n  F ig .  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  of 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  t u b e  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  b e g i n n i n g  t h e  exper iment  w a s  somewhat lower t h a n  t h e  m e l t i n g  

point '  o f  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 .  s ow ever , t h e  h e a t  r e l e a s e  f r o m  t h e  f lame would b e  expec ted  t o  s i g n i f  i- 

c a n t l y  r a i s e  t h i s  t empera tu re .  A Na + SiCl,, f lame w i t h o u t  d i l u e n t  w a s  s u s t a i n e d  

f o r  50 & i n  c o n s k i n g  abou t  135  g  o f  SiC1, and 75 g of Na. 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  th roughout  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  condensab les .  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 d i sassembly  o f  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  d f  s i l i c o n ,  .some as c r y s t a l s  and some a s  s i n t e r e d  powder. N a C l  

was o b s e r v e d  o n l y  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  o f  t h e  a p p d r a t u s  w a s  de te rmined  . i n  o r d e r  t o  e s t i m a t e  t h e  

amount of NaCl remain ing .  The s i l i c o n  from t h e  ups t ream area of  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 r o d u c 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  w a s  = 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  was s i g n i f i c a n t l y  lower ,  t h e  sample was comple te ly  



78- Ill 

. . 

OPENING 

. . 

TO PUMP 

. L> 



soluble. Further away from the graphite tube in the room temperature area. 

where a small amount of very fine particles, settled, the solubility of a sample 

was found to correspond to stoichiometric product (13.2% insoluble). 

From these observations we concluded that a fully successful high 

temperature separetion of the Si from the NaCl was demonstrated in this experi- 

ment. The key factors in this success appear to be the abil'ity to sustain wall 

temperature approximately equal to the melting point of silicon and not using 

argon in either reagent stream. The diluent, if present in the reagent flows, 

raises the reactor pressure and reduces the product residence time during which 

silicon collection on the walls must take place. The siliconlsalt mixture 

found dowristream from the reactor rgpresents only a small fraction'of the total 

amount of silicon produced, but demonstrates that the separation-collection . 

product was not 10.0% efficient. 

Having shown that relatively pure silicon could be produced in low 

temperature reactors where the silicon and alkali salt particles codeposited . 
. . 

onto the walls, an experimental program was designed to test the proposed 

separation/collection techniques. We also scaled up the experiment to alleviate 

problems due to heat losses and to produce larger amounts.of silicon. As an 

initial guideline we chose a scale factor such that .the reaction exothermicity 

(without salt condensation) would be about equal to the electrical power pre- 

viously used to,heat the graphite flow reactors, about 1.2 kW, i.e.,' a scale-up 

by about a factor of 25 to a production rate of silicon of = 0.5 kg h-'. 

To produce silicon at this rate, 3..1 kg h-' of Sic16 is consumed requiring = : 
150 W for its vaporizer. This energy flux could not be maintained across 

the glass vaporizer walls so platinum wire irnmersion,heater was built. A 

Sic16 recharging system was also added since the 150 cm3 capacity of our 

vaporizer was inadequate at the much higher flow rate. With this system the 

reaction is not limited by sic14 flow rate or capacity. Flow meters were in- 

stalled in the halide delivery line to allow close adjustment of the Na/SiC14. 

equivalence ratio: 

The required 1.7 kg h-' of Na corresponds to a flow rate of. 220 11 mi--' 

of vapor at 1200 K and 0-5 atm. It was decided that an experimental confirma- 
. . 

tion of the Na flow rate' would be requited. The heat input needed'to vapdrize 

this .quantity of Na is 2.0 kW.and was found to be easily within the existing 

4 4 .  



vaporizer capability. Experiments were performed in which the gaseous Na de- 

livered during a ten minute period was condensed and weighed to determine the 

flow rate. An orifice with 3.0 mm diam was found to produce the desired flow 

rate with one atmosphere Na vapor pressure in the vaporizer. (Higher pres- 

sures are not used for reasons of safety.) The 0.8 k capacity of the liquid 

reservoir in this vaporizer a.1lows runs of abovt 30 min duration without re-' 

charging. 

1n the first test of these scaled-up systems the reactor was a 1.5 cm iid., 

0.3 cm wall thickness graphite tube 160sel~ held inside a stainless steel . tibe; . 

This combination was heated to 1200 K by a "clam shell" resistance heater prior 

to beginning..the experiment. The Na + SiCl,, flame-was run- for six minutes before. 
solid.product deposits clogged the reaction tube. Approximately 4.7 moles Na 

and 1.4 mole SiClk were delivered, corresponding very closely to the desired 
. . 

silicon production rate of 0.5 kg h-'. The graphite tube was found to be frac- 

tured into pieces and saturated with silicon. Both reagent systems performed 

without problems. 

Subsequent experiments were carried out in larger (4.3 cm i.d.) alumina 

reaction tubes. With the tube preheated to 1400 K, introduction of the reagents 

quickly raised the wall temperature to 1900 K where it stabilized for the 

remainder of the experiment. From this initial wall heating rate, the 

reaction heat release was estimated to be 1.2 kW, corresponding closely to 

that computed assuming no NaCl condensation. Samples of deposits from the 

middle of the reaction zone were found to be -90% silicon and =lo% NaC1. 

Near the cool reagent inlet flange and at the downstream .end of the flow tube 

the product was r=: 75% silicon. Thus good separatibn of the silicon from the 

alkali salt wan occurring in the high temperature region of the reactor. 

. An experiment was also run without preheating the reactor t.ube. Figure 22 

shows, the measured wall temperature profile. Initially a rapid wall heating 

rate (800 K min-') 'was observed during the period in which both salt and sil2- 

con condensation o.ccurred ("I" in Fig. 22). The reaction exotllermicity 

under these conditions and flow rates ig about 5.7 kW. The temperature then 

stabilized briefly at 'the boiling point of NaCl .(II), and from there rose . 

above 2000 K where the PtrPt-10% Rh thermocouple failed. Thus the ultimate 

reactor t'enperature was not measured. The experiment was terminated due 
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FIGURE 22 WALL TEMPERATURE PROFILE DURING A Na + SiC1& RUN 
WITH NO REACTOR PREHEATING . . . . 

t o  e x c e s s  h e a t i n g  o f  t h e  o u t e r  g l a s s  vacuum system w a l l .  A l t h o u g h  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  (= 15%)of  N a C 1 ,  t h e .  amount o i  s i l i c o n  

r e c o v e r e d  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 

cou ld  have been F i g u r e  23 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  predominant ly  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 i g .  24 i n d i c g t e s  w h e r e  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  a p p e a r  

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  . . w e r e n e e d e d  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 . f r o m  t h e  byproduc t  

s a l t .  ' N u c l e a t i o n  and condensa t ion  r a t e s  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 e x p e r i m e n t a 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 l o w  t u b e .  
. . 

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  o 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  meaiured.  To do 

t h i s  a 6 cm i . d .  s t a i n l e s s  s teel  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  was 

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 ,  25 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 ,  £ram a  c o l d  
, . 

. . . . 
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FIGURE 23' SOLID ,PRODUCT (Si + NaC1) DISTRIBUTION 
DURING A' Na + ~ i ~ l i  RUN WITHOUT, REACTOR PREHEATING 

REACTOR DISTANCE, cm 

FIGURE 24 DISTRIBUTION OF SILICON DEPOSITION 
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start .  These  p r o f i l e s  .are shown i n  E'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 e m p e r a t u r e  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 ,  

(1). Most of 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 e s p e c t i v e l y .  F rom. the  ' 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  

e x o t h e r m i c i t 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 ' t h r o u g h  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 ig .  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 w;s .obta ined.  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  given-  i n  F i g .  29. An a v e r a g e  v a l u e  of 3 W cm-3 was 

measured f o r  t h e  p o r 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  i n  t h e  dowristream 

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 ~ m ' ~ .  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  rap ' id ,  p robab ly  m i x i n g . l i m i t e d .  Thus 

s m a l l e r  r e a c t o r  volyme's cou ld  be u s e d ,  s i m p l i f y i n g  r e a c t o r  . d e s i g n  and construe- 
. . 

t i o n .  

G, NFW RFACTOR ANn TFST FACI 1 I T Y  

I n  some -of t h e  p r e v i o u s  exper iments  we e x p e r i e n c e d  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 a  l a r g e r  volume chamber,. c o n f i g u r e d  t o  a l l o w  q u i c k  

changes t o  be made i n  t h e  r e a c t o r  w i t h o u 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 s u c c e s s i v e  runs .  To meet trhe'se needs ,  a  l a r g e  (65 cm d i i m ,  80 crn h i g h )  

s t a i n l e s s  s t e e l  vacuum chamber w i t h  2  cm t h i c k  aluminum end f l a n g e s  was purchased 

f o r  t h e  new e x p e r i m e n t a l  f a c i l i t y .  A l l  co 'nnect ions ,  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.charnber cou ld  

t h 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. 'expected.  t o  be a b l e  t o  t e s t  d i f f e r e n t  r e . ac to 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 q 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 i d e d  s u r f  a c e s  f o r  NaCl . 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  e x p e r i m e n t s ,  we 

concluded t h a t  t h e  Na/SiCl, r e a c t i o n  goes  r a p i d l y  t o  comple t ion ,  and a  much 

s m a l l e r  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 a d e q u a t e . '  

A.new r e a c t o r  w a s  des igned  wi th '  s m a l l e r  ( 8  cm d i a m , l 6  .cm l o n g )  r e a c t o r  dimen- 

s i o n s  f o l l o w i n g  t h e s e  c o n c l u s i o n s  and. i s  shown i n  F ig .  30. 
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FIGURE 26 TEMPERATURE PROFILES. OF THE WALL COOLING AIR .FOR THE 
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FIGURE 27  HEAT. PRODUCTION PROFILES FOR THE 
REACTOR SHOWN 'IN FIG. 25 
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FIGURE 28 WALL HEAT FLUX PROFILES 
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FIGURE 2 9 ,  VOLUMETRIC HEAT RELEASE PROFILES 
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Our a i m  w a s  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,  we hoped, most o t h e r  i m p u r i t i e s )  b e i n g  c o l l e c t e d  

on coo led  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 .  We 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  o f  c a r r i e r  g a s e s  

such  a s  Hz o r  A r .  A major  i n n o v a t i o n  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 -  

u r e d  a s  a small converg ing  n o z z l e .  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 

p lanned  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 je t  from t h e  r e a c t o r  would impinge on a  h o t  ( z  1700 K)  g r a p h i t e  c r u c i b l e  

where t h e  Si(R)  d r o p l e t s  would b e  c o l l e c t e d .  The N a C l  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  u n r e a s o n a b l e  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  small pumping c a p a c i t y  would b e  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 i c l e s  a r e  g i v e n  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 impac t 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  pm 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  mrn 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 .  . Impac t 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  small drop- 

l e t s ,  f r o m t h e  g a s  i n  t h i s  l a y e r .  Pa ramete rs  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 i a m e t e 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 l o w  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  t e s t  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  

w i t h o u t  s t r u c t u r a l  damage. 

A s  shown . i n  Fig .  30 p r e h e a t e r s  were  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  

and c r u c i b l e  b e f o r e  beg inn ing  a n  exper iment .  Molybdenum 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  noncontamina t ing  h e a t e r  

p lanned a f t e r  i n i t i a l  t e s t s .  The r e a c t o r  and c r u c i b l e  were  s u r r 0 u n d e d . b ~  h e a t  

s h i e l d s  and h i g h  t e m p e r a t u r e  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  w a s  made 

th in -wal 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  whole . .  

r e a c t o r  i s  suspended. . S t a i n l e s s  s t e e l ' t u b e s  c a r r i e d  t h e  r e a c t a n t s  t o  t h e  reac -  

t o r  a r e a  where t h e y  were  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 Mo 

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 e m p e r a t u r e  

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  

a lumina 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 

e x c e p t  f o r  small 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  expec ted  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 e m p e r a t u r e s  ( >  1700 K ) .  Smal l  a i r  l e a k s  c a u s i n g  e x c e s s i v e  

c o r r o s i o n  of t h e  Mo w i r e  were  a major  problem. Another problem was t h a t  t h e  

h i g h  t e m p e r a t u r e  r e s i s t i v i t y  of t h e  Mo 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  cou ld  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 s u b s e q u e n t l y  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  Mo 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  o f  Mo t o  t h e  S i  produced i n  t h e  a p p a r a t u s  

was p robab ly  unavoidab le  and t h e  s e n s i t i v i t y  o f  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  r e d e s i g n e d  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 

expens ive)  h e a t e r  m a t e r i a l s .  

F u r t h e r  e x p e r i m e n t a l  d i f f i c u l t i e s  were encounte red  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 requ i rement  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 c  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 e m p e r a t u r e s  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  r e d u c i n g  a tmosphere .  

Drawing from e x p e r i e n c e  ga ined  e a r l i e r  i n  t h i s  program we 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 d e s i g n .  T h i s  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 i n e x p e n s i v e  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 kW and 4.5 kW 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 e m p e r a t u r e s  o f  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 x  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  SiC1, flo-4. A r e f l u x i n g  



. . 

r a t h e r  t h a n  f l a s h  h e a t i n g  . d e s i g n  w a s  chosen because  . h i g h e r  p u r i t y  s i c l c '  vapor  

cou ld  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 . b e h i n d  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  s t e e . 1  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  S i C l , , , a t t a c k  on t h e  h o t  metax and t h e  Na and SiC14.mixed 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  t o o k ' 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 ~ a ~ l  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  w a s  mod.ified t o  p r o v i d e  t e m p e r a t u r e  c o n t r o l  o f  t h e  i n l e t  p o r t  by 

f lowing  N i  g a s  th rough  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  ampunt of p roduc t  was fobnd .on t h e  va'cuum chamber walls. 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- 

m a t u r e l y  s h u t  down. 

The r e a c t o r  h o l d e r '  was' r e d e s i g n e d  sd  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  Na s i d e  

t o  p r e v e n t  t h e  S.iC1, from r e a c h i n g  t h e  Na 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  SYC14 chamber and i n  a n o t h e r  t h e y  mixed i n  t h e  ~a  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  r e d e s i g n e d  t o  p r e v e n t  b o t h  t h e  SiC1, and 

t h e  N a  from m i x i n g ' u n i i l  they  reached  t h e  r e a c t o r .  Th 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 - S i C l ;  e n t e r i n g  t h e  r e a c t o r  th rough  

an  a lumina t u b e  and the . .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 p a s s i n g  a i r  of Nz between t h e ' w a l l s ,  i t  was d i scov-  

e r e d  t h a t  t h e  premature  mixing . 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  o f  

t h e  N a  v a p o r i z e r  v a l v e .  I n  an  e a r l i e r  r u n  i t  had me.lted and. %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  w a s  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 v a p o r i z e d  N a .  e n t e r e d  t h e  r e a c t o r  h o i d e r .  A 

new t y p e  of v a l v e  t o ' - c o n t r o l  t h e  N a  f l o w  was made t o  p r e v e n t  t h i s  t y p e  of 

f a i l u r e .  

To o b s e r v e  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  a s  i t  e x i t s  from 

t h e  r e a c t i o n  chamber, one r u n  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 ,  

y e l l o w  j e t - l i k e  f lame approx imate ly  1'0 cm ' long  w a s  obse rved  f o r  a  few seconds  ' 

b e f o r e  t h e  s a l t  byproduct c o a t e d  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 + . c a l  .mound ( = 1 0  cm h i g h  and = 1 5  cm b a s e  diam) of  r e a c t i o n  p r o d u c t  c o l l e c -  
. 

t e d  on a n  aluminum p l a t e  p1aced;one foo' t  away from, t h e  r e a c t o r  e x i t  n o z z l e .  

  his r e a c t i o n  p r o d u c t  was 20% S i  and SO% sa l t  by w e i g h t .  F l icroscopic  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  was a l s o  r u n  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 0.f t h e  s i l i c o n  p r o d u c t  ( c o n t a i n i n g  = l o %  s a 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 r o d u c t  appeare'd 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 r o d u c t  may b e  due t o  a n  insufficient c r u c i b l e  ' 
. 

t e m p e r a t u r e  ( = 1500 K d u r i n g  t h i s  run):. . . . . 



V n SOD.1 UM GRAPH I TF ' MATFR I A I  TFSTS 

In the course of performing the experiments discussed in the previous 

section several observations were made which brought into question the suitabil- 

ity of graphite as a material of construction in contact with silicon or sodium. 

Figure 31, for example, shows the destruction to a 2.5 cm graphite reaction 

tube caused by a Na/SiCl,, flame. It was not possible to determine whether this 

was the result of reaction with sodium, silicon halide, or silicon, or simply 

due to expansion of silicon as it solidified. Since graphite is important in 

our work, and for other proposed processes, further investigation of the prob- 

lem was made. 

The first tests were performed as follows: Samples of graphite, nominally 

3 x 5 cm, 1-2 cm thick, were suspended by a wire in the sodium vapor generator 

at a level such that they would be immersed in the refluxing sodium vapor (see 

Fig. 32) .  The samples were exposed to refluxing sodium at 0.5 atm and 1150 K for 

five minutes, cooled, and removed from the apparatus. Since these experiments 

were performed at the dew point of sodium, the samples were exposed to both liq- 

uid and vapor sodium. Table VI lists the manufacturer, grade, and physical char- 

acteristics of the tested samples. According to the manufacturers' literature, 

these are high quality graphites. Airco-Speer grade 580 is listed as "the dens- 

est and strongest extruded material commercially available.'' The Stackpole grade 

2020 is a molded, high density material with small pore size. From Ultra Carbon 

we'tested .several coated graphites, including a pyrolytic graphite coated sample. 

The results of the tests were essentially the same for every sample. Both 

the coatedand uncoated graphites emerged expanded, sustained multiple cracks,. 

and', in some cases, were even broken. The silicon carbide coating could no long- 

er be seen, while the pyrolytic graphite coating was cracked, broken, and peeling 

from its substrate. The samples were quenched in water to remove excess sodium. 
. . 

After .the initial reaction of sodium on the sample surface, evolution of bubbles 

was observed for hours, indicating that considerable sodium had permeated the 

samples. 

We 'concluded from these simple tests that neither graphite, silicon carbide, 

or pyrolytic graphite coated graphite is structurally: stable in contact with 

sodium, at least near the 'sodium dew point. It is likely that the observed effects 

. are due to actual chemical reaction of the graphite with the alkali metal. Com- 
. . 

pounds resulting from such reactions have been o b s e r ~ e d , ' ~ ~ ~ ~  although little 
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FIGURE 32 APPARATUS FOR NaIGRAPHITE TESTS AT 1150 K 

TABLE VI 

LIST OF NATERIALS TESTED IN CONTACT WITH SODIUM AT 1150 K 

SupplierIGrade Physical Characteristics 

Airco-Speer/580 Graphite, extruded; 1.76 g cm-3 density, 22% 
porosity, 0.020 cm maximum grain size. 

A.D. MackayIUF4S Graphite, similar to Airco-Speer 580 grade 
but purified to 5 ppm ash content. 

Stackpolel2020 Graphite; density > 1.77 g cmd3, 17% porosity, 
0.004 cm maximum grain size, 1.5 pm average 
pore size. 

Ultra CarbonfPT-101 Pyrolytic graphite coated graphite; coating 
thickness estimated to be = 0.005 cm, sub- 
strate graphite grade unknown. 

Ultra CarbonlPB-1300 Silicon carbide coated graphite; substrate 
graphite grade UT-22, 1.70 g cm-' density, 
21% porosity, 0.015 cm maximum grain size. 
Coating thickness unknown. 

Ultra CarbonIPT-444 Silicon carbide coated graphite; manufacturer's 
code A-9648-6, substrate graphite properties 
unknown. 
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work h a s  been done f o r  sodium r e a c t i o n s .  Potass ium 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 -  

i n a t e r i a l  i n  t h i s  d ' i r e c t i o n .  A ' c ~ ~ N ~  compound has  been o b s e r v e d z 1  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  t a y e r  expanding t h e  plane-to,-plane 

s p a c i n g  ' t o  0.56 nm. Other  compounds p robab ly  e x i s t ' .  The c o i 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  

$ormat ion of i n t e r s t i t i a l  compound i s  m a n i f e s t e d  i n  l a r g e  macroscopic  changes  

i n  t h e  , m a t e r i a l s .  

. . .  

. . 

. . 

. . 

K . . 

. . 
. . 

. . 

, , 

. . 

GRAPHITE . . 

FIGURE 33 STRUCTURE OF C e K  

( a f 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  c o n d i t i o n s  and 

a t  h i g h e r  t e m p e r a t u r e s ,  a h e a t e d  f l o w  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  Fi 'g.34).  The f i r s t  30 cm of t h e  t u b e  were  

wrapped with '  0.127 cm ( 0 . 0 5 0  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  windin'gs 

connected i n  p a r a l l e l  t o  a n  a c  a r c  weld.er.power s u p p l y ' c a p a b l e  o f , s u p p l y i n g  a b o u t  

250 A. A d r y  r u n  was performed w i t h . n o  r e a g e n t s  p r e s e n t  ' i n  o r d e r  t o  t e s t  t h i s  

new' f l o w  tube .  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 . .  

C 'O tD  TRAP 

. . 

FIGURE.34 FLOW TUBE APPARATUS FOR NaIGRAPHITE TESTS 
AT'1200 K AND 1700 K 



The f i r s t  t e s t . p r o d u c e d  temperatures  i n  excess  of 2200 K. Although t h e  tube  

f r a c t u r e d  a t ' t h e  end of t h e  hea t ed , zone  upon coo l ing ,  t h e  f a i l u r e  was a t t r i b u t e d  

only t o  our  having hea ted  t h e  tube  t o o  r a p i d l y  and t o  too  h igh  a  temperature .  

Consequently, another  tube  of s i m i l a r  des ign  was cons t ruc t ed  t o  rep1,ace i t .  

I n  o rde r  t o  perform tests 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 ,ob ta ined  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 ic -coa ted  g r a p h i t e  used i n  t h e i r  de s ign  (Great  Lakes Carbon Corp . grade  

HLM.graphite coated w i t h  0.013 t o  13.025 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 suppl ied  by P f i z e r  Inc.). These samples were approximate ly  2.5 cm long 

segments of 1 .9  'cm diam rod coated on a l l  s u r f a c e s .  S i m i l a r l y  coa ted  samples 

of S tackpole  gr'ade 2020 g r a p h i t e  were - a l s o . o b t a i n e d  from F 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 wi th  sodium vapor ,  one sample of each was sus-. 

pended. i n  a  MO wire  baske t  a t  t h e  mid-region of t h e  hea ted  flow tube  (about  

1 3  t o  1 8  cm from the. sodium i n l e t ) .  

Condi t ions f o r , t h e s e  experiments were s e l e c t e d  i n  coopera t ion  wi th  J P L  

Task I s c i e n t i s t s z 2 t o  be an accep tab l e  compromise between t h e  exac t  Westinghouse 

va lues  and those  t h a t  could be achieved w i t h  e x i s t i n g  appa ra tu s  a t  AeroChem. 

Experiments were chosen t o  be performed a t  1200 and 1700 K,  0.5 atm of und i lu t ed  

sodium, a  l i n e a r  flow v e l o c i t y  of a t  l e a s t  2.5 m s-I,. and an  experiment d u r a t i o n  

o5 0.5 h o r  longer .  Table V I I  g i v e s  t h e  exper imenta l  cond i t i ons  t h a t  were i n , f a c , t  

achieved. Tes t  1 f e l l  somewhat s h o r t  o f ' t h e  goa l s  . i n  p re s su re  and d u r a t i o n  and 

Tes t  2 a  b i t  s h o r t  i n  du ra t i on .  The r e s u l t s  of Tes t  2 were,  however, c o n c l u s i v e  

and Test 3 repea ted  t h e  cond i t i ons  .of Tes 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 taken f o r  t h e  d e s i r e d  purposes.  The co ld  t r a p  designed t o  c a p t u r e  and f r e e z e  

t h e  Na vapor proved t o  be only p a r t i a l l y  e f f e c t i v e  and a  cloud of sma l l  Na par- 

t i c l e s  f i l l e d  t h e  r e a c t o r  chamber. Tes t  1 was te rmina ted  a t  1 6  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 ciogged. The problem was most l i k e -  

ly due t o  coo l ing  t h e  Na vapor t oo  r a p i d l y ,  and a  h ighe r  t empera tu re  cold-  t r a p  

was used i n  t h e  subsequent experiments.  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 be opened t o  (moist)  a i r .  

Nonetheless ,  t h e  experiments d i d  provide  g o o d , t e s t s  of t h e  m a t e r i a l  i n  

question. '  ~ w d  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  pyre- 
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  surv ived  t h e  test a t  1150-1200 K. A l l  

samples were cracked and expanded approximately 10  t o  30%. The r e s u l t s  from t h e  

flow tube  experiment a t  1200 K correspond t o  t hose  of t h e  r e f l u x i n g  experiments  



TABLE V I I  , . 

ELOW TUBE CONDITIONS FOR NaIGRAPHITE C O M P A T I B I L I ~  TESTS 

P  
- 

T v  . D u r a t i o n  
min samplea ' 'Remarks T e s t  - K Torr  , m s-' 

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  OK.. 

B . . Same a s  1A. 

E x 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 r a c k e d ,  sub- 
s t r a t e  OK. Very l i t t l e  

. . N a  absorbed  i n t o  sample.  

B No'damage v i s i b l e ,  lit- 
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 ;  Grea t  Lakes Carbon ' ~ o r p . ,  HLM grade .  

' 

. 

B = P y r o l y t i c a l l y  coated,  g r a p h i t e ;  -S tackpole ,  2020 grade .  

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  w a s 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  a t  1700 K. A t o t a l  of f i v e  samples  r e r e  exposed t o  N a  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  dam'age. The uncoated g r a p h i t e  sample show- 

- e d  noi 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 x t e n s i v e l y  c racked  i n  t h r e e  o u t o f  f o u r  sampl'es. P r o b a b l y .  i f  t h e  N a  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 m a d e  w i t h o u t  some s u c h i m p e r -  
. . 

f e c t i o n s .  . . 

The pr imary i m p l i c a t i o n  of t h i s  work r e g a r d  t o  t h e  Westinghouse a r c -  

j e t  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 c  

. , a b o v e  1200 K b e f o r e  exposure  t o '  t h e  sodium f low.  

6 4 



V I ,  CONCLUSIONS 
. . .  

main. conclusions from this. program are: ' . . . 

1.   lames of gaseous Na or K.with siclL or SiHC13 are' stable, high 
temperature, characterized by rapid kinetics,. and produce' free 

silicon. . . 

2.  Flames of gaseou-s Na or K with SiF, are characterized by.much 

lower .temperatures, slower kinetics, and produce..free silicon 

only if'the reactor is hotter than'about 1000 K so that Na2SiF, 

formation is prevented. Additional- heat input would.be necessary 

to separate the product Si' from the NaF in the gas phase. 

. 3 .  . Silicon produced -from the Na/SiClr, reaction can be separated. , ' 

from the byp=oduct. ~a~l(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/SiCl, reaction to be mix- 

ing limited, thus allowing a well-stirred reactor to.be compact 

in volume. 

5.. Sodium-graphite .compounds. f o m  at T 4 1200 K causing severe . . 

material .problems. Similar problems ar'e observed for pyrolytic 

graphite or silicon carbon coated.graphite. A t  "Ti.1700 K these . . 

problems are not observed for graphite although the coatings 

'still fail. . . 



With t h e  comple t ion  of t h e  exper iments  d i s c u s s e d '  i n  S g c t i o n  I V  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.are  now i n  a  p o s i t i o n  t o  produce: 

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 ,  t e s t  s e p a 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  m a t e r i a l  p r o p e r t i e s ,  a& measure ' 'mpurity 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 roduc t .  The f o l l o w i n g  recommendations a r e  made f o r  

e x t e n d i n g  t h e  work per fo rmed .under  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 con t inued  t o  mea- 

s u r e  t h e  o v e r a l l  r a t e  of r e a c t i o n  producing s i l i c o n ,  t h e  v o l u m e t r i c  r a t e  o f  

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  of 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  of 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  shou ld  a l s o  be  made of t h e  p a r t i c l e  impac t ion  

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 roduc 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  m a t e r i a l  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 be con t inued  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 -  

ous  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 ,  SiCl , ,  and N a .  

3 .  It i s  recommended t h a t  a  more d e t a i l e d  s t u d y  of 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  temp'erature f a s t  f low 

r e a c t o r .  Th i s  program would measure 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  -growth k i n e t -  

i c s .  T h i s  l a t t e r  phenomenon cannot  be mo.deled o r  computed w i t h  any r e a s o n a b l e  

accuracy. .  T h e r e f o r e ,  e x p e r i m e n t a l  d a t a  a r e  needed ' for  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 of 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  of such  p r o c e s s e s .  . . 

V I I I  8 N l I  

. . 

No r e p o r t a b l e  i t e m s . o f  new technology  have been i d e n t i f i e d .  , . 
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