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URANIUM DLSI'ERSION I N  THE COA'1'ING OF WEAK-ACID-RESIN-DERIVED 
III'GR FUEL MICROSPHERES 

- 
--- 

G .  W. Weber, R. L .  Bea t ty ,  V. J. Tennery, 
and W. J. Lackey, Jr. 

ABSTRACT 

The c u r r e n t  r e f e r e n c e  HTGR r e c y c l e  f u e l  p a r t i c l e  i s  a 
UO2/UC2 k e r n e l  w i t h  a T r i s o  c o a t i n g  compris ing a low-density 
pyrocarbon (PyC) b u f f e r ,  3 h igh-dens i ty  PyC i n n e r  LTL c o a t i n g ,  
S i c ,  and a h igh-dens i ty  PyC o u t e r  LTT. The k e r n e l  i s  f a b r i -  
c a t e d  from a weak-acid i o n  exchange r e s i n  (WAR). 

Microradiographic  examinat ion of coa ted  WAR p a r t i c l e s  has 
demonstrated t h a t  cons ide rab le  uranium can b e  t r a n s f e r r e d  from 
t h e  k e r n e l  t o  t h e  b u f f e r  c o a t i n g  du r ing  f a b r i c a t i o n .  1-nvesti-  
g a t i o n  of causes  of f u e l  d i s p e r s i o n  h a s  i n d i c a t e d  s e v e r a l  
d i f f e r e n t  f a c t o r s  t h a t  c o n t r i b u t e  t o  f u e l  r e d i s t r i b u t i o n  i f  
n o t  p rope r ly  c o n t r o l l e d .  The p resence  of a nonequi l ibr ium 
UC1-,0, (0 G z G 0.3) phase ,  had no s i g n i f i c a n t  e f f e c t  on i n i -  
t i a t i n g  fue l  d i s p e r i o n .  Gross exposure of t h e  completed f u e l  
k e r n e l  t o  ambient atmosphere o r  t o  water vapor a t  room temper- 
a t u r e  produced very  minimal levels of d i s p e r i o n .  Exposure of 
t h e  f u e l  t o  pe rch lo roe thy lene  (CzC14) du r ing  b u f f e r  and i n n e r  
L T I  d e p o s i t i o n  produced massive uranium r e d i s t r i b u t i o n .  Pe r -  
ch lo roe thy lene  i s  used i n  a p ro to type  c o a t i n g  fu rnace  t o  sc rub  
t h e  of f -gas  and hence i s  a p o t e n t i a l  sou rce  of c h l o r i n e .  The 
format ion  of  a v o l a t i l e  uran ium-conta in ing  c h l o r i n e  s p e c i e s  
is t h e  p robab le  mechanism f o r  fuel r e d i s t r i b u t i o n  i n  this 
i n s t a n c e .  

r e s u l t s  from permeat ion o f  t h e  i n n e r  L T I  by HCI. du r ing  S i c  
d e p c s i t i o n .  A s  t h e  decomposition of m e t h y l t r i c h l o r o s i l a n e  
(CH3C13Si) is  used t o  d e p o s i t  S i c ,  c h l o r i n e  is  r e a d i l y  a v a i l -  
a b l e  du r ing  t h i s  p rocess .  The pe rmeab i l i t y  of t h e  i n n e r  LTL 
c o a t i n g  has  a marked e f f e c t  on t h e  e x t e n t  of t h i s  mode of f u e l  
d i s p e r s i o n .  

L T I  pe rmeab i l i t y  w a s  determined by c h l o r i n e  l e a c h i n g  
s t u d i e s  t o  b e  a s t r c n g  f u n c t i o n  of d e n s i t y ,  c o a t i n g  gas  d i l u -  
t i o n ,  and c o a t i n g  tempera ture  b u t  r e l a t i v e l y  una f fec t ed  by 
a p p l i c a t i o n  of a sea l  c o a t ,  v a r i a t i o n s  i n  c o a t i n g  t h i c k n e s s ,  
and annea l ing  a t  1800°C. 

Mechanical a t t r i t i o n  of t h e  k e r n e l s  du r ing  p rocess ing  w a s  
i d e n t i f i e d  as a p o t e n t i a l  sou rce  of uranium-bearing f i n e s  t h a t  
may b e  inco rpora red  i n t o  t h e  c o a t i n g  i n  some c i rcumstances .  

Fue l  r e d i s t r i b u t i o n  observed i n  Tr i so-coa ted  p a r t i c l e s  
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TNTRODUC'TION 

'The r e f e r e n c e  high-temperature  gas--cooled r e a c t o r  (HTGR) f i s s i l e  p a r -  
t i c l e  f u r  f r e s h  and r e c y c l e  f u e l  i . ~  a Tr i so-coa ted  k e r n e l  de r ived  from weak- 
aci.d i-on exchange r e s i n  (WAR). The kernel. composi t ion i s  nominal ly  a con- 
t r o l l e d  mixture  o f  U O 2 ,  U C 2 ,  and UC,-,O, (0 < z < 0.3)  wl tk  excess  carbon.  
The c o a t i n g  comprises  i n  radial  o r d e r  from t h e  f u e l  k e r n e l ,  a low-density 
p y r o l y t i c  carbon (PyC) b u f f e r ,  a h igh -dens i ty  PyC, s i l - i con  c a r b i d e ,  and 
a second h igh -dens i ty  PyC. P a r t i c l e s  coa ted  wi.i:h t h e  f i r s t  two l a y e r s  
o n l y  a r e  designat.etl as Biso-coated. A c o n t a c t  microradiograph  of 
q u a l i f i e d  Biso-coated f u e l  i s  shown i n  Fj.g. 1. The wh i t e  uranium- 
con ta in ing  k e r n e l  and two c o a t i n g  1-ayers a r e  p l a i n l y  d e l i n e a t e d .  

heavy meta l  appeared i n  s i g n i f i c a n t  amounts i n  %he b u f f e r  c o a t i n g  l a y e r .  
Kadi-ographs taken  of ma te r i . a l  75% conver ted  t o  U C 2  a f t e r  Biso c o a t i n g  a.nd 
anneali-rig, r ep resen ted  i n  P ig .  2 ,  show concen t r a t ions  of h igh  x-ray absorp- 
t i o n  material, presumably uranium, i n  t h e  b u f f e r  r eg ion  of t h e  c o a t i n g .  
F igu res  3 ,  4 ,  and 5 g ive  r e s u l t s  of o p t i c a l  microscopy and e l e c t r o n  micro.-- 
probe examinati-on of  Biso-coated p a r t i c l e s  having  t h r e e  di.f f e r e n t  oxygen 
levels (carbothermic  conversi.on l e v e l s )  fo l lowing  a 30 min annea l  a t  l.800"C. 
These f i g u r e s  show t h a t  t h e  d i s p e r s e d  material does ,  i n  f a c t ,  c o n t a i n  
uranium and that t h e  d i s p e r s i o n  i s  more severe f o r  h igher  convers ion  I .evels  
(lower f u e l  oxygen c o n t e n t ) .  

t ec t  t h e  i n n e r  L T I  pyrocarbon from f i s s i o n  f ragment r e c o i l ,  t h e  p r e s e n t  
work was undertaken t o  determine t h e  c a u s e ( s )  of t h i s  behav io r  and t o  
i d e n t i f y  c r i t i c a l  p rocess  parameters  o r  c o n t r o l s  t h a t  could b e  used t o  
prevent  such f u e l  d i s p e r s i o n .  

During r e c e n t  p rocess ing  of  specimens for i r r a d i a t i o n  t e s t i n g ,  hoTdever, 

S ince  one o f  t h e  p r inc ipa l .  f u n c t i o n s  of t h e  b u f f e r  c o a t i n g  i s  t o  pro-  

DESCRIPTION OF FUEL FABRICATION AND COATING 

Weak-acid r e s i n  f u e l  p a r t i c l e s  a r e  f a b r i c a t e d  by t h e  p rocess ing  s t e p s  
shown i n  F ig .  6 .  Sized and shape-separated ac ry l - i c  a c i d  d iv inylbenzene  
copolymer i s  loaded w i t h  u rany l  i-ons' and d r i e d  a t  approximately l.J.O°C t o  
yie1.d r e s i n  con ta in ing  UOz2+ w i t h  some remai.ning wa,ter. 'This m a t e r i a l  i s  
then  hea ted  t o  1200°C i n  a f lu id i zed -bed  c a r b o n i z a t i o n  process ,  which 
removes any remaining wa te r  and destructi .ve1.y d i s t i l l s  t h e  r e s i n .  The 
r e s u l t a n t  m a t e r i a l  i s  UOz d i s p e r s e d  i n  4 t o  6 mol-es of carbon pe r  mole of 
uranium. Fur the r  t:hermaI t r ea tmen t  invol-ves h e a t i n g  a t  1550 t o  1800°C 
t o  ca rbo the rmica l ly  reduce  t h e  UOz i n  a convers ion  p rocess .  Conversi~on 
proceeds by removal of t h e  oxygen by t h e  r e a c t i o n s  

'P .  A.  Haas, Loading a Cation Exchange Resin w i t h  Urany?, Ions 
U.S. P a t e n t  3,800,023 (March 26 ,  1.974). 
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Fig .  3 .  Uranium D i s t r i b u t i o n  i n  Coated, Carbonized,  and Converted 
Weak-Acid Resin Microspheres .  Batch A-601, 69.4%-converted. ( a )  O p t i c a l  
micrograph. (b)  Backsca t t e red  e l e c t r o n  image. ( c )  U M a  x-ray image. 
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Fig .  4 .  Uranium D i s t r i b u t i o n  i n  Coated, Carbonized,  and Converted 
Weak-Acid Res in  Microspheres .  Batch A - 6 1 1 ,  12.6%-converted.  ( a )  O p t i c a l  
micrograph.  (b)  Backsca t t e red  e l e c t r o n  image. ( c )  U MU x-ray image. 
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Y-128358 
Weak-Ac id  Resin 

Amber l i te  IRC-72 
D u o l i t e  C-464 

f 
Size and Shape Separate 

1 
.1 
i 

Load Uranium 

Dry (1  10°C) 

Carbonize (500-1 200°C) 

J. 
Convert  ( 1  550 - 1 800°C) 

.1 
Coat  (TR ISO) 

Buffer 
Inner L T l  
Sic 
Outer LTI 

Fig .  6 .  Process  Flowsheet f o r  P r e p a r a t i o n  of Triso-Coated Resin- 
Derived F i s s i l e  P a r t i c l e s .  

The convers ion  p rocess  may b e  i n t e r r u p t e d  a t  any i n t e r m e d i a t e  p o i n t  
t o  produce a predetermined oxygen con ten t  o r  "conversion l eve l . ' '  The 
c u r r e n t  f u e l  des ign  i s  based  upon op t imiz ing  i r r a d i a t i o n  performance by 
s u i t a b l y  a d j u s t i n g  t h e  convers ion  level .  A t  t h e  complet ion of t h e  conver- 
s i o n  p rocess  t h e  average  microsphere  d iameter  is t y p i c a l l y  360 um,  t h e  
d e n s i t y  i s  approximate ly  3 g/cm3, and t h e  uranium c o n t e n t  by weight  is 
approximate ly  75%. The p a r t i a l l y  conver ted  material i s  shown by x-ray 
d i f f r a c t i o n  t o  b e  a mix tu re  of U O 2 ,  UC2 ,  and UC1-,0,. The c o n c e n t r a t i o n  
of each phase  depends upon t h e  convers ion  leve l  and s p e c i f i c  conve r s ion  
c o n d i t i o n s .  

The conver ted  s p h e r i c a l  k e r n e l s  are then  Tr i so-coa ted  as  fo l lows .  A 
low-densi ty  ( 1  .O-1.2 g/cm3) b u f f e r  c o a t i n g  i s  d e p o s i t e d  from a c e t y l e n e ,  
a h i  h d e n s i t y  (1.85-2.0 g/cm3) i s o t r o p i c  c o a t i n g  (LTI) from propylene o r  
MAPP gas ,  a S i c  l a y e r  w i t h  n e a r - t h e o r e t i c a l  d e n s i t y  from m e t h y l t r i c h l o r o -  
s i l a n e  (CH3SiC13) and hydrogen, and f i n a l l y  a n  o u t e r  L T I  PyC c o a t i n g .  A 
ve ry  t h i n  PyC seal c o a t - i s  o f t e n  a p p l i e d  t o  t h e  i n t e r f a c e  between t h e  
b u f f e r  and inne r  L T I  t o  f a c i l i t a t e  p h y s i c a l  s e p a r a t i o n  of t h e  b u f f e r  and 
i n n e r  LTI f o r  d e n s i t y  d e t e r m i n a t i o n .  An impregnat ion  seal  c o a t  i s  o f t e n  
a p p l i e d  t o  t h e  i n n e r  L T I  t o  S i c  i n t e r f a c e  t o  r educe  Sic p e n e t r a t i o n  of t h e  
L T I .  

5 -  

2MAPP g a s  i s  marketed by AIRCO, I n c . ,  and c o n s i s t s  p r i m a r i l y  of 
me thy lace ty l ene  and propadiene  w i t h  a l k a n e s  as s t a b i l i z e r s .  



8 

A l l  k e r n e l  p rocess ing  and c o a t i n g  are c u r r e n t l y  done i n  a ver t ica l  
g r a p h i t e  r e s i s t a n c e  f l u i d i z i n g  f u r n a c e  r e p r e s e n t e d  i n  Fig.  7 .  The p a r t i -  
c l e s  are f l u d i z e d ,  t y p i c a l l y  i n  argon,  f o r  h e a t  t r ea tmen t  o r  c o a t i n g  i n  a 
c o n i c a l  t u b e  mounted i n  t h i s  f u r n a c e .  
pyrometry a t  and above 800°C and by a bed thermocouple below t h a t  
tempera ture .  

Temperature is  measured w i t h  o p t i c a l  

ORNL-DWG 75-3494 

I GRAPHITE FELT 
INSULATION 

COATING CHAMBER 

HEATING ELEMENT a 
REACTANT AND 
FLUIDIZING -+c+-, 
GAS 

F i g .  7 .  Ca rbon iza t ion ,  Conversion, and P a r t i c l e  Coating Furnace. 
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A f t e r  each p rocess ing  s t e p  t h e  b a t c h  we igh t ,  volume, and d e n s i t y  a r e  
de te rmined ,  and p a r t i c l e  dimensions and q u a l i t y  are monitored by 
x r ad iog raphy .  

POSSIBLE CAUSES OF DISPERSION 

To i d e n t i f y  t h e  c a u s e ( s )  of t h e  f u e l  d i s p e r i s o n  phenomenon t h e  fo l low-  
i n g  p o t e n t i a l  s o u r c e s  of uranium d i s p e r s i o n  i n t o  t h e  b u f f e r  w e r e  cons ide red  
f o r  s tudy :  
1. 
2. 

3 .  i n t r o d u c t i o n  of c h l o r i n e  o r  f l u o r i n e  a t  some p rocess  s t a g e ,  
4 ,  mechanical t r a n s f e r  of uranium-bearing p a r t i c u l a t e s  due t o  a t t r i t i o n  

d u r i n g  c a r b o n i z a t  i o n  a n d / o r  conve r s ion  w i t h  subsequent i n c o r p o r a t i o n  
of t h e  p a r t i c u l a t e s  i n t o  t h e  c o a t i n g .  

t h e  p re sence  o f  t h e  nonequi l ibr ium UC,-,O, phase,  
exposure  of t h e  k e r n e l s  t o  a i r  and/or  m o i s t u r e  a t  c r i t i ca l  p rocess  
s t e p s ,  

CTASSIFICATION OF DISPERSION TYPES 

S ince  t h e  amount and d i s t r i b u t i o n  of d i s p e r s e d  uranium v a r i e d  wide ly ,  
i t  w a s  necessa ry  t o  deve lop  a c o n s i s t e n t  format  f o r  d e s c r i b i n g  t h e  s ta te  
of  f u e l  d i s p e r s i o n  o c c u r r i n g  i n  d i f f e r e n t  s i t u a t i o n s .  Six d i f f e r e n t  cases 
of  d i s p e r s i o n  w e r e  d e l i n e a t e d  based upon t h e  e x t e n t  and l o c a t i o n  of t h e  
d i s p e r s e d  phase.  These c a s e s  are shown i n  F i g .  3 .  The i n d i v i d u a l  cases 
are d e s c r i b e d  below: 
A .  g ross  f u e l  d i s p e r s i o n ,  con t inuous  throughout  t h e  b u f f e r ;  
B .  g r o s s  f u e l  d i s p e r s i o n ,  d i s c o n t i n u o u s  throughout  t h e  b u f f e r ;  
C .  i s o l a t e d  g l o b u l a r  r e g i o n s  of f u e l  d i s p e r s e d  i n  t h e  b u f f e r ,  w i t h  t h e s e  

D .  k e r n e l  s u r f a c e  roughening, w i t h  i r r e g u l a r i t i e s  a t t a c h e d  p h y s i c a l l y  

0: 

E. i s o l a t e d  t h i n  h a l o s  o r  l e n s e s  of f u e l  d i s p e r s e d  i n  t h e  b u f f e r  c o a t i n g .  

so  t h a t  compara t ive  e v a l u a t i o n  of d i f f e r e n t  b a t c h e s  on t h e  b a s i s  of a 
pe rcen tage  w i t h  a g i v e n  d e s c r i p t i v e  t y p e  is  p o s s i b l e .  I n  de t e rmin ing  a 

r ad iog raph  of a g iven  p a r t i c l e  t y p e .  
g rad ing  from one  of t h e s e  s i x  classes if it evidenced d i s p e r s i o n  o r  "none" 
i f  no d i s p e r s i o n  w a s  r e s o l v a b l e  when t h e  r ad iog raph  w a s  examined a t  60x. 
Steward3 h a s  de te rmined  t h a t  t h e  l i m i t  of heavy metal r a d i o g r a p h i c a l l y  
d e t e c t a b l e  i n  f u e l  p a r t i c l e s  is approximate ly  1 w t  % r e l a t i v e  t o  t h e  PyC. 
The c l a s s i f i c a t i o n s  w e r e  s u f f i c i e n t l y  d i s t i n c t  t o  e s s e n t i a l l y  e l i m i n a t e  

r e g i o n s  n o t  p h y s i c a l l y  a t t a c h e d  t o  t h e  k e r n e l ;  

t o  t h e  k e r n e l ;  
f u e l  d i s p e r s i o n  con t inuous  around t h e  k e r n e l ,  w i th  l i t t l e  r a d i a l  
p e n e t r a t i o n  i n t o  t h e  b u f f e r ;  

Most cases of observed d i s p e r s i o n  c l o s e l y  resemble one of t h e s e  c a s e s ,  

d i s p e r s i o n  r a t i n g , "  100 t o  200 p a r t i c l e s  w e r e  examined a t  random on t h e  11 

Each p a r t i c l e  w a s  g i v e n  a class 

3 K .  P .  Steward, Methods for Determining Coating Contamimt-irm and Iks 
D-ktribution in NueZear FueZ PwticZes,  GA-9603 (August 1969) .  
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i n t e r m e d i a t e  t y p e s ,  so t h a t  a r a t i n g  f o r  a g iven  b a t c h  is  cons ide red  t o  
be  r e p r e s e n t a t i v e  of i t s  behav io r .  The c l a s s i f i c a t i o n  v a l u e s  e r e  r e p o r t e d  
h e r e  as t h e  p e r c e n t  of p a r t i c l e s  of a g iven  t y p e  as 76A, i n d i c a t i n g  t h a t  
76% of t h e  p a r t i c l e s  examined d i s p l a y e d  g r o s s  f u e l  d i s p e r s i o n  cont inuous  
throughout t h e  b u f f e r .  The t y p i c a l  case f o r  a sma l l  c o a t e r  (S0.06 m diam) 
f a c i l i t y ,  such  as F i g .  1, i n d i c a t e d  100% 'hone" behav io r .  C e r t a i n  l a r g e -  
c o a t e r  (0.13 m diam) f u r n a c e  r u n s  such as F i g .  2 ,  however, y i e l d e d  t h e  
c l a s s i f i c a t i o n s  shown i n  Table  1. 

Table  1. Fue l  D i s p e r s i o n  R e s u l t s  f o r  0.13-m-diam Coat ing  Furnace 

Batch A B C D D' E No ne 

5-505 8 0 28 36 26 0 3 

A-608a 7 4 2 20 0 1  66 

A-602a 50 11 7 20 0 6 6 

a 
Annealing t i m e  w a s  30 min a t  1800°C i n s t e a d  

of t h e  t y p i c a l  60 min used i n  t h e  remainder of t h i s  
s t u d y .  D i s p e r s i o n  v a l u e s  s t a t e d  f o r  t h i s  sample 
are t h u s  somewhat low i n  comparison w i t h  o t h e r  
b a t c h e s  i n  t h e  s t u d y .  

EXPERIMENTS AND RESULTS 

E f f e c t  of UC1-zO, Phase on Fuel  D i s p e r s i o n  

The e f f e c t  of d i f f e r e n t  k e r n e l  chemis t ry  a t  e q u i v a l e n t  convers ion  
l e v e l s  w a s  examined. A t  a nominal 60 t o  75% convers ion  l e v e l ,  t h e  compo- 
s i t i o n  i n  some combination of U02, U C 2 ,  and UCi-xOx phases  d i s p e r s e d  i n  
excess  carbon. The p r o c e s s  of c o n v e r t i n g  t h e  UO2 t o  t h e  o t h e r  phases  i n  
a f l u i d i z e d  bed i n v o l v e s  removal of CO and a r e s u l t a n t  dependence on t h e  
p a r t i a l  p r e s s u r e  of carbon monoxide a t  t h e  convers ion  c o n d i t i o n s .  There- 
f o r e ,  by v a r y i n g  t h e  conve r s ion  t empera tu re  o r  t h e  p a r t i a l  p r e s s u r e  of 
CO i n  t h e  f l u i d i z i n g  gas  stream by adding CO,  t h e  p r o p o r t i o n  of phases  
produced f o r  e q u i v a l e n t  oxygen c o n t e n t s  can be v a r i e d .  

A s  t h e  U C 1 - ~ O x  phase  observed d u r i n g  normal conve r s ion  c o n d i t i o n s  i s  
probably  an i n t e r m e d i a t e  phase,  v a r i a t i o n  of t empera tu re ,  t i m e ,  o r  p a r t i a l  
p r e s s u r e  of carbon monoxide over  t h e  bed should  c o n t r o l  t h e  amount of 
UCI-,O, p r e s e n t  i n  t h e  f u e l  k e r n e l .  A d d i t i o n a l l y ,  t h e  i n t r o d u c t i o n  of 
small amounts of hydrogen i n t o  t h e  f l u i d i z i n g  gas  stream might serve t o  
improve t h e  ca rbon  t r a n s p o r t  k i n e t i c s  and the reby  d e c r e a s e  t h e  amount of 
UC1,Ox p r e s e n t  by p e r m i t t i n g  a c l o s e r  approach t o  e q ~ i l i b r i u m . ~  To 

J .F .A. Hennecke and H. L .  Scherf f , "Carbon Monoxide Equi l ibr ium 
P r e s s u r e s  and Phase R e l a t i o n s  During t h e  Carbothermic Reduction of Uranium 
Dioxide, ' '  J .  NucZ. k t e r .  38: 285 (1971).  
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i n v e s t i g a t e  t h e s e  p o s s i b i l i t i e s ,  runs  w e r e  made t o  conversion l e v e l s  
of approximately 50% i n  argon a t  1625 and 1505OC and a t  1625°C i n  
A?4% Hz and Ar-6% CO,  t h e  CO con ten t  being 75% of t h e  equ i l ib r ium Pco. 

mesh and loaded i n  0.5-mm-diam g l a s s  c a p i l l a r i e s .  Debye-Scherrer x-ray 
powder f i l m s  w e r e  t hen  made of t h e s e  samples  t o  q u a l i t a t i v e l y  de te rmine  
t h e  phase composi t ion.  The convers ion  l e v e l  w a s  determined by chemical 
ana lyses .  

UC1,0, phase.  Run 238 had no d e t e c t a b l e  UC1-xOx phase.  
248 had e s s e n t i a l l y  t h e  same x-ray d i f f r a c t i o n  l ine i n t e n s i t i e s  f o r  t h i s  
phase,  which w a s  i n  a l l  i n s t a n c e s  a minor phase.  

The m a t e r i a l  w a s  t hen  ground i n  an iner t -a tmosphere glove box t o  -325 

The r e s u l t s  are shown i n  Table  2 i n  o r d e r  of dec reas ing  amount of 
Runs 239 and 

a 
Table 2. E f f e c t  of Conversion Condi t ions  on Amount of UC1,0, Phase 

Run 
Temperature 

("C) 
F l u i d i z i n g  G a s  

Conversion 

234 1625 A r  59 

2369 HT 2 1625 A r ;  exposed t o  a i r  f o r  1 5  sec 57 

248 1625 A r 4 %  HZ 4 2  

239 1505 A r  37 

b e f o r e  and a f t e r  convers ion  

238 1625 A h %  CO (0.75 of t h e  64 
equ i l ib r ium P ) co 

a 
L i s t e d  i n  o r d e r  of dec reas ing  amount, judged q u a l i t a t i v e l y  from 

x-ray d i f f r a c t  i o n  i n t e n s i t i e s  . 

It is  appa ren t  t h a t  i n c r e a s i n g  t h e  convers ion  t i m e  by a f a c t o r  of 4.5 
w h i l e  dec reas ing  t h e  tempera ture  by 120°C r e s u l t s  i n  less of t h e  UC1-,0, 
phase being p resen t  i n  t h e  k e r n e l s .  Also,  t h e  a d d i t i o n  of 0.75 of t h e  
equ i l ib r ium PCO t o  quadruple  t h e  t i m e  a t  a g iven  tempera ture  f o r  an equi-  
v a l e n t  convers ion  l e v e l  e s s e n t i a l l y  e l imina ted  t h e  UC1-xO, phase from t h e  
converted k e r n e l s .  The u s e  of a 4% H2 a d d i t i o n  decreased  t h e  amount of 
UC1-,0, approximately as  much as does  lowering t h e  convers ion  t e m p e r a t u r e  
120°C. 
does  n o t  a p p r e c i a b l y  a f f e c t  t h e  amount of t h i s  phase.  

A s  r u n  234 is  comparable wi th  t h e  convers ion  c o n d i t i o n s  normally used 
i n  f u e l  p rocess ing ,  minor amounts of UC1-xO;c are probably p r e s e n t  i n  most 
p a r t i a l l y  conver ted  weak-acid r e s i n  f u e l s .  

c o a t e r  and annealed f o r  60 min a t  18OO0C. A s  about  30 min a t  1800°C w a s  
r e q u i r e d  t o  produce obse rvab le  f u e l  d i s p e r s i o n ,  a t i m e  of 60 min w a s  
used as a sc reen ing  parameter .  Material from r u n s  234, 238, 239, and 248 
showed no r ad iog raph ic  evidence of f u e l  d i s p e r s i o n  and w a s  c l a s s i f i e d  

The exposure of t h e  carbonized r e s i n  t o  a i r  b e f o r e  convers ion  

These k e r n e l s  w e r e  t hen  Biso coa ted  by s t anda rd  procedures  i n  a s m a l l  
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as 100% "none" behav io r ,  which is  exempl i f ied  i n  Fig.  1. 
which had been  exposed t o  a i r ,  d i d ,  however, show a few i r r e g u l a r i t i e s  on 
t h e  s u r f a c e  of some k e r n e l s  c l a s s i f i e d  as 51% D and 49% D* behav io r ,  as 
shown i n  F i g .  9 .  

Run 2369 HT 2, 

IN AIR 

AT 1628  OC IN ARGON 

EXPOSE FOR 15 seconds 
IN AIR AT R.T. 

ONS MlCR 100 200 

0.005 0.040 INCHES 0.020 0.025 
1- I O O X ~ i  

DISPERSION RATING I : : : :, :; '0 NooNE 1 
F i g .  9 .  P rocess ing  S t e p s  and Radiograph of Air-Exposed, 60%-Converted 

Material. (OR-2369 HT-2) . 

E f f e c t  of A i r  and /o r  Mois tu re  Exposure on F u e l  D i s p e r s i o n  

Cons ide rab le  ev idence  i n d i c a t e d  t h a t  t h e  h i g h  a v a i l a b l e  s u r f a c e  area 
150 m2/g) i n  t h e s e  k e r n e l s  and t h e  reactive n a t u r e  of f i n e l y  d i s -  (BET 

persed  uranium phases would l e a d  t o  r a p i d  o x i d a t i o n  and r e a c t i o n  i f  
exposed t o  oxygen o r  w a t e r  vapor .  

b e f o r e  c o a t i n g  a p p l i c a t i o n  could produce d i f f e r e n t  d i s p e r s i o n  e f f e c t s  as 
could t h e  p o i n t  i n  t h e  p rocess  c y c l e  where contaminat ion  occur red ,  t h e s e  
v a r i a b l e s  w e r e  combined i n  a n  a t t e m p t  t o  i s o l a t e  a tmospher ic  contaminat ion  
problems. These r u n s  involved  v a r i o u s  combinations of exposure  f o r  15 sec 

S ince  exposure of t h e  conver ted  k e r n e l s  t o  a i r  and t o  w a t e r  vapor 
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to  atmosphere (EA) and f l u i d i z i n g  a co ld  p a r t i c l e  bed w i t h  wa te r - sa tu ra t ed  
a rgon  f o r  5 min [ArW]. Runs were a l s o  made con t inuous ly  (no i n t e r m e d i a t e  
hand l ing )  from c a r b o n i z a t i o n  t o  f i n a l  h e a t  t r e a t m e n t  t o  s e r v e  as c o n t r o l s .  
Unless o t h e r w i s e  no ted ,  samples w e r e  conver ted  a t  1625°C i n  argon,  Biso 
c o a t e d ,  h e a t - t r e a t e d  f o r  1 h r ,  and rad iographed .  The r e s u l t s  are shown 
i n  Table  3 i n  approximate o r d e r  of i n c r e a s i n g  s e v e r i t y  of f u e l  d i s p e r s i o n .  
The r ank ing  of r u n s  i n  Table 3 i s  o n l y  q u a l i t a t i v e  because  of t h e  sub jec -  
t i ve  n a t u r e  of t h e  comparisons and t h e  r e l a t i v e l y  small d i f f e r e n c e s  
between t h e  extr ernes. 

Table  3 .  E f f e c t  of Atmospheric Contamination on F u e l  D i s p e r s i o n  

Run 
Approximate 
Conversion 

(%I 
Run Cond i t ions  Extent  of Fuel  

D i spe r s ion  

2377 H 70 

2386 H 77 

2384 H 55 

2369 HT-2 57 

2375 H 70 

2379 H 70 

2382 H 70 

2380 H-2 55 

2365 HT-2 55 

2390 H 75 (1675°C) 

Continuous r u n  from 
carbonized m a t e r i a l  

Exposed i n  A r  s t o r a g e  
box f o r  3.5 days 

Continuous run  from 
r a w  loaded r e s i n  

- conver t  - FA 

EA - ArWb - conver t  

Convert  - EA - ArW 

Convert  - ArW 

Convert - A r W  

Continuous r u n  from 
raw r e s i n  

Convert  - A r W  
(20 min) 

Very few i r r e g u l a r -  
i t i e s  around some 
ker  ne Is 

Very few i r r e g u l a r -  
i t i e s  around some 
k e r n e l s  

I r r e g u l a r i t i e s  

I r r e g u l a r i t i e s  

I r r e g u l a r  i t  i e s  

around some k e r n e l s  

around some k e r n e l s  

around some k e r n e l s  

I r r e g u l a r i t i e s  

I r r e g u l a r i t i e s  

I r r e g u l a r i t i e s  

around mo s t ker ne Is 

around most k e r n e l s  

around many k e r n e l s ;  
20% of p a r t i c l e s  
w i t h  a v i s i b l e  con- 
c e n t r a t i o n  of  
uranium i n  t h e  
b u f f e r  

I r r e g u l a r i t i e s  
around most k e r n e l s ;  
most p a r t i c l e s  show- 
ing  a uranium s p o t  
i n  b u f f e r  

A l l  p a r t i c l e s  showed 
i r r e g u l a r i t i e s ,  6% 
showed s l i g h t  uranium 
displacement  i n t o  
b u f f e r  

a 

bArW - exposed t o  wa te r - sa tu ra t ed  argon f o r  5 min a t  room temperature .  

EA -exposed t o  a i r  f o r  15 sec a t  room temperature .  
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The p rocess ing  f l o w  s h e e t s  and d i s p e r s i o n  r a t i n g s  f o r  OR-2369 HT-2, 
-2375 H ,  -2379 H,  -2386 HT, and -2390 H,  which a r e  r e p r e s e n t a t i v e  of  t h e  
behavior  o f  t h e  f u e l  when contaminated du r ing  hand l ing ,  a r e  shown i n  
F i g s .  9 ,  10,  11, 12 ,  and 13, r e s p e c t i v e l y .  Continuous p rocess ing  s t e p s  
are d e p i c t e d  by i n d i v i d u a l  boxes i n  t h e  f lowshee t s .  

- 
CARBONIZE AT 2" C/min 

EXPOSE FOR 15 seconds 
IN AIR AT R.T. 

I 
EXPOSE TO WATER 
SATURATED ARGON FOR 
FIVE minutes AT R.T. 

CONVERT TO 69% IN 
ARGON AT 1 6 2 8 ° C  

I 
BUFFER COAT 
SEAL COAT 

L T I  COAT AT 1275" C 

SEAL COAT 
WITH 100 70 MAPP 

I 
HEAT TREAT 1800" C -  
60 min 

Photo 2312-75 - 

A 

I 

F 

L '1 
A 4 

MICRONS 600 700 too 200 

0.005 0.040 INCHES 0.020 0.025 
1- ! 00 x--j 

DISPERSION RATING 
A B C D D' E NONE 

F i g .  10.  P rocess ing  S teps  and Radiograph of A i r -  and Water-Exposed, 
69%-Converted Material. (OR-2375 H) . 
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Photo 2333-75 

CARBONIZE AT 2" C/min 

I 

1 

1 

CONVERTED TO 71% I N  
ARGON AT 1628OC 

EXPOSE TO AIR FOR 15 
seconds AT R.T. 

EXPOSE TO WATER 
SATURATED ARGON FOR 
5 minutes AT R.T. 

I 

BUFFER COAT, SEAL COAT 

I 

I 

LTI COAT AT 1275" C 
WITH (00% MAPP 
S E A L  COAT 

HEAT T R E A T  AT 4 8 0 0 ° C  
FOR 60 minutes 

1 

dd 

L A  

7 
i 

r 

n 
1 

1 

a 

F 

100 200 MICRONS 600 700 

0.005 0.040 INCHES 0.020 0.025 
1- 4oox-i 

DISPERSION RATING 51 
Fig. 11. Processing Steps and Radiograph of Air- and Water-Exposed, 

71X-Converted Material. (OR-2379 H). 
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Photo 2329-75 

BUFFER COAT 
S E A L  COAT 
L T I  COAT AT 1275 "C 

S E A L  COAT 
WITH 100 7'0 M A P P  

I 1 A 

L 

m 
a L 

L 
t 

L, 
L 

F 

!800 "C-60 minute 
100 200 MICRONS 600 700 

0.005 0.040 INCHES 0.020 0.025 
1- I O O X ~ ~  

DISPERSION RATING 
A B C D D' E NONE 
0 0 0 8 1 1 4 0  6 

F i g .  12. Processing Steps and Radiograph of Glove-Box-Atmosphere- 
Exposed, 77%-Converted Material. (OR-2386 H). 
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CONVERTED TO 7 5 %  AT 
1675'C IN ARGON 

EXPOSED TO WATER 
SATURATED ARGON 
FOR 20 minutes AT R.T. 

c 
I 

FOR 60 minutes I 

1 

L 
'rl 

: 
A 

Photo 2328-75 

I 

""1 L 

A 
1" 

A A r 

100 200 MICRONS 600 700 

0.005 O.Oi0 INCHES 0.020 0.025 
1- fO0x-i 

DI SPE R S IO N RAT I NG 1 E :2 D i  '0 N0:E I 
Fig. 13. P rocess ing  S t e p s  and Radiograph o f  Water-Exposed, 75%- 

Converted Material. (OR-2390 H) .  

E f f e c t  of Ch lo r ine  Contamination on Fue l  D i spe r s ion  

The v o l a t i l i z a t i o n  of uranium from r e a c t i o n  of U02 and UC2 w i th  
c h l o r i n e  a t  e l e v a t e d  tempera tures  h a s  been wide ly  demonstrated i n  c h l o r i n e  
l e a c h i n g  of To i n v e s t i g a t e  i f  c h l o r i n e  could b e  t h e  cause  of 
f u e l  d i s p e r s i o n ,  s e v e r a l  d i f f e r e n t  p o s s i b i l i t i e s  w e r e  examined. The 

5J. L.  Cook and R .  L .  Hamner, The Removal of wn and Thorium from 
Fueled-Graphite Haterials b y  Chlorination, ORNL-3586 (Apr i l  1964). 

D .  E. L a V a l l e ,  D. A. Costanzo, and W. J. Lackey, Jr . ,  "The D 
n a t i o n  of P a r t i c l e  F a i l u r e  F r a c t i o n  i n  HTGR Fuels," Nuclear Xechno 
( i n  p r e s s ) .  

6 
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p o s s i b l e  means by which c h l o r i n e  could be  in t roduced  t o  t h e  f u e l  i n c l u d e :  
1. c h l o r i n e  contaminat ion  of t h e  sou rce  material, 
2 .  c h l o r i n e  i n t r o d u c t i o n  i n t o  t h e  c o a t i n g  process  by r e s i d u a l  c h l o r i n e  

3. permeat ion of t h e  L T I  c o a t i n g  by c h l o r i n e  du r ing  S i c  d e p o s i t i o n  from 
o r  some o t h e r  means, 

t h e  decomposi t ion of m e t h y l t r i c h l o r o s i l a n e  (CH3SiC13). 

Ch lo r ine  I n t r o d u c t i o n  During Coat ing  

The of f -gas  f low from t h e  0.13-m p ro to type  c o a t i n g  f u r n a c e  i n  which 
f u e l  d i s p e r s i o n  had been f r e q u e n t l y  produced i s  scrubbed w i t h  perchloro-  
e t h y l e n e  (C2C14) t o  remove s o o t  and tars from t h e  e f f l u e n t  gas .  The 
scrubbing tower is  connected t o  t h e  c o a t i n g  chamber wi th  a l a r g e a i a m e t e r  
s t r a i g h t  l i n e .  Because of t h e  low f low v e l o c i t i e s  i n  t h e  of f -gas  l i n e ,  
backstreaming of t h e  C 2 C 1 4  i n t o  t h e  c o a t i n g  f u r n a c e  w a s  f e l t  t o  be  poss i -  
b l e .  To tes t  t h i s  hypo thes i s  a n  i n - l i n e  c o n t a i n e r  t h a t  would i n t r o d u c e  
C 2 C 1 4  vapor  t o  t h e  c o a t e r  gas  w a s  se t  up i n  t h e  s m a l l  c o a t e r  du r ing  c r i t i -  
c a l  p rocess  s t e p s .  

S ince  f u e l  d i s p e r s i o n  w a s  a p p a r e n t l y  o c c u r r i n g  from t h e  k e r n e l  o u t  
i n t o  t h e  b u f f e r ,  and t h e  L T I  d i d  no t  r e v e a l  any uranium by microradio-  
graphs ,  t h e  C 2 C l 4  w a s  a p p l i e d  du r ing  t h e  b u f f e r ,  seal ,  and L T I  c o a t i n g .  
A s  t h e  f l u i d i z i n g  gas  stream w a s  s w e p t  a c r o s s  t h e  s u r f a c e  of t h e  C 2 C 1 4  
and i t s  vapor p r e s s u r e  i s  s l i g h t l y  less than  t h a t  of w a t e r ,  t h e  
f l u i d i z i n g  gas  stream would presumably c o n t a i n  2% o r  less C 2 C l 4  vapor .  

A r u n  made of 65%-converted material i s  shown i n  F ig .  1 4 .  Massive 
d i s p e r s i o n  w a s  produced, w i th  41% A and 59% B behav io r .  To examine t h e  
e f f e c t  of convers ion .  level on d i s p e r s i o n  produced by C 2 C l 4 ,  k e r n e l s  w e r e  
p repared  having approximate ly  1 0  and 100% convers ion .  The r e s u l t s  are  
shown i n  F i g s .  15 and 16 ,  r e s p e c t i v e l y .  Continued h e a t  t r ea tmen t  a t  1800°C 
f o r  a n  a d d i t i o n a l  60 min f o r  t h e  10%-converted material cons ide rab ly  ag- 
grava ted  t h e  f u e l  d i s p e r s i o n ,  as shown i n  F ig .  1 7 .  The d i s p e r s i o n  r a t i n g  
f o r  t h i s  material w a s  approximately equa l  t o  t h e  wors t  observed ( i . e . ,  t h a t  
of t h e  100% conver ted  m a t e r i a l ) .  

The e f f e c t  of e l i m i n a t i n g  t h e  UC1-xOx phase w a s  eva lua ted  w i t h  a s i m i -  
l a r  C 2 C l 4  r u n  shown i n  F ig .  18. The f u e l  d i s p e r s i o n  observed is more 
e x t e n s i v e  t h a n  t h a t  shown i n  F ig .  14 f o r  material of s i m i l a r  convers ion  
l e v e l  b u t  having c o n s i d e r a b l e  amounts of UC1-xO, p r e s e n t .  

To f u r t h e r  e v a l u a t e  t h e  importance of C 2 C 1 4  backstreaming from t h e  
l a r g e  c o a t e r  of f -gas  sc rubbe r ,  a r u n  w a s  made i n  which water w a s  used i n  
t h e  scrubber  i n  p l a c e  of C 2 C 1 4 .  The r e s u l t  shown i n  F ig .  1 9 ,  w a s  minimal 
d i s p e r s i o n ,  showing t h a t  backstreaming of C 2 C l 4  enhanced d i s p e r s i o n  of 
uranium i n  p rev ious  runs .  

Permeat ion of t h e  L T I  Coat ing by Ch lo r ine  During S i c  Depos i t ion  

The s m a l l  c o a t e r  l i n e ,  which d i d  n o t  have a C 2 C l 4  o f f -gas  sc rubbe r ,  
had du r ing  f a b r i c a t i o n  of mater ia l  f o r  HRB-9 and -10 i r r a d i a t i o n  tests 
produced f u e l  d i s p e r s i o n ,  as shown i n  F igs .  20 ,  2 1 ,  and 22 f o r  t h e  
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CARBONIZE AT 2" C/min 
I 

CONVERTED TO 65% AT 
1 6 2 8 ° C  IN ARGON 

BUFFER COAT, S E A L  COAl 

COATING 

W I T H  CZC14 DURING 

L T I  COAT AT 1275" C 
W I T H  100 Yo M A P P  W I T H  
CzC14 DURING COATING 

H E A T  T R E A T  1 8 0 0 ° C -  
60 minutes 100 200 MICRONS 600 700 

0.005 0.040 INCHES 0.020 0.d25 
I I I 

' IOOX I ,  I i  

DISPERSION RATING 

Fig. 14. Processing Steps and Radiograph of 65%-Converted Material 
(OR-2407 H). Exposed to G2% C2Cl4 During Coating. 
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CONVERT TO Z i O  70 
AT t 6 2 8  "C IN ARGON 

BUFFER COAT 
SEAL COAT 

DURING COATING 
WITH CZCI, 

L T I  COAT AT I275 "C 
WITH (00 70 MAPP 
WITH CZC14 
DURING COATING 

HEAT TREAT 
1800 O C - 6 0  minutes 

c 

I*L, 

- ..* oto 2326-75 

I 
MICRONS 600 700 I O 0  200 

0.005 0.010 INCHES 0.020 0.025 
1- toox-4 

D I S P E R S ION RAT I N G I 
A B(GROSSI 

I 3 4 3 1 3 4 0  D' 0 E 0 0 I 
Fig. 15. Processing Steps and Radiograph of 10%-Converted Material 

Exposed to <2% CzC14 During Coating. (OR-2419 AH) .  
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CARBONIZE 2 "C/min 

_1 
C O N V E R T  T O  100 70 

AT 1628 "C IN ARGON 

BUFFER COAT 
S E A L  COAT 
W I T H  C,CI, 
DURING COATING 

L T I  COAT AT 1 2 7 5 ° C  
W I T H  100 70 M A P P  
W I T H  CZCI, 
DURING COATING 

c 
H E A T  T R E A T  
i800 " C - 6 0  minutes 

Ir 

1 

.:' . * 

Photo 2325-75 

100 200 M I C R O N S  600 700 

0.005 0.040 INCHES 0.020 0.025 
1- loox-,-] 41 DISPERSION RATING 

Fig .  1 6 .  P rocess ing  S t e p s  and Radiograph of 100%-Converted Material 
Exposed t o  <2% C 2 C 1 4 .  (OR-2420 H ) .  
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Pho to  2324-75 

CONVERT TO Et0 70 
AT 1628 "C IN ARGON 

BUFFER COAT 
SEAL COAT 
WITH C,CI, 
DURING COATING 

I I 
L T I  COAT AT 1275 "C 
WITH 100 70 MAPP 
WITH C,CI, 
DURING COATING 

I I 
HEAT TREAT 
1800 "C-60 minutes 

HEAT TREAT 

d 
1 

MICRONS 600 700 
h 

100 200 

0.005 O.Oi0 INCHES 0.020 0.025 

DISPERSION RATING 

1- 1oox-{ 

9 4 6  0 0 

Fig. 17. Processing Steps and Radiograph of 10%-Converted Material 
Exposed to C 2 C 1 4  w i t h  Additional Annealing. (OR-2419 AH2). 
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I CARBONIZE AT 2 0  C/min I 
+ 

CONVERTED TO 65 '30 

AT 1628" C WITH ARGON 
+ 0.75 pC0 

BUFFER COAT, SEAL COAT 
WITH C,CI, DURING 

COATING 

I 
L T I  COAT AT 1275" C WITH 
1OO'Xo MAPP WITH C,CI, 

DURING COATING 

c 
HEAT TREAT AT 1800"  C- 
60 min  

Photo 2323-35 

.jl - ?  I 

roo 200 M I C R O N S  600 700 

0.005 O.Oi0 INCHES 0.020 0.025 
1- !oox-i 

D I S P E R S IO N RAT I N G 

I 8 1 1 8  A B C D D '  1 0 0  E 0 0 I 
Fig .  18. P r o c e s s i n g  S t e p s  and Radiograph of 65%-Converted Material 

w i t h  no UC,O1-, Phase Exposed t o  <2% C2Cl4. (OR-2421 AH). 
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1 

Photo 2322-75 

7 
Lc 

I- 

% 

too 200 MICRONS 600 700 

0.005 0.040 INCHES 0.020 0.025 
1- 400x-4 

DISPERSION RATING 

0 0 0 2  

Fig .  19. Appearance of 75%-Converted Material from 0.13-m-Diam 
Coater with Water Substituted for C2C14 in Off-Gas Scrubber. (A-360). 
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CARBONIZE 2" C/min 

CONVERT TO 50 7'0 AT 
1650" C IN  ARGON 

1 

BUFFER COAT 
S E A L  COAT 

LTI  COAT AT i275" C 

SEAL COAT 
WITH io070 MAPP 

1 
HEAT TREAT AT  1800" C 
ONE hour 

1 

L 

Photo 2321-75 - 
A 

1 
k 
1 

too 200 MICRONS 600 700 

0,005 O.Oi0 INCHES 0.020 0.025 
1- ioox-1 

DISPERSION RATING 

A B C D D' E NONE 

Fig. 20. Processing S t e p s  and Radiograph of 50%-Converted Material 
Produced in 64-m-Diam Coater .  (OR-2205 H). 
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? h o t 0  2320-75 

CARBONIZE 2" C /m in  

c 
CONVERT TO 5 0 %  AT 
4 6 5 0 ° C  IN ARGON 

1 

1 
BUFFER COAT 
S E A L  COAT 

L T I  COAT AT 1275" C 
W I T H  100 7'0 M A P P  
SEAL COAT 

SIC COATED AT 4550" C 

'c. FOR 3 hours 5 minutes 

A - I 1  r 

A 

1 

A L 

1vv L V U  MILKUIVb 600 700 

0.005 0.010 INCHES 0.020 0.025 
I-'- ~ O O X ~ - r i  

DISPERSION RATING 
A E C D D' E NONE 

17 0 63 0 2 0 48 
(FAINT) 

Fig. 21. Processing Steps and Radiograph of 50%-Converted Material 
w i t h  Sic Coating from 64-mm-Diam Furnace. (SC-236). 
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CARBONIZE 2 "C/mtn 

c 
CONVERT TO 5 0 %  

AT 4650°C IN ARGON 

I 
BUFFER COAT 
SEAL COAT 

I 
t 

L T I  COAT AT 1275 "C 
WITH 100 To MAPP 
S E A L  COAT 

I 
Sic COAT AT ( 5 5 0  O C  

FOR 3 hours AND 
5 minutes 

I 
L T I  COAT AT i275 " C  

WITH 100 % M A P P  
SEAL COAT 
HEAT TREAT AT 1800°C 
FOR 10 minutes 

Photo 2319-75 -- 
1 

A 

100 200 MICRONS 600 700 

0.005 0.040 INCHES 0.020 0.025 
} A I - ' +  loox,l-{ 

DISPERSION RATING 

0 0 3 0 0 9 5  

Fig.  22 .  Process ing  S teps  and Radiograph of 50%-Converted Material 
w i t h  T r i s o  Coating from 64-mm-Diam Furnace.  (OR-2211 H). 
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Biso,  Sic-coated,  and Triso-coated p a r t i c l e s ,  r e s p e c t i v e l y .  This  series 
of r u n s  w a s  anomalous i n  t h a t  a water-cooled f l u i d i z i n g  gas  i n j e c t o r  w a s  
suspec ted  of l e a k i n g  water i n t o  t h e  b a t c h  du r ing  convers ion .  

I f  c h l o r i n e  is  a f a c t o r  i n  producing f u e l  d i s p e r s i o n  i n  t h e  absence 
of C 2 C l 4 ,  i t  is probably in t roduced  by permeat ion of t h e  inne r  L T I  d u r i n g  
SIC c o a t i n g  wi th  m e t h y l t r i c h l o r o s i l a n e .  A s  t h e  pe rmeab i l i t y  of t h e  L T I  
c o a t i n g  i s  a s t r o n g  f u n c t i o n  of i t s  d e n s i t y ,  changing t h e  L T I  d e n s i t y  
wi th  a l l  o t h e r  tes t  c o n d i t i o n s  he ld  c o n s t a n t  should a f f e c t  t h e  e x t e n t  of 
f u e l  d i s p e r s i o n .  

The d e n s i t y  of L T I  c o a t i n g s  d e c r e a s e s  w i t h  i n c r e a s i n g  c o a t i n g  temper- 
a t u r e ,  and open p o r o s i t y  i n c r e a s e s  w i t h  i n c r e a s i n g  r e a c t a n t  gas  concent ra -  
t i o n .  For example, a n  L T I  a p p l i e d  a t  1275OC wi th  10% MAPP c o a t i n g  gas  
would have a lower pe rmeab i l i t y  than  would a c o a t i n g  a p p l i e d  a t  1325°C 
wi th  100% MAPP gas .  

To test t h i s  hypo thes i s  material w a s  converted t o  nominal 65-75% 
levels i n  argon,  exposed t o  water vapor  d u r i n g  coo l ing  from t h e  convers ion  
tempera ture ,  and a l s o  exposed t o  w a t e r  vapor  f o r  20 min a t  room tempera ture ,  
b u f f e r  coa ted ,  and t h e n  g iven  L T I  c o a t i n g s  of d i f f e r e n t  d e n s i t i e s  (and 
hence,  p e r m e a b i l i t i e s )  b e f o r e  S i c  c o a t i n g .  The S i c  c o a t i n g  w a s  depos i t ed  
a t  155OOC over  a 3-hr pe r iod .  

is  shown i n  F i g .  23. A low-densi ty ,  h igh-permeabi l i ty  c o a t i n g  w a s  depos- 
i t e d  a t  1325°C wi th  100% MAPP gas  (F ig .  2 4 ) ,  and a h igh-dens i ty ,  low- 
pe rmeab i l i t y  c o a t i n g  w a s  produced wi th  10% MAPP gas  a t  1275OC (Fig .  25) .  
It is appa ren t  t h a t  f u e l  d i s p e r s i o n  i s  more s e v e r e  f o r  h ighe r  L T I  depos i -  
t i o n  tempera tures  and lower r e a c t a n t  gas  d i l u t i o n s .  

W e  t r i e d  t o  produce f u e l  d i s p e r s i o n  from t h e  c h l o r i n e  a v a i l a b l e  
du r ing  S i c  c o a t i n g  wi thou t  exposing t h e  conver ted  k e r n e l  t o  mois ture .  The 
h i g h e s t  p e r m e a b i l i t y  L T I  c o a t i n g  of t h e  set, which w a s  produced a t  1325°C 
w i t h  100% MAPP gas ,  w a s  used.  The r e s u l t  is shown i n  F ig .  26. Again 
S i c  c o a t i n g  w a s  done f o r  3 h r  a t  155OOC. 

Suppor t ive  experiments  w e r e  a l s o  conducted t o  s tudy  t h e  e f f e c t s  of 
L T I  p e r m e a b i l i t y  on  c h l o r i n e  l e a c h a b i l i t y  i n  c o n t r o l l e d  a n a l y t i c a l  l e a c h  
t e s t s .  The p a r t i c l e s  manufactured f o r  t h i s  s tudy  w e r e  conver ted  and b u f f e r  
coa ted  by s t anda rd  t echn iques .  The seal c o a t s  and L T I s  were v a r i e d  as 
d e s c r i b e d  i n  Table  4 .  The c h l o r i n e  l e a c h  tests were conducted a t  1500°C 
f o r  2 h r  on 5 t o  15 g b a t ~ h e s . ~  
s a m p l e s  a f t e r  l e a c h i n g .  No v i s u a l  evidence of damaged o r  cracked c o a t i n g s  
was found i n  any of t h e  experiments .  

Ch lo r ine  l e a c h  tests w e r e  made f o r  comparison of OR-2395 a t  t h r e e  
d i f f e r e n t  tempera tures  f o r  s u c c e s s i v e  2-hr a n n e a l s .  The r e s u l t s  are  shown 
i n  Table  5 .  The r ad iog raphs  f o r  t h e  par t ic les  t h a t  had been leached  f o r  
6 h r  a t  t h e  respective tempera tures  are shown i n  F i g .  27 .  

An example of a n  L T I  c o a t i n g  depos i t ed  a t  1275OC wi th  100% MAPP gas  

;i r ad iog raphs  were made of s e l e c t e d  

7 D .  E .  L a V a l l e ,  D .  A .  Costanzo,  and W. J .  Lackey, Jr . ,  "The Deter- 
mina t ion  of P a r t i c l e  F a i l u r e  F r a c t i o n  i n  HTGR Fue l s ,  " Nuclear Technology 
( i n  p r e s s ) .  
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?ho t0  2318-75 

CARBONIZE 2 "C /min l- 
CONVERTED TO 75 70 
AT 1675 "C IN ARGON 

EXPOSED TO WATER 
ON COOLDOWN AND 
20  min AT ROOM 
T E M P E RAT U R E 

B U F F E R  COAT 
S E A L  COAT 

7 

A 

L T I  COAT AT 1275 "C 
WITH to0 70 M A P P  

I S i c  COAT AT 1550 "C  

FOR 3 hours 

c" -7 

1 

L 

A 

100 200 MICRONS 600 700 

0.005 0.010 INCHES 0.020 0.025 
1- I O O X ~ ~  

DlSP E R S IO N RAT IN G 
A B C D D' E NONE 
0 0 12 8 14 0 66 

Fig.  23. P rocess ing  S t e p s  and Radiograph of  a Water-Exposed, 75%- 
Converted Material  w i t h  a Typ ica l  P rocess  L T I  and S i c  Coat ing.  (SC-321). 
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Photo 2317-75 

CARBONIZE 2" C/min 7 
CONVERTED TO 7 5 %  
AT 1675°C IN ARGON 

EXPOSED TO WATER 
ON COOLDOWN AND 
20 min AT ROOM 
TEMPE RAT UR E 

BUFFER COAT 

L T I  COAT AT 1325°C 
WITH ! O O %  MAPP 

S i c  COAT AT 1550" C 1 FOR THREE hours 

1 

L 

I00 200 MICRONS 600 700 

0.005 O.OI0 INCHES 0.020 0.025 

DISPERSION RATING 

A 6 C D D' E NONE 

1-1- 100 X - ' - , I {  

Fig. 24. Processing Steps and Radiograph of Water-Exposed, 75%- 
Converted Material w i t h  a High-Permeability LTI and Typical Sic Coating. 
(SC-322). 
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CARBONIZE 2" C/min F 
CONVERTED 
AT 1675" C + 

TO 757'0 
N ARGON 

EXPOSED T( WAT E R 
ON COOLDOWN AND 
FOR 20  min AT ROOM 
TEMPE RAT U R E  

BUFFER COAT 
S E A L  COAT + 
L T I  COAT AT 1275°C 
W I T H  10% M A P P  

S i c  COAT AT 1 5 5 0 ° C  
FOR 3 hours 

100 200 MICRONS 600 700 

0.005 0.040 INCHES 0.020 0.025 

D I S P E R SI ON RAT 1 N G 

A B C D' E NONE 
( FA1 N TI 

0 0 0 3 0 0  97 

Fig .  25. P rocess ing  S t e p s  and Radiograph of  Water-Exposed, 75%- 
Converted Mate r i a l  w i t h  a Low-Permeability L T I  and Typ ica l  S i c  Coat ing.  
(SC-323). 
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O C  IN ARGON 

c 
BUFFER COAT 

c 
LTI COAT AT 1325“ C 
WITH 100% MAPP 

MICRONS 600 700 1- toox-1 
0.005 O.Oi0 INCHES 0.020 0.025 

DISPERSION RATING 
A B C D 0’ E NONE 
0 0.5 46 0 7 0 47 

Fig .  26. l r o c e s s i n g  S t e p s  and Radiograph o f  65%-Converted Material 
w i t h  a High-Permeabi l  i t y  LTI C o a t i n g  w i t h o a t  Kerne l  Exposure w i t h  an 
Sic Coat ing.  ( S C - 3 2 4 ) .  
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Table  4 .  Chlo r ine  Leach R e s u l t s  f o r  D i f f e r e n t  
PyC L T I  Coat ings  Deposited on WAR Kerne l s  

MAPP K e r n e l  
D e p o s i t i o n  Gas C o n v e r s i o n  F r a c t i o n  of  

( X )  ( X )  

LTI 

'removed' 
Batch  T h i c k n e s s a  :sZ::;b Tempera ture  

( " c )  C o n c e n t r a t i o n  L e v e l  
Cum) 

OR-2395 

OR-2395-HTd 

OR-2 395-Se 

O R - 2 3 9 5 s  H1 

OR-2396 

OR-2396-S 

OR-2397 

OR-2397-5 

OR-2398 

OR- 2 398-5 

OR-2399 

OR-2399-S 

OR-2400 

OR-2400 HT 

OR-24OU-S 

OR-2401 

OR-2401 HT 

OR-2401-S 

OR- 2 4 2 7 

OR-2429 

OR-2343 

OR-2344 (S) 

OR- 2 34 6 

OK-2347 

36.7 [3 .41  

36.7 [ 3 . 4 ]  

41.0 L1.91 

41.0 r1.91 

32.7 11.71 

31.5 L1.91 

54 .3  13.31 

58.4 13.21 

4 1 . 1  12.21 

42 .6  [ 2 . 2 ]  

43 .9  C2.91 

4 6 . 8  L3.41 

39 .2  12.31 

3 9 . 2  12.31 

40.6 I2.91 

38.7 [ 1 . 8 1  

38.7 11.81 

44 .7  [2 .51  

36 .4  L3.01 

36.7 [ 4 . 1 ]  

39 .2  [4.31 

4 3 . 1  [ 3 . 5 ]  

39 .5  12.81 

4 0 . 8  L3.71 

1 . 9 5 2  

1 .952  

1 . 9 8 5  

1 .985  

1 .959  

1 .941  

1.962 

1 . 9 5 3  

1 .939  

1 .948  

1.877 

1 .883  

1.914 

1.914 

1.922 

1.844 

1.844 

1 .857  

1 . 9 1 8  

1 . 8 4 6  

1 . 9 5 5  

1 . 9 5 5  

1 . 9 5 8  

1 .964  

1275 

1275 

1275 

1275 

1275 

1275 

1275 

1275 

1275 

1275 

1350 

1350 

1275 

1275 

1275 

1325 

1325 

1325 

1275 

1325 

1275 

1275 

1275 

1275 

100 

100 

1 0 0  

1 0 0  

100 

100 

100 

100 

100 

1 0 0  

1 0 0  

1 0 0  

50 

50  

50 

50  

50  

5 0  

75 

75 

1 0 0  

100 

1 0 0  

1 0 0  

25  

25 

25 

25  

25  

25  

25  

25  

25  

25  

25  

25 

25  

25 

25 

25 

25 

25  

25  

25  

0 

0 

50 

50 

1 0 . 2  x io-' 
3.2 
8 .9  

44 .7  

1 7 . 4  

1 6 . 3  

17 .4  

14 .9  

15.0 

12.6 

17 .9  

44.0 

29.4 

1040.0 
766.7 

1 1 8 . 7  

0 . 6  
3 . 3  
4 . 3  

8 . 9  

4 .8  

7 . 2  
3.0 
3 . 0  

10.8 

2 . 3  

1 3 . 3  
6.4 

162 .3  
335.5 

1 . 2  

0 .5  

2 .0  

1 . 6  

%umber i n  b r a c k e t s  is s t a n d a r d  d e v i a t i o n  f o r  30 p a r t i c l e s .  

bobserved  g r a d i e n t  d e n s i t y .  

'Chlor ine  l e a c h  w a s  done  a t  1500'C for 2 h r .  

dHT d e s i g n a t e s  h e a t  t r e a t m e n t  a t  1800'C f o r  30 min. 
e,, ,, S d e s i g n a t e s  seal c o a t .  

Table  5. Ch lo r ine  Leach R e s u l t s  as a Function 
of T i m e  and Temperature 

F r a c t i o n  of Uranium Removed 
Temperature 

( " C )  F i r s t  Second Third 
2 h r  2 h r  2 h r  

1000 1.30 x io-+ 0.7 x io-'+ 0.5 x 10-~ 

1250 2 .o 1 .8  4 . 3  

1500 3 . 2  8 .O 154.4 
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Photo 2314-75 

ne  Leached f o r  6 h r  a t  t h e  
Presence  of Uranium in t h e  
500°C. 8 4 x .  

Fig .  27. P a r t i c l e s  o f  OR-2395 Chlor  
I n d i c a t e d  Temperatures ,  Demonstrat ing t h e  
Buffer .  (a) 1000°C, (b) 1250°C, and ( c )  
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Mechanical A t t r i t i o n  

A f u r t h e r  p o t e n t i a l  sou rce  of uranium contaminat  i o n  of t h e  b u f f e r  
r e g i o n  is mechanical  a t t r i t i o n  of t h e  k e r n e l s  b e f o r e  c o a t i n g .  The f l u i d -  
i z a t i o n  of t h e  bed d u r i n g  conve r s ion  of weak-acid r e s i n  p a r t i c l e s  w i th  
low mechanica l  s t r e n g t h  cou ld  conce ivably  produce f i n e  p a r t i c l e s  c o n t a i n i n g  
uranium, which may subsequent ly  be d e p o s i t e d  onto  t h e  b u f f e r .  These f i n e s  
would b e  expected t o  r i d e  cons ide rab ly  above t h e  normal f l u i d i z e d  bed 
h e i g h t .  A f t e r  b u f f e r  c o a t i n g ,  t h e  f i n e s  t h a t  had been w e l l  above t h e  bed 
may become mechanica l ly  a t t a c h e d  t o  t h e  porous b u f f e r  when t h e  r u n  i s  
t e rmina ted .  These f i n e s  would t h e n  b e  inco rpora t ed  a t  t h e  b u f f e r  / L T I  
i n t e r f a c e  by subsequent  L T I  c o a t i n g .  Th i s  p a r t i c u l a t e  t r a n s f e r  would n o t  
produce e x t e n s i v e  f u e l  d i s p e r s i o n  b u t  would b e  a p o t e n t i a l  sou rce  of 
o c c a s i o n a l  f u e l  f ragments  a t  t h e  b u f f e r / L T I  i n t e r f a c e .  

A r u n  i n  which t h e  e n t i r e  conver ted  b a t c h  (presumably i n c l u d i n g  any 
f i n e s )  w a s  b u f f e r  coa ted  i s  shown i n  F i g .  28(a). The appearance i s  ve ry  
similar t o  t h a t  d e s c r i b e d  as t y p e  C f u e l  d i s p e r s i o n .  The x-ray s a m p l e  
h o l d e r  used w a s  t h e n  c l eaned ,  p r o t e c t i v e  s h e e t i n g  was r e p l a c e d ,  and t h e  
sample w a s  rad iographed  a g a i n .  The r e s u l t ,  shown i n  F i g .  28 (b ) ,  i n d i c a t e s  
t h a t  a s u b s t a n t i a l  q u a n t i t y  of f i n e s  had been  removed from t h e  b u f f e r  
s u r f  ac e. 

D I S C U S S I O N  OF RESULTS 

The comparison of behavior  of k e r n e l s  w i th  d i f f e r e n t  UC1,0, concen- 
t r a t i o n s  i n d i c a t e d  t h a t  c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  amount of t h i s  phase 
i s  p o s s i b l e .  The normal conve r s ion  c o n d i t i o n s  of 1 6 2 5 O C  i n  a rgon  produce 
c o n s i d e r a b l e  amounts of UC1-,Ox. Th i s  phase  can  b e  e s s e n t i a l l y  e l imina ted  
i f  0.75 t i m e s  t h e  e q u i l i b r i u m  carbon monoxide p r e s s u r e  over  t h e  UOz-UCz-C 
system i s  in t roduced  i n t o  t h e  f l u i d i z i n g  g a s  stream dur ing  convers ion .  
Also,  lowering t h e  conve r s ion  t empera tu re  1 2 0 ° C  o r  adding  approximate ly  
4% Hz t o  t h e  f l u i d i z i n g  gas  stream dec reased  the .  amount of  t h e  UC1-,Ox 
phase  c o n s i d e r a b l y .  However, i n  two such  runs  (234 and 238) having 
markedly d i f f e r e n t  c o n c e n t r a t i o n s  o f  t h e  UC1,Ox phase i n  t h e  k e r n e l s ,  
n e i t h e r  showed any ev idence  of f u e l  d i s p e r s i o n .  This  i n d i c a t e d  t h a t  t h e  
UCl-xOx phase  w a s  n o t ,  of and by i t s e l f ,  a de te rmining  f a c t o r  i n  f u e l  
d i s p e r s i o n .  

The o b s e r v a t i o n  t h a t  exposure  t o  a i r  f o r  1 5  sec b e f o r e  and a f t e r  con- 
v e r s i o n  (Run 2369 HT-2) produced i r r e g u l a r i t i e s  around k e r n e l s  i n d i c a t e d  
several s u p p o r t i v e  exper iments .  However, a l though  many d i f f e r e n t  combina- 
t i o n s  of moi s tu re  and oxygen exposure  w e r e  used b o t h  b e f o r e  and a f t e r  
conve r s ion ,  i t  w a s  n o t  p o s s i b l e  t o  produce e x t e n s i v e  f u e l  d i s p e r s i o n  by 
a tmospher ic  contaminat ion  a l o n e .  The c lear  i n d i c a t i o n  from t h e s e  d a t a  on 
v a r i o u s  hand l ing  c o n d i t i o n s  i s  t h a t  s imple  a tmospher ic  contaminat ion  caused 
by exposure du r ing  handl ing  c o n t r i b u t e s  v e r y  l i t t l e  t o  f u e l  d i s p e r s i o n .  
The 15-sec open-air  exposure  r e p r e s e n t s  a wors t -case  s i t u a t i o n .  A t  t h e  
end of t h i s  15-sec pe r iod  t h e  p a r t i c l e s  were becoming d i s c o l o r e d  and were 
g e n e r a t i n g  c o n s i d e r a b l e  h e a t  from o x i d a t i o n .  The k e r n e l s  are ,  however, 
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s l i g h t l y  more prone  t o  e x h i b i t  f u e l  d i s p e r s i o n  i f  contaminated a f t e r  con- 
v e r s i o n  t h a n  b e f o r e .  This  i s  a p p a r e n t  from t h e  o b s e r v a t i o n s  of f u e l  d i s -  
p e r s i o n  as w e l l  a s  from t h e  compara t ive  h e a t i n g  behav io r  of t h e  p a r t i c l e s  
on exposure  t o  an o x i d i z i n g  atmosphere b e f o r e  and a f t e r  conve r s ion .  

Exposure of f u e l  k e r n e l s  t o  water vapor  a f t e r  conve r s ion  produced 
more e x t e n s i v e  f u e l  d i s p e r s i o n  t h a n  d i d  a i r  exposure .  However, even i n  t h e  
wors t  cases, when u s i n g  t h e  s m a l l  c o a t e r  w e  could n o t  d u p l i c a t e  t h e  ex ten-  
s i v e  f u e l  d i s p e r s i o n  found i n  p a r t i c l e s  from t h e  0.13-m p r o t o t y p e  c o a t e r  
f u r n a c e  d e p i c t e d  i n  F i g .  2. A s  t h e  exposures  t o  a i r  and /o r  moi s tu re  w e r e  
c o n s i d e r a b l y  worse t h a n  what might b e  expected d u r i n g  normal p rocess  
hand l ing ,  i t  i s  v e r y  u n l i k e l y  t h a t  h a n d l i n g  o r  s t o r a g e  exposure  a l o n e  i s  
c a p a b l e  of subsequen t ly  c a u s i n g  e x t e n s i v e  f u e l  d i s p e r s i o n .  

s i o n  o c c u r r i n g  i n  Run 2365 HT-2 f o r  k e r n e l s  produced i n  a con t inuous  r u n  
from r a w  r e s i n .  I d e n t i c a l  c o n d i t i o n s  used i n  t h e  con t inuous  Run 2384 H 
produced v e r y  l i t t l e  ev idence  of d i s p e r s i o n .  

I n t r o d u c t i o n  of C 2 C l 4  i n t o  t h e  f l u i d i z i n g  gas  stream d u r i n g  b u f f e r  
and L T I  c o a t i n g  produced mass ive  and e x t e n s i v e  f u e l  d i s p e r s i o n  i n  t h e  
b u f f e r  r e g i o n .  A s  C 2 C l 4  is used i n  t h e  o f f -gas  sc rubbe r  from t h e  l a r g e  
c o a t e r  f u r n a c e ,  i t  w a s  s t r o n g l y  i n d i c a t e d  t h a t  back-streaming of C 2 C l 4  w a s  
r e s p o n s i b l e  f o r  t h e  massive d i s p e r s i o n  observed i n  t h e  p r o t o t y p e  c o a t e r  
f u e l .  D i f f e r e n t  conve r s ion  levels  r u n  i n  t h i s  manner c l e a r l y  demonstrated 
t h a t  t h e  s e v e r i t y  of f u e l  d i s p e r s i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  convers ion  
l e v e l .  Th i s  behav io r  is i n  accordance  wi th  p rev ious  work, which i n d i c a t e d  
t h a t  U C 2  i s  more s u s c e p t i b l e  t o  c h l o r i n e  l e a c h i n g  t h a n  i s  UO2. 

Heat t r ea tmen t  f o r  a n  a d d i t i o n a l  60 min a t  1800°C c o n s i d e r a b l y  aggra-  
va t ed  t h e  f u e l  d i s p e r s i o n .  E l imina t ion  of t h e  UCi-xO, phase  aggrava ted  
f u e l  d i s p e r s i o n  when t h e  b a t c h  w a s  exposed t o  C 2 C l 4  d u r i n g  c o a t i n g .  A s  
UCl,Ox i s  formed a t  t h e  expense of U C 2 ,  t h e  i n d i c a t i o n  i s  t h a t  t h e  UCl,Ox 
i s  less  l e a c h a b l e  t h a n  is U C 2 .  Runs made i n  t h e  p r o t o t y p e  c o a t e r  f u r n a c e  
when water w a s  s u b s t i t u t e d  f o r  C 2 C l 4  produced no f u e l  d i s p e r s i o n .  It t h u s  
seems clear t h a t  t h e  g r o s s  f u e l  d i s p e r s i o n  found i n  p a r t i c l e s  prepared  i n  
t h e  p r o t o t y p e  c o a t e r  w a s  d u e  t o  C 2 C l 4  back-streaming from t h e  o f f -gas  
sc rubbe r  . 

This  d i d  n o t ,  however, e x p l a i n  a l l  f u e l  d i s p e r s i o n  t h a t  had been 
observed.  The smaller c o a t e r  fu rnace ,  which d i d  n o t  have a C 2 C l 4  o f f -gas  
sc rubbe r ,  had,  on one occas ion ,  produced s e r i o u s  f u e l  d i s p e r s i o n .  T h i s  
run  w a s  anomalous i n  t h a t  a water-cooled f l u i d i z i n g  g a s  i n j e c t o r  w a s  sus-  
pec ted  of l e a k i n g  w a t e r  i n t o  t h e  ba t ch .  The e x t e n t  of f u e l  d i s p e r s i o n  
d i d  n o t  approach t h a t  shown i n  F ig .  2 b u t  w a s  approximate ly  t h a t  produced 
by exposing t h e  b a t c h  t o  wa te r - sa tu ra t ed  a rgon  and/or  a i r .  T h i s  s e rved  t o  
confirm t h e  h y p o t h e s i s  t h a t  a l e a k i n g  g a s  i n j e c t o r  may have hydrolyzed 
t h i s  ba t ch .  Subsequent s i l i c o n  c a r b i d e  c o a t i n g  had t h e n  produced exten-  
sive f u e l  d i s p e r s i o n .  A s  C H 3 S i C 1 3  i s  used i n  t h e  d e p o s i t i o n  of s i l i c o n  
c a r b i d e  c o a t i n g s ,  a ready  source  of c h l o r i n e  i s  a v a i l a b l e  i n  t h e  f l u i d -  
i z i n g  gas  stream dur ing  t h i s  p rocess  s t e p .  The i m p l i c a t i o n  was t h a t  t h e  
hydrolyzed uranium-bearing k e r n e l  had i n c r e a s e d  s u s c e p t i b i l i t y  t o  chlo-  
r i n e  l e a c h i n g  from t h e  c h l o r i n e  a v a i l a b l e  d u r i n g  Sic coa t ing .  I f  t h i s  
w e r e  t h e  case, t h e  p e r m e a b i l i t y  of t h e  i n n e r  L T I  t o  c h l o r i n e  d u r i n g  
S i c  d e p o s i t i o n  should  be  a c o n t r o l l i n g  f a c t o r  i n  de te rmining  t h e  e x t e n t  

W e  could n o t  e x p l a i n  t h e  a p p a r e n t l y  anomalous behav io r  of t h e  d i s p e r -  
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of f u e l  d i s p e r s i o n .  
m e a b i l i t y  i s  a d i r e . c t  funct i .on o f  d e n s i t y  and ofT r e a c t a n t  g a s  concen- 
t r a t i . o n s ,  so t h a t  vary ing  L T I  d e p o s i t i o n  c o n d i t i o n s  shou1.d c o n t r o l  
o r  e l i m i n a t e  f u e l  d i s p e r s i o n  o c c u r r i n g  du r ing  S L C  d e p o s i t i o n .  

kernclls t h a t  had been exposed to water, v e r y  d i f f e r e n t  deg rees  o f  f u e l  a i s - -  
p e r s i o t l  were produc.ed when an  S i c  c o a t i n g  w a s  a p p l i e d .  We observed no gross 
f u e l  d i s p e r s i o n  of  A o r  R t y p e s  as f o r  t h e  r m t e r i a l  exposed t o  C z C l 4 .  The 
h ighe r  d e n s i t y  (lower permeabi 1.i.ty) c o a t i n g s  displ.ayed less fiuel dispersion. 
The c o a t i n g s  rni3de w i t h  10% MAPP gas  a t  1 2 7 5 ° C  had e x c e l l e n t  r e s i s t a n c e  t o  
c h l o r i n e  permeat ion and hence allowed l i t t l e  f u e l  d i s p e r s i o n .  However, 
PyC d e p o s i t e d  under t h e s e  c o n d i t i o n s  has  poor  : i r r a d i a t i o n  s t a b i l i t y .  
optimum L T I  d e p o s i t i o n  c o n d i t i o n s  must be  ;a compromise rninimizi-ng perme- 
a b i l i t y  wh i l e  dec reas ing  c o a t i n g  g a s  c o n c e n t r a t i o n  t o  a level.  c o n s i s t e n t  
w i t h  good i r r a d i a t i o n  s t a b i l i t y .  The r e s u l t s  on exposure o f  the. k e r n e l s  
t o  moi s tu re  foll.owed by low-densi ty  L T I  and Si(: coat i -ng confirm the 
behavior  i n  t h e  anomalous s m a l l  c o a t e r  r u n  and e x p l a i n  the remaining 
observed c a s e  of f u e l  d i s p e r s i o n .  

p a r t i c l e  t h a t  had riot been exposed t o  moi s tu re  demonstrrat.es t h e  importance 
of L T I  d e n s i t y .  The h igh  p e r m e a b i l i t y  (low d e n s i t y )  LTI c o a t i n g  was 
a p p l i e d  a t  1325°C w i t h  100% MAPP g a s .  This  r u n  showed a c o n s i d e r a b l e  
number ( 4 6 % )  of t h e  p a r t i c l e s  w i t h  r e g i o n s  of  h igh  uranium c o n c e n t r a t i o n  
i n  the b u f f e r  r e g i o n  and 7 %  w i t h  s l i g h t  h a l o i n g  of t h e  k e r n e l .  A prev ious  
run ,  which w a s  i d e n t i c a l  except  f o r  exposure  t o  m o i s t u r e  f o r  20 min a t  room 
tempera ture ,  d i s p l a y e d  r e g i o n s  of h igh  uranium c o n c e n t r a t i o n  i n  the b u f f e r  
i n  7 2 %  of t h e  p a r t i c l e s  examined and 21% wi th  h a l o i n g  of t h e  k e r n e l .  Th i s  
i n d i c a t e s  t h e  c.onsi.derable importance of moi s tu re  contaminat ion  i n  
aggrava t ing  fuel. d i s p e r s i o n  i n  marg ina l  c o n d i t i o n s .  

L T I  c o a t i n g  p rocess  of 1275°C wi th  100% MAPP may b e  marg ina l  w i t h  r ega rd  
t o  permeat ion of  t h e  L T I  by c h l o r i n e .  il s i g n i f i c a n t  d e v i a t i o n  i n  L T I  
d e p o s i t i o n  tempera ture  o r  exposure of t h e  k e r n e l s  t o  m o i s t u r e  d u r i n g  
hand l ing  is  c a p a b l e  o f  producing low-level  f u e l  d i s p e r s i - o n  du r ing  S i c  
d e p o s i t i o n .  Th i s  f a c t  i s  of c o n s i d e r a b l e  s i g n i f i c a n c e  i n  t h e  d e s i g n  of 
HTGK p rocess  f l o w  s h e e t s .  

The c h l o r i n e  l e a c h  r e s u l t s  a t  1500°C f o r  2 h r  i d e n t i f i e d  t h e  impor- 
t a n t  paramet.ers i n  d e f i n i n g  LTT p e r m e a b i l i t y .  These d a t a  showed cons id-  
e r a b l e  v a r i a t i o n  i n  t h e  f r a c t i o n  of uranium removed f o r  i d e n t i c a l  samples .  
The c lear  i n d i c a t i o n  i s  t h a t  s t anda rd  L T I  c o a t i n g s  on weak-acid r e s i n  
k e r n e l s  are  permeable t o  some e x t e n t  t o  c h l o r i n e  a t  1 5 0 O O C .  A s  t h e  con- 
c e n t r a t i o n  of MAPP gas used f o r  L T I  c o a t i n g s  d e c r e a s e s ,  t h e  c o a t i n g s  are 
less permeable.  
i s  used i n  t h e  c o a t i n g  gas. The tempera ture  s e n s i t i v i . t y  of t h e  c o a t i n g  
p rocess  d e c r e a s e s  c o n s i d e r a b l y  as t h e  MAPP concen t r a t i -on  d e c r e a s e s .  
The re fo re ,  d i l u t i o n  of  t h e  MAPP gas t o  50% d e c r e a s e s  t h e  1eachab i . l i t y  and 
a l lows  wider  p rocess  v a r i a t i o n  f o r  a n  a c c e p t a b l e  product  from a c h l o r i n e  
l each  s t a n d p o i n t .  The behav io r  of d i l u t e d  PUPP g a s  c o a t i n g s  under i r r a d i -  
a t i o n  i s  c u r r e n t l y  under i n v e s t i g a t i o n .  P re l imina ry  r e s u l t s  i n d i c a t e  t h e  
50% d i l u t i o n  l e v e l s  produce c o a t i n g s  w i t h  good i r r a d i a t i o n  s t a b i l i t y .  

These c h l o r i n e  l each  d a t a  a l s o  t e n t a t i v e l y  suggest.  t h a t  an  i-ncrease 
i n  i n n e r  L T I  t h i c k n e s s  from 32 t o  55  urn h a s  l i t t l e  s i g n i f i c a n t  e f f e c t  on  

Coat ing c h l o r i n a t i o n  s t u d i e s  showed t h a t  L T I  per-  

When T,TL c o a t i n g s  w i t h  d i . f f e r e n t  permeabi l i  ti.es were app l i ed  t o  

T h u s ,  

The t r a n s p o r t  o f  uranium i n t o  t h e  b u f f e r  r e g i o n  of a SiC-coated Kiso 

The r u n  wi thou t  m o i s t u r e  exposure s t r o n g l y  s u g g e s t s  t h a t  the c u r r e n t  

This  e f f e c t  h a s  also been observed when propylene ( C ~ H G )  
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t h e  ch l .o r i ae  I . e a c h a b i l i t y .  These d a t a  a re  not  i n  agreement w i t h  informa- 
t i o n  ob ta ined  on Biso-coated ThO2 par t z i c l e s ,  which i n d i c a t e d  t h a t  L T I  
t h ikkness  d i d  s i g n i f i c a n t l y  a f f e c t  pe rmeab i l i t y  .' 
dependence o€ uranium r ~ i i i o v a l  on L'1:T d e n s i t y  i s  a p p a r e n t .  A t  t h e  same 
c o a t i n g  g a s  c o n c e n t r a t i o n ,  a d e c r e a s e  i n  g r a d i e n t  column d e n s i t y  from 
1 . 9 2  t o  1.88 g/cm3 caused a 15-fold i n c r e a s e  i n  t h e  uranium removed. 

t o  have  a c l e a r l y  dis t inguishab1.e  e f f e c t  on t h e  amount of  uranium removed 
by c h l o r i n e  J-eaching. 'The l a r g e  u n c e r t a i n t y  i n  t h e  r e p o r t e d  v a l u e s  makes 
a c l e a r  e v a l u a t i o n  of t h e  e f f e c t  c u r r e n t l y  i m p o s s i b l e ;  Furthermore,  
anneal.i.ng 1:he p a r t i . c I r s  f o r  a n  a d d i t i o n a l  30 min a t  1800°C does n o t  have 
any s i g n i f i c a n t  o b s e r v a b l e  e f f e c t  o n  LTI permeabi I . i~ ty  w i t h i n  t h e  accuracy  
of t h e  p r e s e n t  method 

The conc lus ions  t o  b e  drawn a re  tihat TJTL d e i i s i t y  and c o a t i n g  g a s  
d i l u t i o n  a re  v e r y  s i g n i f i c a n t  i n  c o n t r o l l i n g  uranium l e a c h i n g  by c h l o r i n e  
a t  15OO0C, and t h a t  Z,T1 t h i c k n e s s ,  anneal.ing, and t h e  presence  of a seal  
c o a t  liave l i t t l e  e f f e c t  i n  p reven t ing  f u e l  d i s p e r s i o n .  

The ch l .o r ine  J-each tes ts  made a t  1000, 1.250, and 1500°C showed t h a t  
t h e  amount of  uranium removed i n c r e a s e s  markedly wi th  i n c r e a s i n g  iCernper- 
a ture .  ?'he nearl-y constxni: removal. ra tes  a t  1000 and 1 2 5 O o C  i n d i c a t e  a 
cont inuous  pemeati0i-i of the LTT c o a t i n g .  The r a t e  of uranium removal at 
1500°C i n c r e a s e s  w i t h  time. The rad iograph  i n d i c a t e s  a c o n s i d e r a b l e  
q u a n t i t y  of ui-aniuix txans fe r r ed  t o  t h e  b u f f e r  by c h l o r i n a t i o n ,  and un i fo r -  
mi ty  from p a r t i c l e  t o  p a r t i c l e .  The r ad iog raph  of a l l  t h e  p a r t i c l e s  r u l e s  
o u t  t h e  p o s s i b i l . i t y  t h a t  t h e  uranium removed could  r e s u l t  from a few 
cracked coatings. 

d i s p e r s e d  material shown i n  Ei .gs .  20, 2 1 ,  and 2 2  . i nd ica t e  t h a t  f u e l  d i s -  
p e r s i o n  o f  t h i s  l i m i t e d  e x t e n t  does  n o t  a f f e c t  i r r a d i a t i o n  s t a b i l i t y  of 
t h e  c o a t i n g s .  P a r t i c l e s  d i s p l a y i n g  t.he gross fuel. d i s p e r s i o n  shown i n  
Fig.  2 a re  c u r r e n t l y  being i r r a d i a t e d  i n  t h e  ORR c a p s u l e  OF-2. 

The j -nd ica t ion  f rom t h e  single r u n  i.n which some s l i g h t  t y p e  C 
behav io r  was observed a f t e r  b u f f e r  c o a t i n g  i s  t h a t  mechanical  a t t r i t i o n  
can  produce s u f f i c i e n t  f i n e s  t o  g i v e  t h e  appearance  of  l i m i t e d  fue l .  d i s -  
p e r s i o n .  F i n e s  produced dur.i.ng conve r s ion  may a l s o  e x p l a i n  t h e  anomalous 
behavior  observed i n  one  cont inuous  run  (2365 FIT-2) t h a t  dispI.ayed SOUIC? 

t y p e  C f u e l  d i s p e r s i o n . .  'These fines wou1.d r i d e  above t h e  normal f l u i d -  
i z e d  bed hei.ght b u t  could e a s i l y  be  inco rpora t ed  d u r i n g  c o a t i n g  a s  
p a r t i c l e s  o c c a s i o n a l l y  cyc led  w e l l  above t h e  bed. 
froi-11 raw res in  to  Rim-coated  p a r L i c l e s  t h e r e  would b e  no oppor tun i ty  t o  
remove t h e  f i n e s  s o  t h a t  they  might  b e  inco rpora t ed  d u r i n g  c o a t i n g .  The 
q u a n t i t y  of  f i n e s  protlliuced du r ing  conve r s ion  may v a r y  cons'Lderab1.y buE  
does noi~ ,  i n  any even t ,  c o n s t i t u t e  more than  3 very  s m a l l  f r a c t i o n  of t h e  
bu lk  ma te r i a l .  
o t h e r  t h a n  occasional .  i s o l a t e d  minor and s p o r a d i c  f u e l  d i s p e r s i o n .  I f  
f u r l  d i s p e r s i o n  E ~ O K I I  t h i s  s o u r c e  were i d e n - t i f i e d  as a problem from t h e  

However, a s t r o n g  

P lac ing  a sea l  c o a t  on t h e  o u t s i d e  of t h e  i n n e r  LTI does  n o t  appear  

I r r a d i a t i o n  tests i n  t h e  HFIR c a p s u l e s  HRB-9 and -10 on t h e  f u e l -  

During a cont inuous  run  

Mechanical a t t r i t i o n  does n o t  appear  t o  b e  a b l e  t o  produce 

*W. J.  Lackey, J r . ,  J .  D, Seasc,  D .  A .  Costrl imo, and D. F. LaValle ,  
"Lmproved Coat ing Process  f o r  Iligh-Temperature Gas-Cooled RP.ac t o r  FUCI 'I 

Trnns. Arii. hd. Soc. 22(TANSAO 22) : 194-95 (Novrrnber 1975). 



s t a n d p o i n t  of  i r r a d i a t i o n  performance, a r a p i d  sc.-reening s t e p  a f t e r  con- 
v e r s i o n  t o  remove any f i n e s  would prevent  tlleir subsequent  i n c o r p o r a t i o n  
J u r j n g  c o a t i n g .  More e x t e n s j v e  i n v e s t i g a t i o n  of this phenomenon i s  
n e c e s s a r y .  

'file occur rence  of f u e l  r e d i . s t r i b u t i o n  i n  t;he b u f f e r  r e g i o n  of Biso  
and Tri .so uranium-loaded weak-ac i d  r e s i n  p a r t i c l e s  1m.s been i d e n t i f  Led 
wit:h t.wo primary c a u s e s .  Ttie p resence  of Z)cl.!rch.loroethyleae in off-gas 
sc.rubbing systems i s  b e l i e v e d  to  p rov ide  suf Eicietit c.Iilori.ne from back- 
s t r eaming  d u r i n g  coa t - ing  t o  c a u s e  gross f u e l  dispersi.011. 'The chlorine 
avs i l s b l e  d u r i n g  S i c  d e p o s i t i o n  w i t h  metrhyl.t.richlorosila.ne i s  capab1.e 
of producing 1 i rn i . t .d  Cue1 d i s p e r s i o n  if t h e  L T I  c o a t i n g  is  s u f f i c i e n t l y  
permeable.  T h i s  i s  p a r t i c u l a r l y  a c u t e  i f  the f u e l  kerne l  has be.en 
pre-vionsly exposed 1:o rnois ture  or oxygen, Simple h a n d l i n g  ixnd s t o r a g e  
exposures  and phase composit:iorl a r e  n o t ,  by  themseI.vea, c a p a b l e  of 
producing fuel d i s p e r s i o n .  

f u n c t i o n  of de .ns i ty ,  c o a t i n g  gas  d i l u t i o n ,  and c o a t i n g  temperature .  
P e r m e a b i l i t y  of t h e  L T I  c o a t i n g  i s  r e l a t i v e l y  unaff  ect:ecl by  L T I  t h i c k n e s s ,  
seal coar a p p l i c a t i o n s ,  and subsequent  annealing of the L'I'L. 

Mechanical. n t t r  Lt-ion d u r i n g  conve r s ion  is c a p a b l e  of producing 
o c c a s i o n a l  1ow-l.evel appa ren t  fue l .  d i s p e r s i o n  i f  f i n e s  a r e  c a r r i e d  over 
duri.ng p rocess ing .  Recoimnendat:i.ons inc lude  the followiiig a 

1. Contact: of weak-acid r e s i n  w i t h  p e r c h l o r o e t h y l e n e  ( o r  o t h e r  
source  of c h l o r i n e )  d u r i n g  p rocess ing  must: b e  avoided.  

2 .  Permeabi.:l.:i.ty of  t h e  inner 1,TL m u . s t  I r e  s u f f i c i e n t l y  l o w  to resist 
c h l o r i n e  permeat ion d u r i n g  appl.ic:ati.on of t h e  S.LC c o a t i n g  w i t h  metl-iyltr:i- 
c h l o r o s i l a n e .  Inc reased  d e n s i t y  and coat . ing gas d i l u t i o n  c o n s i s t e n t  w i t h  
i r r a d i a t i o n  s t a b i l i t y  should b e  iised t o  produce low-pe rn leab i l i t y  L'T:[. 
coa t: i n g s  . 
t o  oxygen and /o r  m o i s t u r e  iiiust b e  minimized. 

could r e q u i r e  mechanical  s e p a r a t i o n  b e f o r e  b u f f e r  c o a t i n g .  

C h l o r i n e  l.each results have shown t h a t  L T I  permeabi . l . i ty  is  a s t rong  

3 .  Fxposwre of ca rbon ized  and conver t ed  weak-acid r e s i n  pa r t i c .1 . e~  

4 Mechanical a t t r i t i o n  may i n t r o d u c e  f i n e s  d u r i n g  conve r s ion  and 

The carboniznt i .on,  conversi .on,  and carbon c o a t i n g  r u n s  w e r e  very 
ably  per formed by C.  Hamby, Jr. The S i c  c o a t i n g s  w e r e  f u r n i s h e d  by  
J. 1. Federe r  and J. Id. Geer. Uranium-loaded -resin p a r t i c l e s  w e r e  
s u p p l i e d  by P. A.  Hans o f  C h e r n i c a l  Technology D i v i s i o n .  W e  w:i.sh t o  
ac.knowl.edge W. P .  E a t h e r l y  f o r  h i s  a s s i s t i z n c e  i.n p l ann ing  t h e  t es t  
program and T.  B.  Lindemer f o r  many h e l p f u l  s u g g e s t i o n s .  W e  are  
g-ratrefu~. f o r  t h e  c o o p e r a t i o n  o f  D. A .  Costaiizo and D .  E. T.,aValle f o r  
the ch1.orine l e a c h i n g  o p e r a t i o n ,  E. P.  C-riggt; fo r  me ta l log raphy ,  and 
W. J. Mason f o r  microradiography o f  s amples .  The a u t h o r s  a lso 
acknowledge t h e  a s s i s t a n c e  of S ,  P e t e r s o n  f o r  t e c h n i c a l  e d i t i n g  and 
Regina C o l l i n s  f o r  t y p i n g  and p r e p a r a t i o n  of the r e p o r t .  
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