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DEVELOPMENT OF A FISSILE PARTICLE FOR HTGR FUEL RECYCLE 

F. J. Homan, E. L. Long, Jr . ,  T. B. Lindemer,* 
R. L. Bea t ty ,  and T. N.  T iegs  

.-- 

ABSTRACT 

Recycle f i s s i l e  f u e l  p a r t i c l e s  f o r  high-temperature gas- 
cooled r e a c t o r s  (HTGRs) have been under development s i n c e  t h e  
mid-1960s. I r r a d i a t i o n  performance on e a r l y  UOz and Th0.8Uo.zOz 
k e r n e l s  i s  descr ibed  i n  t h i s  r e p o r t ,  and t h e  performance l i m i -  
t a t i o n s  a s s o c i a t e d  w i t h  t h e  dense oxide  k e r n e l s  are  presented .  
The development of t h e  new r e f e r e n c e  f u e l  k e r n e l ,  t h e  weak-acid- 
res in-der ived  (WAR) UO2-UC2, i s  d iscussed  i n  d e t a i l ,  i n c l u d i n g  
an e x t e n s i v e  s e c t i o n  on t h e  i r r a d i a t i o n  performance of t h i s  
f u e l  i n  HFIR removable bery l l ium c a p s u l e s  HRB-7 through -10. 

The conclus ion  i s  reached t h a t  t h e  i r r a d i a t i o n  performance 
of t h e  WAR f i s s i l e  f u e l  k e r n e l  i s  b e t t e r  than  t h a t  of any coa ted  
p a r t i c l e  f u e l  y e t  t e s t e d .  F u r t h e r ,  t h e  p r e s e n t  f i s s i l e  k e r n e l  
i s  adequate  f o r  steam c y c l e  HTGRs as w e l l  as f o r  many advanced 
a p p l i c a t i o n s  such as gas  t u r b i n e  and p r o c e s s  h e a t  HTGRs. It 
i s  emphasized t h a t  throughout t h i s  r e p o r t  " fue l"  i s  used i n  t h e  
narrow s e n s e  t o  mean coated p a r t i c l e s  on ly ,  n o t  f u e l  r o d s  and 
f u e l  elements.  F u r t h e r ,  t h i s  r e p o r t  c o n c e n t r a t e s  on k e r n e l  
development and does n o t  d i s c u s s  t h e  development a s s o c i a t e d  
w i t h  t h e  v a r i o u s  c o a t i n g  l a y e r s  on t h e  r e c y c l e  f i s s i l e  f u e l  
p a r t i c l e .  

INTRODUCTION 

I r r a d i a t i o n  t e s t i n g  of  coa ted  p a r t i c l e  f u e l s  has  been i n  p r o g r e s s  
a t  ORNL s i n c e  t h e  mid-1960s. 
w a s  concent ra ted  on oxide  systems, because t h e  more d i f f i c u l t  f a b r i -  
c a t i o n  processes  a s s o c i a t e d  wi th  t h e  c a r b i d e  systems a re  n o t  e a s i l y  
adapted t o  t h e  remote o p e r a t i o n  r e q u i r e d  f o r  f a b r i c a t i o n  of r e c y c l e  
f u e l s .  

Ear ly  work on r e c y c l e  f u e l  development 

The f i r s t  c a n d i d a t e  r e c y c l e  f u e l  f o r  t h e  high-temperature gas- 
cooled r e a c t o r  (HTGR) w a s  UOz .  Ear ly  i r r a d i a t i o n  t e s t i n g  of UOz 
i d e n t i f i e d  a severe problem w i t h  thermal  migra t ion  of t h e  U 0 2  k e r n e l  
up t h e  temperature  g r a d i e n t  (amoeba), and through t h e  c o a t i n g  l a y e r s .  
The c a n d i d a t e  f e r t i l e  f u e l  f o r  r e c y c l e  a p p l i c a t i o n  h a s  always been 
Th02. The a c c e p t a b l e  performance of Tho2 r e l a t ive  t o  UOz suggested 

*Chemical Technology Divis ion .  
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d i l u t i o n  of  t h e  f i s s i l e  p a r t i c l e  w i t h  f e r t i l e  material. Thus, 
Tho.8Uo.202 became t h e  r e f e r e n c e  r e c y c l e  f u e l  and w a s  e x t e n s i v e l y  t e s t e d .  
The i r r a d i a t i o n  tests showed t h a t  t h e  thermal  s t a b i l i t y  of Tho.EU0.202 
w a s  margina l .  
r e c y c l e  f i s s i l e  p a r t i c l e ,  i nc lud ing  Th/U = 8, t h e  maximum d i l u t i o n  
p o s s i b l e  as i t  i s  t h e  o v e r a l l  Th/U r a t i o  i n  t h e  r e c y c l e  element.  These 
f u e l s  d id  no t  show any dec rease  i n  thermal  mig ra t ion  r a t e  over  t h e  
r e f e r e n c e  Tho.EU0.202 f u e l .  

Higher Th/U r a t i o s  were b r i e f l y  cons idered  f o r  t h e  

While t h e  Th0.8U0.202 k e r n e l s  were being i r r a d i a t i o n  t e s t e d  under 
t h e  Thorium U t i l i z a t i o n  Program, a n  e f f o r t  t o  develop a l t e r n a t e  f i s s i l e  
f u e l s  w a s  i n  p rogres s  a t  ORNL under t h e  HTGR Base Program. One f u e l  
t h a t  appeared t o  have promise w a s  an und i lu t ed  f i s s i l e  f u e l  de r ived  
by load ing  weak-acid i o n  exchange r e s i n s  w i t h  uranium from a s o l u t i o n .  
This  weak-acid r e s i n  (WAR) f u e l  had been t e s t e d  i n  s e v e r a l  i r r a d i a t i o n  
capsu le s  and had performed w e l l .  Besides  t h e  s u p e r i o r  i r r a d i a t i o n  
performance re la t ive  t o  t h e  Tho.EUo.202 f u e l ,  t h e r e  appeared t o  be  
some c o s t  advantages t o  an und i lu t ed  f i s s i l e  f u e l ;  consequent ly  t h e  
W A R  p a r t i c l e  became t h e  r e f e r e n c e  f i s s i l e  r e c y c l e  par t ic le .  Add i t iona l  
i r r a d i a t i o n  t e s t i n g  has  confirmed i t s  s u p e r i o r i t y  and h a s  sugges ted  
t h a t  t h e  W A R  f i s s i l e  f u e l  may b e  adequate  f o r  u s e  i n  advanced HTGR 
a p p l i c a t i o n s  such as t h e  gas  t u r b i n e  and p rocess  h e a t  a p p l i c a t i o n s .  

The p o t e n t i a l  c o s t  advantages mentioned above are mainly due t o  
t h e  reduced amount of  heavy metal t h a t  must b e  processed i n  t h e  remotely 
ope ra t ed  equipment of t h e  r e f a b r i c a t i o n  f a c i l i t y .  R e f a b r i c a t i o n  of 
mixed-oxide f u e l  w i th  Th/U = 4 would r e q u i r e  f i v e  t i m e s  a s  much heavy 
m e t a l  t o  be  processed i n  t h e  h e a v i l y  sh i e lded  r e f a b r i c a t i o n  f a c i l i t y  
as would be r equ i r ed  by a n  und i lu t ed  f i s s i l e  p a r t i c l e  ( l i k e  t h e  WAR 
f u e l ) .  The use  of an  und i lu t ed  f i s s i l e  par t ic le  pe rmi t s  t h e  f e r t i l e  
f u e l  t o  be  processed i n  a c o n t a c t  f a c i l i t y  w i th  t h e  coa ted  f e r t i l e  
p a r t i c l e s  added t o  t h e  r e f a b r i c a t i o n  stream a t  t h e  b lending  s t e p .  
Thus, t h e  expensive remote k e r n e l  p r e p a r a t i o n  and c o a t i n g  s t e p s  are 
requ i r ed  on ly  f o r  t h e  f i s s i l e  material. With t h e  WAR f u e l ,  many of 
t h e  s i z e  and shape s e p a r a t i o n  o p e r a t i o n s  can be  done wi th  th-e unloaded 
r e s i n  i n  c o n t a c t  equipment wi th  f u r t h e r  c o s t  sav ings .  However, i t  
should be  emphasized t h a t  t h e  WAR f u e l  w a s  s e l e c t e d  as t h e  r e c y c l e  
r e f e r e n c e  f i s s i l e  f u e l  on t h e  b a s i s  of s u p e r i o r  i r r a d i a t i o n  performance. 
The c o s t  advantages are  s p e c u l a t i v e ,  and r e q u i r e  f u r t h e r  eva lua t ion .  

EARLY WORK WITH OXIDE SYSTEMS AND PERFORMANCE 
LIMITATIONS OF OXIDE FUELS 

The f i r s t  cand ida te  r e c y c l e  f u e l  f o r  t h e  HTGR w a s  UO2.  Ea r ly  
i r r a d i a t i o n  t e s t i n g  of U 0 2  showed a seve re  problem wi th  thermal  migra t ion  
of t h e  U02 k e r n e l  up t h e  temperature  g r a d i e n t  ( a l s o  c a l l e d  t h e  amoeba 
e f f e c t ) ,  and through t h e  c o a t i n g  l a y e r s  (F ig .  1 ) .  The tempera ture  and 
tempera ture  g r a d i e n t ’  9 

n e a r l y  equ iva len t  t o  those  i n  t h e  l a r g e  high-temperature  gas-cooled 
r e a c t o r  c o r e  des ign  (F ig .  2 and Table 1). 

t o  which t h e s e  p a r t i c l e s  were exposed w e r e  

- ’ _  

- .  
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Fig .  1. Relative Thermal Stability of Fiss i le  and Fertile Kernels from Irradiation T e s t  H-1-2. 
Temperature, 950OC; thermal gradient, 1000°C/cm; fast fluence, 5 X l o2 ’  n/cm2; t i m e  at  power, 97 days. 
(a) UO2 (33% FIMA). (b) ThOz (0 .2% FIMA). 
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ORNL- DWG 76- 3793 

FRACTION OF FUEL VOLUME ABOVE INDICATED TEMPERATURE 

Fig. 2. Fraction of Fuel Operating Above a Given Temperature 
Under Normal Large HTGR Conditions. 

Table 1. Comparison of Temperature and Heat Production Parameters 

Parameter 
Reactor 

Fort St. Vrain Summit Station Fulton Station 

Thermal power, MW 

Power density, kW/liter 

Fuel rod heat rate, kW/m (kW/ft) 

Average 

Maximum 

Heat flux at coolant holes, W/cm2 

Average 

Maximum 

Fuel temperatures, " C  

Volume average 

Maximum (short term) 

Hot channel 

Graphite temperatures, "C 

Average 

Maximum 

Temperature gradients, 'C/cma 

Average 

Maximum 

842 

6 .3  

3 . 9  ( 1 . 2 )  

1 2 . 4  ( 3 . 8 )  

14 .2  

4 4 . 2  

816 

1260 

7 4 3  

1038 

2000 

8 .1  

7 . 5  ( 2 . 3 )  

2 2 . 3  ( 6 . 8 )  

2 0 . 5  

57 .4  

857 

1420 

1585 

777 

1121 

240 

6 7 0  

3000 

8 . 4  

7 . 9  ( 2 . 4 )  

22 .9  ( 7 . 0 )  

20 .5  

58 .4  

890 

1410 

1 5 7 1  

7 3 9  

1142 

250 

7 0 0  

aBased on fuel rod thermal conductivity of 7 W m-l K-'. 
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The re la t ive  thermal s t a b i l i t y  of UO2 and Tho2 may b e  compared 
(Fig.  1). 
and documented i n  t h e  t e c h n i c a l  l i t e r a t u r e 3  ' 4  and w i l l  n o t  be  d iscussed  
i n  depth i n  t h i s  r e p o r t .  Only comparisons of t h e  performance of c a n d i d a t e  
f i s s i l e  p a r t i c l e s  f o r  r e c y c l e  a p p l i c a t i o n  w i l l  b e  given.  
compares t h e  average thermal  s t a b i l i t y  of several k e r n e l s ,  among them 
U 0 2  and ThO2; t h e  upper and lower 90% conf idence  l i m i t s  f o r  t h e  d a t a  
g e n e r a l l y  l i e  h a l f  a n  o r d e r  of  magnitude above and below t h e  average.  
The crosshatched r e g i o n  and above r e p r e s e n t s  unacceptab le  performance. 
This  r e g i o n  w a s  determined by c a l c u l a t i n g  t h e  k e r n e l  m i g r a t i o n  c o e f f i -  
c i e n t s  t h a t  would l e a d  t o  migra t ion  of t h e  k e r n e l  through t h e  b u f f e r  
l a y e r  dur ing  normal l a r g e  HTGR opera t ion .  I n  Fig.  3 t h e  U 0 2  curve  
i n t e r s e c t s  t h e  crosshatched r e g i o n  i n  t h e  temperature  range of primary 
i n t e r e s t  f o r  t h e  l a r g e  HTGR; whereas t h e  Tho2 curve  i s  w e l l  below t h e  
c rossha tched  area f o r  a l l  temperatures  of i n t e r e s t .  The U 0 2  k e r n e l  
was t h e r e f o r e  r e j e c t e d .  

The s u b j e c t  of thermal  migra t ion  has  been e x t e n s i v e l y  s t u d i e d  

F igure  3 

ORNL-DWG 76-6475 

TEMPERATURE ("C) 
i600 1500 1400 1300 4200 1100 4000 10-3 

APPROXIMATE ENVELOPE 
OF MAXIMUM ALLOWABLE - iG-4 KERNEL MIGRATION 

u COEFFICIENT TO AVOID 
% 
P 
E 

BUFFER LAYER PENETRATION 
AT NOMINAL LHTGR 
DESIGN TEMPERATURES 

Y 

t z 
- 40-5 
w 
2 
LL 
LL 

0 

2 

8 10-6 

+a 
0 

g 10-7 
2 
J 
w 
2 
LT 

2 40-8 

io-9 
5 6 7 8 

RECIPROCAL TEMPERATURE, IO?TPK) 

Fig.  3 .  Average Fuel  Kernel Migrat ion C o e f f i c i e n t s  vs I n v e r s e  
Temperature Determined from In- and Out-of-Reactor Experiments on 
F u l l y  Dense Kernels.  Source: D.  P. Harmon and C. B. S c o t t ,  Development 
and Irradiation Performance of LHTGR Fuel, GA-A13173 (October 1975) ,  
p. 103. 
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The f a v o r a b l e  performance of Tho2 re la t ive  t o  U 0 2  sugges ted  
d i l u t i o n  of U 0 2  w i t h  enough Tho2 t o  s t a b i l i z e  i t .  S ince  t h e  o v e r a l l  
Th/U r a t i o  i n  a r e c y c l e  f u e l  element is  about  8 ,  t h e r e  seemed t o  be  
c o n s i d e r a b l e  l a t i t u d e .  Mixed thorium-uranium ox ide  i n  t h e  r a t i o  of 
about  4 w a s  s imple  t o  p r e p a r e ,  and t h e  p rocess  w a s  thought t o  be  
r e a d i l y  a d a p t a b l e  t o  t h e  remote o p e r a t i o n  r e q u i r e d  i n  HTGR f u e l  
r e f a b r i c a t i o n .  
r e c y c l e  f i s s i l e  f u e l 5  t o  r e p l a c e  U02, and a n  i r r a d i a t i o n  program 
t e s t e d  t h e  new r e f e r e n c e  f u e l  (Table 2 ) .  

The Th0.8U0.202 k e r n e l  w a s  s e l e c t e d  as t h e  r e f e r e n c e  

Compositions from Th/U = 1 t o  Th/U = 8 w e r e  t e s t e d .  I n i t i a l  
impress ions  a t  modest i r r a d i a t i o n  tempera tures  were encouraging 
(F ig .  4 ) .  Very l i t t l e  mig ra t ion  of t h e  (Th,U)02 occurred  and, as 
b e f o r e ,  t h e  Tho2 w a s  s t a b l e .  Unfo r tuna te ly ,  a t  h ighe r  o p e r a t i n g  
tempera tures  t h e  (Th,U)02 w a s  u n s t a b l e ;  w i t h  t h e  k e r n e l  f r e q u e n t l y  
mig ra t ing  through t h e  c o a t i n g s  (F ig .  5 ) . 7  A s i g n i f i c a n t  amount of 
i r r a d i a t i o n  d a t a  on dense  mixed-oxide k e r n e l s  h a s  been accumulated 
(Table 2 ) .  These d a t a  were t r e a t e d  i n  similar f a s h i o n  t o  t h e  UOn and 
ThOn d a t a  (F ig .  3 ) .  The r e s u l t s  a re  g iven  i n  F ig .  6.  The average  
cu rve  f o r  Tho.eUo.202 f a l l s  j u s t  a t  t h e  bottom of t h e  c ros sha tched  
c r i t i c a l  r e g i o n ,  i n  t h e  range  1100-1400°C. However, when t h e  90% 
conf idence  i n t e r v a l s  f o r  t h e  thermal  mig ra t ion  d a t a  are  p l o t t e d ,  t h e  
upper conf idence  i n t e r v a l  curve  ex tends  w e l l  i n t o  t h e  c ros sha tched  
r eg ion .  This  a n a l y s i s  l e d  t o  t h e  conc lus ion  t h a t  t h i s  f u e l  had on ly  
margina l  thermal  s t a b i l i t y ,  so  a n  a l t e r n a t e  r e f e r e n c e  f i s s i l e  f u e l  w a s  
sought .  Add i t iona l  i r r a d i a t i o n  t e s t i n g  of o t h e r  compositions showed 
l i t t l e  improvement over t h e  r e f e r e n c e  (Th/U = 4 )  system (Fig .  7 ) .  
The thermal  s t a b i l i t y  of t h e  Tho.8gUo.1102 f u e l  i s  about  t h e  same as 
t h a t  of t h e  Tho.8U0.202 f u e l .  

6 

8 

3 

The f i s s i l e  p a r t i c l e  s e l e c t e d  t o  replace t h e  dense  mixed ox ide  
w a s  a n  u n d i l u t e d  f i s s i l e  k e r n e l  de r ived  from load ing  uranium i n t o  ion- 
exchange r e s i n s  from a n  a c i d - d e f i c i e n t  s o l u t i o n .  This  weak-acid-resin- 
de r ived  (WAR) f u e l  w i l l  be  d i scussed  i n  d e t a i l  i n  t h e  fo l lowing  s e c t i o n s .  

PROCESSING CONSIDERATIONS 

The weak-acid-resin-derived (WAR) f i s s i l e  k e r n e l  w a s  s e l e c t e d  t o  
r e p l a c e  t h e  Th0.8U0.202 k e r n e l  as t h e  r e f e r e n c e  r e c y c l e  f u e l  i n  e a r l y  
1974 .  A g r e a t  d e a l  of optimism e x i s t e d  a t  t h a t  t i m e  about t h e  p o t e n t i a l  
f o r  t h i s  f u e l  and t h e  f l e x i b i l i t y  a s s o c i a t e d  wi th  k e r n e l  p rocess ing .  
It w a s  thought t h a t  k e r n e l  d e n s i t i e s  ranging  from about  2.8 t o  5.0 g/cm3 
would b e  p o s s i b l e ,  w i t h  compositions r ang ing  from U 0 2  t o  UC2.  The 
expected lower c o s t  h a s  a l r e a d y  been d i scussed .  
advantages  w e r e  a l s o  expected. The p o r o s i t y  of t h e  k e r n e l  w a s  thought 
t o  be s u f f i c i e n t  t o  accommodate f u e l  s w e l l i n g ,  t h u s  reducing  o r  
e l i m i n a t i n g  t h e  need f o r  a b u f f e r  l a y e r .  

Par t ic le  des ign  
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Table 2.  Summary of ORNL Experimental  Data on Mixed (Th,U) Oxide Recycle Fuel  

P a r t  1. R e a l - T i m e  Tes t ing  Under HTGR Condit ions i n  Peach Bottom Reactor  

! 

I r r a d i a r i a n ( 1 ’ 2 )  Batch NO. ThlD F a s t  f l u e n c e  ~ v e r a g ~  
E > 0 . 1 8  M e V  burnup exper iment  and 

NO. f u e l  type  ratio ( “ l c m z )  (% FIMAI 

Maximum 
f u e l  ~ e s i g n a  

temoera ture  (urn) 

__ 

Densi tya  
(g/cm3) 

Remarks 

RTE-1 (FTE-11 

Body 1 

Body 2 

Body 3 

Body 4  

Body 5 

Body 6 

RTE-2 

Body 2 

PR-56 
PR-66 

PR-56 
PR-66 

PR-56 
PR-67 

PR-56 
PR-67 

PR-66 

PR-66 

PR-66 

PR-55 

4 : l  
2 : 1  

4 : l  
2 : 1  

4 : l  
2:1  

4 : l  
2:l 
2:1  

2 : 1  

2:1 

4 : 1  

3.3 x 1021 S l u g - i n j e c t e d ;  c a r b o n i z e d  i n  covered  
g r a p h i t e  t r a y ;  to be  examined. 

9.0 
1 4 . 7  

9 . 0  
14.7 

9.0 
14.7 

9 . 0  
14.7 

14.7 

1 4 . 7  

1 3 . 3  

8 . 2  

5.0 

8 .5  

11 .9  
18 .4  

11 .9  
1 8 . 4  

11 .9  
18 .4  

1 1 . 9  
18.4 

18.4 

18.4 

18 .2  

18.1 

5 .5  
5.5 

5.5 

5.5 

3.2 
3.2 
5 .5  

3.2 
5.5 

350/75/130 
350/90/130 

3501751130 
350/90/130 

350/75/13n 
350/90/140 

3501751130 
3501901140 

350/90/130 

35Ol901130 

10 .1 /1 .111 .9  
10/1.1711.86 

10 .111 .1 .1 .9  
1 0 / 1 . 1 7 / 1 . 8 6  

l O . l / l .  u 1 . 9  
l O l l . 1 7 1 1 . 8 5  

10 .1 /1 .1 /1 .9  
10/1 .1711.85  

10/1 .17/1 .86  

lOl l .1711.86  

3.6 x l o z i  350/90/130 1 0 / 1 . 1 7 / 1 . 8 6  s l u g - i n j e c t e d ;  c a r b o n i z e d  i n  covered  
g r a p h i t e  t r a y .  F u e l  examined from 
h i g h e s t  temperature region and is 
c o n s i d e r e d  r e p r e s e n t a t i v e ;  no amoeba; 
no i n d i c a t i o n  of  f a i l u r e .  

from h i g h e s t  t e m p e r a t u r e  region and 
is c o n s i d e r e d  r e p r e s e n t a t i v e ;  no 
amoeba; no i n d i c a t i o n  of  f a i l u r e .  

Loose bed of  p a r t i c l e s ;  f u e l  examined 3.6 x l o z 1  Body 5 350/70/80 10 .1 /1 .111 .9  

RTE-4 

Body 3 PR-54 4 : l  2.’0 x 1021 

PR-61 2 : l  2.0 x l o 2 ’  

350170170 

350/75/120 

10.111.111.94 

10 .2 /1 .16/1 .91  

Loose bed of  p a r t i c l e s ;  f u e l  examined 
from h i g h e s t  temperature region and 
is c o n s i d e r e d  representative; no 
amoeba; no i n d i c a t i o n s  of  f a i l u r e .  

S l u g - i n j e c t e d ;  c a r b o n i z e d  in covered  
g r a p h i t e  t r a y ;  f u e l  examined from 
h i g h e s t  t e m p e r a t u r e  r e g i o n  and is 
c o n s i d e r e d  r e p r e s e n t a t i v e ;  no 
amoeba; no i n d i c a t i o n  of  f a i l u r e .  

Body 5 

. .  

RTE-5 

Body 1 

Body 2 

Body 3 

Body 4 

Body 5 
Bady 6  

RTE-6 

Bady 3 

PR-57-1 
PR-61 

PR-57-1 
PR-61 

PR-57-1 
PR-61 

PR-57-1 
PR-61 

PR-60 

PR-60 

4 : l  
2 :1  

4 : l  
2 : 1  

4 : l  
2 :1  

4 : l  
2 :1  

2 :1  

2:1 

4.6  x l o z 1  3501751135 
350/75/120 

350175l135 
350/751120 

3501751135 
350/75/120 

3501751135 
350/75/120 

350/75/120 

350175/120 

10 .1 /1 .1 /1 .9  
10 .211 .16/1 .9  

1 0 . 1 / 1 . 1 / 1 . 9  
10 .2 /1 .16/1 .9  

in.111.111.9 
10 .211 .1611.9  

10.111.1!1.9 
10.211.1611.9 

10 .2 /1 .16/1 .9  

10.211.1611.9 

4 .6  x 10”  PR-’60 2 : 1  350/75/120 10 .2 /1 .16/1 .9  Slug-injected;carbonired i n  covered  
g r a p h i t e  t r a y ;  fuel examined from 
h i g h e s t  t e m p e r a t u r e  region and is 
c o n s i d e r e d  r e p r e s e n t a t i v e ;  no amoeba; 
no i n d i c a t i o n  of f a i l u r e .  

S l u g - i n j e c t e d ;  c a r b o n i z e d  in covered  
g r a p h i t e  tray. 

RTE-B 

Body 4  

RTE-7 

Body 1 
Bady 2 

Body 3 

Body 4  

Body 5 

Body 6  

4 . 6  x 10’’ PR-60 2 : 1  350/75/120 10 .2 /1 .16/1 .9  

PR-60 

PR-60 

PR-60 

PR-60 

PR-57-1 
PR-57-6 
PR-61 

PR-57-1 
PR-61 

2 :1  

2 : 1  

2:1 

2 : 1  

4 : l  
4 : 1  
2 :1  

4 : l  
2 : 1  

10 .2 /1 .16/1 .9  

10 .2 /1 .16/1 .9  

10 .2 /1 .16/1 .9  

10.211.1611.9 

10 .1 /1 .1 /1 .9  
10 .1 /1 .1 /1 .9  
1 0 . 2 / 1 . 1 6 / 1 . 9  

10 .1 /1 .1 /1 .9  
10 .2 /1 .16/1 .9  

S l u g - i n j e c t e d ;  c a r b o n i z e d  in covered  
g r a p h i t e  t r a y ;  f u e l  examined from h i g h e s t  
temperature region and is c o n s i d e r e d  
r e p r e s e n t a t i v e ;  no amoeba; no i n d i c a t i o n s  
of  f a i l u r e .  
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Table 2 - P a r t  2 .  Accelerated Tes t ing  i n  Research Reactors  
- 

F a s t  fluencr 

( n/ cmZ j 

Fissile 

b a t c h  
No. 

S a m p l e  
identification E > 0.18 MeV Burnup 

pa r  t i c k  
<% FINA) 

T h i U  
Ratio 

Design 
A / B / C / D / E  

(""1) 

Maximum f u e l  Dens i ty  
A / B / C / D / b  t e m p e r a t u r e  

(Lm) ("C) 

PR-57 

PR-67 

H-1-4 
H-1-10 
11-1-6 

H-1-3 
H-1-11 

6.3 x l o 2 '  
5.4 
8.6 

5 . 8  x 10'' 
4.5 

8 . 2  
8.6 
8.6 

1 2 . 0  
12.0 

7.5 
8.3 
8 . 2  

11.0 
12.0 

9.8 
9.8  
9.8 
10.2 
12.7 
12.7 
13.8 
14.9 
14.9 
14.0 
14.0 

23.8 
2 5 . 8  
26.7 
26.0 
25 .0  
23.6 

20.8 
32.8 
2 2 . 5  
16.4 

43.9 
18.9 

21.7 

21.4 
34.0 
25.3 
19.4 
24.6 
45.7 
18.8 

21.2 
24.4 

18.4 
20.5 

19.0 
18.1 
16.9 
15.9 
18.3 
17.5 
16.4 
15.5 
1 6 . 9  
16.1 
16.7 
16.0 
15.3 
19.0 
18.1 
16.9 
15.9 
20.2a 
16.4 
l8,la 
14.4 

355/80/135 
355/80/135 
355/80/135 

lO.l/l.li1.92 
10.1/1.1/1.92 
10.1/1.1/1.92 

1420' 
2 1 m e  
1670' 

2390e 
1370' 

4:1 
4 : 1  
4:1 

2 : 1  
2:1 

1011.1/1.85 
1011.111.S5 

PR-57 

PR-61 

H-2-4 
H-2-10 
H-2-6 

7.5 x 1021 
8 . 3  
8.2 

5.2 x 10)' 
4 . 1  

4:l 
4:1 
4 : l  

355/80/135 
355/80/135 
355/80/135 

10.1/1.1/1.92 
10.1/1.1i1.92 
lO.lil.1/1.92 

1011.111.85 
10/1.1/1.85 

H-2-3 
H - 2 - 1 1  

3 5 0 / 8 0 / 1 4 0  
350180i140 

2.9 x 10 
2 . 9  
2.9 
3.4 
4.8 
4.8 
5.3 
5.8 
5.8 
5.4 
5.4 

YZ-233 1A 195/37/20/33/53 
195/37/20/33/53 
195/37/20/33/53 
195/37/20/33/53 
195/37/20/33/53 
195/37/20/33/53 

195/37/20/33/53 
195/37/20/33/53 
195/37/20/33/53 

195137120133153 

3.4/?/7/3.11/1.8 

1 770f 

1150f 
1400f 
1130f 

114Uf 

5.8 x 1 0 2 '  
6.8 
7.2 
6.7 
Q.1 
5.4 

OR-1910 1A 
OR-1909 1B 
PU-291 3A 

350/100/30/25/40 lO/l.l5il.95/3.2/1.Y5 
350/100/30125/40 10/1.15/1.95/3.2/1.95 11908 
3501100/80 10/1.15/1.95 1220' 
350/100/90 10/1.15/1.95 1200g 
35O/lU"/S" 
350/100/90 

OR-1909 38 
eu-291 3C 
OR- 19 09 30 

1300' 
1250' 

5-263 2 
OR-2094H 8 
O R - 2 1 1 6 H  9 
GGA-6155-01-020 10 
OR-2111H 11 
OR-2090H 12 
J-263 19 

4.07 x i n ? :  
6.04 
6.14 
6.14 
6.14 
6.04 
3.62 

350/100/100 10/1.3/2.0 
300/85/85 1011.211.95 
350/100/30/30/40 lOil.211.9513.1811.95 
500/100/30/30/40 1011.2i1.95i3.1811.8 
350/90/100 10/1.2/2.00 
250/85/85 10/1.2/1.95 
350/1001100 10/1.3/2.0 

1500h 

1 
4 : 1  
2 : 1  
4 : 1  
8:l 
4:l 
1:l 
4:l 

HRB-8 (6.7) __ 
4:l 
2:l 
4:l 
8:l 
4:1 
1:1 
4 : l  

- HRB-9(6) 

4:l 
4 : 1  

w ( 6 )  

4:l 
4:1 

- 0F-1(7) 

4 . 2 : 1  

350/100/100 10/1.3/2.0 

350/100/30/30/40 
500/100/30/30/40 10/1.211.95/3.18/1.8 

350/85/85 10/1.2/1.95 

350/90/100 lO/l.2/2.00 
250/85/85 10/1.Zil.95 

1011.2/1.95/3.18/1.95 

350/100/100 10/1.3/2.0 

1250h 

1 
5-263 2 
OR-2094-H 8 
OR-2116-H 9 
GGA-6155-01-OR0 10 
OR-2111-H 11 
OR-2090-H 1 2  
5-26? 19 

5.35 x 10" 
7 . 9 5  
8.09 
8.09 
8.09 
7.95 
4.78 

OR-2116H 2 
OR-2116H 7 

5.25 x 10" 
7.57 

350/100/30/30/40 10/1.2/1.95/3.18/1.95 1250h 
10/1.2/1.95/3.18/1.95 1250h 3501100130/30/40 

3.3 x 10 
4.8 

OR-2116H 2 
OR-2116H 7 

350/100/30/30/40 10/1.2/1.95/3.18/1.95 1500h 
350/100/30/30/40 10/1.2/1.95/3.18/1.95 1500h 

10.8 x 1011 
9.58 
8.00 
5.72 
9.85 
8.61 
6.99 
4.88 
9.85 
8.61 
7 . 4 0  
5.92 
4.37 

9 . 5 8  
8.00 
5.72 

9.18 
7.48 
5.25 

10.8 

10.4 

3-263 Rod 1-1 
1-2 
1-3 
1-4 

5-263 2-1 
2-2 
2-3 
2 - 4  

OR-1977 3 - 1  
OR-1977 3 - 2  
5-26) 3-3 
3-26? 3-4 
3-263 3-5 
5-263 4-1 

4-2 
4-3 
4-4 

Pu 291a 5-1 
OR 1977 5-2 
P" Z Y l a  5-3 
OR 1977 5-4 



Table  2 - P a r t  2a. 

. .  

F i s s i l e  

Remarks 
p a r t i c l e  Sample 

b a t c h  i d e n t i f i c a t i o n  
NO. 

PR-5i 

PR- 6 7 

P R - 5 7  

PR- 6 7 

Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  
Y Z - 2 3 3  

O R - 1 9 1 0  

O R - 1 9 0 9  

Pu-291* 

O R - 1 9 0 9  

P u - 2 9 1 *  

O R - 1 9 0 9  

5 - 2 6 3  

O R - 2 0 9 4 H  

OR- 2 11 6 H  

G G A - 6 1 5 5 - 0 1 - 0 2 0  

OR- 2 1 1 1 H  

O R - 2 0 9 0 H  

3 - 2 6 3  

5 - 2 6 3  

OR-2094-H 

O R - 2 1 1 6 H  

G G A - 6 1 5 5 - 0 1 - 0 2 0  

OR-2111-H 

OR-2090-H 

5 - 2 6 3  

H-1-4 

H-1-10 

H- 1- 6 

H-1 - 
Only f a i l u r e 9  noted i n  s i n g l e  p l a n e  of p o l i s h  viewed were due to f a h r i c a t i o n  d e f e c t s .  

Very h igh  temperatures dur ing  f o u r t h  c y c l e ;  e x t e n s i v e  damage at cenfer of  rod .  

Loose p a r t i c l e s .  Ameba r e l a r e d  failure-. 

H-1-3 

H-1-11 Rod debonded i n t o  large fragments; damaged p a r t i c l e s  on s u r f a c e  of rod .  

Only s l i g h t  ev idence  of amoeba; no f a i l e d  c o a t i n g s .  

H-2-4 

H - 2 - 1 0  

H-2-6 

11-2-3 

H - 2 - 1 1  

lA 
1 B  
1c 
2.4 
3A 
3 B  
&A 
5A 
5 B  
6A 
6 B  

lA 

18 

3A 

38 

3c 

30 

2 

8 

9 

10 

11 

1 2  

1 9  

2 

8 

9 

10 

11 

1 2  

19 

H-2 - 

Nor examined; senc to Chemical Technology D i v i s i o n  f a r  reprocessing s t u d i e s .  

Center bad ly  damaged due L O  ve ry  h igh  t empera tu re  d u r i n g  l a s t  c y c l e .  

Loose p a r t i c l e s .  Not examined. 

Fuel rod dehonded; no f a i l e d  p a r t i c l e s  observed d u r i n g  v i s u a l  examina t ion  

Outer  s u r f a c e s  of p a r t i c l e s  near t h e  s u r f a c e  of rod chemica l ly  a t t a c k e d ;  amoeba a p p a r e n t ;  
k e r n e l  n i g r a t e d  through b u f f e r  and i n t o  LTI. 

Slug- in j ec t ed  rods ;  c h i n  tw-component  s a c r i f i c i a l  l a y e r  on o u t e r  s u r f a c e  of p a r t i c l e s  caused  
debonding of r o d s  w i t h  low-densicy m a t r i x  (U,  l B ,  lC, 2A, 4 A ,  4 8 ) .  Meta l log raphy  showed no 
f a i l e d  particles or amoeba. 

HRB-6 __ 
Extruded r o d ;  no f a i l u r e s ;  no amoeba; i n t e r m i t t e n t  p l a s t i c  f low th rough  r e c o i l  zone. 

Extruded rod ;  no f a i l u r e s ;  s l i g h t  amoeba (2-3 u r n ) ;  i n t e r m i t t e n t  p l a s t i c  f low th rough  r e c o i l  zone. 

Slug- in j ec t ed ;  ca rbon ized  i n  packed A l 2 O g ;  > 50% f a i l e d ;  amoeba ( 2 0  urn); f a i l u r e s  a t t r i b u t e d  t o  
d e f e c t i v e  c o a t i n g s .  

S lug - in j ec t ed ;  ca rbon ized  i n  packed A 1 2 0 3 ;  no f a i l u r e s ;  amoeba ( 2 0  um) 

S l u g - i n j e c t e d ;  ca rbon ized  i n  packed A1203; v i s u a l  examina t ion  o n l y ;  no broken  p a r t i c l e s .  

S lug - in j ec t ed ;  ca rbon ized  i n  packed A 1 2 0 3 ;  v i s u a l  examina t ion  o n l y ;  no broken p a r t i c l e s .  

HRB-7 

S l u g - i n j e c t e d ;  ca rbon ized  i n  packed A I 2 O 3 ;  no f a i l u r e s ;  arnoeha (I 40 um). 

S lug - in j ec t ed ;  ca rbon ized  i n  packed AIZOj; no f a i l u r e s ;  amoeba (. - 80 um). 

S lug - in j ec t ed ;  ca rbon ized  i n  packed A 1 2 0 3 ;  no f a i l u r e s ;  amoeba (2 2 5  v m ) .  

S lug - in j ec t ed ;  ca rbon ized  i n  packed A 1 2 0 3 ;  1 2 %  f a i l e d ;  amoeba (5 2 5  em). 

S lug - in j ec t ed ;  ca rbon ized  i n  packed A 1 2 0 3 ;  no f a i l u r e s ;  ampeba ( 2  75 um). 

S lug - in j ec t ed ;  ca rbon ized  i n  packed A 1 2 0 3 ;  no f a i l u r e s ;  amoeba ( 2  55 urn). 

Slug- in j ec t ed ;  ca rhon i red  i n  packed A l 2 0 3 ;  no f a i l u r e s ;  amoeba ( y  30 urn). 

~ 

HRB-8 __ 
S l u g - i n j e c t e d ;  ca rbon ized  i n  packed A 1 2 0 3 ;  no f a i l u r e s ;  amoeba (5 13 urn). 

Slug- in j ec t ed ;  ca rbon ized  i n  packed A l p O j ;  no f a i l u r e s ;  amoeba (5 2 0  em). 

s l u g - i n j e c t e d ;  ca rbon ized  i n  packed A I 2 0 3 ;  no f a i l u r e a ;  amoeba (5 2 5  um). 

S lug - in j ec t ed ;  ca rbon ized  i n  packed A 1 2 O j ;  no failures; amoeba (2  85 urn). 

S l u g - i n j e c t e d ;  ca rbon ized  in packed A 1 2 0 3 ;  no f a i l u r e s ;  amoeba (2  2 0  urn) .  

S lug - in j ec t ed ;  ca rbon ized  i n  packed A 1 2 0 3 ;  13% f a i l e d ;  amoeba (5  55 u m ) .  

s l u g - i n j e c t e d ;  ca rbon ized  i n  packed A 1 2 C 3 ;  no f a i l u r e s ;  amoeba (< - 20 um). 



Table 2 - P a r t  2a. (Continued) 

F i s s i l e  

b a t c h  
NO. 

p a r t i c l e  Sample 
i d e n t i f i c a t i o n  Remarks 

HRB-9 __ 
S l u g - i n j e c t e d ;  ca rbon i red  in packed ~ 1 ~ 0 ~ ;  exammat ion  o n l y ;  no b roken  p a r t i c l e s .  

S l u g - i n j e c t e d ;  carbonized i n  packed A17n3;  visual examina t lon  only; no broken p a r t i c l e s .  

OR- 2116H 

OR- 2 116H 

2 

H W  

Slug- ln j ec red ;  ca rbon ized  i n  packed A l 2 O 3 ;  visual examina t ion  o n l y ;  no broken p a r t i c l e s .  

S l u g - i n j e c t e d ;  ca rbon ized  i n  packed A1203;  no f a i l u r e - ;  amoeba (5 35 urn). 

OR- 211 6H 

OR-2116H 

2 

7 

OF-1 - 

s l u g - i n j e c t e d ;  no f a i l u r e s  (Meta l log raphy) ;  amoeba (5 5 um); ca rbon ized  i n  packed A l z O j .  

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  o n l y ;  no broken p a r t i c l e s ;  ca rbon ized  i n  packed A1203 

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  o n l y ;  no hroken p a r t i c l e s ;  ca rbon ized  i n  packed A 1 2 O j .  

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  o n l y ;  no broken p a r t i c l e s ;  ca rbon ized  i n  packed A1203. 

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  o n l y ;  no broken p a r t i c l e s ;  ca rbon ized  m g r a p h i r e  b lock .  

S l u g - i n i e c t e d ;  no f a i l u r e s  (Meta l log raphy) ;  amoeba (i 5 um); ca rbon ized  i n  g r a p h i t e  b lock .  

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  o n l y ;  no broken p a r t i c l e s ;  ca rbon ized  i n  g r a p h i t e  b l o c k .  

S lug - in j ec t ed ;  s t e r eo -examina t ion  o n l y ;  nn broken p a r t i c l e s ;  ca rbon ized  i n  g r a p h i t e  b l o c k .  
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1- 2 

1-3 

1--4 
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2- 3 

2 - 4  
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3-263 

I-263 

3-1 

3 - 2  

3-3 

3 4  

3-5 

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  o n l v ;  no broken p a r t i c l e s ;  ca rbon ized  ln packed A1203. 

S l u g - i n j e c t e d ;  no f a i l u r e s  O le ra l log raphy) ;  amoeba (5 20 urn);  c a rbon ized  i n  packed Al2Oj.  

S lug - in j ec t ed ;  s t e r eo -examina t ion  on ly ;  no broken p a r t i c l e s ;  ca rbon ized  i n  packed A1203. 

S l u g - i n j e c t e d ;  no f a i l u r e s  ( I c r a l l o g r a p l i y ) ;  no amoeba; ca rbon ized  i n  packed Al2O3. 

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  o n l y ;  no broken p a r t i c l e s :  ca rbon ized  in packed A 1 2 0 g .  

3-263 

3-263 

4-1 S lug - in j ec t ed ;  no f a i l u r e s  (Meta l log raphy) ;  amoeba (5 20 urn); c a rbon ized  i n  g r a p h i r e  b l o c k  

4-2 S l u g - i n i e c t e d :  q t e reo -examina t inn  o n l y ;  3 broken p a r t i c l e s  on s u r f a c e  ( i d e n t i t y  unknown); 
ca rbon ized  i n  g r a p h i t e  b lock .  

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  on ly ;  n o  broken p a r t i c l e s ;  ca rbon ized  i n  g r a p h i t e  b lock .  

S l u g - i n i e c t e d ;  s t e r eo - rxaminac lon  o n l y ;  no broken p a r t i c l e s ;  ca rbon ized  i n  g r a p h i t e  b l o c k .  

s l u g - i n j e c t e d ;  % SOX failed (Mr. ta l lography);  carbonized in packed AlZOj; (2  15 u r n ) ;  
f a i l u r e s  a t t r i b u t e d  LO d e f e c t i v e  coatings. 

S l u g - i n j e c t e d ;  no f a i l u r e s  (Meta l log raphy)  ca rbon ized  i n  packed A 1 2 0 3 ;  no amoeba. 

S l u g - i n j e c t e d ;  z 157: f a i l e d  (Meta l l ag raphy) ;  ca rbon ized  i n  packed A 1 2 0 3 ;  amoeba ( <  10 urn); 
f a i l u r e s  a t t r i b u t e d  to d e f e c t i v e  c o a t i n g s .  

S l u g - i n j e c t e d ;  s t e r eo -examina t ion  o n l y ;  carbonized i n  packed A1203; no broken  p a r t i c l e s  

3-263 

3-263 
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4-4 

Pu-291i 5-1 

OR- 19  7 7 

Pu-29 1 

5-2 

5-3 

OR-1977 5-4 

~- 
'A - kernel; B - b u f f e r ;  C = IPyC; U = S I C ;  E = OPyC. 

'Approximately 11.000 LO 18,000 f i s s i l e  p a r t i c l e s  p e r  rod i n  RTE fuel r a d s .  daaead ing  on p a r t i c l e  d i a m e t e r  and d e n s i f y .  

'Thermal a n a l y s i s  to b e  completed by Ju ly  1976.  

%ximum f u e l  t e m p e r a t u r e  i n  f u e l  body. 

eThese t e m p e r a t u r e s  r e p r e s e n t  t h e  maximum c a l c u l a t e d  f o r  t h e  f u e l  rod c e n t e r l i n e  during the i r r a d i a t i o n .  

fTempera tu res  f o r  HRB-1 were c a l c u l a t e d  from r e a d i n g s  from thermocouples  a d j m e n t  t o  f u e l  r o d s .  

F o r t y - e i g h t  f u e l  rods per body. 

These are e s t i m a t e d  t empera tu res  based on a s - f a b r i c a t e d  d imens ions .  D e t a i l e d  a n a l y s e s  inco rpora t ing  
i r r a d i a t i o n - i n d u c e d  d imens iona l  changes  a re  b e i n g  performed.  

a n O n i n f e n t i o n a l  i n v e r s i o n  o f  t h e  c a p s u l e  d u r i n g  t h e  l a a t  of  f o u r  i r r a d i a t i o n  cycles. 

a f u e l  rod  c o n d u c t i v i t y  o f  3.0 B tu lh r - f t - "F  and a r a d i a l  gap of  0.006 i n .  
badly d u r i n g  i r r a d i a t i o n .  Therefore, t h e  the rma l  c o n d u c t i v i t y  of the  f u e l  rod may h a w  been a s  low as 1 .5  B t u / h r - f t - D ~  (a value a s s o c i a t e d  loose beds  
of p a r t i c l e ) .  T h i s  change i n  t h e  bed c o n d u c t i v i t y  i n c r e a s e s  t h e  c a l c u l a t e d  f u e l  c e n t e r l i n e  t empera tu re  f rom 1230 t o  1430'c. 

Th i s  expe r imen t  vag complicated by 

C e n t e r l i n e  t emperacures  were ca lcu la t ed  by assuming 

(See r e f .  4 f o r  a d d i t i o n a l  d e t a i l s  on f u e l  operating 

Fue l  rod 4B Was composed o f  a resin b i n d e r .  and t h e  m t r i x  debonded r a the r  

gFrom d e t a i l e d  the rma l  a n a l y s i s  ( r e f .  5 ) .  

%ximum d e s i g n  f u e l  t empera tu res .  

iFueled w i t h  zs31J.  
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It should be  emphasized t h a t  wh i l e  on ly  l i m i t e d  i r r a d i a t i o n  d a t a  
e x i s t e d  on WAR f u e l  i n  e a r l y  1974 a cons ide rab le  amount of d a t a  e x i s t e d  
on resin-based f u e l  systems. This  d a t a  inc luded  e v a l u a t i o n  of s e v e r a l  
ion-exchange r e s i n s ;  v a r i o u s  uranium-loading schemes; e f f e c t s  of vary ing  
c a r b o n i z a t i o n  c y c l e s ;  c o n t r o l  of convers ion  o r  r e d u c t i o n  t o  c a r b i d e ;  
and atmospheric requi rements  f o r  handl ing ,  c o a t i n g ,  and i r r a d i a t i o n  

Recent development e f f o r t  has  been concen t r a t ed  on WAR t e s t i n g  . 
f u e l  employing a c r y l i c  ac id-d iv inylbenzene  copolymers, Amberli te IRC-72, 
manufactured by Rohm and Haas, and Duo l i t e  C-464, manufactured by 
Diamond Shamrock. 
upgrading f o r  s i z e  o r  shape. The bu lk  of t h e  p a r t i c l e s  are s p h e r i c a l ,  
bu t  are d i s t r i b u t e d  over a broad range  of s i z e s .  The m a t e r i a l  is  w e t -  
screened t o  o b t a i n  t h e  s i z e  f r a c t i o n  r e q u i r e d ,  about  600 t o  800 u m  i n  
t h e  w e t  Na+ form, d r i e d ,  and shape sepa ra t ed  on v i b r a t i n g  t r a y s  t o  
remove t h e  nonsphe r i ca l  f r a c t i o n .  Yield of  s i z e d  sphe res  i s  about 
20% of as - rece ived  r e s i n .  This  a b i l i t y  t o  thoroughly upgrade unfueled 
p a r t i c l e s  by a c o n t a c t  p rocess  be fo re  load ing  the uranium i s  a major 
advantage of t h e  r e s i n  process  f o r  f u e l  r e c y c l e  s i n c e  a l l  o p e r a t i o n s  
invo lv ing  r e c y c l e  f u e l  must be done remotely.  The s i z e d  microspheres 
are then  remoistened and conver ted  t o  H+ form f o r  l oad ing  of uranium. 

9--14 

Resin p a r t i c l e s  i n  N a +  form are  obta ined  wi thout  

Of t h e  many p o s s i b l e  schemes f o r  l oad ing  uranium, a l l  s t u d i e d  
e x t e n s i v e l y  a t  ORNL employ H+ form r e s i n  and t h u s  r e q u i r e  a c i d - d e f i c i e n t  
l oad ing  l i q u o r s .  
w i th  a c i d  d e f i c i e n c y  maintained by amine e x t r a c t i o n . 3  
l i b r i u m  i s  maintained t o  favor  t h e  replacement of H+ p a i r s  by UO;' i o n s  
t o  ach ieve  e s s e n t i a l l y  100% load ing  of r e s i n  c a p a c i t y .  A f t e r  t h e  r e s i n  
i s  f u l l y  loaded i t  i s  washed and d r i e d  a t  110°C. 

The c u r r e n t l y  favored p rocess  u s e s  u rany l  n i t r a t e  
Reaction e u i  

F a b r i c a t i o n  of f u e l  k e r n e l s  from d r i e d  r e s i n  invo lves  c a r b o n i z a t i o n  
of t h e  r e s i n  s t r u c t u r e  followed by convers ion  o r  r e d u c t i o n  t o  a d j u s t  
t h e  oxygen con ten t .  Product p r o p e r t i e s  are s e n s i t i v e  t o  co t i t ro l  i n  
both  s t e p s .  Both c a r b o n i z a t i o n  and convers ion  are c a r r i e d  o u t  i n  an  
a rgon-f lu id ized  bed, which a l lows  t h e  necessa ry  c o n t r o l  of tempera ture ,  
h e a t i n g  ra te ,  and atmosphere. Varying t h e  c a r b o n i z a t i o n  c y c l e ,  
s p e c i f i c a l l y  t h e  ra te  of h e a t i n g  between 350 and 45OoC, has  a c r i t i c a l  
e f f e c t  on d e n s i t y  and carbon con ten t  of t h e  f i n a l  p roduct .  C r i t i c a l  
c a r b o n i z a t i o n  r e a c t i o n s  of t h e  r e s i n  are n e a r l y  complete a t  450"C, 
and t h e  r e s i d u a l  carbon y i e l d  i n c r e a s e s  s t r o n g l y  wi th  dec reas ing  ra te  
of h e a t i n g  t o  t h a t  p o i n t ;  h e a t i n g  ra te  above 45OOC i s  r e l a t i v e l y  
unimportant.  
r a t i o  (C/U) of t h e  carbonized product va ry  w i t h  h e a t i n g  ra te  through 
t h e  c r i t i c a l  range  between 350 and 45OOC f o r  t h e  Amberli te r e s i n  (Fig 8 )  
Thus, cons ide rab le  f l e x i b i l i t y  i s  a v a i l a b l e  t o  t a i l o r  p r o p e r t i e s  of t h e  
product s i n c e  uranium-loaded WAR can be hea ted  through t h e  c r i t i c a l  
range  a t  rates as h igh  as 300°C/min wi thout  d e s t r o y i n g  microsphere 
i n t e g r i t y .  The carbonized material, a f t e r  h e a t i n g  t o  1200"C, can have 
d e n s i t i e s  ranging  from about  2 . 8  t o  3.8 g/cm3 and C / U  ranging  from 
about 4 t o  6 ,  depending on c a r b o n i z a t i o n  rate. Slow c a r b o n i z a t i o n  
r e s u l t s  i n  more p o r o s i t y  as w e l l  as more r e t a i n e d  carbon t o  g i v e  lower 

Weight l o s s ,  volumf? shr inkage ,  and t h e  carbon-to-uranium 
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d e n s i t y .  Af t e r  ca rbon iza t ion ,  t h e  material formula may be  w r i t t e n  as 
UO2 + nC, where n varies from 4 t o  6. The f u e l  phase i s  poor ly  c rys-  
t a l l i n e  U 0 2  f i n e l y  d i spe r sed  i n  a porous g l a s s y  carbon ma t r ix .  The 
k e r n e l s  may be coated a t  t h i s  p o i n t  i f  ox ide  f u e l  i s  d e s i r e d .  

I f  c a r b i d e  o r  mixed oxide-carbide f u e l  i s  d e s i r e d ,  conversion i s  
Res idua l  carbon from e f f e c t e d  by hea t ing  i n  t h e  a rgon-f lu id ized  bed. 

t h e  r e s i n  is  s u f f i c i e n t  f o r  complete carbothermic r e d u c t i o n ,  and a g a i n  
t h e  process  i s  ve ry  f l e x i b l e  i n  a l lowing  c o n t r o l  of product  p r o p e r t i e s .  
The f l u i d i z e d  bed o f f e r s  e x c e l l e n t  c o n t r o l  of r e d u c t i o n  r a t e  as long  
as t h e  microspheres  are w e l l  f l u i d i z e d  and do no t  s i n t e r  apprec iab ly .  
Since t h e  carbonized material has  an  ex tens ive  system of in te rconnec ted  
p o r o s i t y ,  r educ t ion  r a t e  i s  l i m i t e d ,  no t  by s o l i d - s t a t e  d i f f u s i o n ,  b u t  
by ra te  of carbon monoxide removal. 
i n  t h e  bed is  f i x e d  a t  approximately t h e  equ i l ib r ium PCO f o r  t h e  r e a c t i o n :  

The carbon monoxide pa r t i a l  pressure  

UO2 + 4c -t uc2 + 2co , 
o r  

u02 + 3c -t uc + 2co . 

The d i f f e r e n c e  i n  equ i l ib r ium PCO f o r  t h e  above r e a c t i o n s  is  no t  s i g n i -  
f i c a n t  re la t ive t o  exper imenta l  e r r o r  i n  tempera ture  c o n t r o l .  The 
r e a c t i o n  rate can  b e  c a l c u l a t e d  from 

where 

fco = evolv ing  carbon monoxide f low rate, 

f A r  = flow ra te  of argon,  

Ptotal = atmospheric  p re s su re ,  and 

PCO = equ i l ib r ium Pco f o r  temperature  employed. 

For t h e  1500-1600°C range  commonly used, where PCO i s  less than  4% of 
atmospheric  p re s su re ,  t h e  r e a c t i o n  rate can  be adequate ly  p red ic t ed  from 

Thus, r educ t ion  rate i s  p r e d i c t a b l y  c o n t r o l l e d  by tempera ture  and s p e c i f i c  
1 5  argon flow ra te  (F ig .  9) as long  as in t e rconnec ted  p o r o s i t y  i s  r e t a i n e d .  

Whether microspheres  d e n s i f y  and l o s e  t h i s  p o r o s i t y  depends sensi t ively 
on t h e  C/U ( i . e . ,  e a r l y  ca rbon iza t ion  rate). 
i z a t i o n  i s  near  6 ,  t h e  material does nq t  d e n s i f y  on convers ion  t o  c a r b i d e ,  

I f  t h e  C/U a f t e r  carbon- 
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Fig .  9. Fluidized-Bed Conversion of  Uranium-Loaded Weak-Acid Resin 
(Assumed e q u i l i b r i u m  PCO f o r  r e a c t i o n  U 0 2  + 3 C  + from Oxide t o  Carbide.  

UC + 2CO. Normalized t o  0.05 l i t e r / m i n  of  sweep gas  p e r  g of U.) 

and t h e  r e d u c t i o n  r a t e  i s  e s s e n t i a l l y  l i n e a r  w i t h  t i m e  t o  complet ion.  
On t h e  o t h e r  hand, i f  C / U  a f t e r  c a r b o n i z a t i o n  is  less than  about  5 , 6 ,  
t h e  microspheres  b e g i n  t o  s i n t e r  a f t e r  p a r t i a l  r e d u c t i o n  so r e d u c t i o n  
ra te  i s  n o t  r e a d i l y  p r e d i c t a b l e .  S i n t e r i n g ,  of course ,  does n o t  p r e c l u d e  
complete r e d u c t i o n ,  and d i c a r b i d e  p a r t i c l e s  of d e n s i t y  g r e a t e r  t h a n  
6.0 g/cm3 can  b e  produced t h i s  way. However, i f  a low-density (-3.0 g/cm3) 
d i c a r b i d e  o r  a c o n t r o l l e d  oxide-carbide composi t ion is  t h e  d e s i r e d  product ,  
t h e  p r o c e s s  must b e  s u i t a b l y  r e g u l a t e d  throughout .  To avoid p a r t i c l e  
d e n s i f i c a t i o n  a t  h igh  tempera tures ,  a h e a t i n g  ra te  of 2'C/min o r  s lower 
i s  necessary  through t h e  35W5O"C range.  Given t h i s  r e s t r i c t i o n  t h e  
WAR p r o c e s s  i s  i d e a l l y  s u i t e d  t o  product ion  of any oxide-carbide compo- 
s i t i o n .  The s i g n i f i c a n c e  of  t h i s  process  c a p a b i l i t y  w i l l  be  d i s c u s s e d  
la te r .  A t  t h i s  s t a g e  t h e  k e r n e l  c o n s i s t s  of UO2, U C 2 ,  and f r e e  carbon 
and t h e  material  formula may b e  w r i t t e n  as  UCxO , where y varies from 
0 t o  2 and x from about  2.5 t o  6 .  
converted WAR f u e l  are U 0 2  and UC2.  A nonequi l ibr ium minor phase,  
UCxO1-x, may b e  p r e s e n t  i n  p a r t i a l l y  converted f u e l ,  depending on t h e  
convers ion  p r o c e s s  c o n t r o l  e x e r c i s e d ,  b u t  t h i s  phase w i l l  decompose t o  
UO2 and UC2 i n  subsequent  p r o c e s s i n g  o r  i n  t h e  r e a c t o r .  

Major f u e l  p i ases p r e s e n t  i n  p a r t i a l l y  
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IRRADIATION PERFORMANCE OF WAR FISSILE FUELS 

The d e c i s i o n  t o  swi tch  from Tho,sUo,202 t o  W A R  UCxOy as t h e  r e f e r e n c e  
r e c y c l e  f i s s i l e  k e r n e l  w a s  based on t h e  performance of WAR f u e l  i n  t h e  
HRB-4 and -5 c a p s u l e s  (Table 3 ) .  Typical  p o s t i r r a d i a t i o n  metal lography 
of t h e  WAR f u e l  i r r a d i a t e d  i n  those  c a p s u l e s  i s  shown i n  F igs .  10 and 
11. Extens ive  t e s t i n g  of WAR-derived f u e l s  w a s  conducted i n  HFIR 
c a p s u l e s  HRB-7 and -8 ( r e f .  1 7 )  and c a p s u l e s  HRB-9 and -10 ( r e f .  18 ) .  
I n  t h e s e  c a p s u l e s  d i r e c t  comparisons w e r e  made between t h e  performance 
of WAR f u e l s  of v a r i o u s  composi t ions,  and dense mixed-oxide f u e l s ,  as 
w e l l  as wi th  t h e  r e f e r e n c e  HTGR f r e s h  f u e l  (dense UC2). 

Conclusions about  WAR f u e l  performance from t h i s  a c c e l e r a t e d  t e s t i n g  
are summarized: 

1. The porous WAR k e r n e l s  d e n s i f y  cons iderably  under i r r a d i a t i o n  
(Fig.  1 0 ) .  The d e n s i t y  of t h e  WAR k e r n e l s  i s  t y p i c a l l y  about  3 5 / c m 3  
b e f o r e  i r r a d i a t i o n ,  compared w i t h  d e n s i t i e s  g r e a t e r  than  10  g/cm f o r  
t h e  dense mixed-oxide k e r n e l s  descr ibed  ear l ier .  Frequent ly  t h e  densi-  
f i e d  WAR k e r n e l s  remain a t t a c h e d  t o  one s i d e  of t h e  c o a t i n g  l a y e r s  
(Fig.  10). There is  no c o r r e l a t i o n  between temperature  g r a d i e n t  and 
t h e  o r i e n t a t i o n  of t h e  d e n s i f i e d  k e r n e l .  

2 .  There i s  no evidence of amoeba w i t h  WAR k e r n e l s  c o n t a i n i n g  
more than  15% c a r b i d e ,  w i t h  t h e  remainder as oxide.  However, WAR UOZ 
k e r n e l s  have been observed (F ig .  1 2 )  t o  m i g r a t e  up t h e  temperature  
g r a d i e n t ,  j u s t  as t h e  dense oxide  k e r n e l s  d e s c r i b e d  ear l ie r .  A s  
i n d i c a t e d  ear l ie r ,  WAR k e r n e l s  c o n t a i n i n g  a c a r b i d e  phase of more 
than 15% UC2 tend t o  b e  a t t a c h e d  t o  t h e  c o a t i n g  l a y e r s  on one s i d e  
of t h e  p a r t i c l e ,  b u t  t h e r e  i s  no c o r r e l a t i o n  w i t h  temperature  g r a d i e n t ,  
so t h i s  cannot be c l a s s i f i e d  as amoeba. There may b e  some tempta t ion  
by t h e  r e a d e r  t o  compare t h e  appearance of t h e  WAR p a r t i c l e s  (F igs .  10  
and 11) w i t h  t h e  U 0 2  k e r n e l  (Fig.  1); however, i t  i s  emphasized t h a t  
t h e  o p e r a t i n g  temperature  f o r  t h e  UO2 k e r n e l  w a s  o n l y  about  95OOC 
compared t o  temperatures  of about  1350°C f o r  t h e  W A R  k e r n e l s .  A t  
t h e s e  modest temperatures  UO2 performs w e l l ,  b u t  n e i t h e r  UO2 o r  mixed 
oxide perform w e l l  i n  t h e  1350°C range (Fig.  5 ) .  

3. Some phase s e g r e g a t i o n  i s  a s s o c i a t e d  w i t h  W A R  k e r n e l s  con- 
t a i n i n g  85% oxide  (15% c a r b i d e )  under i r r a d i a t i o n  (Figs .  13 and 1 4 ) .  
So f a r  t h i s  phase s e g r e g a t i o n  ha$ been observed only  i n  t h e  WAR 85% 
U 0 2  f u e l .  

4 .  There i s  c o n s i d e r a b l e  f i s s i o n  product  a t t a c k  on t h e  s i l i c o n  
c a r b i d e  c o a t i n g s  by f i s s i o n  products  L a ,  C e ,  P r ,  and Nd i n  WAR UCz 
f u e l s .  This  same t y p e  of  a t t a c k  has  been observed i n  dense UC2 f u e l s ,  
i r r a d i a t e d  i n  HRB c a p s u l e s  under a c c e l e r a t e d  c o n d i t i o n s ,  and a l s o  i n  
t h e  Peach Bottom Reactor under real-time c o n d i t i o n s .  The presence of 
U 0 2  reduces  t h e  f i s s i o n  product  a t t a c k  of  t h e  s i l i c o n  c a r b i d e  l a y e r ,  
a p p a r e n t l y  by t h e  formation of s t a b l e  rare earth o x i d e s ,  which are 
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Table 3 .  Summary of ORNL Experimental Data on Irradiated 
Weak-Acid-Resin-Derived Recycle Fuel 

Densityb 
A/B/c/D/E 

( d C r n 3 )  

Maximum f u e l C  
temperature 

("C) 

52A 

52A 

Pu-295B 
Pu-296 
Pu-297 

OR-2115H 
OR-2121H 
OR-2115H 
OR-2121H 

OR-2121H 
OR-2115H 
OR-2121H 
OR-2115H 

OR-2208H 
OR-2121ii 
OR-2218H 
OR-2208H 
OR-2115H 
OR-2207H 
OR-2207H 

OR-2208H 
OR-2218H 
OR-2211H 
OR-2121H 
OR-2207H 
OR-2115H 
OR-22llH 
OR-2219K 
OR-2207H 
OR- 2 2 19H 

OR-220811 
OR-2121H 
OR-2218H 
OR-2208H 
OR-2115H 
OR-2207H 
OR-2207H 
OR-2208H 
08-22188 
OR-221lH 
O R - 2 1 2 1 H  
OR-220711 
OR-2115H 
OR-2211H 
OR-2219H 
OR-2207H 
OR-2219H 

5750 
5840 
5900 
2950 
2950 
2950 
2950 

5 7 5 0  
5840 
5900 
2950 
2950 
2950 
2950 

28 
25 
22 

402 
407 
476 
511 

402 
407 
476 
511 

593 
433 
486 
490 
373 
486 
486 

469 
423 
520 
398 
510 
427 
566 
584 
616 
484 

593 
433 
486 
490 
373 
486 
486 
469 
423 
520 
398 
510 
427 
566 
584 
616 
484 

4450 

2530 
2530 
1980 
1980 
4450 
4450 
2520 
2520 
1980 
1980 

4440 

1A 
1B 
1c 
3A 
38 
3c 
30 

1.4 
1B 
IC 
3A 
38 
3c 
30 

IC4 
1C5 
1C6 

13 
14 
15 
16 

13 
14 
15 
16 

1 
3 
4 
5 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
6 

1 
3 
4 
5 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
6 

A-1-1 
- 2  
-3 
-4  
- 5  
-6 

A-2-1 
-2 
-3  
-4  
-5 
-6 

3.4 x 10" 13 
4.0 
4.5 
4 . 2  
3.9 
3.6 
3.2 

7.8 
9.2 
10.3 
9.6 
8.9 
8.1 
7.2 

7.7 
7.7 
7.7 

5.9 
5.6 
5.3 
4.9 

7.7 
7.4 
6.9 
6.4 

4.7 
5.8 
6.3 
6.8 
7.8 
7.9 
7.9 

7.9 
7 . 8  
7.6 
7.2 
h . 8  
6.3 
5.8 
5.3 
4.7 
7.2 

3.0 
3.7 
4.0 
4 . 3  
4.9 

5.0 
5.0 
4.9 
4.8 
4.6 
4.3 
4 . 0  
3.7 
3.3 
3.0 
4.6 

5.0 

e 

e 

14 
L6 
L5 
14 
13 
12 

24 
27 
29 
27 
25 
23 
20 

84 
84 
84 

8 0 . 0  
79.9 
79.9 
79.9 

80.4 
80.3 
80.3 
80.3 

79.1 
79.5 
79.4 
79.9 
80.1 
80.1 
80.1 

80.1 
80.1 
80.0 
79.9 
79.9 
80.0 
79.5 
79.3 
79.1 
80.0 

77.3 
78.5 
79.2 
79.2 
79.5 
79.6 
79.6 
79.6 
79.5 
79.4 
79.3 
79.2 
79.2 
78.5 
78.0 
77.3 
79.3 

f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 

IRC-72 1 
IRC-72 95 
IRC-72 95 

IRC-72 14 
IRC-72 92 
IRC-72 1 4  
IRC-72 92 

IRC-72 100 
100 
0 

1 5  
75 
75 

100 
0 

100 

loo 

50 

IRI 

OF-2 (Cell 

2 15 
75 
15 
15 
75 
75 
1 5  
15 
75 
75 
15 
75 

6/1.1/1.9/3.18/1.85 

1 
1 

6/1.1/1.9/3.18/1.85 

1.2 1 . 2  1.95 >.:a I.): 
1 . 9  !.2 1. )i 3 . 1 '  : . 2 r  
'l.7,:,? 1.55 3.1? 1 . 1 5  

3.2/1.2/1.95/3.18/1.95 
5.3/1.2/1.95/3.18/1.95 
3.2/1.2/1.95 
5.3/1.2/1.95 

3.0/1.2/1.95/3.18/1.95 
5.3/1.2/i.95/~.16/1.95 
3.7/1.2/1.95/3.18/2.00 

3.0/1.2/1.95/3.13/1.95 

3.1/1.2/1.95/3.18/2.00 
5.3/1.2/1.95/3.18/1.95 
3.0/1.2/1.95/3.18/1.95 
3.2/1.2/1.95/3.18/1.95 

3.7/1.2/i.95/3.18/2.00 

3.i/i.z/i.95/i.i8/2.~0 
3.0/i.2/i.95/3.i8/2.00 
3.0/1.2/1.95/3.18/1.95 
3.0/1.2/1.95/3.18/2.00 

3.0/1.2/1.95/3.18/1.95 
5.3/1.2/1.95/3.18/1.95 
3.7/1.2/1.95/3.18/2.00 
3.0/1.2/1.95/3.18/1.95 
3.2/1.2/1.95/3.18/1.95 
3.0/1.2/1.95/3.18/1.95 
3.0/1.2/1.95/3.18/1.95 
3.0/1.2/1.95/3.18/1.95 
3.7/1.2/1.95/3.18/2.00 
3.1/1.2/1.95/3.18/2.00 
5.3/1.2/1.95/3.18/1.95 
3.0/1.2/1.95/3.18/1.95 
3.2/1.2/1.95/3.18/1.95 
3.1/1.2/1.95/3.18/2.00 
3.0/1.2/1.95/3.18/2.00 
3.0/1.2/1.95/3.18/1.95 
3.0/1.2/1.95/3.18/2.00 
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T a b l e  3. (Continued) 

t 

Maximum fuelC 
temperature 

('C) 

OR-2329H 
OR-2329H 
OR-2322H 
OR-221lH 
OR-2208H 
OR-2322H 
OR- 2 3 2 9H 
OR-2208H 

OR-2121H 
OR-2332H 
OR-2121H 
OR-2332H 
OR-2218H 
OR-2320H 
OR-2207H 
OR-2218H 
OR-2332H 
0n-2207~  

A-601d 
A-6Old 
A-601d 
A-611d 
A-611d 
A-611d 
A-601d 
A-611d 
A-611d 

A-601d 
A-611d 

OR-2329H 
OR-2322H 
OR-2211H 
OR-2208H 
OR-2329H 
OR-2322H 
OR-2218H 
OR-2208H 
OR-2329H 
OR-2322H 

OR-2332H 
OR-2218H 

~ - 6 0 1 d  

OR-23208 
OR-2207H 
OR-2121H 
OR-2332H 
OR-2218H 
OR-2320H 
OR-2207H 

OR-2332H 

A-601d 
A-601d 
A-611d 
A-601d 

A-6158 
A-601d 
A-6158 
A-6158 

A-611d 
A-611d 
A-601d 
A-611d 

A-6158 
A-611d 
A-601d 
A-601d 

1920 
1920 
1080 
1100 

850 
850 
820 

1520 
1940 
1520 
1940 

1100 

io40  

960 

io8n 
750 
860 
850 

1520 
1520 
1290 
1290 
1290 
1290 
1520 
1520 

1290 
1290 

1290 

1290 

660 
650 
660 
530 
560 
550 
490 
530 
560 
550 

660 
580 
660 
550 
440 
560 
490 
560 
550 
560 

2500 
2500 
2970 
6790 

2440 
2500 
2900 
6648 

2500 
2500 
2960 
6800 

2440 
2500 
2960 
6790 

A-3-2 
A-3-4 
A-3-5 
A-3-6 
A-3-7 
A-3-9 
A-3-10 
A-3-11 

A-4-1 
A- 4- 2 
A-4-3 
A-4-4 
A-4-5 
A-4-6 
A-4-7 
A-4-9 

A-4-11 

B-1-1 
B-1-2 
B-1-3 
B-1-4 
B-1-5 
8-1-6 
B-2-1 
8-2-2 
B-2-3 
8-2-4 
8-2-5 
B-2-6 

8-3-2 
8-3-3 
8-3-4 
B-3-5 
B-3-7 
8-3-8 
B-3-9 
8-3-10 
E-3-11 
E-3-12 

B-4-2 
B-4-3 
B-4-4 
B-4-5 
E-4-6 
8-4-7 
B-4-8 
E-4-9 
B-4-10 

B-4-11 

A-4-10 

c- 1- 1 
c-1-2 
C-1-3 
C-1-4 

c-2-1 
c- 2- 2 
C-2-3 
c-2-4 

c-3-1 
C-3-2 
c-3-3 
c-3-4 

C-4-1 
C-4-2 
c- 4- 3 
c-4-4 

e 

e 

f 
f 
f 
f 
f 
f 
f 
f 

f 
f 
f 
f 
f 
f 
f 
f 
f 
f 

f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 

f 
f 
f 
f 
f 
f 
f 
f 
f 
f 

f 
f 
f 
f 
f 
f 
f 
f 
f 
f 

f 
f 
f 
f 

f 
f 
f 
f 

f 
f 
f 
f 

f 
f 
f 
f 

0 

15  

100 
1 5  

100 

n 
50 

n 

i o n  
n 

inn 
0 
0 

25 
75 
n 
n 

7s  

75 
75 
7 1  
1s 
1 5  
1 5  
7s 
15 
15  
1 5  
75 
15  

n 

50 
15  

100 
0 

15 
n 

l o o  
0 

15 

n 
n 

i n 0  

25 
75 

0 
0 

25 
75 

0 

OFF2 ( C e l l  1 ) ( 4 )  

30135 

3.2/<1.3/1.95/ ,3 .18/2.0 

3.1/1.1/1.8/  18 /1 .8  

=Percent conversion - 2--x ' 100,  where x = atomic f rac t ion  of oxygen i n  k e r n e l ;  e . g . ,  UCyoo.5 = 75% converted. 

bA = kernel; B = b u f f e r ;  C = IPyC: D - SIC; E = OPYC. 

CMaximum f u e l  design temperature. 

d12.7 cm ( 5  i n . )  diam f r i t .  
ePeak f a s t  f luence  w i l l  be 8 x Id' n/cm2 a t  end o f  i rrad ia t ion  period.  

fPeak burnup w i l l  be 80% FIMA a t  end of i rrad ia t ion  period. 

K12.7 cm ( 5  i n . )  diam cone. 

IF. J. H~~~~ et al., I r m d i a t i o n  performance o f  HTGR h e 2  Rods i n  HFIR aperbnents HRR-4 and -5, ORNL-5115, i n  publ i ca t ion .  

2F. J. Hornan e t  al., I r r a d i a t i o n  Performance of RTGR Fuel, Rods in #FIR EzpePhent HRB-6, OWL-M-5011 (Decwber 1975) .  

%. H. Valentine e t  d., I F m d i a t i o n  P e r f o m n c e  of HTGR Fuel, Rods i n  HFIR Ezper-hents HRB-7 and -8, i n  preparation. 

'+HTGR Base Techno203y m g r m  Anm. Progr.  R e p .  Jan. I ,  1.974 through June 30, 1975, S e c t .  6 .5 .3 ,  in preparation. 
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Table 3a. Results of Irradiation Tests on Weak-Acid-Resin-Derived 
Recyle Fuel 

Sample i d e n t i f i c a t i o n  Remarksa 

1A.  18, 1C 

3A,  38 

3C. 30 

I A ,  18, IC 

3A, 38 

3 C ,  30 

1 L 4 ,  1C5 

I C 6  

13  

14  

15  

16 

1 3  

14 

15 

16 

1, 3 ,  4 ,  5 
6 

8 

9 

10  

1 1  

1 2  

13 

14 

1 5  

1 6  

1 7  

18 

19 

1 

3 
4 ,  CJ 

6 

8 

9 

10 

HKB-5 
~ 

Extruded r o d s ;  c a r b a n i r e d  i n  covered g r a p h i t e  t r a y ;  
f i n e  cracks i n  S i c  obse rved ;  ro amoeba. 

i . l ac rn -pa r t  i c l c  m f r r a c t i o n  r e c o g n i z e d  a s  a p o t e n t i a l  
p r o b l m  l i l i t l  h i p h  pitctv-cake y i e l d s .  No amoeba. Kernel 
d e n q i f i c a t i o n  a p p a r e n t .  

S l u g - i n j e c t e d  r o d s ;  ca rbon ized  i n  packed A12113. 

S l u g - i n j e c t e d  r o d s ;  ca rbon ized  in-block.  

HRR-4 
~ 

Extruded r o d s ;  ca rbon ized  i n  covered g r a p h l f e  t r a y ;  
f i n e  cracks i n  SIC obse rved :  no amoeba. 

A t c d c i  c f  r iC  coa r lng  bv Pd and rare--eartli f i s s i o n  p r o d u c t s  
ohqerved.  Phase s e g r e g a t i o n  i n  abou t  2 5 ~  of t h e  kernels. 
Meta l log raph ic  ~ e q u l t s  i n d i c a t e  not all p a r t i c l e s  were 95% conver t ed .  I Slug- in j ec t ed  rods ;  ca rbon ized  i n  packed A l 2 I 1 j .  

Slug- in j ec t ed  r o d s ;  ca rbon ized  in-hiock.  

HRB-6 __ 
Loose p a r t i c l e s  i n  g r a p h i r e  tube;  of a l l  p a r t i c l e s  not poqq ib le ;  m a j o r i t y  f a i l e d  

Loose p a r t i c l e s  i n  g r a p h i t e  tube; t u b e  h rake  d u r i n g  i r r a d i a t i o n :  p a r t i c l e s  l o s t  

HRR-7 __ 
Slug- in l ec t ed  rod ;  no f a i l u r e s  (E le t a l lop raphy) ;  huffer consumed; s l i g h t  a t t a c k  o f  Sic by rare e a r t h s .  

S l u g - i n j e c t e d  rod; II 507 f a i l e d  (Meta l log raphy) ;  T L T I  g r a p h i t i z e d  bv rare earths on co ld  s i d e .  

S lug - in j ec t ed  r ad ;  no f a l l u r e s  ( ~ ~ t ~ l l ~ g r ~ p h ~ ) ;  b u f t e r  consumed; phase  w g r e g a t i o n  i n  k e r n e l ;  no e v i d e n c e  of rare e a r t h  

S lug- in j ec t ed  rod ;  no f a i l u r e -  ( \ l e t a l l o g r a p h v ) ;  u n i l a t e r a l  movement of Ikernel rh rough  b u f f e r ;  no ev idence  of ra re  e a r t l i  

i n  c o a t i n g s .  

In c o a t i n g s .  

IIRB-8 __ 
S l u g - i n j e c t e d  rod ;  no f a l l u r e s  (Metallagraphv); b u f f e r  consumed; s l i g h t  a t t a c k  of  S i c  by rare e a r t h s .  

S lug - in l ec t ed  rod ;  all f a i l e d  ( : l e r a l log raphy) ;  ILTI g r a p h l t l r e d  by r a r e  ear th-  an  cold s i d e .  

Slug-ln]ected rod ;  no f a i l u r e s  (Mefa l log raphv) ;  h u f f e r  conqumed; phase  Segrega t ion  i n  ke rne l  ; no ev idence  of  rare e a r t h  
i n  c o a t i n g s .  

S lug - in i ec t ed  rod; no f a i l u r e s  (Meta l log raphy) ;  k e r n e l  d e n s i t i c a r i o n  a p p a r e n t ;  b u f f e r  i n t a c t ;  no ev idence  o f  r a r e  e a r t h  
I" c o a t i n g s .  

I l R B - 9  __ 
Slup- in j ec t ed  rod ;  stereo-exm only. No broken p a r t i c l e s  on s u r f a c e .  

S lug - in j ec t ed  rod ;  21 20% f a i l e d  ( k t a l l a p r a p h y ) ;  bufEer  i n  ha l f  of p a r t i c l e s  d e n s i f i e d  and breached ;  two-pha+e k e r n e l ;  
S l i g h t  a c c m u l a t i o n  of rare earths o n  c o l d  side; no g r a p h i t i z a t i o n  of ILTI;  s l l g h t  a t t a c k  of SiL.  

S l u g - i n i e c t e d  rod; no f a i l u r e s  ( N e t a l l a g r a p l i ~ ) ;  h u f f e r  consumed; phase  segregat ion  i n  kernel. 

S l u g - i n j e c t e d  r o d ;  no lailures ( . leral loprapi ig) ;  h u f f e r  i n t a c t ;  phase  s e g r e g a t i o n  i n  kernel; e v > d e n c r  of r a r e  e a r t h  
accumula t ion  on co ld  s i d e ;  no g r d p h i t i z a c i o n  of I L T I ;  no a t t a c k  o f  s i c  
Warn-molded rod ;  no f a i l u r e s  (Meta l log raphv) ;  b u f f e r  i n c a c t ;  phase s e g r e g a c i a n  i n  k e r n e l ;  less ev idence  of r a r e  e a r t h  
accumularian i n  rod 9;  no g r a p h i r l r e f i n n  of  I L T T ;  no accacl i  of s i c .  
S l u g - i n j e c t e d  r o d ;  "I 75% f a i l e d  ( ' l e r a l lo8 r iphy) ;  accumula t ion  o f  rare e a r t h  on cold s i d e ;  g r a p h i t i z a t i o n  of ILTI; 
no a t t a c k  of S L ;  two-phase kernel. 

S l u g - i n j e c t e d  roo ;  no  f a i l u r e s  (Meta l log raphy) ;  amoeba chrough h u f f e r ;  r a r e  earths r e t a i n e d  i n  kernel; < l l g i ? t  a t t a c k  of 
SIC an  h o t  s i d e  ( 2  urn). 

Slug- in j ec t ed  rod; n o  f a i l u r e s  (Ve ta l log raphu) ;  h u l l e r  Intact b u t  d e n s l f l e d  around k e r n e l ;  p h a s e  ~ e g r e g s t ~ n n  ~n k e r n e l ;  
accumula t ion  of rare earths on co ld  s l d e ;  no g r a p h i t i z a t i o n  of ILTI; no a t t a c k  of  sic. 

Slug- in j ec t ed  rod ;  5 507 l a i l e d  (Yerallographv); phase  s e g r e g a t i o n  i n  kernel; accumula t ion  of ra re  e a r t h s  on c o l d  s i d e ;  
g r a p h i t i z a t i o n  of ILTI; a t t a c k  of s i c  ( z  8 inn), 

S l u g - i n j e c t e d  r o d ;  szeren-exam o n l v ;  no ( a l l u r e s .  

Slug- in i ec t ed  r a d ;  no failures O l e r a l l a g r a p h y ) ;  b u f f e r  consumed;  phase segregation i n  k e r n e l  

S lug - in j ec t ed  rod ;  same remarks a s  f o r  HRB-9, Rod 1 3  ( 5 0 1  c o n v e r t e d ) .  

S l u g - i n j e c t e d  r o d .  Stereo-exam on lv ;  no hrohen p a r t i c l e i .  

S lug - in j ec t ed  r o d ;  stereo-exam onlv; no h r o k e n  p a r t i c l e s  

i'rn-in 
~ 

S l u g - i n j e c t e d  rod; not  examined, d u e  to r e a c t i n n  %.itin t h e r m o c o u p l e  

s l u g - i n j e c t e d  rod; stereo-exam o n l v ;  no hroken p a r r i c l e s .  

s l u g - i n j e c t e d  rod; srereo-exam on lv ;  no brahen p a r t i c l e s .  

S lug - in j ec t ed  rod ;  % 30% f a i l e d  ( t l e t a l log raphv) ;  accumula t ion  of r a r e  earths on c o l d  $ > d e ;  g r n p l , i t i z a t i n n  
b u f f e r ;  a t t a c k  of S i c  w i th  complete  p e n e t r a t i o n ,  

S l u g - i n j e c t e d  r a d ;  no f a i l u r e s  (Meta l log raphy) ;  h u f f e r  consumed; phase  s e g r e g a t i o n  In kernel. 

Slug- in j ec t ed  rod; ^I 8% f a i l e d  ( I l e t a l log raphv) ;  phase s e g r e g a t i o n  i n  k e r n e l ;  a ~ ~ u m u l a t i ~ ~  o f  r n r ~  e a r t h b  n n  
a l i e h t  g r a p h i t i z a t i o n  of ILTI;  no a t t a c k  of  SIC. 

TLTI and 

s ide .  

Warm-molded rod; no f a i l u r e s  (?lerallographY); phase s e g r e g a t i o n  in k e r n e l ;  accumulation of  r a r e  e a r t h s  on cold s ide ;  
g r a p h i t i z a t i o n  of  ILTI; s l i g h t  attach o f  S i c .  
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(Continued) 

~~ ~ 

Sample i d e n t i f i c a t i o n  Remark+ 

II 

12 

13  

14 

15  

16 ,  17 

18 

19 

A - 1 - 1 ,  -2, -3, 

A-2-1, -2, -3 ,  
-4,  -5 .  -b 

- 4 ,  - 5 ,  -6  

A-3-2, - 4 ,  -5 ,  -6 
-7, -9 ,  -10,  -11 

A-4-1, -2 ,  -3, - 4 ,  -5 ,  
-6 ,  -7, - 9 ,  -10, -11 

8-1-1, -2,  -3, - 4 , ' - 5 , L h ,  
8-2-1, - 2 ,  - 3 ,  -4 ,  - 5 ,  - 6  
8-3-2, -3 ,  - 4 ,  - 5 ,  - 7 ,  

0-4-2, - 3 ,  - 4 ,  - 5 ,  -6  
-8, -9 ,  -10, -11, -12 

- 7 ,  -8, -9 ,  -10, -11 

S l u g - i n j e c t e d  rod ;  _i 18% f a i l e d  ( ? i e ra I log raphy) ;  t ~ . c - p h a e  kernel; a c c u m u l a t ~ a n  of rare e a r t h s  on co ld  s i d e ;  
g r a p h i t i z a t i o n  of ILTI; a t t a c k  of  S i c  (% 5 ~m). 

Slug- in j ec t ed  r o d ;  5% f a i l e d  (Hera l l ag raphy) ;  amoeba through b u f f e r ;  r a r e  ear ths  r e t a i n e d  i n  k e r n e l ;  a t t a c k  of  SIC 
( s l i g h t  fo complete  penetration). 

S l u g - i n j e c t e d  rod ;  no f a i l u r e s  (Meta l log raphy) ;  same remarks a9 f a r  HRB-3, Rod 13 (50% conver red ) ,  excep t  more ev idence  
of rare-earrh accumula t ion .  

S lug - in j ec t ed  rod ;  5 30% f a i l u r e s  (Meta l log rapby) ;  cwo-pnase ser,,&, dccumula t ion  of rare e a r t h s  on co ld  s i d e ;  
g r a p h i t i z a t i o n  of I L T I ;  attach of s ic  (complete  p e n e t r a t i o n ) .  

S lug - in j ec t ed  rod ;  no f a i l u r e s  (Xe ta l log raphy) ;  accumula t ion  of r a r e  e a r t h s  on co ld  s i d e ;  s l i g h t  g r a p h i t i z a t i o n  of I L T I ;  
no a t t a c k  of S i c ;  phase s e g r e g a t i o n  i n  k e r n e l .  

S lug - in j ec t ed  r o d ;  stereo-exam on ly ;  no broken p a r t i c l e s .  

S lug - in j ec t ed  r o d ;  II 407 f a i l e d  (Wetal logr . iphy);  came remarks a s  f o r  IIRR-10, Rod 6. 

S lug - in j ec t ed  r o d :  no f a i l u r e s  ( t l e t a l l ag raphy) :  phase sep,regarion i n  k e r n e l ;  no accumulation of ra re  e a r t h s ;  
no g r a p h i t i z a t i o n  o f  ILII; no at tack  o f  SIC. 

OF-2 (Cell 2 )  

A l l  s l u g - i n j e c t e d  r a d s ;  i n i t i a l  R I B  v a l u e s  f o r  P 5 m K r  = 7 . S  x 

A I t e r  4200 h r  x In-'. 
P u S t i r - ? d i a t i o n  ex&dnarion s rhedu led  t o  hegin i n  Sepierpbcr 1 9 7 6 .  

(I 1 / 2  i r r a d i a t i o n  time) R / 8  Y 5 m K r  = 1 

~ l l  s l u g - i n j e c t e d  r o d s ;  l n i t i a l  R / E  va lues  f o r  8 5 m K r  = 7 . 8  x 10.'. 
Afre r  4200 h r  
P o s t i r r a d i a t i o n  examina t ion  scheduled c o  begin i n  September 1976. 

(", 1 / 2  i r r a d i a t i o n  t ime)  R I B  85mKr = 1 X 10.'. 

OFF2 ( C e l l  1) 

A l l  f u e l  rods  f a b r i c a t e d  by s l u g - i n j e c t i o n  process. 
Init ial  85mKr R / E  v a l u e s  = < 2 x IO-'; A f t e r  4200 h r  i r r a d i a t i o n  ( z  112 f u l l  scheduled t e rm)  
8Srnxr RIE value = 7 x P o s t i r r a d i a t i o n  examinat ion scheduled t o  beg in  i n  September 1916. 

c-1-1, -2,  -3 ,  -4 
c-2-1, -2. -3 .  -4 
C-3-1, -2 ,  -3, -4 
c-4-1, -2, -3, -4 

a~eferences  to f a i l e d  particles" are based an f a i l u r e s  observed i n  m e t a l l o g r a p h i c  s e c t i o n s ,  and t h e r e f o r e  are n o t  s t a t i s t i c n l l y  
s i n c e  normally < 20 f i s s i l e  p a r t i c l e s  are exposed in a random p lane -o f -po l l sh .  These results are, however, i n d i c a t o r s  o f  r e l a t i v e  

performance. 
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7 5  150 MICRONS 450 525 
I I I I 1 I I  II I 15OX-1 

MICRONS 300 350 
,5p190200x', 

0.005 INCHES O.OI0 0.015 0.005 INCHES 0.015 

Fig.  12. Triso-Coated ( a )  Sol-Gel UOz I r r a d i a t e d  i n  Rod 1 3  of Capsule HRB-10 
(b) Weak-acid-resin- t o  80% FIMA a t  1300°C i n  a Temperature Gradient  of 50O0C/cm. 

de r ived  UOz i r r a d i a t e d  i n  rod 7 of HRB-7 t o  80% FIMA a t  1260°C i n  a temperature  
g r a d i e n t  of 70O0C/cm. 
and experienced s t e e p  temperature  g r a d i e n t s  du r ing  i r r a d i a t i o n .  
performance of t h e  dense (about 10 g/cm3) so l -ge l  k e r n e l s  is  about  t h e  same as t h e  
porous (about 3 g/cm3) WAR ke rne l s  under ve ry  similar i r r a d i a t i o n  cond i t ions .  
k e r n e l s  experienced severe migra t ion  toward t h e  ho t  s i d e  of t h e  p a r t i c l e .  

Both p a r t i c l e s  were l o c a t e d  nea r  t h e  s u r f a c e  of t h e  f u e l  rods  
Note t h a t  t h e  

Both 
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r e t a i n e d  i n  t h e  k e r n e l .  O p t i c a l  metallography and s h i e l d e d  microprobe 
d i s p l a y s  of f u e l  i r r a d i a t e d  i n  t h e  HRB-4 c a p s u l e  are  shown i n  Fig. 15. 
This  f u e l  w a s  nominally 95% U C 2 .  
f i s s i l e  f u e l  (UC2) i r r a d i a t e d  under real-time c o n d i t i o n s  i n  t h e  Peach 
Bottom Reactor i s  shown i n  Fig.  16 .  It i s  emphasized t h a t  t h e  UC2 shown 
i n  Fig.  16 has  been i r r a d i a t e d  t o  less than  20% f u l l  burnup and f a s t -  
neut ron  exposure expected f o r  t h e  l a r g e  HTGR. '' 
UC2 performed s i m i l a r l y  i n  f u e l  i r r a d i a t e d  i n  HRB-7 (F ig .  1 7 ) .  The 
p o l a r i z e d  l i g h t  p o r t i o n  of t h i s  f i g u r e  r e v e a l s  t h e  areas of f i s s i o n  
product a t t a c k  as b r i g h t  areas, i n d i c a t i n g  a h igh  degree  of o p t i c a l  
a c  t i v  i t y . 

A s i m i l a r  d i s p l a y  f o r  r e f e r e n c e  f r e s h  

Both WAR UC2 and dense  

5. There is  a cons ide rab le  tempera ture  g r a d i e n t  e f f e c t  on t h e  
f i s s i o n  product  a t t a c k  d i scussed  above. Under high-temperature g r a d i e n t s  
t h e  f i s s i o n  p roduc t s  are concen t r a t ed  on t h e  co ld  s i d e  of t h e  p a r t i c l e ,  
and f a i l u r e  of t h e  s i l i c o n  c a r b i d e  l a y e r  i s  l i k e l y ,  as shown on t h e  
l e f t  s i d e  of Fig.  18. Under less severe tempera ture  g r a d i e n t s ,  t h e  
f i s s i o n  products  are less concen t r a t ed  and do less damage. 
shown on t h e  r i g h t  s i d e  of Fig.  18 ope ra t ed  a t  t h e  c e n t e r  of t h e  s a m e  
f u e l  rod as t h e  p a r t i c l e  on t h e  l e f t .  The tempera ture  g r a d i e n t  i s  
zero  a t  t h e  c e n t e r  of t h e  rod ,  and even though the o p e r a t i n g  tempera ture  
w a s  h ighe r ,  less damage w a s  done t o  t h e  c o a t i n g s  by t h e  f i s s i o n  products .  
The bottom p o r t i o n  of t h e  f i g u r e ,  i n  p o l a r i z e d  l i g h t ,  shows t h e  f i s s i o n  
products  as l i g h t  r eg ions .  
about 30% h ighe r  than  t h e  maximum tempera ture  g r a d i e n t  shown f o r  a 
l a r g e  HTGR i n  Table 1. 

The p a r t i c l e  

The tempera ture  g r a d i e n t  of 1000"C/cm i s  

F i s s i o n  product a t t a c k  of t h e  c o a t i n g s  appea r s  t o  be  the l i m i t i n g  
performance f e a t u r e  of WAR UC2 f u e l s .  Thermal mig ra t ion  appea r s  t o  
be  l i m i t i n g  f o r  WAR U02. In t e rmed ia t e  compositions appear t o  do w e l l  
compared w i t h  t h e s e  extremes. I n  t h e  HRB-7 through -10 experiments,  
WAR f i s s i l e  f u e l s  w i th  convers ion  l e v e l s  of 0, 15 ,  50, 75, and 100% 
w e r e  t e s t e d  (Fig.  1 9 ) .  These WAR k e r n e l s  had r e f e r e n c e  Tr i so*  c o a t i n g s  
and were f a b r i c a t e d  i n t o  f u e l  rods  us ing  t h e  s l u g - i n j e c t i o n 2  technique .  
A s  i n d i c a t e d  ear l ier ,  t h e  WAR UO2 k e r n e l  h a s  migra ted  up t h e  tempera ture  
g r a d i e n t .  The W A R  UC2 pa r t i c l e  shown has  f a i l e d  from f i s s i o n  product 
a t t a c k  of t h e  s i l i c o n  c a r b i d e  l a y e r .  F igu re  20 shows a n  o p t i c a l  photo- 
micrograph of a WAR UC2 pa r t i c l e  i r r a d i a t e d  i n  HRB-8. A l s o  shown are 
e l e c t r o n  microprobe d i s p l a y s  f o r  t h e  rare e a r t h  f i s s i o n  p roduc t s  L a ,  
P r ,  C e ,  and Nd. The g r a p h i t i z a t i o n  of t h e  i n n e r  low-temperature i s o t r o p i c  
l a y e r  and f a i l u r e  of t h e  s i l i c o n  c a r b i d e  i n  t h e  r e g i o n s  occupied by t h e  
f i s s i o n  products  sugges t  t h a t  f i s s i o n  product  i n t e r a c t i o n  wi th  t h e  s i l i c o n  
c a r b i d e  c o a t i n g  caused t h e  f a i l u r e .  

*The r e f e r e n c e  T r i s o  des ign  ca l l s  f o r  fou r  c o a t i n g s  a p p l i e d  t o  t h e  
ke rne l .  The f i r s t  c o a t i n g  is  c a l l e d  t h e  b u f f e r ,  and i s  a porous (about 
50% dense) l a y e r  of p y r o l y t i c  carbon. The nex t  c o a t i n g  is  c a l l e d  t h e  
inner low-temperature i s o t r o p i c  (ILTI) l a y e r ,  which i s  dense  p y r o l y t i c  
carbon (about 85% dense) .  The t h i r d  l a y e r  is  s i l i c o n  c a r b i d e  of nea r  
t h e o r e t i c a l  d e n s i t y .  The f o u r t h  l a y e r  is  t h e  o u t e r  low-temperature 
i s o t r o p i c  (OLTI) l a y e r ,  which i s  s i m i l a r  t o  t h e  I L T I .  These l a y e r s  
are a p p l i e d  t o  r e t a i n  f i s s i o n  products .  
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I .  

Optical Photograph Backscattered Electrons 

U Ma La La PrLa 

Ce b N d  La si La 

Fig. 15. Weak-Acid-Resin UC;! Particle from Capsule HRB-4. Peak 
operating temperature, about 135OOC; burnup, about 84% FIMA; fast neutron 
exposure, about 8.9 X 1021 n/cm2 (>0.18 MeV). 
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Y- 123799 

Opt icol Micrograph Lo h 

~~ 

Bockscottered Electrons Ce La 

Fig. 16. Rare-Earth F i s s i o n  Product A 
i i l u r e  of This Triso-Coated Dense UC2 P a r t  
_ _ _ _ 3 2 - - - 3  2-. l.--,. n--L_- .  n _ _ _ L _ . _  I -  1 

N d  La 

t t a c k  of Coating Layers has  Caused 
i c l e  from RTE-4. This  p a r t i c l e  w a s  

irraaiaLea i n  Lne reacn DoLLorn neaccor LO less than 20% of t h e  burnup and neut ron  
exposure a n t i c i p a t e d  i n  a commercial HTGR a t  an  i r r a d i a t i o n  temperature  of less 
than  1200OC. 
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R-65777 

-400 pm- 

I .  

WAR Fig.  17.  Relative Performance of Dense M e 1  
UC2 i n  I r r a d i a t i o n  Capsule HRB-7. Top: b r i g h t  f A c l u .  DULLOIII: p o l a r i z e d  
l i g h t .  L e f t :  dense  UC2. Right :  WAR UC2. 





R-70001 

1S.c L O N V t R I t D  

Fig. 19. 
(100% Converted). 
fluence ranged from 4 . 3  to 5.0 X 1021 n/cm2 (>0.18 MeV). 
right. 

Relative Performance or WAK Kernels Within the Range of uu2 L u I l v e r L e a )  to UC2 
Irradiated at a maximum fuel temperature of 150OOC to a burnup of 80% FIMA. Fast 

The hot side of the particles is on the 



Pr La 

c 
c 

Backscattered E I ectron Image Ce La 
Fig. 20. E lec t ron  Microprobe Disp lays  Show t h e  Locat ion of Rare-Eartl 

Triso-Coated Weak-Acid-Resin-Derived UC2 Fuel  I r r a d i a t e d  i n  Capsule HRB-8 
and 990°C/cm. Note t h a t  rare e a r t h s  have l e f t  t h e  k e r n e l  and c o l l e c t e d  a t  
t h e  S i c  l a y e r ,  causing ex tens ive  damage t o  both  t h e  i n n e r  LTI  and S i c  laye:  

Nd La 

h F i s s i o n  Products  i n  
t o  85% FIMA a t  113OOC 
t h e  i n n e r  s u r f a c e  of 

rs .  
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We c a l c u l a t e d  ( s e e  fo l lowing  s e c t i o n )  t h e  amount of U 0 2  necessa ry  
t o  r e t a i n  t h e  rare e a r t h  f i s s i o n  products  i n  t h e  form of ox ides  i n  WAR 
f u e l s  i r r a d i a t e d  t o  f u l l  burnup (about 75% FIMA*). The i r r a d i a t i o n  
r e s u l t s  from HRB-7 through -10 suppor t  t h e  conc lus ions  reached i n  
t h e s e  c a l c u l a t i o n s .  The UO;! f u e l  r e t a i n s  a l l  t h e  rare  e a r t h  f i s s i o n  
p roduc t s  i n  t h e  k e r n e l  s i n c e  t h e  ox ides  are s t a b l e  (F ig .  21 ) .  The 
15%-converted WAR f u e l  (F igs .  13 and 1 4 )  a l s o  r e t a i n e d  most of t h e  
rare e a r t h  f i s s i o n  p roduc t s  w i t h i n  t h e  k e r n e l .  A s  t h e  amount of UC;! 
i n  t h e  k e r n e l  i s  inc reased ,  t h e  c a p a c i t y  t o  hold t h e  rare e a r t h  f i s s i o n  
p roduc t s  w i t h i n  t h e  k e r n e l  is reduced (F igs .  22 and 2 3 ) .  Neodymium 
accumulates s l i g h t l y  a t  t h e  i n n e r  s u r f a c e  of t h e  S i c  l a y e r  f o r  t h e  
50%-converted f u e l  (Fig.  22). However, most of t h e  neodymium has  been 
r e t a i n e d  i n  t h e  k e r n e l .  The neodymium d i s p l a y  r e p r e s e n t s  t h e  rare 
e a r t h  f i s s i o n  products .  I n  Fig.  2 3  h ighe r  magn i f i ca t ion  views of 
t h e  c o l d  s i d e  of c o a t i n g s  f o r  t h e  15 ,  50, and 75%-converted f u e l s  
shown i n  Fig.  19  are shown. S l i g h t  accumulations of f i s s i o n  p roduc t s ,  
be l i eved  t o  be  rare e a r t h s ,  can be  seen  a t  t h e  s i l i c o n  c a r b i d e  i n n e r  
low-temperature i s o t r o p i c - l a y e r  i n t e r f a c e  f o r  t h e  p a r t i c l e s  w i t h  50 
and 75%-converted k e r n e l s .  A s  noted above, t h e  amount of f i s s i o n  
product accumulation a t  t h e  i n n e r  s u r f a c e  of t h e  S i c  l a y e r  i n c r e a s e s  
wi th  t h e  percentage  of UC;! p r e s e n t  i n  t h e  k e r n e l .  

The optimum k e r n e l  composition f o r  WAR f u e l s  has  n o t  y e t  been 
determined. Experiments now in - r eac to r  are designed t o  e s t a b l i s h  t h e  
optimum U02 con ten t .  The r e s u l t s  from HRB-7 through -10, and t h e  
thermodynamic c a l c u l a t i o n s ,  sugges t  an  optimum v a l u e  of about  35% 
convers ion ,  w i th  a pe rmis s ib l e  range  of +20%. 

The argument a g a i n s t  h igh  UC2 c o n t e n t  i s  c l e a r .  Some problems 
i n  a d d i t i o n  t o  amoeba have a l s o  been encountered w i t h  h igh  UO;! c o n t e n t .  
While no f i s s i o n  product a t t a c k  of t h e  s i l i c o n  c a r b i d e  l a y e r  w a s  
noted w i t h  t h e  W A R  UO2 f u e l ,  t h e r e  w a s  some evidence of o x i d a t i o n  
of t h e  i n n e r  s u r f a c e  of t h e  s i l i c o n  c a r b i d e  l a y e r  (F ig .  2 4 ) .  The 
a t t a c k  w a s  moderate f o r  f u e l  tempera tures  of about  125OoC, bu t  a t  
about 1500°C t h e  s i l i c o n  c a r b i d e  w a s  completely p e n e t r a t e d .  Very 
s l i g h t  o x i d a t i o n  w a s  noted when f u e l  of t h i s  s a m e  composition w a s  
i r r a d i a t e d  i n  capsu le  HRB-9 w i t h  a des ign  c e n t e r l i n e  tempera ture  of 
1250°C. 

From t h e  p rocess ing  s t a n d p o i n t ,  i t  i s  d e s i r a b l e  t o  maximize t h e  
U02 c o n t e n t  i n  t h e  two-phase W A R  k e r n e l s .  Therefore ,  cons ide rab le  
e f f o r t  h a s  been made t o  understand t h e  behavior  of t h e  15%-converted 
f u e l ,  which is  c u r r e n t l y  thought t o  be t h e  lower l i m i t  f o r  t h e  
convers ion  s p e c i f i c a t i o n .  Phase s e g r e g a t i o n  (F igs .  1 3  and 1 4 )  i s  
apparent  bo th  from t h e  o p t i c a l  examination and from microprobe work. 
The uranium-bearing phase is r e t a i n e d  w i t h i n  t h e  o u t e r  boundary of 
t h e  b u f f e r  l a y e r .  The work done t o  d a t e  on 15%-converted f u e l  i n d i -  
cates t h a t  t h e  b u f f e r  l a y e r  i s  l a r g e l y  inco rpora t ed  i n t o  t h e  k e r n e l .  

*FIMA = F i s s i o n s  pe r  I n i t i a l  Metal Atom. 
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Nd La 

Fig. 22. Distribution of Uranium and Rare-Earth Fission Products 
(Typified by Neodymium X-Ray Display) in a 50%-Converted Weak-Acid-Resin- 
Derived Particle. Note neodymium has reached the inner surface of the 
silicon carbide coating. The neodymium display is representative of the 
other products cesium, praseodymium, and lanthanum. 
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Fig. 23. Accumulation of Rare-Earth F i s s i o n  Products  a t  t h e  S i l i c o n  Carbide Inner  
P y r o l y t i c  Carbon I n t e r f a c e  on t h e  co ld  s i d e  of Triso-Coated WAR Kernels.  
of fission products  i n  t h e  coa t ing  of t h e  15%-converted ke rne l .  

Note t h e  absence 
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’ .  

By t h e  c u r r e n t  d e f i n i t i o n  of f a i l u r e  developed f o r  dense f i s s i l e  
k e r n e l s  t h i s  f u e l  would b e  unacceptable;  however, t h i s  d e f i n i t i o n  
of f a i l u r e  is  n o t  a p p r o p r i a t e  f o r  WAR f u e l s .  For f i s s i l e  p a r t i c l e s  
c o n t a i n i n g  dense  oxide  k e r n e l s  t h a t  are m i g r a t i n g  up t h e  temperature  
g r a d i e n t ,  migra t ion  through t h e  b u f f e r  l a y e r  means t h a t  t h e  i n t e g r i t y  
of t h e  p r e s s u r e  vessel has  been compromised. Thus, f a i l u r e  i s  def ined  
as migra t ion  through t h e  b u f f e r  l a y e r .  However, f o r  f i s s i l e  p a r t i c l e s  
c o n t a i n i n g  WAR UOz-UC2 k e r n e l s  w i t h  more t h a n  15% c a r b i d e  phase,  
temperature-gradient-dependent m i g r a t i o n  of t h e  k e r n e l  h a s  n o t  been 
observed. The i n c o r p o r a t i o n  of t h e  b u f f e r  l a y e r  i n t o  t h e  k e r n e l  does 
n o t  appear  t o  i n f l u e n c e  t h e  i n t e g r i t y  of t h e  o u t e r  c o a t i n g  l a y e r s .  
I r r a d i a t i o n  t e s t i n g  i s  i n  p r o g r e s s  t o  determine i f  t h e  15%-converted 
WAR f u e l  meets t h e  performance c r i t e r i a  f o r  f i s s i l e  p a r t i c l e s  ( l e s s  
t h a  0.7% f a i l u r e  dur ing  i r r a d i a t i o n  t o  f u l l  l a r g e  HTGR exposure) .  
Q u a n t i t a t i v e  e l e c t r o n  microprobe r e s u l t s  have shown t h a t  t h e  15%- 
converted k e r n e l s  r e t a i n  a l l  b u t  about 12% of t h e  r a r e - e a r t h  f i s s i o n  
products  t h a t  form d u r i n g  i r r a d i a t i o n .  Q u a n t i t a t i v e  work is  i n  p r o g r e s s  
f o r  k e r n e l s  of 50 and 75% conversion;  from t h e  o p t i c a l  comparisons 
t h a t  have a l r e a d y  been made, w e  b e l i e v e  t h a t  t h e s e  f u e l s  w i l l  release 
more f i s s i o n  products  than  t h e  15%-converted f u e l .  

THERMODYNAMIC ANALYSIS 

The previous  s e c t i o n  emphasized t h e  importance of f i s s i o n  product  
a t t a c k  of t h e  i n n e r  low-temperature i s o t r o p i c  and s i l i c o n  c a r b i d e  l a y e r s ,  
and t h e  q u a l i t a t i v e  r e l a t i o n s h i p  between t h e  amount of U 0 2  phase p r e s e n t  
i n  t h e  WAR k e r n e l  and t h e  e x t e n t  of a t t a c k  observed. For process ing  
it i s  d e s i r a b l e  t o  maximize t h e  amount of UO2 p r e s e n t .  Also,  t h e  
manufacturer  would l i k e  t o  have as much l a t i t u d e  as p o s s i b l e  on t h e  
composi t ional  requirements .  I r r a d i a t i o n  t e s t i n g  h a s  suggested t h a t  
WAR f u e l  between 15 and 75% converted from oxide  t o  c a r b i d e  w i l l  
perform s u c c e s s f u l l y ,  a l though t h e r e  i s  some concern over  t h e  e x t e n t  
of f i s s i o n  product a t t a c k  observed f o r  t h e  75%-converted f u e l .  Thermo- 
dynamic a n a l y s i s  of t h e  chemical system p r e s e n t  i n  WAR f i s s i l e  k e r n e l s  
s u g g e s t s  a lower l i m i t  of 15% conversion and a n  upper l i m i t  of  about  
70%. 

The thermodynamic e x p l a n a t i o n  of  t h e  observed i r r a d i a t i o n  phenomena 
is based on t h e  chemical p o t e n t i a l  of oxygen (PO,) f o r  t h e  f u e l  and 
f i ss ion-product  e q u i l i b r i a .  Here is  d e f i n e d  as RT I n  P o 2 ,  i n  which 
R = 8.314 J mole-’ K- l  (1.987 ca l  mole-’ K-’) ,  T is  temperature  i n  K, 
and Po2 is  i n  atmospheres,  w i t h  Po2 i n  t h e  s tandard  s t a t e  a t  1 a t m  
(1 a t m  = 0.1013 m a ) .  

The uo2 v a l u e s  have been c a l c u l a t e d  as a f u n c t i o n  of temperature  
f o r  t h e  probable  oxide-carbide e q u i l i b r i a  f o r  uranium and each f i s s i o n  
product .  Typical  e q u i l i b r i a  are UO;! + 1.86C + U C 1 . 8 6  + 02, 2Sr0 + 4 C  + 

2SrC2 + 0 2 ,  and 1.33La01.5 + 2.66C -f 1.33LaCz + 02. A c t i v i t y  e f f e c t s  
r e s u l t i n g  from s o l u t i o n  of f i ss ion-product  ox ides  ( p r i m a r i l y  i n  UOz) 
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w e r e  n o t  cons idered  because q u a n t i t a t i v e  a c t i v i t y  d a t a  are  n o t  a v a i l a b l e .  
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  a re  given i n  F ig .  25; t h e  SiO2-C-Sic-02 
e q u i l i b r i u m  i s  a l s o  shown because of  t h e  s i l i c o n  c a r b i d e  presence  i n  
Tr'iso c o a t i n g s .  The poz v a l u e s  of t h e  v a r i o u s  e q u i l i b r i a  below 800 K 
e s t a b l i s h e s  t h e  fo l lowing  ranking  i n  t e r m s  of i n c r e a s i n g  s t a b i l i t y  of 
t h e  o x i d e  v e r s u s  t h e  c a r b i d e :  B a ,  Z r ,  Eu, S r ,  U ,  Sm, L a ,  P r ,  Nd, C e ,  
and Y.  I n  o t h e r  words, as uo2 i s  made more n e g a t i v e ,  t h e  f i r s t  t o  form 
w i l l  b e  B a C z  i n s t e a d  of  BaO, followed by Z r C  i n s t e a d  of Z r O ,  and so  on. 

ORNL 0% 75-896912 
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Fig. 25. Oxygen P o t e n t i a l  vs Temperature f o r  Various Oxide-Carbide 
E q u i l i b r i a  i n  t h e  WAR UOZ-UCZ System. Also shown are exper imenta l  UO2 
v a l u e s  f o r  i r r a d i a t e d  HTGR oxide  f u e l s .  

This  r e p a r t  i s  concerned p r i m a r i l y  w i t h  t h e  e f f e c t  of t h e  UCz-UOZ- 
C-02  e q u i l i b r i u m  on t h e  thermodynamics of t h e  WAR HTGR f u e l .  A s  long  
as b o t h  UCz and UOz are p r e s e n t ,  t h e n  Fig.  25  demonstrates  t h a t  B a ,  Z r ,  
Eu, S r ,  and S i  w i l l  b e  p r e s e n t  as  c a r b i d e s ,  whi le  Y, L a ,  and a l l  t h e  rare- 
e a r t h  f i s s i o n  products  except  f o r  europium w i l l  be  p r e s e n t  as o x i d e s ;  
europium is  p r e s e n t  as EuCz. Another important  e f f e c t  of  t h e  UC2-UOz-  
C-02 e q u i l i b r i u m  i s  t h e  r e a c t i o n  of t h e  UC2 wi th  oxygen t h a t  is r e l e a s e d  
by t h e  f i s s i o n i n g  of 235U02 and t h a t  i s  n o t  combined w i t h  oxide-forming 
f i s s i o n  products .  
a c t i o n  of t h e  lanthanum, y t t r i u m ,  o r  r a r e - e a r t h  sesquioxides  [(RE)01.51 

2 1 , 2 2  w i t h  UO2 t h a t  would i n c r e a s e  t h e  oxygen/uranium r a t i o  above two. 
Then t h e  u s u a l  mass-balance c a l c u l a t i o n s  23,24,25 demonstrate  t h a t  each 

5U02 f i s s i o n  l e a d s  t o  f i s s ion-product  ox ides  t h a t  combine w i t h  o n l y  
about  1 .62 oxygen atoms even i f  one temporar i ly  assumes t h a t  B a ,  Z r ,  
Eu, and S r  w e r e  t o  form oxides ;  t h i s  leaves 0.38 oxygen atom per  f i s s i o n  
t ' h a t  would combine w i t h  u n f i s s i o n e d  UCz t o  form UOz.  It should a l s o  b e  
noted t h a t  cesium and rubidium w i l l  n o t  b e  p r e s e n t  as o x i d e s ;  t h e  pO2 
v a l u e s  of t h e  UOz-UCz system are much lower than  t h o s e  necessary  f o r  t h e  

A t  t h e  uoz of t h e  UO2-UC2 system t h e r e  is  no i n t e r -  

s t a b i l i t y  of t h e  u r a n a t e s  and molybdates of cesium and rubidium. 2 6  
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Now c o n s i d e r  a f u e l  p a r t i c l e  a t  75% FIMA i n  view of t h e  above 
2 7  in format ion  and t h e  f i ss ion-product  y i e l d s  f o r  35U i n  a thermal  f l u x .  

For example, f o r  t h e  r e a c t i o n  (no t  a n  equi l ibr ium)  2C f 2Ba0 + UC2 -+ 

U 0 2  + 2BaC2, t h e  i n i t i a l  amount of UC2 r e q u i r e d  t o  main ta in  a l l  barium 
as BaC2  i n s t e a d  of BaO a t  75% FIMA i s  (7.0% B a / f i s s i o n ) ( 0 . 7 5  f i s s i o n )  
(lJC2/2BaO) = 2.6% UCz.  Such c a l c u l a t i o n s  l e a d  t o  t h e  UC2 requi rements  
shown i n  Table 4 .  Thus, f o r  a n  i n i t i a l  UC2 c o n t e n t  of 39.9 < U C 2  < 16.9 
i n  t h e  UO2-UC2 k e r n e l ,  a t  75% FIMA no UC2 would b e  p r e s e n t ,  barium would 
be  p r e s e n t  as  B a C 2  and zirconium would b e  p r e s e n t  as Z r O 2  and Z r C .  A l l  
o t h e r  f i s s i o n  products  l i s t e d  i n  Table 4 would be  p r e s e n t  as oxides  
a long  w i t h  t h e  r e s i d u a l  25% U 0 2  t h a t  d i d  n o t  f i s s i o n .  

Table  4 .  Calcula ted  I n i t i a l  UC2 Amounts f o r  I n d i c a t e d  
R e s u l t s  a t  75% FIMA 

I n i t i a l  UC2 Required, % 
Purpose of UC2 Addi t ion  

For Each Cumulative 

U 0 2  i n s t e a d  of h igh  Pco 14.3 14 .3  

BaC2  i n s t e a d  of  BaO 2.6 16.9 

Z r C  i n s t e a d  of Z r O z  23 39.9 

EuC2 i n s t e a d  of Eu01.5 0.4 40.3 

SrC2 i n s t e a d  of SrO 3.3 43.6 

UC2 i n s t e a d  of U 0 2  25 68.6 

SmC2 i n s t e a d  of SmO1.5 1.7 70.3 

(La,Nd,Pr)Cz i n s t e a d  of (La,Nd,Pr)Ol. 5 18 88.3 

C e C 2  i n s t e a d  of C e O l . 5  9.2 97.5 

YC2 i n s t e a d  of Y01.5 2.3 99.8 (-100%) 

It is  impor tan t  t o  n o t e  t h a t  t h e  phases  p r e s e n t  depend on t h e  
e x t e n t  of burnup as w e l l  as on t h e  i n i t i a l  UC2 c o n t e n t  (Fig.  26). The 
r e s u l t s  a t  a n  i n i t i a l  20% UC2 c o n t e n t  exemplify t h i s  r e l a t i o n s h i p .  
Both UC2 and U02 are i n i t i a l l y  p r e s e n t ,  and t h e s e  phases  e s t a b l i s h  t h e  

uo2 v a l u e s  (Fig.  25) are oxides ,  whi le  those  a t  more p o s i t i v e  v a l u e s  
are c a r b i d e s .  During f i s s i o n  t o  34% FIMA, t h e  UC2 c o n t e n t  i s  decreas ing  
because i t  is  r e a c t i n g  w i t h  oxygen t h a t  i s  r e l e a s e d  by t h e  f i s s i o n i n g  
of  t h e  UO2; t h i s  r e l e a s e d  oxygen would o therwise  form Z r 0 2 ,  SrO, B a O ,  
and Eu01.5, as  w e l l  a s  0.38 CO p e r  f i s s i o n .  
34% FIMA, UC2 h a s  disappeared and t h e  n e x t  oxide-carbide e q u i l i b r i u m ,  
SrO-SrC2-C-02 ,  e s t a b l i s h e s  t h e  uo2 f o r  t h e  system up t o  about  38% FIMA. 

up t o  about  34% FIMA. Fiss ion-product  systems a t  t h e  more n e g a t i v e  Po2 

Once burnup exceeds about  
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Fig .  26. Phases  P r e s e n t  i n  a F u l l y  Enriched UOz-UC2 Kernel  as a 
Funct ion of 2 3 5 U  Burnup and I n i t i a l  UC2 Content.  
i s  n o t  shown because i t  h a s  a s m a l l  (<1%) y i e l d .  However, i t s  chemical 
behavior  i s  d i f f e r e n t  from t h e  o t h e r  l a n t h a n i d e s  and i t  c o n v e r t s  from 
t h e  c a r b i d e  t o  t h e  oxide  a t  about  t h e  s a m e  burnup as does t h e  s t ront ium.  

The EuOl. 5-EuC2 system 
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The SrC2 is  completely converted t o  SrO a t  about  38% FIMA. A f t e r  t h e  
trace of EuC2 i s  converted t o  EuOl.5 t h e  Zr02-ZrC-C-02  equ i l ib r ium i s  
then  e s t a b l i s h e d  and maintained t o  75% FIMA. 

Cons idera t ion  of t h e  d a t a  i n  Table 4 and Fig .  25 l e a d s  t o  a thermo- 

A s  long  as t h e  i n i t i a l  UC;! percentage  i s  less than 
dynamic r a t i o n a l i z a t i o n  of t h e  observed r a r e - e a r t h  behavior  i n  t h e  WAR 
UO2-UC2 f u e l  system. 
68.6%, a l l  r a r e - e a r t h  e lements  (RE) except  europium w i l l  be p re sen t  as 
sesquioxides .  These ox ides  remain i n  t h e  k e r n e l  as i l l u s t r a t e d  above. 
When t h e  i n i t i a l  UC2 percentage  exceeds 68.6%, then  t h e  r a r e - e a r t h  
e lements  form d i c a r b i d e s  and t h e  h ighes t  p o s s i b l e  p r e s s u r e s  of rare- 
e a r t h  n e u t r a l  gases  ( P R E ) ;  t h e  presence of t h e s e  d i c a r b i d e s  and PRE 
are appa ren t ly  a s s o c i a t e d  wi th  t h e  s i l i c o n  c a r b i d e  i n t e r a c t i o n s  desc r ibed  
earlier. The dec reas ing  amount of r a r e - e a r t h  e lements  (RE) a t  t h e  
s i l i c o n  c a r b i d e  i n t e r f a c e  wi th  t h e  i n i t i a l  UO2 amount of more than  
68.6% may r e s u l t  from t h e  equ i l ib r ium 

(RE)01.5 + (REIg + 0.75 0 2  . 

A s  t h e  UO2 con ten t  is  inc reased ,  t h e  uo2 and thus  t h e  P o  
wi th  a dec rease  i n  P m .  

i s  inc reased ,  
2 

I n i t i a l  UCz c o n t e n t s  from 1 4 . 3  t o  68.6% are appa ren t ly  a c c e p t a b l e  
s i n c e  no s i l i c o n  carbide-degrading r e a c t i o n s  have y e t  been observed i n  
t h e  i r r a d i a t i o n s .  

Other p o t e n t i a l l y  damaging e f f e c t s  occur  f o r  i n i t i a l  UC2 percentages  
below 1 4 . 3 % .  
atom pe r  f i s s i o n  mentioned ear l ier  - reacts w i t h  a minor amount of 
t h e  carbon i n  t h e  pa r t i c l e  t o  form carbon monoxide. [The carbon 
monoxide amounts are equ iva len t  t o  t h e  maximum of 0 .31  (Kr + Xe) pe r  
2 3 5 U  f i s s i o n . ]  
react wi th  s i l i c o n  c a r b i d e  t o  form S i 0 2 ,  ma in ta in  t h e  carbon monqxide 
p r e s s u r e  a t  t h a t  f o r  t h e  Sic-SiO2-C-CO equ i l ib r ium (Fig.  25) and l e a d  
t o  f a i l u r e  of t h e  s i l i c o n  c a r b i d e  l a y e r .  Thus, from thermodynamic 
c o n s i d e r a t i o n s ,  t h e  14.3% i n i t i a l  UC2 a d d i t i o n  appears  t o  be  t h e  minimum 
d e s i r a b l e  amount. 

The f i s s i o n - r e l e a s e d  oxygen - as much as t h e  0.38 oxygen 

I f  t h e  i n n e r  L T I  l a y e r  f a i l s ,  t h e  carbon monoxide w i l l  

DISCUSSION AND SUMMARY 

Two impor tan t  f u e l  f a i l u r e  mechanisms have been i d e n t i f i e d  and 
appear  t o  be  d i r e c t l y  r e l a t e d  t o  f u e l  k e r n e l  chemical composition. 
These mechanisms are thermal  mig ra t ion  (amoeba) of t h e  f u e l  k e r n e l s  
up t h e  temperature  g r a d i e n t  and through t h e  c o a t i n g s  and chemical 
i n t e r a c t i o n  of f i s s i o n  products  w i th  t h e  s i l i c o n  c a r b i d e  l a y e r  of 
T r i s o  p a r t i c l e s .  Amoeba, which i s  a seve re  problem wi th  dense oxide  
k e r n e l s ,  has  n o t  been a performance l i m i t i n g  problem wi th  c a r b i d e  f u e l s  
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i n  t h e  tempera ture  and tempera ture  g r a d i e n t  r e g i o n s  of i n t e r e s t  f o r  t h e  
HTGR. Amoeba h a s  n o t  been observed i n  t h e  WAR f u e l s  c o n t a i n i n g  more 
than  15% UC2 i n  U O 2 .  Also,  chemical i n t e r a c t i o n ,  a seve re  problem f o r  
dense c a r b i d e  f u e l s ,  has  been c o n t r o l l e d  i n  WAR f u e l s  by c o n t r o l l i n g  
t h e i r  composi t ion.  

Thermodynamic c o n s i d e r a t i o n s  sugges t  t h a t  k e r n e l  composi t ions 
ra.nging from 15 t o  70% convers ion  from oxide  t o  c a r b i d e  should perform 
we.11. I n  k e r n e l s  w i th  less than  15% c a r b i d e  t h e  f i s s i o n  r e l e a s e d  oxygen 
w i l l  react w i t h  carbon t o  form carbon monoxide, which w i l l  r a i se  t h e  
i n t e r n a l  gas  p r e s s u r e  and perhaps c o n t r i b u t e  t o  thermal  mig ra t ion .  
Shlould t h e  carbon monoxide reach  t h e  s i l i c o n  c a r b i d e  l a y e r ,  because of 
t h e  f a i l u r e  of t h e  i n n e r  L T I  o r  because of a permeable i n n e r  L T I ,  t h e  
ca.rbon monoxide w i l l  react wi th  t h e  s i l i c o n  c a r b i d e  t o  form SiOn, and 
u l t i m a t e l y  cause  t h e  s i l i c o n  c a r b i d e  l a y e r  t o  f a i l .  I n  k e r n e l s  w i t h  
more than  70% c a r b i d e ,  i n s u f f i c i e n t  oxygen is  p r e s e n t  t o  o x i d i z e  and 
thus  s t a b i l i z e  t h e  chemica l ly  a c t i v e  rare e a r t h  f i s s i o n  p roduc t s ,  
which w i l l  d i s t i l l  ou t  of t h e  k e r n e l  as  c a r b i d e s  and a t t a c k  t h e  s i l i c o n  
c a r b i d e  and i n n e r  L T I  l a y e r s .  I r r a d i a t i o n  t e s t i n g  t o  d a t e  suppor t s  t h e  
conc lus ions  of t h e  thermodynamic s t u d i e s .  Compositions of 0 ,  15,  50, 
75 ,  and 100% c a r b i d e  ( t h e  remainder oxide)  have been t e s t e d .  The WAR 
U02 f u e l  e x h i b i t e d  excess ive  thermal  migra t ion .  The WAR UC2 f u e l  
e x h i b i t e d  e x c e s s i v e  f i s s i o n  product  a t t a c k  of t h e  s i l i c o n  c a r b i d e  l a y e r ,  
ca.using a h igh  f a i l u r e  f r a c t i o n  i n  t h e s e  p a r t i c l e s .  The 15, 50, and 
75% c a r b i d e  k e r n e l s  performed w e l l  w i th  i n c r e a s i n g  f i s s i o n  product  
a t . t ack  of t h e  s i l i c o n  c a r b i d e  ev iden t  w i th  i n c r e a s i n g  c a r b i d e  c o n t e n t .  

The k e r n e l  p rocess  development work done so f a r  i n d i c a t e s  t h a t  
t h e  f l e x i b i l i t y  expected of WAR f u e l ,  w i th  r e p s e c t  t o  k e r n e l  d e n s i t y  
and composi t ion,  is indeed p o s s i b l e  i n  l abora to ry - sca l e  equipment. The 
technology appears  t o  be  capab le  of e x t r a p o l a t i o n  t o  product ion-sca le  
equipment wi th  no d i f f i c u l t y .  Add i t iona l  work on p rocess  development 
w i l l  con t inue  t o  de te rmine  p rocess  l a t i t u d e s .  

The importance of t h i s  work i s  t h a t  a f i s s i l e  f u e l  has  been 
developed s u i t a b l e  f o r  any HTGR a p p l i c a t i o n  c u r r e n t l y  under cons idera-  
t i o n ,  up t o  i r r a d i a t i o n  tempera tures  of 14OOOC. Probably,  a d d i t i o n a l  
i r r a d i a t i o n  t e s t i n g  of optimum composi t ions w i l l  push t h i s  tempera-  
t u r e  l i m i t  s t i l l  h ighe r .  F u r t h e r ,  t h e  p rocesses  r equ i r ed  t o  produce 
t h e s e  p a r t i c l e s  are r e a d i l y  a d a p t a b l e  t o  remote o p e r a t i o n ,  which is  
e s s e n t i a l  f o r  a r e c y c l e  f u e l .  D i r e c t  comparisons of t h e  WAR f u e l  w i t h  
t h e  c u r r e n t  r e f e r e n c e  f r e s h  f u e l  (dense UC2) sugges t  s u p e r i o r  performance 
by t h e  WAR f u e l ,  which f u r t h e r  s u g g e s t s  t h a t  t h e  WAR f u e l  could e v e n t u a l l y  
become t h e  r e f e r e n c e  f r e s h  f i s s i l e  f u e l  as w e l l  a s  t h e  r e f e r e n c e  r e c y c l e  
f u e l  . 

Futu re  work should be  d i r e c t e d  a t  op t imiz ing  t h e  WAR p a r t i c l e  
des ign  and developing a product  s p e c i f i c a t i o n  f o r  manufacture.  The 
f u e l  rod and f u e l  element des igns  need improvement t o  t a k e  advantage of 
t h e  performance c a p a b i l i t i e s  of t h e  coa ted  p a r t i c l e s .  Design mod i f i ca t ions  
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t h a t  minimize t h e  tempera ture  d i f f e r e n c e  between k e r n e l s  and c o o l a n t  
w i l l  p e r m i t  h ighe r  c o o l a n t  tempera tures  and h ighe r  thermal e f f i c i e n c y  
t o  permi t  t h e  HTGR t o  s a t i s f y  t h e  needs f o r  steam-cycle power product ion  
and process  h e a t  a p p l i c a t i o n s .  
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