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CHEMICAL AND PHYSICAL CONSIDERATIONS OF THE USE 
OF NUCLEAR FUEL SPIKANTS FOR DETERRENCE 

J. E. S e l l e  

ABSTRACT 

One proposed method of i n h i b i t i n g  t h e  d i v e r s i o n  of 
n u c l e a r  f u e l  f o r  c l a n d e s t i n e  purposes  i s  t o  add t o  t h e  f u e l  a 
h i g h l y  gamma-active material of such i n t e n s i t y  t h a t  remote 
hand l ing  equipment i s  necessa ry  i n  a l l  s t a g e s  of handl ing  and 
r ep rocess ing .  Th i s  i s  c a l l e d  s p i k i n g  f o r  de t e r r ence .  The 
p r e s e n t  work sought t o  i d e n t i f y  cand ida te  s p i k a n t s  and iden- 
t i f y  p o t e n t i a l  materials problems t h a t  might occur as t h e  
r e s u l t  o f  i n c o r p o r a t i o n  of t h e s e  s p i k a n t s  w i th  t h e  f u e l .  

a n a l y s i s  t o  determine t h e i r  chemical and phys ica l  states.  
Phase r e l a t i o n s h i p s  between s p i k a n t s  (and t h e i r  decay p roduc t s )  
and  t h e  f u e l  c o n s t i t u e n t s  were su rve  ed.  According t o  cri- 
t e r i a  de f ined  i n  t h i s  r e p o r t ,  6oCo, yo6Ru, and 144Ce appear  t o  
have  t h e  g r e a t e s t  p o t e n t i a l  as s p i k a n t s .  Cerium should be 
p r e s e n t  as t h e  ox ide ,  s o l u b l e  i n  t h e  f u e l ,  whi le  c o b a l t  and 
ruthenium should be p r e s e n t  i n  t h e  metal l ic  s ta te  wi th  ve ry  
low s o l u b i l i t y  i n  t h e  f u e l .  

Experimental  work on t h e  d i s t r i b u t i o n  of f i s s i o n  products  
and  t h e i r  i n t e r a c t i o n s  w i t h  c l add ing  w a s  a l s o  surveyed t o  pro- 
v i d e  in fo rma t ion  on t h e  d i s t r i b u t i o n  of s p i k a n t s  i n  t h e  f u e l  
and d e s c r i b e  t h e  probable  e f f e c t s  of s p i k a n t s  on t h e  f u e l .  
Coba l t ,  ruthenium, and cerium should no t  p re sen t  any problems 
due t o  r e a c t i o n  wi th  s t a i n l e s s  s t e e l  c ladding .  

We i d e n t i f i e d  p o t e n t i a l  s p i k a n t s  and d id  a thermodynamic 

Sugges t ions  f o r  f u r t h e r  work are a l s o  presented .  

INTRODUCTION 

A number of schemes have been proposed t o  prevent  d i v e r s i o n  of 

n u c l e a r  f u e l  f o r  c l a n d e s t i n e  purposes .  One of t h e s e  schemes invo lves  

t h e  use of a s p i k a n t  i n  t h e  f u e l  t o  provide  a gamma f l u x  of s u f f i c i e n t  

i n t e n s i t y  t o  induce dea th  a f t e r  a ve ry  s h o r t  exposure t i m e .  Th i s  con- 

cep t  has  been g iven  a g r e a t  d e a l  of a t t e n t i o n  r e c e n t l y ,  and many methods 

have  been proposed t o  i n c o r p o r a t e  these  s p i k a n t s  i n t o  e i t h e r  t h e  f u e l  o r  

t h e  sh ipping  cask . lP2  The advantages  and d isadvantages  of t h e  va r ious  
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methods have been t h e  s u b j e c t  of d e t a i l e d  a n a l y s e s  and have been 

d i s c u s s e d  by Taylor  e t  a1.2 

Some d i sadvan tages  t o  t h i s  method were p resen ted ,  1, and t h e s e  are 

summarized a s  fo l lows :  

1. Sp ikan t s  are chemica l ly  s e p a r a b l e .  

2. Cost t o  i n d u s t r y  i s  g r e a t l y  inc reased .  

3.  R a d i a t i o n  haza rds  t o  workers  are inc reased .  

4 .  P u b l i c  haza rds  from sabo tage  are inc reased .  

5. I t  causes  c o n s i d e r a b l e  i n t e r f e r e n c e  wi th  n o n d e s t r u c t i v e  assay .  

6. Bomb p roduc t ion  i s  n o t  prevented .  

7. The s p i k a n t  p rov ides  d i v e r t o r s  w i t h  material  f o r  r a d i a t i o n  

d i s p e r s a l  weapons. 

8. The p u b l i c  could  react un favorab ly  t o  making dangerous material  

even  more dangerous.  

9. Changed p h y s i c a l  and chemical  p r o p e r t i e s  w i l l  l i k e l y  r e q u i r e  new 

f u e l  r e s e a r c h  and development. 

W e  s h a l l  n o t  d e l v e  i n t o  t h e  r e l a t i v e  m e r i t s  o r  demer i t s  of t h e s e  

d i sadvan tages .  Ra the r ,  our  purpose i s  t o  examine the  v a r i o u s  r a d i o a c t i v e  

n u c l i d e s  w i t h  r ega rd  t o  t h e i r  s u i t a b i l i t y  f o r  use as s p i k a n t s  and a t t empt  

t o  e v a l u a t e  t h e i r  e f f e c t  on f u e l  f a b r i c a t i o n  p rocesses  and f u e l  perform-, 

ance.  That  i s ,  we examine t h e i r  p robable  chemical  s t a t e ,  p h y s i c a l  s ta te ,  

and  subsequent  s t a t e  i n  t h e  f u e l  and t h e  p o s s i b l e  consequences.  Even 

though we are c o n s i d e r i n g  p r i m a r i l y  t h e  s p i k a n t s ,  t h e  decay p roduc t s  of 

t h e s e  s p i k a n t s  must a l s o  be cons ide red ,  s i n c e  t h e s e  w i l l  b u i l d  up w i t h i n  

t h e  system. 

Var ious  p o t e n t i a l  f u e l s  are cons idered .  A c o n s i d e r a b l e  amount of 

p r i o r  work has  been d i r e c t e d  a t  uranium and uranium-plutonium f u e l s ,  and 

accumulated l i t e r a t u r e  on t h e s e  f u e l s  i s  d i scussed .  Recen t ly ,  however, 

thorium-based f u e l s  have achieved  a c r e d i b l e  l e v e l  of importance,  so t h a t  

a n  a t t empt  has  been made t o  a d d r e s s  t h e  use  of  s p i k a n t s  i n  thorium-based 

f u e l s .  

The procedure has  been t o  examine t h e  l i t e r a t u r e  t o  e x t r a c t  i n fo r -  

mat ion  r e l a t i v e  t o  t h e  p o t e n t i a l  e f f e c t s  of s p i k a n t s  on t h e  thermodynamic 

p r o p e r t i e s ,  phase r e l a t i o n s h i p s ,  and r a d i a t i o n  e f f e c t s .  With t h i s  

s 

. 
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i n fo rma t ion  t h e  p r i n c i p l e s  e s t a b l i s h e d  by p r i o r  work can be extended t o  

t h e  use  of  s p i k a n t s  i n  p r e s e n t  and p o t e n t i a l  r e a c t o r  f u e l s .  

Detai ls  of  t h e  phase r e l a t i o n s h i p s  between f u e l  c o n s t i t u e n t s ,  spi-  

k a n t s ,  and decay p roduc t s ,  and fue l - sp ikan t  and fuel-decay product  systems 

a re  presented  i n  Appendix A, wh i l e  a summary of t h e  in fo rma t ion  i s  

inc luded  i n  t h e  main body of t h e  r e p o r t .  Details on f i s s i o n  product  

i n t e r a c t i o n s  are  p resen ted  i n  Appendix B. T h i s  d e t a i l  i s  provided i n  

appendices  i n  o r d e r  t o  g i v e  t h e  r eade r  a more complete background, i f  

d e s i r e d ,  and t o  p r e s e n t  t h e  l o g i c  used t o  e v a l u a t e  t h e  e f f e c t s  of poten- 

t i a l  s p i k a n t s .  

S PIKANT CANDIDATE SELECTION 

S e l e c t i o n  of c a n d i d a t e s  f o r  sp ik ing  n u c l e a r  f u e l  i s  a somewhat sub- 

j e c t i v e  process  invo lv ing  t h e  a p p l i c a t i o n  of r a t h e r  a r b i t r a r y  l i m i t s  t o  

t h e  nuc lea r  p r o p e r t i e s  of cand ida te  r ad ionuc l ides .  I n  o r d e r  t o  select  t h e  

c a n d i d a t e s ,  n u c l i d e s  were sub jec t ed  t o  t h e  fo l lowing  c r i te r ia :  

1. Half-Life:  An a b s o l u t e  minimum of two months w a s  app l i ed .  

Nucl ides  wi th  h a l f - l i v e s  between two and t h r e e  months were cons idered  o n l y  

i f  t h e y  had v e r y  high-energy gamma rays  ( E  > 1000 keV) of h igh  i n t e n s i t y .  

2. Other :  No n u c l i d e  w a s  cons idered  t h a t  d i d  no t  s a t i s f y  two o r  
Y 

more of t h e  fo l lowing  c r i t e r i a :  

a .  h a l f  l i f e  from about  8 months t o  about  50 y e a r s  

b. gamma r a y  energy,  E Z 1000 keV 

c .  gamma r a y  i n t e n s i t y ,  I 2 25% f o r  a l l  e n e r g i e s  E 2 1000 keV 

d. can be produced by (n,Y> r e a c t i o n  us ing  a n u c l i d e  wi th  a n a t u r a l  

Y’ 
Y’ Y 

abundance > lo%, w i t h  a c r o s s  s e c t i o n  g r e a t e r  t han  

o r  i s  a f i s s i o n  product  w i t h  a s i g n i f i c a n t  y i e l d  (20 .1%) .  

m2 (1 b ) ,  

3. A l t e r n a t e  P roduc t ion  Methods: Product ion  methods r e q u i r i n g  

charged p a r t i c l e s  o r  (n ,2n)  r e a c t i o n s  w e r e  e l imina ted  on t h e  b a s i s  of 

c o s t  o r  i n e f f i c i e n c y  of product ion .  

Nucl ides  s e l e c t e d  on t h e  b a s i s  of t h e s e  c r i t e r i a  are g iven  i n  

Tab le  1. Primary cand ida te s  s a t i s f y  a t  least  t h r e e  requirements  under 

c r i t e r i o n  2 above,  whi le  t h e  secondary cand ida te s  s a t i s f y  a t  least  two 
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Table 1. Spikant Candidates 

H a l f -  
L i f e  

8 3 . 9  d 

5.26 y 

245 d 

367 d 

253 d 

60 d 

284 d 

6 0  v 

65  d 

154 d 

2 .7  y 

2 . 0 5  y 

30 y 

14 Y 

7 . 8  y 

1 1 5 . 1  d 

374 

30 

108 

343 

37 

8800  

4 2 2 0  

8400 

5900 

4 4 5  

220 

57 

1250 

4 9 7  

226 

800  

Concen t  r a t  i o n  
f o r  2 7 , 0 0 0  R l t i  P r n d u c t i q n  
a r t r r  2 i i ' a r s  Ile tt1od A 

( PPrr ) 

/ Sh ( 4 2 .  8 % )  (7i, ., ) 
,J = 3 . 3  b 

F i q s i o n  P r o d u c t  

I 3  ' O s ( 4 1 Z )  ( E ,  i) 
I= l h  

- =  200 b 
!3 ' o s ( 3 l h ) ( n , y )  

2 c o n d a r v  C a n d i d a t e s  

F i s s i o n  P r o d u c t  

'Te(0.089X) 
( r , , y ) c  = 2 h 

I "+ ~n ( 5 . 9 4 %  ) ( E ,  'r ) 
o = 0 . 1  h 

! 33Cs(100%) ( n , y )  
<i = 30 h 

F i s s i o n  P r o d u c t  

' ' Eu ( 4 7 . 8 % )  O., v )  
o = , 5 3 0 0  b 

' 5 jEU(5L .Z%)(?? ,Y)  
n = 480  b 

1 8 ' T a ( 1 0 0 % )  (n,y) 
o = 2 1  b 

P r o b a b l e  Form 
i n  Ox ide  F u e l s  

Remarks 

s c 2 0 3  
T i 0  

C o  meta l  
X i  m e t a l  

Zn v a p o r  
Cu m e t a l  

Ru m e t a l  
Pd metal  

Ag m e t a l  
Cd v a p o r  

Sh v a p o r  
Te v a p o r  

Ce02  
Nd,O, 

O s  m e t a l  
P t  m e t a l  

zro, 
Mo m e t a l  

Te v a p o r  
Sb v a p o r  

Sh v a p o r  
Te v a p o r  

C s  v a p o r  
B a  v a p o r  

C s  v a p o r  
B a  v a p o r  

Eu.0. 
Sm203 

E ~ 2 0 3  
Gdz03 

T a 2 0 5  
W m e t a l  

~ 

'The p e r c e n t a g e s  in p a r e n t h e s e s  a re  t h e  n a t u r a l  a b u n d a n c e s .  1 b = 10-28 m2. 

Low I ;  Low b p  ~ ( C d )  

S h o r  t h a  1 J-- 1 i f  e ; 
LOW bp  ~ ( S h ,  T e )  

Low I 

Low I 

S h o r t  h a l f - l i f e ;  
Low E 

Low I; P o u r  p r o d u c t i o n  method; 
Low h p  ~~ ( T e ,  S b )  

Low E; Low o ( n , y ) ;  
Low h p  ~~ ( S h ,  T e )  

Low I; L i q u i d ;  
Low b p  ~~ ( C s ,  Ba) 

Low E ;  L i q u i d ;  
Low h p  ~~ ( C s ,  Ba) 

High  c r o s s  s e c t i o n ;  
I5'Eu ( o  = 6000 b )  

P54Eu ((I = 1500 b)  
H i  h c r o s s  s e c t i o n ;  

S h o r t  h a l f - l i f e ;  
H igh  c r o s s  s e c t i o n ;  
l E 2 T a  ((I = 1 7 , 0 0 0  b )  

1 

4 
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requi rements  under c r i t e r i o n  2. Nucl ides  were inc luded  on these  l i s t s  

on  t h e  b a s i s  of  n e u t r o n i c  c h a r a c t e r i s t i c s  o n l y  wi thout  c o n s i d e r a t i o n  of 

a n y  o t h e r  phys i ca l  p r o p e r t i e s  such  a s  me l t ing  p o i n t ,  b o i l i n g  p o i n t ,  o r  

thermodynamic p r o p e r t i e s .  

Inc luded  i n  t h i s  t a b l e  i s  t h e  c o n c e n t r a t i o n  of t h e  n u c l i d e  r equ i r ed  

t o  produce 27,000 R/h two yea r s  a f t e r  i n c o r p o r a t i o n  i n t o  t h e  f u e l .  

dose rate of 27,000 R/h i s  t h a t  amount of r a d i a t i o n  r equ i r ed  t o  induce a 

50% p r o b a b i l i t y  of dea th  a f t e r  1 min of exposure.  Th i s  i s  t h e  so-ca l led  

LD50 c r i t e r i o n .  

t h e s e  c a l c u l a t i o n s  i s  g iven  i n  Appendix C. For lower dose rates,  the  

c o n c e n t r a t i o n  of t h e  r a d i o n u c l i d e  w i l l  dec rease  p r o p o r t i o n a l l y .  These 

v a l u e s  are  f o r  t h e  r a d i o n u c l i d e  o n l y  and do n o t  i nc lude  o t h e r  i s o t o p e s  

of  t h e  same element .  The re fo re ,  a c t u a l  e lementa l  c o n c e n t r a t i o n  w i l l  be 

h i g h e r  by a f a c t o r  of 5 t o  25. Th i s  p o i n t  w i l l  be d i scussed  i n  a l a te r  

s e c t i o n .  

The 

A d e t a i l e d  d e s c r i p t i o n  of t h e  method used t o  make 

THERMODYNAMICS 

I n  de te rmining  t h e  u s e f u l n e s s  of a p o t e n t i a l  s p i k a n t  f o r  oxide 

f u e l s  a number of f a c t o r s  must be cons idered .  Among these  are 

1. thermodynamics of ox ide  format ion ,  

2. me l t ing  and b o i l i n g  p o i n t s  of t h e  ox ides ,  

3.  mel t ing  and b o i l i n g  p o i n t s  of t h e  pure e lement ,  

4 .  phase r e l a t i o n s h i p s  between the  f u e l  m a t r i x ,  f u e l  c o n t a i n e r ,  and 

bo th  t h e  s p i k a n t  and i t s  decay product .  

Thermodynamics a l lows  one t o  determine whether a given element w i l l  

b e  oxid ized  under t h e  c o n d i t i o n s  e x i s t i n g  i n  t h e  system. Once i t  is  

determined whether t h e  element  w i l l  e x i s t  as an  oxide  o r  uncombined, t h e  

me l t ing  and b o i l i n g  p o i n t s  of t h e  s p e c i e s  involved  become important .  

Mel t ing  o r  v a p o r i z a t i o n  of t h e  s p e c i e s  can cause i t s  r e d i s t r i b u t i o n  

w i t h i n  t h e  system, the reby  in t roduc ing  compl ica t ions  such as h igh  con- 

c e n t r a t i o n  a t  c o o l e r  p o r t i o n s  of t h e  f u e l  p i n ,  chemical  i n t e r a c t i o n  wi th  

t h e  c l add ing ,  o r  a l t e r a t i o n  of  t h e  p r o p e r t i e s  of t h e  f u e l .  If a n  ele- 

ment i s  p r e s e n t  as t h e  ox ide ,  t h e  s o l u b i l i t y  of t h i s  ox ide  i n  t h e  f u e l  
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becomes impor tan t .  I f  t h e  s p i k a n t  o r  i t s  decay product  i s  i n s o l u b l e  i n  

t h e  f u e l ,  compl i ca t ions  might ar ise  from uneven d i s p e r s a l  of t h e  s p i k a n t  

i n  t h e  f u e l  o r  a l t e r a t i o n  of  t h e  p r o p e r t i e s  of t h e  f u e l  by secondary 

phase  p r e c i p i t a t i o n .  

Data3 f o r  t h e  f r e e  energy  of  format ion  f o r  t h e  ox ides  of  t h e  

v a r i o u s  p o t e n t i a l  s p i k a n t s  are summarized i n  Fig.  1. I n  t h i s  f i g u r e ,  

t h e  f r e e  energy  of fo rma t ion ,  AGf, of t h e  v a r i o u s  ox ides  ( p e r  mole of  02)  

i s  p l o t t e d  as a f u n c t i o n  of tempera ture  t o  compare t h e i r  r e l a t i v e  s t a b i -  

l i t i e s .  Superimposed on t h i s  f i g u r e  are d a t a  f o r  t h e  oxygen p o t e n t i a l  

o f  v a r i o u s  uranium-plutonium f u e l s .  The oxygen p o t e n t i a l s  f o r  a l l  

s ing le-phase  ox ides  (10-30% Pu) can be expressed4  as  f u n c t i o n s  of oxida- 

t i o n  s t a t e  and tempera ture  and f u e l s  w i t h  t h e  same o x i d a t i o n  s ta te  have 

t h e  same oxygen p o t e n t i a l .  

oxide-to-metal  (O/M) r a t i o  and t o  P u / ( U  + Pu) r a t i o s ,  as shown i n  Table 2. 

By t h e  use  of  t h i s  t a b l e  i t  i s  p o s s i b l e  t o  conve r t  from average  oxida- 

t i o n  s ta te  t o  O / M  r a t i o  f o r  f u e l s  w i t h  plutonium c o n t e n t s  between 10 and 

30% Pu. Oxides of  rhodium (Rh2O3), praeseodymium (Pr2O3), and i r i d i u m  

( I r 2 0 3 )  are inc luded  i n  Fig.  1 because t h e s e  e lements  would be p r e s e n t  

a s  t r a n s i e n t s  by v i r t u e  of t h e  s p i k a n t s  lo6Ru, 1 4 4 C e ,  and 1940s w i t h  t h e  

fo l lowing  decay schemes : 

Oxidat ion  s ta tes  can be r e l a t e d 5  t o  t h e  

tl12 = 367 d tlI2 = 30 s 

P- *Io6Pd  , + lo6Rh 
8- l o 6 R U  

= 1 7  m 
5 1 2  t 144Nd , 

t = 284 d 

B- 144ce 112 .+ 144Pr B- 

= 1 7  h 

8- 5 1 2  + I g 4 P t .  
= 6.0 y 

+ I g 4 1 ,  6- 1940s 

w h i l e  rhodium, praeseodymium, and i r i d i u m  should  be p r e s e n t  i n  s m a l l  

amounts,  t h e y  are inc luded  i n  t h i s  r e p o r t  t o  provide  a complete a n a l y s i s  

o f  a l l  p o s s i b l e  c o n s t i t u e n t s  i n  fue l - sp ikan t  systems. 

I n  t h e  presence  of ( U , F ’ U ) O ~ ~ ,  t h e  compounds TiO, Sc2O3, Ce2O3, 

Ce02, Pr2O3, Nd2O3, and Tho2 a re  s t a b l e ,  whi le  a l l  t h e  o t h e r  ox ides  are 

u n s t a b l e .  

t h i s  tempera ture  z i n c  i s  p r e s e n t  i n  t h e  e l emen ta l  (vapor ized)  form. A s  

For  (U,Pu)02.0, ZnO i s  s t a b l e  below about  1300 K,  wh i l e  above 
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b 

S 

4.30 

4.20 
4.10 

4.02 
4.006 
4.002 
4.00 
3.80 
3.60 
3.40 
3.20 
3.00 

- 
500 1000 4 500 2000 2500 

TEMPERATURE (K)  

Fig. 1. Thermodynamic Data for Fuels and Potential Spikants and 
Decay Products. Based on A. Glassner, ANL-5750 (October 1965). 
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Table  2.  Oxygen-to-Metal R a t i o s  f o r  (U,Pu)Opx a s  a Funct ion  of 
Plutonium Content  and Metal Oxida t ion  S t a t e s  

Valence 
a Oxygen-to-Metal Ra t io  f o r  

Given Metal Ra t io  Pu/(U + Pu) 

U 

4.30 

4.20 

4.10 

4.02 

4.006 

4.002 

4.000 

4.000 

4.000 

4.000 

4.000 

4.000 

4.000 

Pu 0.10 0.15 0.20 0.25 0.30 

4.000 

4.000 

4.000 

4.000 

4.000 

4.000 

4.000 

3.98 

3.80 

3.60 

3.40 

3.20 

3.00 

2.135 

2.090 

2.045 

2.009 

2.003 

2.001 

2.000 

1.999 

1.990 

1.980 

1.970 

1.960 

1.950 

2.128 

2.085 

2.043 

2.009 

2.003 

2.001 

2.000 

1.999 

1.985 

1.970 

1.955 

1.940 

1.925 

2.120 

2.080 

2.040 

2.008 

2.002 

2.001 

2.000 

1.998 

1.980 

1.960 

1.940 

1.920 

1.900 

2.113 

2.075 

2.038 

2.008 

2 .002  

2.001 

2.000 

1.998 

1.975 

1.950 

1.925 

1.900 

1.875 

2.105 

2.070 

2.035 

2.007 

2.002 

2.001 

2.000 

1.997 

1.970 

1.940 

1.910 

1.880 

1.850 
- 

a The oxygen-to-metal r a t i o  i s  c a l c u l a t e d  as h a l f  t h e  ave rage  
m e t a l  o x i d a t i o n  number. 

t h e  c a t i o n  va lence  of  t h e  f u e l  i n c r e a s e s ,  COO, N i O ,  Sb2O3, and CdO can 

become s t a b l e  below about  1100 K f o r  a va l ence  of 4.002. A s  t h e  f u e l  

v a l e n c e  i n c r e a s e s ,  t h e  tempera ture  of s t a b i l i t y  a l s o  i n c r e a s e s .  Thus,  

as  uranium and plutonium are f i s s i o n e d  and oxygen i s  r e l e a s e d  from t h e  

f u e l  t h e  O/M r a t i o  w i l l  i n c r e a s e ,  and c e r t a i n  ox ides  can become s t a b l e  

a t  lower tempera tures .  However, t h e  tempera ture  range of s t a b i l i t y  does 

n o t  ex tend  t o  h i g h  enough tempera tures  t o  be u s e f u l  f o r  s t a b i l i z i n g  

v o l a t i l e  e lements  such  as z i n c  and antimony. 

Mel t ing  and b o i l i n g  p o i n t  d a t a  f o r  t h e  e lements  under c o n s i d e r a t i o n  

and  t h e i r  ox ides  are summarized i n  Tables  3 and 4 ,  r e s p e c t i v e l y .  Also 

g i v e n  i n  Table  3 i s  t h e  probable  form of  each  s p i k a n t  and i t s  decay 
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Table  3. Mel t ing  and Bo i l ing  P o i n t s  and Probable  Form of Various 
Radionucl ides  and T h e i r  Decay Products  a 

Melt ing  P o i n t  B o i l i n g  P o i n t  b Probable  Form 
("C) ("C) 

E l  emen t 

sc 
c o  

Zn 

Ru 

Rh 

Ag 

Sb 

C e  

P r  

os 
Ir 

T i  

N i  

c u  

Pd 

Cd 

T e  

Nd 

P t  

1539 

1495 

420 

2500 

1966 

961 

630 

804 

9 19 

%2700 

2454 

1668 

1435 

1083 

1552 

32 1 

450 

1019 

1769 

Radionucl ides  

2730 

2900 

906 

4900 

4500 

2210 

1380 

3470 

3020 

%4900 

5500 

Decay Products  

3260 

2730 

2593 

3980 

795 

990 

3180 

4530 

sczo3 

Metal 

Metal 

Metal 

Me t a1 

Metal 

Metal 

C e O ,  

Pr203 

Metal 

Metal 

T i 0  

Metal 

Metal 

Metal 

Vapor 

Vapor 

Nd203 

Metal 

a Based on MetaZs Handbook, v o l .  1, American S o c i e t y  f o r  

'Assumes f u e l  composi t ion of u,Pu 0 1 . 9 9 8  o r  less oxygen. 
Metal , Metals Park ,  Ohio, 1961. 



10 

Table  4 .  Mel t ing  and B o i l i n g  P o i n t  Data f o r  Oxides a 

Oxide Melt ing P o i n t  
( " C )  

B o i l i n g  Point: 
( " C )  

sc203 (2227) 

coo 
Z n O  

1805 

19 75 

RuO 2 dec .  1127 

27 

dec.  1115 

dec .  187 

655 

Ce203 1687 

C e O ,  2727 

P r203  (1927) 

P ro2  dec.  427 

os02 dec .  650 
Ir203 

T i 0  

T i 2 0 3  

Ti305 

N i O  

(1177) 

dec .  1737 

212 7 

(2177) 

1957 

cuzo 1230 

PdO dec .  877 

dec. 

733 

2272 

(2627) 

dec .  

1425 

(3227) 

(1977) 

3027 

(3327) 

dec .  

dec .  

dec .  

P t  + 0 dec .  507 

P t  + 02 450 dec .  477 

Values  i n  p a r e n t h e s e s  a re  estimates. dec .  = 

- 
a 

decomposes. Based on A .  Glassner, ANL-5150 (October 
1965) .  
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produc t ,  based on t h e  informat ion  g iven  i n  Fig.  1. S o l i d  o r  l i q u i d  

metals are,  i n  g e n e r a l ,  u n d e s i r a b l e  because they  may cause  problems 

because of r e d i s t r i b u t i o n  and d i f f i c u l t y  i n  i n c o r p o r a t i n g  them uni formly  

i n t o  t h e  f u e l .  Thus, ox ides  provide  t h e  g r e a t e s t  p o t e n t i a l  f o r  t h i s  

a p p l i c a t i o n ,  even i n  t h e  small amounts r equ i r ed .  However, t h e  ox ides  

should  be e i t h e r  s o l i d  o r  i n  s o l i d  s o l u t i o n  t o  be of any va lue .  L iquid  

o r  vapor s p e c i e s  can  a l s o  provide  a d i s t r i b u t i o n  problem. 

PHASE RELATIONSHIPS - SUMMARY 

The chemical p r o p e r t i e s  of  a f u e l  f o r  t h e  most p a r t  depend upon i t s  

oxygen p o t e n t i a l .  The oxygen p o t e n t i a l  de te rmines  t h e  r e a c t i v i t y  of t h e  

f u e l  w i th  t h e  c ladding .  The oxygen p o t e n t i a l  i s  a f u n c t i o n  of l o c a t i o n  

w i t h i n  t h e  f u e l  p i n  because of  t h e  tempera ture  g r a d i e n t  w i t h i n  t h e  f u e l  

and  a l s o  i s  a f u n c t i o n  of  t h e  type and q u a n t i t y  of  f i s s i o n  products  

gene ra t ed  du r ing  i r r a d i a t i o n .  These compl i ca t ions  r e s u l t  i n  a dynamic 

and complex system, which i s  n o t  comple te ly  understood.  S u f f i c e  it t o  

s a y  t h a t  t h e  oxygen p o t e n t i a l  v a r i e s  accord ing  t o  l o c a t i o n  ( tempera ture)  

w i t h i n  t h e  p i n  and t i m e  o f  i r r a d i a t i o n  (amount of burnup).  

Phase r e l a t i o n s h i p s  f o r  t h e  Pu-0, U-0, and U-Pu-0 systems are g iven  

i n  Appendix A. Large d e v i a t i o n s  from s t o i c h i o m e t r y  occur  i n  t h e  s ing le -  

phase f i e l d  i n  both  t h e  Pu-0 and t h e  U-O systems. However, d e v i a t i o n s  

from s t o i c h i o m e t r i c  M02 as  t h e  s i n g l e  phase occur  i n  oppos i t e  d i rec-  

t i o n s ,  namely, PuO2-x and U 0 2 ~ .  C r y s t a l l o g r a p h i c a l l y ,  t h e  d e v i a t i o n s  

from s to i ch iomet ry  are accommodated by means of d e f e c t  s t r u c t u r e s .  A 

wide range of s o l i d  s o l u t i o n  ex is t s  between U02+x and PuO2-2. 

The Th-0 and t h e  Th-U+ systems are a l s o  shown i n  Appendix A. 

S l i g h t  subs to i ch iomet ry  i s  p o s s i b l e  i n  Tho2 a t  v e r y  h i g h  tempera tures  

(>15OO0C). Subs to ich iometry  has  n o t  been r epor t ed  i n  t h e  t e r n a r y  Th-U-O 

system. S t o i c h i o m e t r i c  Tho2 and U02 show a cont inuous s o l i d  s o l u t i o n  

s ys  t e m .  Devia t ions  from s t o i c h i o m e t r y  are toward hypers  t oichiomet  r i c  

composi t ions  M O Z + ~ .  

i n  thorium-uranium f u e l s  t han  i n  pure  Tho2 o r  Pu02-xbear ing  f u e l s .  

Thus, one would expec t  h ighe r  oxygen p o t e n t i a l s  
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Complete s o l u b i l i t y  e x i s t s  between s t o i c h i o m e t r i c  Pu02 and Th02. 

d a t a  w e r e  found on t h e  P~02-~-Th02  system. 

No 

T a b l e  5 summarizes t h e  phase r e l a t i o n s h i p s  f o r  t h e  v a r i o u s  s p i k a n t s  

and decay p roduc t s  w i t h  Pu02, Th02, and U02. More complete d a t a  are 

p r e s e n t e d  i n  Appendix A. It i s  appa ren t  t h a t  t h e  Tho2 and U02 phase  

r e l a t i o n s h i p s  w i t h  t h e  v a r i o u s  a d d i t i v e s  are analogous.  

behav io r  a p p l i c a b l e  t o  U02-based f u e l s  w i l l  p robably  be a p p l i c a b l e  t o  

Th02-based f u e l s .  

The re fo re ,  

E x t e n s i v e  s o l u b i l i t y  i s  found between t h e  f u e l  c o n s t i t u e n t s  and t h e  

rare e a r t h  ox ides  Ce02, Pro, and Nd2O3. 

f o r  c o b a l t ,  n i c k e l ,  ruthenium, o r  t h e i r  ox ides .  

No s o l u b i l i t y  d a t a  were r epor t ed  

Tab le  5. Summary of Phase R e l a t i o n s h i p s  Between P o t e n t i a l  Spikants  
w i t h  Decay Products  and Fuel Components 

Sp i kan t Relationships i n  Spec i f ic  Fuel Components 
o r  Decay 
Product PUOZ Tho 2 1JO 2 

CeO,  

Prox  

coo 

T i O z  

0 .5  mol % (1100°C) 0.4 mol % (12OOOC) Some so1ubi:Lity i n  U 0 2 . 0  
2.4 m o l  % (1550°C) 0.9 mol % (175OOC) Considerable s o l u b i l i t y  i n  

UO f l u o r i t e  compound 
sc6" 

Soluble i n  a l l  Soluble i n  a l l  Soluble i n  a l l  proportions 
proportions proportions 

Complete s o l u b i l i t y  

CoU206 formed 

Compound formed Compounds formed ; some 
s o l u b i l i t y  poss ib l e  

"35 mol % (1400°C) Extensive s o l u b i l i t y  
<40 mol % (2200°C) 

N i O  Compounds formed - no 
s o l u b i l i t y  da t a  reported 

RuO 2 
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ANALYSIS 

C h a r a c t e r i s t i c s  of SDikants i n  t h e  F u e l  

4 

Using t h e  knowledge gained from p r i o r  s t u d i e s  of t h e  d i s t r i b u t i o n  

o f  f i s s i o n  p roduc t s  i n  n u c l e a r  f u e l s ,  p re sen ted  i n  Appendix B, w e  h a k - e  a 

b a s i s  f o r  i d e n t i f y i n g  t h e  u l t i m a t e  d i s t r i b u t i o n  of s p i k a n t s  and t h e i r  

decay  p roduc t s .  From Table 1, s p i k a n t s  t h a t  would be p r e s e n t  as t h e  

o x i d e  are 46Sc and 144Ce(Pr). 

t i t a n i u m  and neodymium, r e s p e c t i v e l y ,  which would a l s o  be p r e s e n t  as 

ox ides .  Cerium and neodymium should be s o l u b l e  i n  t h e  f u e l  arid t h u s  

i n d i s t i n g u i s h a b l e  from t h e  f u e l  matrix. Scandium and t i t a n i u m  may 110t 

be  completely s o l u b l e  and may appear  as second-phase ox ides  i n  t h e  f u e l  

ma t r ix .  

The decay p roduc t s  of t h e s e  n u c l i d e s  a r e  

The p o t e n t i a l  s p i k a n t  65Zn would v o l a t i l i z e  a t  temperatures  above 

906°C and mig ra t e  t o  c o l d e r  p o r t i o n s  of t he  element.  A t  temperatures  

between 420 and 906°C z i n c  i s  i n  t h e  l i q u i d  s ta te  and has  been shown6 

t o  be v e r y  c o r r o s i v e .  T h i s  makes z i n c  u n d e s i r a b l e  as a s p i k a n t .  Decay 

p r o d u c t s  cadmium and t e l l u r i u m  vapor i ze  a t  765 and 990"C, r e spec t ive1  y ,  

and would a l s o  mig ra t e  t o  the coo;c-.r poitions oi the f u e l  p i n ,  where 

s e v e r e  c o r r o s i o n  problems would ar ise .  

124Sb are a l s o  cons ide red  t o  be u n d e s i r a b i e .  

t i l e  above 1380°C. 

Thus, t h e  s p i k a n t s  llOmAg m u  

Antimony i t s e l f  i s  ~ 0 1 4 -  

The remaining s p i k a n t s  6oCo, lo6Ru, and 1940s would a l s o  be p r e s e n t  

i n  t h e  e l emen ta l  form and would form a second phase i n  t h e  g r a i n  bum)- 

d a r i e s  o f  t h e  columnar g r a i n  r eg ion  o r  i n  t h e  c e n t r a l  void.  I n  l a t e r  

s t a g e s  o f  burnup t h e s e  elements  would form a homogeneous a l l o y  Mith 

f i s s i o n  products  such as rhodium, pal ladium, and molybdenum. The decay 

p r o d u c t s  n i c k e l ,  pal ladium, and platinum would behave s i m i l a r l y .  

T h i s  a n a l y s i s  i s  summarized i n  Table 6 ,  which l i s t s  t h e  p o t e n t i a l  

problems of t h e  v a r i o u s  decay schemes. 

can  be e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n  on t h e  b a s i s  t h a t  v o l a t i -  

l i t y ,  m i g r a t i o n ,  and subsequent condensat ion of c o r r o s i v e  elements  cdul.2 

p r e s e n t  s eve re  c o r r o s i o n  problems. O f  t he  remaining c a n d i d a t e s ,  ';he 

Thus, 65Zn, llomAg, and 1 2 % b  
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Tab le  6. Summary Ana lys i s  of Pr imary Spikant  Candida tes  

Nucl ide  Decay 
Pro duc t 

P robab le  
Form 

P o t e n t i a l  Problems 

s c  

co 

Zn 

Ru (Rh) 

Ag 

Sb 

C e  (P r )  

O s  ( I r )  

T i  

N i  

cu 

Pd 

Cd 

T e  

Nd 

P t  

Oxide Shor t  h a l f - l i f e  

Oxide 

Metal 

Metal 

Metal V o l a t i l e  

Meta l  

Metal 

Metal 

Metal 

Metal 

Metal 

Metal 

Oxide 

Oxide 

Metal Low-intensi ty  gammas 

Metal 

V o l a t i l e  

V o l a t i l e ,  s h o r t  h a l f - l i f e  

V o l a t i l e  

h a l f - l i f e  of  46Sc i s  r a t h e r  s h o r t  (83.9 d a y s ) ,  which makes i t s  v a l u e  a:; 

a s p i k a n t  somewhat ques t ionab le .  

The i n t e n s i t y  o f  t h e  gamma r a d i a t i o n  provided by 1940s i s  q u i t e  low, 

and  f o r  t h i s  r eason  8400 ppm of t h e  n u c l i d e  are r e q u i r e d  t o  provide  t h e  

s t i p u l a t e d  r a d i a t i o n  l e v e l .  Product ion  of  t h i s  n u c l i d e  can occur  by t h e  

fo l lowing  r e a c t i o n s  : 

192~s(41%)  + In + I g 3 O s  + y (0 = 1 b ) *  

193~s(31-h h a l f - l i f e )  + In + Ig4Os + y (0 = 2000 b )*  



15 

The e f f i c i e n c y  of  t h e s e  r e a c t i o n s  f o r  producing 1940s can be expected 

t o  be low s i n c e  two (n,y) r e a c t i o n s  are r e q u i r e d ,  which n o t  o n l y  raises 

t h e  c o s t  but  r e s u l t s  i n  a low n u c l i d e  concen t r a t ion .  Even i f  t h e  

1940s c o n c e n t r a t i o n  i n  t h e  gamma source  would be as h i g h  as lo%,  t h e  

t o t a l  osmium con ten t  of  t h e  f u e l  m a t r i x  would be a t  least  8%, which i s  

cons ide red  excess ive .  

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

For  t h i s  r eason ,  1940s can be e l imina ted  from 

Cons ide ra t ion  of t h e s e  f a c t o r s  narrows t h e  l i s t  of pr imary can- 

d i d a t e s  t o  6oCo, lo6Ru, and 144Ce.  

s e n t  as t h e  ox ide ,  s o l u b l e  i n  t h e  f u e l .  Cobal t  and ruthenium would be 

p r e s e n t  i n  t h e  e l emen ta l  form, as s e p a r a t e  phase metal l ic  p a r t i c l e s  

d i s p e r s e d  i n  t h e  f u e l  mat r ix .  Cerium and ruthenium have t h e  advantage 

t h a t  t h e y  are p r e s e n t  as f i s s i o n  products  i n  spen t  f u e l ,  so t h a t  i t  

would no t  be necessa ry  t o  se t  up a s e p a r a t e  f a c i l i t y  t o  produce t h e  

n u c l i d e s  by i r r a d i a t i o n .  However, r ep rocess ing  schemes would have t o  be 

a l t e r e d  t o  s e p a r a t e  t h e  cerium and ruthenium from o t h e r  f i s s i o n  pro- 

d u c t s .  

Of t h e s e ,  o n l y  cerium would be pre- 

Dose Rates Ava i l ab le  from F i s s i o n  Products  

The n u c l i d e  c o n c e n t r a t i o n s  r equ i r ed  t o  produce 27,000 R/h a f t e r  two 

yea r s ,  g iven  i n  Table  1, assume t h a t  t h e  i s o t o p e  i s  100% pure.  I n  

r e a l i t y  t h i s  i s  never  t h e  case s i n c e  o t h e r  i s o t o p e s  of t h e  same element  

a re  p r e s e n t  and decrease  t h e  i s o t o p i c  c o n c e n t r a t i o n  of t h e  sp ikan t .  

F i g u r e s  2 and 3 summarize t h e  i s o t o p i c  c o n c e n t r a t i o n s  of t h e  f i s s i o n  

p roduc t s  lo6Ru and 1 4 4 C e ,  r e s p e c t i v e l y ,  from p r e v i o u s l y  unspiked f u e l  as 

a f u n c t i o n  of  t i m e  s i n c e  removal from t h e  r e a c t o r  f o r  four  d i f f e r e n t  

r e a c t o r  systems. These c o n c e n t r a t i o n s  were ob ta ined  with t h e  ORIGEN 

code under t h e  c o n d i t i o n s  summarized i n  Table  7. One year  a f t e r  removal 

from t h e  r e a c t o r ,  none of t h e  systems i n d i c a t e  i s o t o p i c  c o n c e n t r a t i o n s  

of  e i t h e r  lo6Ru o r  144Ce g r e a t e r  t han  7%. 

t h e  r e a c t o r  t h e  i s o t o p i c  c o n c e n t r a t i o n s  are less than  3%. For a PWR, 

t h i s  means t h a t  t o  s a t i s f y  t h e  c r i t e r i o n  of 27,000 R/h two yea r s  a f t e r  

f u e l  r e f a b r i c a t i o n  ( t o t a l  of 4 y e a r s  s i n c e  removal from r e a c t o r ) ,  t h e  

Two y e a r s  a f t e r  removal from 
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Table  7 .  Condi t ions  Used f o r  ORIGEN C a l c u l a t i o n  of 
F i s s i o n  Product  Concent ra t ions  

F lux  Power Burnup 
(n/m2s> (MW/Mg) (Mq/Mg> 

Reactor  

PWR-u 3.89 x 1017 37.50 33,000 

PWR-PU 2.06 x 1017 37.50 33,000 

HTGR 8 . 0 4  x 64.57 9 4 , 2 7 1  

LMFBR 2.49 x 101~ 49.28 37,118 

cerium c o n c e n t r a t i o n  would have t o  be 15.6% and the  ruthenium con- 

c e n t r a t i o n  about  1.7%. Ne i the r  of t h e s e  v a l u e s  i s  a t t a i n a b l e  from 

f i s s i o n  products  f o r  t h e  s t i p u l a t e d  r a d i a t i o n  l e v e l .  

R a d i a t i o n  l e v e l s  a t t a i n a b l e  as a f u n c t i o n  of t i m e  a f t e r  removal 

from t h e  r e a c t o r  are summarized i n  Fig.  4. Th i s  f i g u r e  assumes t h a t  

100% of each  f i s s i o n  product  i s  processed wi th  t h e  f u e l  (100% recovery  

of  e i t h e r  lo6Ru o r  144Ce). 

Presumably one could add s p i k a n t s  produced i n  ano the r  r e a c t o r .  

Data p e r t a i n i n g  t o  commercial ly  o b t a i n a b l e  gamma sources  i s  summarized 

i n  Table 8. These v a l u e s  w i l l  obv ious ly  change wi th  t i m e  but  are pre- 

s e n t e d  as r e p r e s e n t a t i v e  of commercially a v a i l a b l e  sources .  The 

n u c l i d e s  Io6Ru and 144Ce are f i s s i o n  p roduc t s ,  and t h e i r  i s o t o p i c  

c o n c e n t r a t i o n s  should be s imi l a r  t o  those  p re sen ted  i n  Fig.  3. For 

lo6Ru, t h i s  i s  t h e  case. However, f o r  144Ce t h e  i s o t o p i c  c o n c e n t r a t i o n  

a p p e a r s  t o  be h igh .  Th i s  v a l u e  w a s  c a l c u l a t e d  by assuming t h a t  a l l  t h e  

a c t i v i t y  comes from 1 4 4 C e .  

c a r r i e d  a long  wi th  cerium, t h e i r  decay probably  c o n t r i b u t e s  t o  t h e  t o t a l  

a c t i v i t y ,  which r e s u l t s  i n  t h e  r a t h e r  h i g h  appa ren t  i s o t o p i c  con- 

c e n t r a t i o n .  

However, s i n c e  o t h e r  rare e a r t h s  are 

SUGGESTIONS FOR FURTHER WORK 

An a n a l y s i s  of t h e  phase diagrams surveyed i n  t h i s  r e p o r t  sugges t s  

a nunber of areas where f u r t h e r  work i s  r equ i r ed  t o  h e l p  c l a r i f y  the 

e f f e c t s  of  s p i k a n t s  on t h e  f u e l .  Most of t h e  systems d i scussed  have 



18  

2 

ORNL-DWG 78-12i04 
2 

I 

I 

4 year 2 years 3 years 
I I 1  4 $  

Fig. 4 .  
from the Reactor. 
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Table 8 .  Commercially Available Gamma Sources a 

Isotope 
in Source 

Activity, Ci/g 
Sources 

Avail ab 1 e Based on Based on 
Source Isotope (%> 

300 

8 5  

1132 .6  

3356 .4  

26 .49  

2 .53  

4 4 ~ e  450  3192 .8  14 .09  
a Private communication, E. Lamb and OWL- 

gAssumes all activity comes from nuclide. 
Isoto e Sales. 
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r e g i o n s  of  u n c e r t a i n t y ,  which r e q u i r e  more work t o  complete t h e  system 

o r  t o  r e s o l v e  c o n f l i c t s  between two o r  more i n v e s t i g a t o r s .  However, 

r e s o l u t i o n  of t h e s e  q u e s t i o n s  would have o n l y  secondary impact on t h e  

p r o p e r t i e s  of  t h e  f u e l  o r  on t h e  use of  s p i k a n t s .  The re fo re ,  t h e  

fo l lowing  d i s c u s s i o n  w i l l  r e f e r  o n l y  t o  seve re  d e f i c i e n c i e s  i n  t h e  d a t a .  

Informat ion  a v a i l a b l e  on t h e  Pu02-Th02 system i s  spa r se .  Data on 

t h e  l i q u i d u s  and s o l i d u s  tempera tures  are l ack ing .  These d a t a  should be 

developed f o r  bo th  h i g h  and low oxygen p r e s s u r e s .  There appea r s  t o  be a 

need f o r  s tudying  t h e  phase r e l a t i o n s h i p s  under v a r i o u s  oxygen p r e s s u r e s  

because of t h e  tendency f o r  Pu02 t o  become subs to i ch iomet r i c  a t  low 

oxygen p r e s s u r e s .  Chemical p o t e n t i a l  d a t a  as a f u n c t i o n  of 

s t o i c h i o m e t r y  are a l s o  l ack ing .  

S i n c e  i t  appea r s  d e s i r a b l e  f o r  f u e l  t o  be subs to i ch iomet r i c  i t  

would be d e s i r a b l e  t o  i n v e s t i g a t e  t h e  subs to i ch iomet r i c  r eg ion  of  t h e  

Th02-UO2 system and e s t a b l i s h  boundar ies  f o r  t h e  s ingle-phase r eg ion  

(U,Th)02-x. 

would e n l a r g e  t h e  s ing le-phase  f i e l d  (Ce,U,Th)02-,. The re fo re ,  t h i s  

should  be i n v e s t i g a t e d  f u r t h e r .  Informat ion  on t h e  C e O l .  5-Ce02-Th02 

system i s  somewhat l i m i t e d ,  but  i t  would be v e r y  d e s i r a b l e  t o  a c c u r a t e l y  

l o c a t e  t h e  p o s i t i o n  of  t h e  m i s c i b i l i t y  gap ( s e e  Fig.  A22) i n  t h i s  

s ys  t e m .  

Data on t h e  Ce-U+ and Ce-Th-0 system sugges t  t h a t  cerium 

Very l i t t l e  work has  been done on t h e  Ce-Pu-0 system, and i t  i s  

d e s i r a b l e  t h a t  l i q u i d u s  and s o l i d u s  tempera tures  be determined f o r  t h e  

C ~ O ~ - P U O ~ - P U O ~ - ~  system. I n  a d d i t i o n ,  t h e  system C e O l .  5-Ce02-Pu02 

shou ld  be determined t o  e s t a b l i s h  t h e  boundar ies  f o r  t h e  s ingle-phase 

r e g i o n  (Ce , P U ) O ~ - ~ .  

I n  keeping wi th  t h e  concept  of d e s i r a b i l i t y  of subs to i ch iomet r i c  

f u e l  i t  i s  necessa ry  t o  e s t a b l i s h  t h e  c o n d i t i o n s  of e x i s t e n c e  of t h e  

compound "Tho" and i n v e s t i g a t e  t h e  f e a s i b i l i t y  of s t a b i l i z i n g  e i t h e r  t h i s  

phase o r  subs to i ch iomet r i c  Th02. Carbon and n i t r o g e n  have been 

sugges ted  as p o s s i b l e  s t a b i l i z e r s  f o r  Tho, and i t  appears  t h a t  t r i v a l e n t  

rare  e a r t h s  may promote (RE,  T h ) 0 ~ - ~  

A 1  though f u t u r e  r e a c t o r  f u e l s  could  c o n t a i n  plutonium, thorium, and 

uranium, no in fo rma t ion  appea r s  t o  be a v a i l a b l e  on t h e  Pu-Th-U-0 system. 
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There fo re ,  i t  i s  n e c e s s a r y  t h a t  work be conducted on t h i s  system a t  h igh  

arid l o w  oxygen p r e s s u r e s  i n  o r d e r  t h a t  oxygen l i m i t s  can be p laced  on 

t h e  s t a b i l i t y  of t h e  s ingle-phase r e g i o n  (Pu,TIi,U)O2+cc. Fol lowing t h i s  , 
ttie e f f e c t s  of  cerium on t h i s  system should be e s t a b l i s h e d .  Although i t  

i s  expec ted  t h a t  t h e  s o l i i h i l i t j  o f  c o b a l t  and ruthenium i n  f u e l  cons t i -  

t u e n t s  w i l l  be l o w ,  i t  i s  impor tan t  t h a t  t h e  e x a c t  l i m i t s  be determined 

n o t  on ly  € o r  t h e s e  s p i k a n t s ,  but  f o r  t h e i r  decay p roduc t s  n i c k e l  and 

pa l lad ium as w e l l .  

I t  h a s  heen r e p o r t e d  t h a t  cerium and neodymium i n c r e a s e  t h e  oxygen 

p o t e n t i a l  of 1JOza8  I n  view of  t h i s  p o t e n t i a l  f o r  a l t e r i n g  the  ther -  

nodynamic p r o p e r t i e s  of  f u e l  by small a d d i t i o n s  of  a rare e a r t h ,  

complete  c h a r a c t e r i z a t i o n  of  t h e  f u e l  r e q u i r e s  t h a t  t h e  e f f e c t  of spi-  

k a n t s  on t h e  o x i d a t i o n  p o t e n t i a l  of t h e  f u e l  be determined.  Changes i n  

t h e  oxygen p o t e n t i a l  o f  t h e  f u e l  can have c o n s i d e r a b l e  e f f e c t  on t h e  

f Gel-cladding r e a c t i o n s  . 
Development e f f o r t s  are needed t o  de te rmine  t h e  i n f l u e n c e  of spi-  

k a n t s  on r ep rocess ing  and r e f a b r i c a t i o n  p rocesses  and equipment. For 

exaztple, t h e  i n f l u e n c e  o f  p o t e n t i a l  s p i k a n t s  on f u e l  s i n t e r a b i l i t y  i s  

impor t an t .  The p h y s i c a l  form and d i s t r i b u t i o n  of  t h e  s p i k a n t ,  and t h e  

r e s u l t i n g  i n f l u e n c e  on f u e l  p r o p e r t i e s  must be determined.  

U 1  t i m a t e l y ,  fue l - sp ikan t  combinat ions w i l l  have t o  undergo exten- 

s ive  i r r a d i a t i o n  proof t e s t i n g .  These tests should be done wi th  s e v e r a l  

p o t e n t i a l  s p i k a n t s  a t  d i f f e r e n t  c o n c e n t r a t i o n s  and over  a range of  f u e l  

O / M  r a t i o s .  

t e s t s  a r e :  fue l -c ladding  chemical  and mechanical  i n t e r a c t i o n s  and f u e l  

and s i - ikant  r e d i s t r i b u t i o n  as a r e s u l t  o f  thermal  g r a d i e n t s  and mechani- 

c a l  forces. 

Among t h e  impor tan t  de t e rmina t ions  t o  be made by t h e s e  
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PHASE RELATIONSHIPS 

F u e l  C o n s t i t u e n t s  

Pu-0 Svstem 

The phase diagram f o r  t h i s  system i s  no t  w e l l  e s t a b l i s h e d .  Two 

v e r ~ i o n s l - ~  a re  given i n  F igs .  A 1  and A2. 

system are poor ly  d e f i n e d  because of t h e  tendency f o r  changes i n  

s t o i c h i o m e t r y  a t  e l e v a t e d  temperature .  Most of t h e  c o n f l i c t s  i n  t h i s  

system have c e n t e r e d  i n  t h e  r e g i o n  around PuOl.61. 

t o  be c l o s e l y  r e l a t e d  t o  t h e  cub ic  PuOl.52 s t r u c t u r e .  

650°C t h e r e  i s  evidence t o  sugges t  t h a t  t h i s  phase i s  merely t h e  lower 

l i m i t  of  t h e  s u b s t o i c h i o m e t r i c  Pu02 ( P U O ~ ~ )  phase. 

l o g r a p h i c  and x-ray a n a l y s e s  by Blank e t  a1 ,3 ,4  have produced t h e  

diagram g iven  i n  Fig.  A2. In  t h i s  diagram, t h e  e x i s t e n c e  of PuOl.6 as 

a s e p a r a t e  phase i s  proposed. 

Melt ing p o i n t s  f o r  t h i s  

This  phase appea r s  

However, above 

Ex tens ive  m e t a l -  

The presence of a m i s c i b i l i t y  gap i n  t h e  P U O ~ - ~  r eg ion  below 650°C 

h a s  been v e r i f i e d  by s e v e r a l  workers , 2 ,  

has cen te red  around t h e  lower composition l i m i t  of t h e  gap. F igu re  A1 

r e f l e c t s  t h e  d a t a  of Gardner e t  a1,2 who used x-ray d i f f r a c t i o n  t o  

e s t a b l i s h  t h e  lower l i m i t  o f  t h i s  gap a t  about PuO1.61. 

C h i k a l l a  e t  a l .  ,5 u s i n g  thermal expansion and e l e c t r i c a l  r e s i s t i v i t y  

measurements, se t  t h e  monotectoid l i m i t  a t  Pu01.70. The presence of 

PuOl.61 h a s  n o t  been d e t e c t e d  below 300°C. 

and t h e  pr imary disagreement 

Ear l ie r  work by 

It appea r s  t h a t  t h e r e  are  a t  least  t h r e e  compounds i n  t h i s  system: 

hexagonal Pu2O-3 (Pu01.5); c u b i c  PuOl-52; and cub ic  PuO2*, where 

0 < 3: < 0.39 and t h e  temperature  i s  above 300°C. C r y s t a l  s t r u c t u r e  d a t a  

are  summarized i n  Table A l .  

phase o f  Fig.  A2 having an  O / M  r a t i o  of 1.62 t o  1.69 and a bcc s t ruc -  

t u r e .  A f i f t h  compound PuO h a s  been suggested by severa l  workers ,  but  

r e c e n t  ~ o r k s ~ , ~  sugges t  t h a t  phases i d e n t i f i e d  as PuO are probably 

Included i n  t h i s  t a b l e  are da ta4  on t h e  

Pu( C,O). 
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Table  A l .  C r y s t a l  S t r u c t u r e  Data f o r  t h e  Pu-0 System 

Phase Composition Crystal 
Structure 

Space 
Group 

Cell 
Parameter 

(nm) 

3 -Puz03 PUOI., 

PUOZ 

Hexagonal P3ml  11.47 

Body-centered I n  3 10.2 
cubic 

Face-centered Fm3m 11.46 
cubic 

6 9  Body-centered 
cubic 
c type 

Type A a = 0.3841 f 0.0006 
Rare Earth c = 0.5958 f 0.0005 
La2& type 

C Form a = 1.1047, 1.1050 
Rare Earth 

Sesquioxides 

CaF, a = 0.5396 f 0.0003 

a = 1.095 - 1.101 
f 0.002 

Th-0 System 

The only  complete de t e rmina t ion  of t h e  thorium-oxygen system i s  

The diagram i s  presented  as t h e  t h a t  g iven  by Benz,8 shown i n  Fig. A3. 

Th-Tho2 b i n a r y  system s i n c e  t h e r e  i s  no oxide  of thorium h ighe r  than 

Th02. 

Th i s  diagram i s  a t  va r i ance  wi th  ear l ier  works ,9-12 which i n d i c a t e  

t h e  e x i s t e n c e  of  two oxides  of thorium, Tho and Th02. C r y s t a l  s t r u c t u r e  

d a t a  are summarized i n  Table  A2. Thermodynamic d a t a  f o r  both these  com- 

pounds have a l s o  been publ ished,13 a l though  t h e r e  is  no i n d i c a t i o n  i n  

t h e  exper imenta l  work of Benz8 of t h e  e x i s t e n c e  of Tho. B r e w e r 1 4  

s ta tes  t h a t  a l l  of t h e  elements  from thorium t o  americium are known t o  

have a n  MO oxide  wi th  t h e  N a C l  s t r u c t u r e .  

states t h a t  Tho probably  on ly  e x i s t s  when s t a b i l i z e d  by s u b s t a n t i a l  

n i t r o g e n  o r  carbon impur i ty .  This  po in t  needs t o  be reso lved .  

More r e c e n t l y ,  Eyr ingl5  

U-0 System 

The most reasonable  diagram f o r  t h i s  system i s  g iven  i n  Fig.  A4. 

The l i q u i d u s  and s o l i d u s  p o r t i o n  of t h e  diagram from an O/U r a t i o  of 

1.45 t o  2.25 w a s  determined by Latta and F r y x e l l . 1 6  

e s t a b l i s h e d  t h e  e x i s t e n c e  of a m i s c i b i l i t y  gap by me ta l log raph ic  

Edwards and Martin17 
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Fig. A3. System Th-Th02. Based on Benz. 8 

Table A2. Crystal Structure Data for the Th-0 System 

a, Cell Crystal 
Structure Composition a Parameter Reference Remarks 

(nm) 

. 

Tho C 0.520 9 Fluorite type 

Tho fcc 0.525 10 NaCl type 

ThOz fcc 0.5973 11 Isotopic with 
CaF, (fluorite) 

Tho 2 0.5997 12 

1 

b 

~~ ~~~ 

a c - cubic; fcc - face-centered cubic. 
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Fig .  A4.  The Uranium-Oxygen System. 

examinat ion of  arc-melted a l l o y s ,  and t h e  monotec t ic  composi t ion w a s  

e s t a b l i s h e d  a t  a n  O/U r a t i o  of 1.30 f 0.10 (65 f 5 mol % U02). 

subsequen t ly  modi f ied  by L a t t a  and F r y x e l l  t o  O/U of 1.46. Edwards and 

Mar t in  e s t a b l i s h e d  t h e  l o c a t i o n  of t h e  s o l v u s  l i n e  between O/U r a t i o s  

o f  1.66 and 2.00. 

This  w a s  

The r eg ion  between U02 and U 0 3  h a s  r ece ived  c o n s i d e r a b l e  a t t e n t i o n ,  

a l t h o u g h  t h e  i s s u e  i s  still v e r y  much confused. A number of con- 

f i g u r a t i o n s  have been proposed f o r  t h i s  region,18-22 and a l l  of them 

a g r e e  t h a t :  

1. U02 shows a wide range  of d e v i a t i o n  from s to i ch iomet ry  t o  U 0 2 e ;  

2. t h e  compound U4O9 forms by a p e r i t e c t o i d  r e a c t i o n  a t  about  1125°C; 

3.  t h e  compound U 3 O 8  i s  s t a b l e  over  a range of oxygen con ten t s .  

F i g u r e  A4 w a s  drawn a f t e r  we cons idered  t h e s e  p o i n t s .  

Two papers  have cons ide red  t h e  p e r i t e c t o i d  r e a c t i o n  f o r  U4O9 i n  

d e t a i l .  

conclude t h e  c o n f i g u r a t i o n  g iven  i n  Fig.  A4 p e r t a i n s .  K o t l a r ,  

Gerdanian,  and Dode19 produced s imilar  r e s u l t s .  

Experiments conducted by Roberts  and Walter18 l e d  them t o  
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Hoeks t ra ,  S i e g e l ,  and Gal lagher20  have  summarized t h e  c r y s t a l  d a t a  

on t h e  uranium o x i d e s ,  and t h e s e  are g iven  i n  Table A3. A t o t a l  of 16 

s e p a r a t e  phases  has  been i d e n t i f i e d  among t h e  n ine  o x i d e s ,  a l t h o u g h  many 

of  t h e s e  are no doubt m e t a s t a b l e  phases .  These n i n e  ox ides  have been 

i n c l u d e d  i n  a diagram proposed by Hoekstra e t  a l . , 20  which i s  adapted  i n  

F ig .  A5.  No j u s t i f i c a t i o n  f o r  t h i s  c o n f i g u r a t i o n  is  g iven ,  and t h i s  

diagram i s  probably  s p e c u l a t i v e ,  a t  b e s t .  While t h e  e s s e n t i a l  f e a t u r e s  

of  Fig.  A 4  are  p r e s e n t ,  t h e  v a r i o u s  polymorphs of U 0 3  and U308 are no t  

i n d i c a t e d .  The diagram of Fig.  A5 i s  probably  incomple te ,  because of 

l a c k  of d a t a  f o r  t h e  h ighe r  ox ides .  

A second a l t e r n a t i v e  f o r  t h i s  r e g i o n  i s  sugges ted  by Rand and 

Rober t s21  and g iven  i n  Fig.  A6.  

a n  O/U r a t i o  of  about 2.67 (U308). 

t h i s  p o r t i o n  of  t h e  diagram r e s u l t s  from t h e  appa ren t  i n a b i l i t y  t o  

de te rmine  whether compounds such as U8021 are r e a l l y  s e p a r a t e  compounds, 

o r  merely t h e  lower l i m i t  of s t a b i l i t y  of U308-y. 

Kozhina and Shi ryaeva22 shows t h a t  s e v e r a l  phases are not  s t a b l e  du r ing  

r e p e a t e d  c y c l i n g  and are t h u s  cons ide red  t o  be me tas t ab le .  These i n c l u d e  

B - U ~ O ~ ,  hexagonal U2O5,  and t e t r a g o n a l  o x i d e s ,  presumably u16037 and 

Except t h a t  i t  does no t  ex tend  beyond 

Some of t h e  confus ion  invo lv ing  

More r e c e n t  work by 

a-U307 

Pu-Th-0 System 

Limi ted  m e l t i n g  p o i n t  d a t a ,  measured under a helium atmosphere,  

i n d i c a t e  a c o n s t a n t  me l t ing  p o i n t  up t o  about 25 w t  % Th02, t h e n  a 

s t e a d y  rise i n  m e l t i n g  p o i n t  w i t h  i n c r e a s i n g  Tho2 content .23  

shown i n  Fig.  A7.  Latt ice  parameter d a t a  show a l i n e a r  r e l a t i o n s h i p  

w i t h  Tho2 c o n t e n t ,  i n d i c a t i n g  complete s o l i d  s o l u b i l i t y  a c r o s s  t h e  

found, s u g g e s t i n g  a s t o i c h i o m e t r y  s h i f t . 2 3  

Pu02 a t  h i g h  tempera ture  ( h i g h  Po2 over  Pu02) t h i s  s h i f t  i s  n o t  sur- 

p r i s i n g  and may be r e s p o n s i b l e  f o r  t h e  non idea l i zed  cu rve  of Fig.  A7. 

T h i s  is  

24 With Pu02-rich p e l l e t s ,  traces 'of a- and B-Pu2O3 were 

I n  view of  t h e  i n s t a b i l i t y  of 
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Table A3. Crystallographic Data on Uranium Oxides 

Compound Symmetry 
Lattice Parameters, nm 

B, Cell Angle Density 
a b e (deg) (Mg/m3) 

Cubic 

Cubic 

Tetragonal 

Tetragonal 

Monoclinic 

Hexagonal 

Or tho r homb ic 

Orthorhombic 

Orthorhombic 

Orthorhombic 

Hexagonal 

Monoclinic 

Orthorhombic 

Cubic 

Triclinic 

Orthorhombic 

0.54704 

0 . 5 4 4 1 1  

0 . 5 4 1  

0 .546  

0 .5378  

0 .3885  

0 . 6 7 5 1  

0 .6716 

0 . 7 0 5  

0 . 6 9 1  

0 . 3 9 7 1  

1 .034  

0 . 9 7 1  

0 .416  

0 . 4 0 0 2  

0 . 7 5 1 1  

0 .5559  

0 .3176 

1 . 1 9 8 1  

1 .142  

0 . 3 9 2  

1 .433  

0 .977  

0 . 3 8 4 1  

0 .5466 

b 0 . 5 4 9  
b 0 .540  

0 .5378 

0 .4082 

0 .8286  

0 .4144  

0 .829  
b 0 .416  

0 .417  

0 . 3 9 1  

1 .992  

b 

0 .4165 

0 .5224 

4 

64 

90 .29  

1 

99 .03  4 

32 

1 

9 0 .  55e 1 

4 

10.97 

11.31 

11.37 

11 .35  

11.42 

8 .65  

8.37 

8 . 4 3  

8 .38  

8 . 4 1  

8 . 3 4  

8 .30  

8 .02  

6 .67  

8 . 7 3  

8 .86  

a 
bCell parameters of this phase refer to the pseudo-cell. 
'a. = 9 8 . 2 8 " ,  y = 120 .47 ' .  

Based on Hoekstra et a1.20 
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Fig .  A5. Phase Diagram - UO2-UO3. Based on Hoekstra e t  a1.20 

COMPOSITION ( O N )  

ORNL-DWG 78-40393 

. 

Fig.  A6. P o r t i o n  of Uranium-Oxygen Phase Diagram (Dot ted  l i n e s  
r e p r e s e n t  oxygen i s o t h e r m s ) .  Based on Rand and Roberts.21 



33 

ORNL-DWG 78-40394 

0 20 40 60 80 400 
Tho CONTENT ( W t  70) 

Fig.  A7.  Melt ing P o i n t  o f  (Th,Pu)02 S o l i d  So lu t ion .  Based on 
F r e s h l y  and Mattys.23 

P u-U-0 S y s  t e m  

Work on t h e  FUO2-UO2 system by a number of workers shows t h a t  t h e s e  

two s t o i c h i o m e t r i c  compounds form a cont inuous  series of  s o l i d  

s o l u t i o n s  .25-27 Mel t ing  p o i n t  s t u d i e s  show a con t inuous ly  dec reas ing  

l i q u i d u s  w i t h  i n c r e a s i n g  Pu02 c o n t e n t ,  w i th  no m a x i m u m  o r  minimum, as 

shown i n  Fig.  A8. X-ray d i f f r a c t i o n  s t u d i e s  show a l i n e a r  change of 

l a t t i c e  parameter  w i t h  composi t ion,  w i th  o n l y  t h e  f c c  f l u o r i t e  phase 

p r e s e n t .  

Dev ia t ions  from s t o i c h i o m e t r i c  (U,Pu)02 occur  r e l a t i v e l y  e a s i l y  and 

t e n d  toward hypos to ich iometry  [ ( U , P u ) O 2 , J  when t h e  plutonium con ten t  is 

h i g h  and toward hype r s to i ch iomet ry  [ (U ,PU)O~+;C]  when t h e  plutonium con- 

t e n t  i s  low. Ava i l ab le  in fo rma t ion  on t h e  Pu-U+ system i s  summarized 

i n  F igs .  A9 and A10. 

S t r e e t . 2 6  

t h i s ,  w i t h  o n l y  minor d i f f e r e n c e s  i n  t h e  e x t e n t  of t h e  f c c  M02.0 + f c c  

M O z e x  phase f i e l d .  T h i s  f i e l d  ex tends  t o  a P u / ( U  + Pu) r a t i o  of about 

F igure  A9 i s  e s s e n t i a l l y  t h a t  of Markin and 

The r e s u l t s  of  S a r i ,  Benedic t ,  and Blank28 are similar t o  
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Fig .  A10. The U O ~ - U ~ O ~ - P U ~ O ~  System a t  400, 600, and 800°C. 

0.35 i n  t h e  r e s u l t s  o f  Markin and S t r e e t , 2 6  compared t o  about 0.17 ind i -  

c a t e d  by S a r i  e t  a1.28 

f i e l d  ex tends  t o  a P u / ( U  + Pu) r a t i o  of about  0.20. 

Koizumi and Nakarnuriz9 a l s o  sugges t  t h a t  t h i s  

Nakayama30 worked ou t  t h e  r e l a t i o n s h i p s  between U307 and Pu02, 

and  h i s  r e s u l t s  on s o l u b i l i t y  l i m i t s ,  two-phase f i e l d s ,  e tc .  ag ree  ve ry  

w e l l  w i th  Fig.  A 9 .  Figure  A10 shows t h e  diagram of Markin and S t r e e t  a t  

400,  600, and 800°C. The s ingle-phase f i e l d  becomes i n c r e a s i n g l y  l a r g e  

as  t h e  tempera ture  i n c r e a s e s ,  r e s u l t i n g  i n  a l a r g e  s ingle-phase f i e l d  

cove r ing  a wide range  of s t o i c h i o m e t r y  and P u / U  composi t ions.  

s h r i n k i n g  two-phase f i e l d  i s  shown more c l e a r l y  i n  Fig.  which 

g i v e s  d i f f e r e n t i a l  thermal  a n a l y s i s  r e s u l t s  a t  d i f f e r e n t  Pu/(U + Pu) 

r a t i o s .  A s  t h e  Pu/(U + Pu) r a t i o  dec reases ,  t h e  two-phase f i e l d  a l s o  

dec reases .  

Th i s  

From t h e  viewpoint  of  f a s t  b reeder  r e a c t o r  f u e l  f a b r i c a t i o n  t h e s e  

o b s e r v a t i o n s  show t h a t  f o r  s t o i c h i o m e t r i c  (U,Pu)02 o n l y  one phase,  f c c  

M02.0, e x i s t s .  However, f o r  subs to i ch iomet r i c  material t h e r e  are con- 

d i t i o n s  under which two phases  ex is t .  The l i k e l i h o o d  t h a t  two phases  
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Fig.  A l l .  L i m i t s  of t h e  Two-Phase Region Determined by DTA. 
(U + Pu) r a t i o s  are  ( 1 )  1, ( 2 )  0.95, ( 3 )  0.8, ( 4 )  0.58, ( 5 )  0.58, 
0.42. Adapted from S a r i  e t  a1.28 

e x i s t  i n c r e a s e s  wi th  i n c r e a s i n g  plutonium c o n t e n t ,  dec reas ing  oxygen 

c o n t e n t ,  and dec reas ing  temperature .  The q u a n t i t y  of any second phase 

would i n c r e a s e  wi th  dec reas ing  oxygen con ten t .  For l i g h t  water r e a c t o r  

f u e l s  t h e  plutonium con ten t  i s  s u f f i c i e n t l y  low t h a t  on ly  one phase w i l l  

be  p re sen t  under equ i l ib r ium cond i t ions .  

S e v e r a l  i n ~ e s t i g a t i o n s ~ ~ ,  32 sugges t  t h e  presence of a rhombohedral 

phase M7O12 f o r  P u / ( U  + Pu) r a t i o s  of 0.64 t o  0.84 a t  an  O/M of 

about  1.85. More work i s  necessa ry  t o  e s t a b l i s h  t h e  e x t e n t  of s t a b i l i t y  

o f  t h i s  phase.  

Th-U-0 Svstem 

Lat t ice  parameter measurements i n  mixtures  of Tho2 and U02 show a 

s o l u t i o n  ~ y s t e m . ~ ~ - ~ ~  T h i s  i s  not  unexpected s i n c e  both Tho2 

con t inuous ,  s ingle-phase f l u o r i t e  s t r u c t u r e ,  i n d i c a t i n g  a cont.inuous 

s o l i d  

and U02 have t h e  f l u o r i t e  s t r u c t u r e  wi th  l a t t i c e  parameters  of 
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approximately 0.5596 and 0.5470 nm, r e s p e c t i v e l y ,  which i s  a 2.3% di f -  

f erence.  

e x i s t s  i n  t h e  l i q u i d u s  a t  about  5 mol % Th02. The diagram is  given i n  

Fig.  A12. 

Melt ing po in t  m e a s ~ r e m e n t s ~ 5 - ~ ~  i n d i c a t e  t h a t  a minimum 

Dev ia t ions  from s t o i c h i o m e t r i c  M02 i n  t h i s  system are toward 

hype r s to i ch iomet r i c  oxygen composi t ions ( M O Z + ~ ) .  

t i o n s  have r epor t ed  on t h e  U02-Th02-UO3 ~ y s t e r n . ~ ~ - ~ ~  

Seve ra l  i nves t iga -  

Data presented  by 

and P a u l  and Ke l l e r39  a t  600 and llOO°C and 1250-155OoC are g iven  

i n  F igs .  A13 and A14. 

Thoma41 are  i n  s u b s t a n t i a l  agreement wi th  these  f i g u r e s ,  w i th  on ly  minor 

d i f f e r e n c e s  i n  e x a c t  l o c a t i o n  of boundary l i n e s .  The s ingle-phase 

f l u o r i t e  s t r u c t u r e  i s  s t a b l e  over  a wide range of oxygen c o n c e n t r a t i o n s  

and T h / ( U  + Th) r a t i o s .  

The d a t a  of Cohen and B e ~ m a n ~ ~  and Friedman and 

Rachev and c o - ~ o r k e r s ~ ~  suggested a new compound, UzThZOg, but  

and Paul  and Ke l l e r39  conclude t h a t  t h i s  composition is merely 

t h e  l i m i t  of s o l u b i l i t y  of t e t r a v a l e n t  thorium i n  U4O9 w i t h  s u p e r l a t t i c e  

l i n e s .  

ORNL-DWG 78-10399 
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Th.’U+Th RATIO ( 0 1  %) 

F i g .  A 1 3 .  T h e  ThO2-UO2-UO3 S y s t e m  a t  600 t o  l l O O ° C .  

O W - W G  78i0401 

. 

. 

F i g .  A 1 4 .  T h e  ThO2-UO2--LJO3 S y s t e m  a t  1250 t o  1 5 5 0 ° C .  
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Work by Lynch43 sugges t s  t h a t  above 1250°C complete s o l i d  so lubi -  

l i t y  exis ts  between Tho2 and U308, w i th  p a r t i a l  s o l i d  s o l u b i l i t y  a t  

1000°C. 

l i t y  f o r  t h e  systems Uo. 5Th0.502.25-ThO2 and U02,25-ThO2. 

I n  ano the r  work Braun e t  a1.4" found cont inuous s o l i d  so lubi -  

P u-T h-U-0 S ys t e m  

No d a t a  are a v a i l a b l e  i n  t h e  l i t e r a t u r e  on t h i s  system. I f  o n l y  

t h e  t e r n a r y  system between d i o x i d e s ,  Pu02-Th02-UO2, i s  cons ide red ,  

one would expec t  complete s o l i d  s o l u b i l i t y  i n  a l l  p ropor t ions  s i n c e  a l l  

t h r e e  d iox ides  have t h e  f l u o r i t e  s t r u c t u r e ,  and a l l  t h r e e  b i n a r y  systems 

a r e  s o l i d  s o l u t i o n  type diagrams. 

presence  of excess oxygen Pu02 and p a r t i c u l a r l y  Tho2 would be e f f e c t i v e  

i n  s t a b i l i z i n g  U02 a g a i n s t  o x i d a t i o n  t o  U3O8. 

Reeve55 h a s  specu la t ed  t h a t  i n  t h e  

Sp ikan t s  and Decay Products  

Ce-0 System 

Phase r e l a t i o n s h i p s  f o r  t h i s  system below about  1169°C are l a r g e l y  

t h e  r e s u l t  o f  work by Bevan and K ~ r d i s . ~ ~  The Ce02-Ce203 phase diagram 

g iven  i n  Fig. A15 i s  based p r i m a r i l y  on t h a t  work, a l though  i t  has  been 

modif ied s l i g h t l y  t o  r e f l e c t  t h e  work of 0thers."~-5O Seven phases 

have been i d e n t i f i e d  i n  t h i s  system. The in t e rmed ia t e  compounds, i n  

g e n e r a l ,  correspond t o  t h e  r e l a t i o n s h i p  Ce,02,-2 where n = 6,  7, 9, 10, 

and 11. Avai lab le  c r y s t a l  s t r u c t u r e  d a t a  on these  compounds are sum- 

marized i n  Table A4.  

Neutron d i f f r a c t i o n  s t u d i e s  were used t o  i d e n t i f y  t h e  exac t  com- 

p o s i t i o n  of t h e  compounds Ce7O12 ( C e O l .  714) ,  Ceg016 ( C e O l ,  7781,  

Ce10018(Ce01.80) s and Ce11020(Ce01.818)* 47948 

cons ide red  t o  be an  ordered  mod i f i ca t ion  of t h e  d e f e c t ,  f l u o r i t e  (Ce02-x) 

phase.49 

CCe203 phase and i s  no t  s t a b l e  below 600°C. 

Th i s  l a t te r  compound is  

The phase a t  Ce01,67(Ce6010) i s  cons idered  t o  be t h e  type 

Work by Ray, Nowick, and 

us ing  x-ray and neut ron  d i f f r a c t i o n  t echn iques ,  i n d i c a t e s  t h a t  

t h e  s t r u c t u r e  of Ceg016, Ce10018, and Ce11020 cannot  be indexed wi th  



40 

w 

4 4200 W 

ORNL-DWG 78-40402 

- 

2800 

2400 

2000 - - 2 

z 
w 
[L 
3 4600 

(L 

k- 

800 

400 

1 I I 

I 

- 

I - - -  -' 
I 

0 '  
I 

a 

e 

Ce02 

F i g .  A 1 5 .  The C e O  --Ce2O3Systern. 

O/Ce Ce2 03 

2 
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Phase 
Lattice Parameter, nm Space 

Group c/a Structure 
Sys tem 

Type a e - 

CeOa cubic CaF, (c l) 0.5409 4 Fm3m 

i = Ce7Ol2 rhombohedral 
(CeOl. 4 )  hexagonal 

cell 

1.037 0.967 

hexagonal (D5z) 0.388 0.606 
Type A 

. 
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rhombohedral ce l l s  based on (111) vacancy s t r i n g s  as had been suggested 

by o the r  workers, but  s t r u c t u r e s  of lower symmetry (monocl inic  o r  

t r i c l i n i c )  are ind ica t ed .  I n  view of t h i s ,  t h e  s t r u c t u r e s  of t hese  com- 

pounds are unknown a t  t h i s  p o i n t .  

s t a b i l i t y  of Ce2O3 as  C e O l ,  53. 

B e ~ a n ~ ~  has  de f ined  the  l i m i t  of 

The r eg ion  above 1169OC i s  s t i l l  v e r y  much i n  doubt.  Bevan and 

K ~ r d i s ~ ~  c l a i m  a two-phase r eg ion  between C e O l .  70 and C e O l ,  72 above t h e  

decomposition temperature  ( ~ 1 0 2 3 ~ C )  of Ce7O12 (Ce01.714). Panlener  

e t  al.51 a g r e e  t h a t  t h e  compound i s  not  p re sen t  between 1300 and 1500°C 

bu t  do n o t  comment on t h e  p o s s i b i l i t y  of a two-phase reg ion  i n  t h i s  p a r t  

o f  t h e  diagram. 

series of s o l i d  s o l u t i o n s  between Ce02.0 and Ce01.65. 

a l s o  sugges t  t h i s  p o s s i b i l i t y .  Rather  s t r o n g  arguments are presented  

f o r  t h e  e x i s t e n c e  of two phases  i n  t h i s  reg ion .  I n  view of t h i s ,  

s e v e r a l  a l t e r n a t i v e s  are p o s s i b l e  f o r  t h e  h i g k t e m p e r a t u r e  p o r t i o n  of 

t h i s  system, and t h e  diagram given  i n  Fig.  A16 i s  n o t  unreasonable .  

Obviously more work i s  r equ i r ed  on t h i s  system. 

Brauer and Gingerich,52 however , i n d i c a t e  a cont inuous 

Hyde and E ~ r i n g ~ ~  

The compound CeO i s  known. B r e w e r 1 4  s tates t h a t  t he  third-group 

e lements  ( inc lud ing  t h e  l a n t h a n i d e s )  have s t a b l e  MO g a s e s ,  but  i t  seems 

probable  t h a t  t h e  MO s o l i d s  are u n s t a b l e  a t  low tempera tures  and dispro-  

p o r t i o n a t e  i n t o  M and M2O3. 

t h e s e  were thermodynamic d a t a  a t  h igh  temperature  f o r  t he  vaporized 

~ p e c i e s . 5 ~  

o n l y  when s t a b i l i z e d  by s u b s t a n t i a l  n i t r o g e n  o r  carbon i m p u r i t i e s .  

Very few r e f e r e n c e s  t o  C e O  were found, and 

More r e c e n t l y ,  Eyring55 s ta tes  t h a t  s o l i d  CeO probably  e x i s t s  

Nd-0 System 

A t e n t a t i v e  phase diagram56 of t h e  Nd-0 system67 i s  shown i n  

F ig .  A17 and p e r t i n e n t  c r y s t a l  s t r u c t u r e  d a t a  are given i n  Table A5. 

There appea r s  t o  be no d e v i a t i o n  from s to i ch iomet ry  i n  Nd2O3. 

a d d i t i o n  t o  t h e  compounds NdO and Nd2O3, a t h i r d  compound, Nd6011, has  

been found and i d e n t i f i e d 5 7  as cubic  wi th  a l a t t i c e  parameter a = 1.107 

In 

k0.003 nm. These same workers a l s o  claim t h a t  NdO2 i s  obta ined  by 

o x i d i z i n g  neodymium vapor.  

According t o  S h ~ n k , 5 ~  t h e r e  i s  some ques t ion  on t h e  s t a b i l i t y  of t h e  

Both t h e s e  compounds need t o  be confirmed. 
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Fig .  A16.  A l t e r n a t i v e  Ce02-Ce203 System, Inc lud ing  High-Temperature 
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Fig.  A17.  T e n t a t i v e  Phase Diagram of t h e  Nd-0 System. Rased on 
~ o v e . 5 6  
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Table  A5. C r y s t a l l o g r a p h i c  Data f o r  t h e  Nd-0 and Pr-0 Systems 

Lat t ice  Pa rame te r s ,  nm S t r u c t u r e  Phase Sys tern 
a e Type 

Hexagonal L a 2 0 3  

bcc Mn203 

f cc N a C l  

Hexagonal. 

bcc Mn203 

bcc Mn~03 

Cubic 

f cc CaF, 

0.383 0.5999 

1.107 

0.5068 

0.385 0.600 

1.1152 

1.1070 

0.5462 

0.53938 

C-form of Nd2O3. Seve ra l  workers c la im t h a t  t h e  A-form i s  t h e  on ly  

s t a b l e  form. More work on t h i s  i s  a p p a r e n t l y  needed. 

P r o  Svstem 

A number of compounds e x i s t  

g iven  i n  Fig. A 1 8  and i s  q u i t e  s 

work has  been done on s t r u c t u r a l  

i n  t h i s  system. 

m i l a r  t o  t h e  Ce-0 system, a l though  

i d e n t i f i c a t i o n  of compounds. Table  

The diagram59 i s  

.ess 

A5 

summarizes a v a i l a b l e  s t r u c t u r a l  d a t a .  The in t e rmed ia t e  compounds pre- 

s e n t e d  i n  Fig. A18 f o l l o w  t h e  gene ra l i zed  homologous series Pr,02n-2, 

where n = 5,  7 ,  9, 10, 11, 12. Hyde and Eyring 53 s t a t e  t h a t  t he  

s t r u c t u r e s  of analogous compounds i n  t h e  Ce-0 and Pr-0 systems are pro- 

bab ly  equ iva len t  and t h a t  t h e  ana logs  of t h e  same composition are 

i s o s t r u c t u r a l .  

Sc-0 System 

The phase diagram f o r  t h e  scandium-oxygen system60 i s  g iven  i n  

The compound Sc2O3 has  a bcc s t r u c t u r e  of t he  &2O3 Fig .  A19. 

t ype  wi th  a l a t t i c e  ~ a r a r n e t e r ~ l - ~ ~  i n  t h e  range a = 0.9845 t 0.0002 nm. 
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Fig.  A18.  The Pr-0 System. Adapted from Hyde e t  al.59 

There appea r s  t o  be cons ide rab le  range  of  s o l u b i l i t y  of oxygen i n  t h e  two 

a l l o t r o p e s  of  scandium but  none i n  t h e  compound Sc2O3. Although 

Fig .  A19 shows a me l t ing  p o i n t  f o r  Sc2O3 of  2300°C, Toropov and 

V a s i l e ~ a ~ ~  determined i t  t o  be 2470 k 5OoC. 

Ti-0 System 

T h i s  system i s  q u i t e  compl ica ted ,  w i th  a l a r g e  number of i n t e r -  

A r easonab ly  complete diagram65 i s  given i n  Fig.  media te  compounds. 

A20, which p r e s e n t s  in format ion  of most importance t o  f u e l s  work. 

S t a b l e  compounds such  as Ti02 and Ti2O3, which are t h e  most l i k e l y  

forms of  t i t a n i u m  i n  f u e l s ,  show a range  of oxygen concen t r a t ions .  A 

number of compounds are shown between O / T i  r a t i o s  of 1.7 and 2.0, 

cor responding  t o  t h e  homologous series Ti,O2,1. 

pounds i n  t h i s  system, w i t h  t h e  excep t ion  of those  i n  t h e  homol.ogous 

Most of t h e  com- 
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F i g .  A19.  The Scandium-Oxygen Phase Diagram. (1 ) Single-phase 

a l l o y s ;  (2)  two-phase a l l o y s ;  ( 3 )  d i f f e r e n t i a l  thermal a n a l y s i s ;  
( 4 )  dropping thermal  a n a l y s i s ;  ( 5 )  temperature  of complete mel t ing  of 
t h e  sample.  Based on Kuprashv i l i  e t  a1.60 
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Fig .  A 2 0 .  The Ti-Ti02 System Adapted from Wahlbeck and G i l l e ~ . ~ ~  

ser ies ,  show a range  of s o l u b i l i t y  of oxygen. Ava i l ab le  c r y s t a l -  

l o g r a p h i c  d a t a  f o r  t h e  v a r i o u s  compounds are summarized i n  Table  A6. 

Fuel-Spikant and Fuel-Decay-Product Systems 

Ce-Pu-0 System 

The on ly  in fo rma t ion  found f o r  t h i s  system is  t h a t  of Mulford and 

E l l i n g e r  ,24 who found a l i n e a r  r e l a t i o n s h i p  between l a t t i c e  parameter  

and mole pe rcen t  pU02, i n d i c a t i n g  complete s o l i d  s o l u b i l i t y  between Ce02 

and Pu02. 

were found. 

The x-ray d a t a  are g iven  i n  Fig.  A 2 1 .  No me l t ing  po in t  d a t a  
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Table A6. Crys t a l log raph ic  Data €or  t h e  Ti-0 System 

Lattice Parameter, nm 
Ptiase System and Structure Type __ A t o m s h i t  C e l l  Space 

a Group b c 

- 
I 1 1 

- - 

- - 

- CeO2-Pu 0 2  - 
0.540(y /' 2 u - 

0 
- - 

1 

T i s O  

T i z O  

T i O z  (Anatase) 

(Brookite) 

(Rutile) 

6 

Ti20, 

TisO5 

T i 0  

Hexagonal 

Hexagonal 

BC Tetragonal, C5 

Ortho rhomb i c 

Tetragonal 

Tetragonal 

o r  

Hexagonal 

Rhombohedral 

Hexagonal parameters 

Monoclinic (low temp.) 

(high temp.) 

fcc, NaCl(B1) 

0 . 5 1 4 1 1  

0 . 2 9  59 3 

0 . 3 7 7 7  

0 , 9 2 5  

0 .45937 

0 . 3 2 0  

0 . 4 9 9 1  

0.542" 

0 . 5 1 4 8  

0 . 9 7 5 2  
b 

0 .  98ZC 

0 . 4 1 7 4  

0 . 9 5 3 3 4  

0 . 4 8 4 5 4  

0 . 9 5 0 1  

0 . 5 4 6  0 . 5 1 6  

0 . 2 9 5 8 1  

0 . 5 1 2  

0 . 2 8 7 9  

1.3636 

0 . 3 8 0 2 0  0 . 9 4 4 9  

0 . 3 7 8  0 . 9 9 7  

16 

3 

Pbca 

P 6 / m  

R 3 c  

'a = 5 6 . 9 " .  

4 = 9 1 . 0 " .  
= 91.547"  

ORNL- DWG 78- 10408 

A21. Lat t ice  Parameter vs  Mole % Pu02 f o r  t h e  Ce02-Pu02 
System. Fi5i 

Ce-Th-0 System 

The Ce02-Th02 system i s  c h a r a c t e r i z e d  by complete s o l i d  so lubi -  

l i t y  a t  a l l  compositions.66-68 

s t r u c t u r e s  of t h e  two compounds are i d e n t i c a l  and t h e  l a t t i c e  parameters 

Th i s  i s  not  unexpected, s i n c e  the  c r y s t a l  

are  s imi la r .  
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For t h e  ThO2-CeO2-Ce203 system, c o n f l i c t i n g  r e p o r t s  were found. 

Hoch and Yoon66 produced t h e  diagram given  i n  Fig.  A22, i n  which a 

l a r g e  two-phase r e g i o n  is  shown. 

phase  ex tends  t o  approximate ly  45 mol % Ce01.5. The two phases  p r e s e n t  

i n  t h e  m i s c i b i l i t y  gap are a f l u o r i t e  phase based on Tho2 i n  equ i l ib r ium 

w i t h  a f l u o r i t e  phase based on Ce02. 

a1.68 found t h a t  r e d u c t i o n  of (Th,Ce)02 a t  700-1400°C gave a s i n g l e  

phase (Th,Ce)02,,.with t h e  f l u o r i t e  s t r u c t u r e  when x w a s  less than  0.25. 

When x: w a s  g r e a t e r  t han  0.25, t h e y  found extra l i n e s ,  which were indexed 

i n  terms of  a bcc s t r u c t u r e .  

I n  t h e  ThO2-CeO1.5 system t h e  f l u o r i t e  

On t h e  o t h e r  hand, W h i t f i e l d  et  

Ce-U-0 System 

S e v e r a l  i n v e s t i g a t i o n s  69-71 have r e p o r t e d  t h a t  Ce02 and U02 form 

a cont inuous  series o f  s o l i d  s o l u t i o n .  X-ray d i f f r a c t i o n  d a t a  i n d i c a t e  

a n  approximate ly  l i n e a r  r e l a t i o n s h i p  between l a t t i c e  parameter  and com- 

p o s i t i o n .  Dev ia t ions  from l i n e a r i t y  are r a t i o n a l i z e d  i n  terms of 

d e v i a t i o n  from s t o i c h i o m e t r y  toward an O/M r a t i o  g r e a t e r  than  2.0. 

ORNL-DWG 78 10407 

C e 0 2  

TWO PHASE 

NOT STUDIED 

Tho?  

Tho CONTENT (mol %) 

Fig .  A22. I so thermal  Sec t ion  of t h e  Ce02-Th02-Ce01.5 System a t  
1200"C, According t o  Hoch and Yoon.66 
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Between Ce02  and U3O8, t h e  f l u o r i t e  s t r u c t u r e  is  r e t a i n e d  between 

55 and 100 mol % Ce02. 

and u308 w a s  observed. 

i n  W 3 0 8  t o  be below d e t e c t a b l e  l i m i t s .  

i n c r e a s i n g  s t a b i l i t y  of  t h e  f luo r i t e -phase  f i e l d  wi th  i n c r e a s i n g  tem-  

p e r a t u r e ,  as shown i n  Fig. A23. 

Below 55 mol % Ce02 a two-phase s t r u c t u r e  

Later work38 shows t h e  s o l u b i l i t y  of Ce02 

Th i s  work a l s o  i n d i c a t e d  

P o r t i o n s  of  t h e  system between U02 + U3O8 and Ce02 + Ce2O3 are 

g iven  i n  F igs .  A24 and A25. 

f o r  900°C i s  g iven  i n  Fig. A24. 

f l u o r i t e  phase M02+xis s t a b l e  is  found a t  900°C. 

i s  found wi th  both  hypo- and hype r s to i ch iomet r i c  M02 composi t ions.  

Other  workers7l ,  72 are i n  g e n e r a l  agreement wi th  t h i s  cons t ruc t ion .  

Markin e t  al.71 p resen ted  a diagram f o r  room tempera ture ,  200, 400, 

and 600°C. 

phase f i e l d  towards hype r s to i ch iomet r i c  M02+x as t h e  temperature  

i n c r e a s e s .  

diagrams a t  200, 400, and 600°C are g iven  i n  Fig. A25. The f i g u r e  is i n  

g e n e r a l  agreement wi th  Fig.  A24 i n  t h a t  both show a l a r g e  s ingle-phase 

f i e l d  i n  which t h e  f l u o r i t e  phase i s  s t a b l e .  Hoch and F ~ r m a n ~ ~  do no t  

c o n s i d e r  t h e  compound U4O9, wh i l e  Markin e t  a l .  do no t  i n d i c a t e  the  

The diagram presented  by Hoch and F ~ r m a n ~ ~  

A l a r g e  s ingle-phase f i e l d  i n  which t h e  

Th i s  s i n g l e  phase 

They sugges t  t h a t  t h e  s o l u t i o n  of Ce02 ex tends  the  s ing le -  

There i s  a p p a r e n t l y  some s o l u b i l i t y  of cerium i n  U4O9. The 

ORNL-DWG 78-40409 

0 20 40 60 80 100 
C e : ( U + C e )  RATIO IN THE MIXED OXIDE (at.’%) 

Fig.  A23. Phase Diagram of t h e  Quasibinary System Ce02-U02+ 
(1 a t m  0,) .  84 
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presence  o f  t h e  m i s c i b i l i t y  gap of  two f l u o r i t e  phases .  

a r e  somewhat l a c k i n g  i n  exper imenta l  v e r i f i c a t i o n .  Ne i the r  work w a s  

s u f f i c i e n t  t o  e s t a b l i s h  t h e  l i m i t  of s o l i d  s o l u b i l i t y  between Ce02 and 

u3°8* 

Both diagrams 

Co-U-0 System 

The compound CoU206 h a s  been i d e n t i f i e d  by Kemmler-Sack and 

Rcdorf f . 7 3  

c = 0.4990 nm. No d a t a  were found on t h e  s o l u b i l i t y  of c o b a l t  i n  U02, 

b u t  i n  view of  t h e  l a r g e  d i f f e r e n c e  i n  t h e  s i z e  of  t h e  c a t i o n s  ('L41%), 

t h e  s o l u b i l i t y  should be v e r y  low. 

It  has  a hexagonal s t r u c t u r e  w i t h  a = 0.9095 nm and 

Nd-Th-0 System 

I n  t h e  NdO1.5-ThO2 system, Keller e t  a1.74 found e x t e n s i v e  so lubi -  

l i t y  o f  NdOl, 5 i n  Tho2 and two in t e rmed ia t e  compounds, Th02'3Nd01.5 

and  Th02-11Nd01.5, which are u n s t a b l e  below 1800 and 15OO0C, respec- 

t i v e l y .  

i n  Tho2 t o  be about  35 mol % a t  1400°C and less than  40 mol % a t  220OOC. 

The Nd203-Th02 diagram accord ing  t o  S ib ieude  and  foe^^^ i n  Fig.  A26 

shows f i v e  i n t e r m e d i a t e  compounds along wi th  some s o l u b i l i t y  of Tho2 i n  

Nd2O3. 

S i m i l a r l y ,  S ib i eude  and  foe^^^ found t h e  s o l u b i l i t y  of NdO1.5 

Nd-U-0 System 

A l a r g e  r eg ion  o f  s o l i d  s o l u b i l i t y  of  NdO1.5 in U O Z + ~  exists,76-78 

w i t h  t h e  f c c  f l u o r i t e  phase ex tending  over  a l a r g e  reg ion .  The UO2-UO3- 

NdO1.5 t e r n a r y  system76 a t  125OOC i s  g iven  i n  Fig.  A27. 

Wadier e t  al.78 i s  i n  b a s i c  agreement wi th  Fig.  A27, w i t h  minor d i sp l ace -  

ments of  some of  t h e  phase f i e l d  boundaries .  

The work of 

Four  s ingle-phase f i e l d s  e x i s t  i n  t h i s  system, and c r y s t a l l o g r a p h i c  

d a t a  f o r  t h e s e  phases  are summarized i n  Table  A7. With t h e  excep t ion  of 

U02, t h e  s o l u b i l i t y  of  NdO1.5 i n  t h e s e  phases  i s  n e g l i g i b l e .  There 

i s  no s o l u b i l i t y  of uranium i n  Nd01.5. A rhombohedral phase e x i s t s  
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Fig .  A26. T e n t a t i v e  Phase Diagram f o r  t h e  ThO2-Nd203 System 
According t o  S ib ieude  and  foe^.^^ 

ORNL-DWG 78-40413 

NdO4.5 

uo2 2.2 2.4 2.6 2.8 uo3 
OXYGEN : URAN!UM RATIO 

Fig .  A27. The Ternary  System U02-U03-Nd01.5 a t  1250°C, Based on 
Borouj  e r d i  .76 
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Table A7. C r y s t a l l o g r a p h i c  Data f o r  Compounds i n  
t h e  U02-U03-Nd01.5 Sys tem 

L a t t i c e  P a r a m e t e r s ,  nm 

a b e 
Remarks _ _ ~  Phase  S t r u c  t u r e  

3 - u  0 Orthorhombic 0.6725 0.3967 0.4145 T = 1250°C 
3 8  

Cubic ( F l u o r i t e )  0 .5470 u02 

U 0 3 *  6Nd0 Rhomb ohed r a 1 
1 . 5  0 .6743 

1. 0254a 
c1 = 98.75"C 

0.  9760a 

Hexagonal 0 .3823 0.5996 T = 1100°C 
NdOl. 5 

a Indexed as hexagonal .  

between UO2*6Nd01,5 and UO3'6Nd01.5 w i t h  no range of s o l u b i l i t y  of 

neodymium. No o t h e r  phases ,  such as t h e  ordered  phases found i n  analo- 

gous systems wi th  l a n t h a n i d e  ox ides ,  could be found. 

c l a im t o  have found a compound wi th  t h e  f l u o r i t e  s t r u c t u r e ,  NdU04, 

w i t h  a l a t t i c e  parameter of 0.5445 nm. However, i t  appears  t h a t  t h i s  

phase i s  n o t  a s e p a r a t e  compound, bu t  i s  merely a s ingle-phase s o l i d  

s o l u t i o n  of t h e  type (U,Nd)02+,. 

Rudorff e t  a1.79 

Ni-U-0 System 

Two compounds have been i d e n t i f i e d  i n  t h i s  system: NiU206 h a s  a 

hexagonal s t r u c t u r e 7 3  w i t h  a = 0.901 nm and o = 0.501 nm and N i U 3 0 1 0 . ~ ~  

No s o l u b i l i t y  o r  mel t ing  p o i n t  d a t a  were found. 

PI-Th-0 System 

The on ly  informat ion  found f o r  t h i s  system i n d i c a t e s  complete s o l i d  

s o l u b i l i t y  between Tho2 and both  PrO1.83 and Pr02, as i n d i c a t e d  by 
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t h e  x-ray da ta81  of Fig.  A28. 

t h e  Th02-Pr02-Pr01.5 system i n  Fig.  A29 sugges t s  a ve ry  l a r g e  

s ingle-phase  reg ion .  The s o l i d  s o l u t i o n  would have t h e  f c c  f l u o r i t e  

s t r u c t u r e .  The l i m i t  of  t h e  m i s c i b i l i t y  gap i n  t h e  Pr02-Pr01.5 

system i s  o n l y  c o n j e c t u r a l .  

A v e r y  t e n t a t i v e  phase diagram81 f o r  

Sc-Pu-0 System 

Only one r e f e r e n c e  t o  t h i s  system w a s  found.82 The s o l u b i l i t y  of 

Sc01.5 i n  PuO2 i s  r e l a t i v e l y  s m a l l ,  a l t hough  i t  is s l i g h t l y  g r e a t e r  

i n  t h e  s u b s t o i c h i o m e t r i c  ox ide  t h a t  i n  t h  s t o i c h i o m e t r i c  oxide.  Table  A8  

summarizes t h e  a v a i l a b l e  d a t a .  No d a t a  are a v a i l a b l e  on t h e  s o l u b i l i t y  

of  Pu02 i n  ScOl.5. No i n t e r m e d i a t e  compounds are r e p o r t e d ,  a l t h o u g h  

in fo rma t ion  i s  ske tchy .  

ORNL-DWG 78- 40444 
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Fig.  A28. Lat t ice  Parameters  i n  t h e  Pr02-Th02 and Pr01.83-Th02 
Systems, Based on Brauer and W i l l a r e d t  .81 
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Fig. A29. Tentative Phase Diagram of the Ternary System Th02-Pr02- 
Pr01.5, Based on Brauer and Willaredt.81 

Table A8.  Solubility of  ScOl.5 i n  Actinide Oxides 

S o l u b i l i t y  (mol % +_ 0.14.2) 
- _ _ _ _ _ _ _ _ ~ ~  Temperature 

2.0 PUO 2 -x Tho2 u02 PUO 

1100 0.5 0.8 0 . 4  1.6 

1250 1.2 1.0 1.8 

1400 1.4 1.8 2.1 

1500 

1550 

1750 0.9 

1900 1.2 

2100 1.5  

0.6 

2 . 4  4 . 2  2.9 
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Sc-Th-0 System 

Data f o r  t h i s  system are l i m i t e d , 8 2  but  t h e  s o l u b i l i t y  of ScO1.5 i n  

Tho2 i s  known t o  be low, as summarized i n  Table  A8, and a p a r t i a l  phase 

diagram i s  g iven  i n  Fig.  A30. 

i n  ScO1.5 and no i n t e r m e d i a t e  compounds i n  t h e  system. 

s o l i d u s  d a t a  are a v a i l a b l e .  

There appea r s  t o  be no s o l u b i l i t y  of Tho2 

No l i q u i d u s  o r  

S c-U-0 S ys  tern 

Phase r e l a t i o n s h i p s  f o r  t h e  UO2-UO2.67-ScO1.5 system are g iven  i n  

The solubi-  F ig .  A31, which i s  taken  from t h e  work of  Keller e t  a1.82 

l i t y  of  Sc01.5 i n  s t o i c h i o m e t r i c  U02 i s  g iven  i n  Table  A8 and is  seen  

t o  be low. However, as i n d i c a t e d  i n  Fig. A31, t h e  s o l u b i l i t y  i n  hyper- 

s t o i c h i o m e t r i c  U02+x: i n c r e a s e s  cons ide rab ly .  

f i rmed by Trzebia towski  and Roman.83 

found i n  @-U3O8, no r  w a s  any s o l u b i l i t y  of UO2 i n  ScO1.5 found,  

w i t h i n  t h e  l i m i t s  of  d e t e c t i o n  (0.1 mol %). 

This  r e s u l t  is also con- 

No s o l u b i l i t y  of ScO1.5 w a s  

The p a r t i a l  quas i -b inary  system U02,67-Sc01.5 system is  shown i n  

F ig .  A32 f o r  Po2 = 0.10 MPa (1 atm) and 2 1  kPa (0.21 atm) ( a i r ) .  

a i r ,  t h e  s ing le-phase  f i e l d  f o r  t h e  f l u o r i t e  s t r u c t u r e  i s  d i sp laced  toward 

t h e  U02.67 end of  t h e  diagram, compared wi th  t h e  case f o r  an oxygen 

atmosphere,  a l t h o u g h  t h e  width of t h e  phase f i e l d  changes on ly  s l i g h t l y .  

Under 

Rcdorff e t  a1.79 r e p o r t  t h e  s u c c e s s f u l  p r e p a r a t i o n  of  a compound 

w i t h  t h e  f l u o r i t e  s t r u c t u r e ,  ScUO4, but  t h i s  "compound" is probably  

a c t u a l l y  (U, S C ) O ~ + ~  and no t  a s e p a r a t e  compound. 

compounds were found i n  t h i s  system. 

No o t h e r  i n t e r m e d i a t e  

Ti-Pu-0 System 

Very l i t t l e  work has  been done on t h i s  system. 

a t t e m p t  w a s  made84 t o  produce t h e  compound PuTi206. 

t e r n s  r evea led  l i n e s  f o r  c u b i c  Pu02. 

t i c e  parameter  change occurred  t o  sugges t  s o l u b i l i t y  of Ti02 i n  Pu02. 

An unsuccess fu l  

X-ray pat-  

It i s  unc lea r  whether any la t -  



57 

Fig .  A30. P a r t i a l  Phase Diagram of t h e  Sc01.5-Th02 System Between 
Based on Keller e t  a1.82 1250 and 210OOC. 

ORNL-DWG 78-4044 7 

--'1.5 
(U, sc)02+x(ss)+ sco4.5 L (U, SC)O2+_X (ss) (=F) 

. - -  

i u02.75 

Fig .  A31. The Ternary System Sc01,5-UO2-U03 a t  1250OC. According 
t o  K e l l e r  e t  a1.82 



58 

I I 1 I 

ORNL-DWG 78-40448 

1 

Ti-Th-0 System 

The compound ThTi206 w a s  found t o  have two  modification^.^^ The a 
phase i s  s t a b l e  below 1300°C and i s  orthorhombic wi th  l a t t i c e  parameters 

a = 1.67 nm, b = 1.495 nm, e = 0.41 nm. The b e t a  phase i s  s t a b l e  above 

1300"C, w i t h  a t e t r a g o n a l  s t r u c t u r e  and l a t t i c e  parameters a = 0.758 nm;, 

and e = 1.045 nm. However, R a d z e w i t ~ ~ ~  s u g g e s t s  a lower symmetry f o r  

B-ThTi206 and c l a s s i f i e s  i t  as monocl in ic ,  i s o s t r u c t u r a l  w i th  UTi206. 

La t t ice  parameters  are: a = 0.989 nm; b = 0.383 nm; e = 0.710 nm; and 

6 = 119" 30 ' .  

Ti-U-0 System 

A t  least t h r e e  compounds are known i n  t h i s  system. S e v e r a l  inves- 

t i g a t o r s 8 0 r  86 have  r e p o r t e d  t h e  e x i s t e n c e  of UTiO5. 

a p p e a r s  t o  have a c l o s e  s t r u c t u r a l  r e l a t i o n s h i p  wi th  a-Nb205. It 

h a s  a monocl inic  s t r u c t u r e  (pseudo-hexagonal) w i th  pseudo ce l l  dimen- 

s i o n s  of  a = 0.370 nm and e = 0.390 nm. 

Th i s  compound 

Marsha l l  and Hoekstra86 

. 
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found t h a t  UTi308 h a s  a l s o  been reported.87 

UTi.206, has  a monocl inic  s t r u c t u r e  wi th  a = 0.979 nm; b = 0.377 nm; 

e = 0.691 nm, and B = 118O50'. A r e f e r e n c e  w a s  found86 t h a t  i n d i c a t e s  

t h a t  Ti02 ( o r  lower oxide)  i s  s o l u b l e  i n  U02, bu t  no l i m i t s  were 

s p e c i f i e d .  

The t h i r d  compound,84 
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F ISS I O N  PRODUCT INTERACTIONS 

An unders tanding  of t h e  d i s t r i b u t i o n  and e f f e c t s  of f i s s i o n  pro- 

d u c t s  may l e a d  d i r e c t l y  t o  p r e d i c t i o n s  on t h e  d i s t r i b u t i o n  of s p i k a n t s  

w i t h i n  the  f u e l ,  and of p o s s i b l e  sp ikant -c ladding  i n t e r a c t i o n s .  

The re fo re ,  t h e  purpose of t h i s  appendix i s  t o  summarize the  informat ion  

a v a i l a b l e  on t h e  s u b j e c t  i n t o  a coherent  concept of t h e  f a c t o r s  involved 

and extend t h e s e  p r i n c i p l e s  t o  t h e  p o t e n t i a l  s p i k a n t s  l i s t e d  i n  Table 1. 

F i s  s i o n  Product D i s t r i b u t i o n  

I n  t h e  course  of r e a c t o r  ope ra t ion  a number of f i s s i o n  products  

t h a t  are formed can have a profound e f f e c t  on f u e l  element performance. 

I n  o r d e r  t o  understand these  e f f e c t s  w e  f i r s t  need t o  determine what 

f i s s i o n  products  are produced and the  chemical and phys ica l  s ta te  of 

t h e s e  elements .  

F i s s i o n  product  y i e l d s  f o r  t h e  va r ious  f i s s i o n a b l e  i s o t o p e s  are 

summarized i n  Fig. B1. The g e n e r a l  shape of  t h e s e  curves  i s  similar, 

a l t h o u g h  d i sp laced  s l i g h t l y  t o  t h e  r i g h t  o r  l e f t  f o r  t he  heavy o r  l i g h t  

f i s s i o n a b l e  i s o t o p e s  r e s p e c t i v e l y .  These curves  show t h a t  e lements  such 

a s  K r ,  Rb, S r ,  Y, Z r ,  Nb, Mo, Tc, Ru, Pd, Ag, T e ,  I, X e ,  C s ,  Ba, La, C e ,  

P r ,  Nd, Pm, and Sm may be p resen t  i n  a p p r e c i a b l e  amounts (>0.5%) and 

t h u s  should be cons idered  i n  an  a n a l y s i s  of f i s s i o n  product  d i s t r i b r  

t i o n .  
The chemical form and phys ica l  state of t h e  f i s s i o n  products  are 

The chemical form can be p red ic t ed  wi th  impor tan t  f o r  t h i s  a n a l y s i s .  

t h e  a i d  of  thermodynamics. In  oxide  f u e l s  t h e  oxygen p o t e n t i a l  of t h e  

f u e l  and t h e  f r e e  energy of  format ion  of t h e  va r ious  oxides  are the  

impor tan t  c o n s i d e r a t i o n s .  F igure  B 2  shows t h a t  t h e  oxygen p o t e n t i a l  of 

t h e  f u e l  v a r i e s  w i th  both  temperature  and s to ich iometry .  When t h e  f r e e  

energy  of  format ion  of  an  oxide  i s  more n e g a t i v e  than  the  oxygen poten- 

t i a l  of  t h e  f u e l ,  t h e  oxide  i s  s t a b l e  wi th  r e s p e c t  t o  the  f u e l .  

Conversely,  when t h e  f r e e  energy  of format ion  is  more p o s i t i v e  than  the  

oxygen p o t e n t i a l  of t h e  f u e l  t h e  oxide  is  u n s t a b l e  i n  t h e  presence of 
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t h e  f u e l  and the f i s s i o n  product  can be expected t o  be p re sen t  i n  t h e  

e l e m e n t a l  form. Once t h e  chemical  s ta te  has  been determined,  t h e  physi- 

c a l  s ta te  i n  v a r i o u s  p a r t s  of  t h e  f u e l  element can be p r e d i c t e d  from an  

a n a l y s i s  of  t h e  me l t ing  and b o i l i n g  p o i n t s  of t h e  s p e c i e s  of concern.  

Fol lowing t h i s  procedure ,  w e  c o n s t r u c t e d  Table  B1, which summarizes 

in fo rma t ion2 ,  on t h e  v a r i o u s  s p e c i e s  p o s s i b l e  wi th in  the  system. The 

p h y s i c a l  s ta tes  l i s t e d  i n  t h i s  summary ag ree  w e l l  w i th  exper imenta l  

o b s e r v a t i o n s .  

I n  g e n e r a l ,  s o l i d  f i s s i o n  products  a r e  d i s t r i b u t e d  i n  v a r i o u s  pha- 

ses i n  t h e  f u e l  as fo l lows :  

1. The oxide  matrix of t h e  o r i g i n a l  f u e l -  These elements  are 

p r e s e n t  as ox ides  i n  s o l i d  s o l u t i o n  i n  t h e  f u e l  ma t r ix  and inc lude  

y t t r i u m ,  t h e  rare e a r t h s ,  niobium, some of t h e  zirconium, and some of 

t h e  molybdenum. 

2. S e p a r a t e  oxide  phase - This  phase c o n t a i n s  those  f i s s i o n  

p r o d u c t s  whose oxides  are i n s o l u b l e  i n  t h e  f u e l  m a t r i x ,  such as barium, 

s t r o n t i u m ,  and some zirconium. 

3. Metallic i n c l u s i o n s  - T h i s  phase occur s  i n  t h e  g r a i n  boun- 

d a r i e s  of  t h e  columnar g r a i n  r eg ion  o r  w i t h i n  t h e  l a r g e  c e n t r a l  vo id  and 

i s  a homogeneous a l l o y  of  Ru, T c ,  Rh, Pd, and Mo. 

4. Other  - Xenon and krypton  f i l l  t h e  void spaces w i t h i n  the  

f u e l .  

uranium o r  plutonium and N denotes  rhodium o r  palladium. Cesium and 

molybdenum are found i n  t h e  g r a i n  boundaries  of t h e  c ladding .  

I n t e r m e t a l l i c  compounds of t h e  type MN3 may form, where M denotes  

The tempera ture  g r a d i e n t  i n  t h e  f u e l  i s  r a t h e r  s t e e p ,  and some 

f i s s i o n  p roduc t s  move up t h e  g r a d i e n t  whi le  o t h e r s  move down. Much 

depends on t h e  chemical form of  t h e  f i s s i o n  p roduc t ,  but  t h i s  mig ra t ion  

a f f e c t s  the oxygen p o t e n t i a l  of t h e  f u e l ,  s w e l l i n g ,  mechanical  p r o p e r  

t i e s ,  thermal  c o n d u c t i v i t y ,  and u l t i m a t e l y  t h e  tempera ture  p r o f i l e .  

Zirconium, niobium, y t t r i u m ,  and t h e  rare e a r t h s  form oxides  t h a t  

a r e  s o l u b l e  i n  t h e  f l u o r i t e  s t r u c t u r e  of  t h e  f u e l ,  and t h e s e  e lements ,  

w i t h  t h e  p o s s i b l e  excep t ion  of ~ e r i u m , ~  do no t  mig ra t e  i n  t h e  tem-  

p e r a t u r e  g r a d i e n t .  

i n  out-of-reactor  tests .5 S i m i l a r l y ,  Bates6, has  found a v e r y  

A s m a l l  amount of cerium migra t ion  has  been observed 

U 
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Table B 1 .  S t a t e s  of F i s s i o n  Products  

Mel t ing  P o i n t  B o i l i n g  P o i n t  P h y s i c a l  S t a t e  
( " 0  ("C) 

K r  
Rb 
Mo 
Tc 
Ru 
Rh 

Pda 
Ag 
T e  
1 
X e  
cs 

SrO 

'2'3 
Zr02 

Nb205 
MOO 

BaO 
3 

La203 
C e 0 2  

Pr203 

Nd203 

Sm2 3 

Pm203 

-157.2 
38.9 

2010 

2500 
1966 
1552 

960.8 
449.5 
113.7 

-111.9 
28.7 

2420 

2410 

2700 

1485 

795 

1918 

2307 

(2727) 

(1927) 

2272 

S t a b l e  Elements 

-15 2 
688 

5560 

4900 
4500 
3980 
2210 

989.8 
183 

-108 
69 0 

Elemental  vapor  
Elemental  vapor  
M e t a l l i c  I n c l u s i o n s  
M e t a l l i c  i n c l u s i o n s  
Metall ic i n c l u s i o n s  
Metall ic i n c l u s i o n s  
Metallic i n c l u s i o n s  
Metallic i n c l u s i o n s  
Elemental  vapor 
Elemental  vapor  
Elemental  vapor  
Elemental  vapor  

S t a b l e  Oxides 

3000 A l k a l i n e  e a r t h  oxide  
phase,  S rZr03  

So lub le  oxide  

(5000) So lub le  oxide  and 
a l k a l i n e  e a r t h  oxide  
phase 

. Solub le  ox ide  

s u b l .  

(2000)  

4200 

S o l u b l e  ox ide  

A l k a l i n e  e a r t h  ox ide  

3 phase  B a Z r O  

So lub le  oxide  

So lub le  oxide  

So lub le  oxide  

So lub le  ox ide  

So lub le  ox ide  

So lub le  ox ide  

a 
Of concern only  i n  plutonium f u e l s .  



s m a l l  amount of cerium migra t ion  i n  i r r a d i a t e d  uranium d iox ide  f u e l  ele- 

ments.  Cons iderable  mig ra t ion  of ruthenium up t h e  temperature  g r a d i e n t  

w a s  a lso observed. 

Ox yg en Re d i s  t r i b u t  i o n  

The presence  of a temperature  g r a d i e n t  compl ica tes  t he  e l emen ta l  

d i s t r i b u t i o n  w i t h i n  t h e  f u e l  cons iderably .  Cons iderable  r e d i s t r i b u t i o n  

o f  f u e l  components, i nc lud ing  oxygen, has  been observed exper imenta l ly .  

T h i s  r e d i s t r i b u t i o n  i s  due d i r e c t l y  t o  t h e  presence of t he  temperature  

g r a d i e n t .  The problem of de te rmining  t h e  mechanism of t h i s  r e d i s t r i b r  

t i o n  becomes one o f  combining a model of t h e  t r a n s p o r t  mechanism wi th  

thermodynamic a n a l y s i s .  A knowledge of t h e  e x t e n t  of oxygen d i s t r i b r  

t i o n  i s  impor tan t  because many p r o p e r t i e s  of t h e  f u e l  are f u n c t i o n s  of 

t h e  O/M r a t i o .  Among the  p r o p e r t i e s  a f f e c t e d  by t h e  O/M r a t i o  are: 

thermal  c o n d u c t i v i t y ,  oxygen p o t e n t i a l ,  c r e e p ,  and d i f f u s i o n  coef- 

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

S e v e r a l  models have been proposed t o  e x p l a i n  t h e  oxygen r e d i s t r i b p  

t i o n  observed i n  r e a c t o r  f u e l s .  For hype r s to i ch iomet r i c  f u e l s  t h e  model 

proposed by Markin, Rand, and Roberts8,  

r e s u l t s  r a t h e r  w e l l .  Th i s  model i s  based on t r a n s p o r t  i n  t h e  gas  phase.  

A l l  n u c l e a r  f u e l  c o n t a i n s  s e v e r a l  p a r t s  per  m i l l i o n  of carbon as an  

impur i ty .  T h i s  carbon can be ox id ized  t o  C02 and CO, which i n  t u r n  

f i l l  a l l  t h e  c racks  and in t e rconnec ted  pores  as w e l l  as t h e  plenum above 

t h e  f u e l .  Under t h e s e  c o n d i t i o n s  oxygen can be t r a n s p o r t e d  by means of 

t h e  react i o n s  : 

has  expla ined  the  observed 

Ho t Zone 2c02 + 2co + 0 2  (1 1 

Cold Zone 2co + 02 + 2c02 (2  ) 

Thus ,  C02 d i f f u s e s  up t h e  tempera ture  g r a d i e n t ,  where i t  decomposes 

acco rd ing  t o  r e a c t i o n  (11, the reby  d e p o s i t i n g  oxygen. The CO then  d i f -  

f u s e s  down t h e  temperature  g r a d i e n t ,  where r e a c t i o n  ( 2 )  occurs .  No n e t  

a 
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t r a n s p o r t  o f  carbon t a k e s  place,  a l though  t h e r e  i s  an  i n c r e a s e  i n  oxygen 

i n  t h e  h o t  zone. 

mar izes  some exper imenta l  obse rva t ions  and shows t h a t  i n  hypers to ich io-  

m e t r i c  f u e l s  t h e  O/M r a t i o  i n c r e a s e s  i n  the  ho t  zone. 

Th i s  a g r e e s  wi th  experiment.lO-17 Table  B 2  sum- 

L i m i t a t i o n s  of t h i s  model occur wi th  subs to i ch iomet r i c  f u e l  o r  

s y s t e m s  con ta in ing  f r e e  carbon. Under t h e s e  c o n d i t i o n s  t h e  oxygen 

p o t e n t i a l  i s  low so t h a t  t h e  m a x i m u m  C 0 2  p r e s s u r e  i s  a l s o  low. A t  

lower tempera tures  t h e  e x t e n t  of oxygen r e d i s t r i b u t i o n  may a l s o  be 

l i m i t e d  by t h e  presence of v o l a t i l e  ox ides  (M.002, C s 2 0  o r  C s 2 M o O q ) ,  

which may t r a n s p o r t  oxygen down t h e  temperature  g r a d i e n t  .9 

t h e  s t a b i l i t y  of  C s 2 M o O q  i n  subs to i ch iomet r i c  f u e l  i s  not  known. 

Above about 20OO0C gaseous oxides  of uranium and plutonium may t r a n s p o r t  

oxygen as t h e y  d i f f u s e  down t h e  temperature  g r a d i e n t .  S o l i d - s t a t e  d i f -  

f u s i o n  of  oxygen down t h e  temperature  g r a d i e n t  may a l s o  reduce oxygen 

r e d  i s  t r i b u t  i on .  

However, 

Table  B2. Summary of Oxygen & d i s t r i b u t i o n  Experiments 

Investigator Mat er ial Geometry Redi str ibu t ion 

Radial O/U highest at hot zone 
Axial O/U highest at cold end; 

10 
u02+x 
u02-x 

Christensen 
Fryxell and Aitken 11 

2.000 no redistribution in UO 

Axial O/M highest at cold end Evans, f$tken, and (U, P U )  02-x 
Craig 

13 Jef f  s (U 9 pu> 02+x Radial O/M highest at hot zone; 
2.000 no redistribution in UO 

Axial O/U highest at hot end Adamson 
Adamson and Carney (U,WO2 Axial O/M highest at hot end 

Adamson et al. 

14 
u02+3: 

u02 ’ u02+x 

15 

O/M highest at centerline 

O/M highest at cold zone 

1 6  

(U , PU) ol. 955 

Sari and Schumacher Axial O / M  highest at cold end 
Radial O/M highest at cold zone 
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For  hypos to ich iometr ic  f u e l s ,  t h e  above mechanism i s  i n v a l i d  f o r  

t h e  r easons  o u t l i n e d .  

s t o i c h i o m e t r y  parameter  x i n  (U,Pu)O2, should va ry  wi th  tempera ture  

acco rd ing  t o  t h e  r e l a t i o n s h i p :  

This  has  l e d  Aitken18 t o  propose t h a t  t h e  

Q+ nx = - + cons t  RT 

where &+ i s  c a l l e d  a " c h a r a c t e r i s t i c  h e a t  of t r a n s p o r t  ," which repre- 

s e n t s  t h e  combined e f f e c t  o f  s o l i d - s t a t e  d i f f u s i o n  and t h e  vapor migra- 

t i o n  of a l l  oxygen-bearing species conta ined  i n  t h e  gas  phase f i l l i n g  

t h e  c racks  and f i s s u r e s  i n  t h e  f u e l .  

mechanism r e s p o n s i b l e  f o r  t he  oxygen mig ra t ion .  By means of curve- 

f i t t i n g  t echn iques ,  s t o i c h i o m e t r y  p r o f i l e s  can be c a l c u l a t e d .  

The va lue  of Q+ depends on thh  

For  f u l l y  dense f u e l ,  oxygen a l s o  r e d i s t r i b u t e s  i n  hypostoichio-  

metric f u e l s ,  even though CO2-CO g a s  phase r e d i s t r i b u t i o n  i s  

imposs ib le .  

i s  r e s p o n s i b l e  f o r  oxygen r e d i s t r i b u t i o n .  

Bober and Schumacher19 propose t h a t  s o l i d - s t a t e  d i f f u s i o n  

Fuel-Cladding Reac t ions  

Thermodynamic r e l a t i o n s h i p s  between ( U , P u ) O s x  f u e l  and a u s t e n i t i c  

s t a i n l e s s  s tee l  are summarized i n  Fig.  B3.  This  f i g u r e  shows t h a t  reac- 

t i o n s  between t h e  f u e l  and c l add ing  should no t  proceed u n t i l  t h e  O/M 

r a t i o  exceeds  1.998. E a r l y  out -of - reac tor  tests v e r i f i e d  t h i s  rela- 

t i o n s h i p .  A s  t h e  r e s u l t s  of  i n - r eac to r  tests became a v a i l a b l e ,  r e a c t i o n s  

were obv ious ly  occur r ing  between t h e  f u e l  and the  c ladding .  C e s i u m  and 

t e l l u r i u m ,  both  f i s s i o n  p roduc t s ,  w e r e  i d e n t i f i e d  as p a r t i c i p a n t s  i n  t h e  

r e a c t i o n .  T h i s  apparent  c o n f l i c t  between t h e o r y  and experiment is 

exp la ined  by t h e  i n i t i a t i o n  and c o n t r o l  of c l add ing  a t t a c k  by t h e  oxi- 

d i z i n g  p o t e n t i a l  o f  t h e  f u e l  and t h e  temperature  of t h e  fue l -c ladding  

i n t e r f a c e . 2 0  

d i z i n g  p o t e n t i a l  o f  a g iven  f u e l  are: t h e  i n i t i a l  O/M r a t i o ,  t h e  amount 

of f u e l  burnup, t empera tu re ,  thermal  c o n d u c t i v i t y ,  and the  o x i d a t i o n  states 

of  t h e  uranium and plutonium. Various s t u d i e s  have shown t h a t  f u e l  

T h i s  i s  shown i n  Fig.  B3. F a c t o r s  t h a t  c o n t r o l  t h e  oxi- 
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Fig.  B 3 .  Equi l ibr ium Oxygen P o t e n t i a l s  of ( P U , U ) O ~ + ~  Fuel  and 
Cladding Components. 

does no t  react wi th  t h e  c ladding  except  when i t  is hypers to ich io-  

( i . e . ,  O/M > 2.0) .  The e f f e c t  of an i n c r e a s e  i n  oxygen 

p o t e n t i a l  i s  t o  a l l o w  o x i d a t i o n  of a l l o y  c o n s t i t u e n t s ,  n o t a b l y  chromium. 

Most of t h e  r e c e n t  work on t h e  fue l -c ladding  r e a c t i o n s  has  been done 

w i t h  out-of-reactor  tes ts  us ing  f u e l  composi t ions designed t o  s imula t e  

g iven  burnup l e v e l s .  

A t  least  one r e fe rence25  concludes t h a t  neut ron  energy does not  

i n f l u e n c e  t h e  chemis t ry  of t h e  system, a l though  t h e  th i ckness  of reac- 

t i o n  l a y e r s  is  g r e a t e r  wi th  f a s t  neut rons .  

TvDes of Reac t ion  

I n  g e n e r a l ,  t h r e e  types  of  r e a c t i o n  have been observed as the  

r e s u l t  of i n t e r a c t i o n  of  f u e l ,  f i s s i o n  p roduc t s ,  and c ladding:  

1 .  i n t e r g r a n u l a r  ( g r a i n  boundary) c ladding  a t t a c k ,  

2. matrix a t t a c k ,  u s u a l l y  c h a r a c t e r i z e d  by a cont inuous l a y e r  a t  the  

fue l -c ladding  i n t e r f a c e ,  
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3. " r i v e r s "  of metall ic material a long  c racks  i n  the  f u e l .  

I n t e r g r a n u l a r  a t t a c k  i s  t h e  more s e r i o u s  mode of a t t a c k  s i n c e  the  

p e n e t r a t i o n  occur s  th rough a g r e a t e r  p ropor t ion  of t he  c ladding  

t h i c k n e s s  and t h e r e f o r e  weakens t h e  c l add ing  more. 

Cesium 

C e s i u m ,  a secondary  s p i k a n t ,  has  been found t o  have the  most 

adve r se  e f f e c t  on a u s t e n i t i c  s t a i n l e s s  s tee l  of any f i s s i o n  product .22 

A number of proposed mechanisms w i l l  be desc r ibed  i n  a la ter  s e c t i o n .  

Oxygen-free cesium has been desc r ibed  as compatible  wi th  s t a i n l e s s  stee:L 

up t o  3000 h a t  1000"C.24 

u s u a l l y  found i n  t h e  g r a i n  boundary r e a c t i o n  product .  Th i s  tn te rgranu-  

l a r  c o r r o s i o n  product  has  been i d e n t i f i e d  as cesium p l u s :  

and C r . 2 4  

Cs-O-Mo compounds under c e r t a i n  c o n d i t i o n s  .22, 26 

a t t a c k  by Cs-0 appea r s  t o  occur  a t  a h igher  oxygen p o t e n t i a l  than t h a t  

r e q u i r e d  f o r  r e a c t i o n  of s t a i n l e s s  s tee l  .26 

f u e l  cesium u r a n a t e  vapor forms a t  h i g h  tempera tures .  Movement of t h e  

cesium u r a n a t e  down t h e  tempera ture  g r a d i e n t  l e a d s  t o  p r e f e r e n t i a l  move- 

ment of  uranium from t h e  f u e l  a t  h i g h  temperature  and subsequent  deposi-  

tion at l o w  temperature.26 

Cesium, when p resen t  as the  elemen.t, i s  

Mol and 020,21 

S e v e r a l  i n v e s t i g a t o r s  c l a i m  s t a b i l i t y  f o r  c e r t a i n  Cs-0-U o r  

The th re sho ld  f o r  

I n  hype r s to i ch iomet r i c  

Even though t h e  i n t e r p r e t a t i o n s  of t h e  d a t a  d i f f e r ,  most investiga.-  

t o r s  a g r e e  t h a t  t h e  presence  of oxygen i s  necessa ry  f o r  i n t e r g r a n u l a r  

r e a c t i o n  t o  occur .  The presence  of oxygen i s  u s u a l l y  i n d i c a t e d  by hyper- 

s t o i c h i o m e t r i c  f u e l ,  and i n  a l l  cases where r e a c t i o n s  w e r e  found oxygen 

was p resen t .  

I o d i n e  

I n  g e n e r a l ,  i o d i n e  does no t  seem t o  p resen t  any  problems because i t  

i s  u s u a l l y  combined wi th  cesium as C s I .  No a t t a c k  w a s  observed a t  any 

C s / I  r a t i o s  i n  t h e  absence of oxygen.26 A combination of C s I  + U02.08 

gave  marked r e a c t i o n ,  wh i l e  U02.08 o r  C s I  a lone  d id  not.24 French 
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workers ,  on t h e  o t h e r  hand, conclude t h a t  i od ine  i s  important  i n  pro- 

duc ing  &, C r ,  and Fe i o d i d e s ,  which then  migra te  t o  co ld  p o r t i o n s  of 

t h e  system. The metals d e p o s i t  and the  iod ine  i s  r e l e a s e d  and is  then 

a v a i l a b l e  f o r  f u r t h e r  t r a n s p o r t  of s t a i n l e s s  s t ee l  c o n s t i t u e n t s .  This  
mechanism w i l l  be d i scussed  i n  more d e t a i l  i n  a l a t e r  s e c t i o n .  

Molybdenum 

Molybdenum has  been found i n  an  i n t e r g r a n u l a r  co r ros ion  product 

a long  wi th  cesium and oxygen,20,21 but  i n  g e n e r a l  i s  not  cons idered  a 

r e a c t i v e  f i s s i o n  product  .24 

w i t h  molybdenum no a t t a c k  w a s  observed.26 

I n  another  series of out-of-reactor  t e s t s  

Oxygen 

Oxygen i s  u s u a l l y  found i n  i n t e r g r a n u l a r  r e a c t i o n  products20,  26 and 

seems t o  be necessa ry  f o r  t h e  promotion of i n t e r g r a n u l a r  co r ros ion .  

i s  a l s o  p re sen t  i n  t h e  ma t r ix  r e a c t i o n  product .  
It 

T e l  1 u r  ium 

Some i n t e r g r a n u l a r  p e n e t r a t i o n  of t e l l u r i u m  w a s  found21 3 23 when 

Cs /Te  r a t i o s  were less than 2. 

u n r e l a t e d  t o  oxygen.24 

w a s  found wi th  s t o i c h i o m e t r i c  f u e l ,  wh i l e  none w a s  found wi th  hypo- 

s t o i c h i o m e t r i c  f u e l .  

React ion wi th  t e l l u r i u m  is claimed t o  be 

However, i n  another  tes t ,  i n t e r g r a n u l a r  a t t a c k  

Selenium 

Severe r e a c t i o n s  wi th  selenium were found and were claimed not  t o  

depend upon oxygen.24 

t e l l u r i u m ,  i t  i s  p resen t  i n  such s m a l l  q u a n t i t i e s  as t o  be unimportant 

a s  a cor rodant  .26 

While selenium i s  much more r e a c t i v e  than 
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I ron-Chromium-Nickel 

These elements  are u s u a l l y  found i n  t h e  ma t r ix  r e a c t i o n  zone .21 9 22 

Antimony and Cadmium 

24 These e lements  react p r e f e r e n t i a l l y  wi th  chromium. 

Indium and T i n  

These e lements  r e a c t  p r e f e r e n t i a l l y  wi th  n i c k e l  .24 

Corros ion  Mechanisms 

One p o s s i b l e  mechanism f o r  t h e s e  o b s e r v a t i o n s  has  been presented  by 

Ohse and S ~ h l e c h t e r . ~ ~  

a u t h o r s  : 

1. format ion  of a l aye red  s t r u c t u r e  i n  t h e  case of i n i t i a l l y  n e a r l y  

s t o i c h i o m e t r i c  f u e l s ,  

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

of  t h e  s tee l  i n  t h e  presence of a l i q u i d  phase,  

3. t h e  i n t e r g r a n u l a r  a t t a c k  of s e n s i t i z e d  s tee l  w i t h i n  t h e  g r a i n  boun- 

d a r i e s .  

P a s s i v a t i n g  oxide  l a y e r s  are probably  formed be fo re  an a p p r e c i a b l e  

amount of f i s s i o n  p roduc t s  r each  t h e  fue l -c ladding  i n t e r f a c e .  Sur face  

a b l a t i o n  i s  observed on t h e  nonprotec ted  s t ee l  s u r f a c e  a f t e r  a t h i n  pro- 

t e c t i v e  oxide  f i l m  has  been d i s so lved  i n  t h e  l i q u i d  phase. I n t e r g r a n u l a r  

a t t a c k  i s  observed e s p e c i a l l y  i n  s e n s i t i z e d  steels,  where Cr23Cg p rec i -  

p i t a t e  a long  t h e  g r a i n  boundar ies  i s  oxid ized .  The g e n e r a l  f e a t u r e s  

observed27 are summarized i n  Fig. B4. 

Three types  of  a t t a c k  are cons idered  by t h e  

Phase r e l a t i o n s h i p s  of t h e  Cs-0 system,28 g iven  i n  Fig.  B 5 ,  show 

t h a t  cesium ox ide  i n  any  form i s  n o t  t o  be expected a t  t h e  tempera tures  

and oxygen p o t e n t i a l s  involved.  Ra the r ,  a t h i n  l a y e r  of l i q u i d  cesium 

c o n t a i n i n g  oxygen and the  more v o l a t i l e  f i s s i o n  products  such as tel- 

lu r ium,  selenium, and rubidium is t o  be expected.  I n  hypos to ich iometr ic  

L 
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f u e l s ,  cesium migra t e s  toward t h e  c l add ing ,  whi le  i n  hype r s to i ch iomet r i c  

f u e l s  cesium t e n d s  t o  form s t a b l e  compounds. 

A schematic  of  p o s s i b l e  r e a c t i o n  mechanisms a t  t h e  fue l -c ladding  

i n t e r f a c e 2 7  i s  g iven  i n  Fig.  B6. 

are:  (1) s o l u t i o n  o f  Cr2O3 i n  cesium and,  ( 2 )  p r e c i p i t a t i o n  of C s C r 0 2  

a t  t h e  high-temperature  s i d e  of t h e  l i q u i d  multicomponent l a y e r .  Preci- 

p i t a t i o n  of CsFe02 can be expected on ly  a t  t h e  chromium-depleted i ron-  

r i c h  s u r f a c e  of t h e  oxide  l a y e r  a t  an  oxygen p o t e n t i a l  of hypers to ich io-  

metric f u e l .  

t h e  d e f e c t  c o n c e n t r a t i o n  ba lance  and i n c r e a s e  t h e  rate of chromium d i f -  

f u s i o n  t o  t h e  Cs-0 l i q u i d  phase.  The r e s u l t i n g  chromium d e p l e t i o n  l e a d s  

t o  t h e  format ion  of a n  in t e rmed ia t e  l a y e r  of sp ine l - type  oxide.  S t r e s s  

deve lopnents  can l e a d  t o  c racks  w i t h i n  t h e  oxide  l a y e r  and l i f t i n g  of 

t h e  oxide  scale. P e n e t r a t i o n  of  t he  l i q u i d  between t h e  oxide  l a y e r  and 

t h e  metal would then  g i v e  rise t o  a b l a t i o n  of t h e  oxide  scale and 

f u r t h e r  chromium removal as desc r ibed  above. 

Important  f e a t u r e s  of t h i s  schematic  

S e l e c t i v e  d i s s o l u t i o n  of t h e  M2O3 l a y e r  w i l l  d i s t u r b  

0 R N L- DWG 78 - 4 44 E: 2 

Cr-DiFFUSION TO 
RE ESTABLl SH 
PASS IV I T Y 
( long-term process) 

Cr- DEPLETION 
AT THE 
SENSITIZING 
TEMPERATURE 

INTERGRANULAR 
AT TAC K 

Fig .  B6. Schematic Disp lay  of P o s s i b l e  React ion Mechanism of 
Chemical I n t e r a c t i o n  i n  Oxide F u e l s  a t  t h e  Fuel-Cladding I n t e r f a c e .  
Adapted from Ohse and S ~ h l e c h t e r . ~ ~  
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. 

Another proposed mechanism invo lves  t r a n s p o r t  i n  t h e  vapor phase by 

means o f  a van Arkel-de Boer r n e ~ h a n i s m . ~ ~  

reacts wi th  Mn, C r ,  and Fe of t h e  s t a i n l e s s  s t ee l  where f u e l  (U,Pu)02kx 

i s  p r e s e n t  t o  form t h e  i o d i d e s  MnI2, CrI2 ,  and FeI2 and Cs2(U,Pu)Oq. 

The i o d i d e s  decompose i n  t h e  h o t  zones a t  t h e  f u e l  s u r f a c e ,  p rec ip i -  

t a t i n g  Mn, C r ,  and Fe and r e l e a s i n g  t h e  i o d i n e  f o r  f u r t h e r  r e a c t i o n  as 

C s I .  Obviously t h i s  mechanism depends on t h e  format ion  of cesium com- 

pounds more s t a b l e  than  C s I .  

smal l ,  t h i s  i s  ~ n l i k e l y . ~ O  

areas of  i n t e r g r a n u l a r  a t t ack31  l e n d s  suppor t  t o  t h i s  hypothes is .  

I n  t h i s  mechanism C s I  

Unless t h e  i o d i n e  p o t e n t i a l  is  v a n i s h i n g l y  

However, t h a t  i o d i n e  has  been found i n  

1. 

2. 

3. 

4. 

5.  

6. 

7. 

8. 

9. 
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1 

CALCULATION OF THE FUEL SPIKANT CONCENTRATION 

REQUIRED FOR A DOSE RATE OF 27,000 R / H  

C a l c u l a t i o n s  p re sen ted  h e r e  r e f e r  t o  a f u e l  assembly 16 an on a 

s i d e  by 366 cm ( 1 2  f t )  long. Assuming a c y l i n d r i c a l  shape and an  e f f ec -  

t i v e  d i s t a n c e  from t h e  f u e l  assembly of 37 a, t h e  c a l c u l a t i o n s  are 

based on t h e  r a d i a t i o n  dose a t  t h e  s u r f a c e  of a c y l i n d e r  w i th  a r a d i u s  

o f  37 c m  and a l e n g t h  of 366 an (12 f t ) .  

8.49 x lo4  cm2. 

Th i s  y i e l d s  a n  area ( A )  of 

End e f f e c t s  were neg lec t ed .  

The weight of f u e l  w a s  deteremined by assuming a p e l l e t  d iameter  of 

0.94 c m  (0.37 i n . ) .  For a rod 366 cm (12 f t )  long  t h e  volume of  t h e  

f u e l  i s  256 cm3. 

grams o f  f u e l  per  rod. I f  a f u e l  assembly c o n t a i n s  204 r o d s  t h e  t o t a l  

f u e l  weight (W) is 533 kg. 

and  e-At a t  t = 2 y e a r s ,  which i s  t h e  i n t e n s i t y  of t h e  y r a d i a t i o n  

a f t e r  2 y e a r s .  

Assuming a d e n s i t y  of 10.2 g / m 3  y i e l d s  2 . 6  x lo3  

Other  r equ i r ed  parameters  are t h e  decay c o n s t a n t  A = ( I n  2 ) (k1 /2 )  

A sample c a l c u l a t i o n  i s  made f o r  65Zn wi th  a h a l f - l i f e  of 245 

days.  This  y i e l d s :  

A = (ln 2) / (245  d X 86,400 s/d) = 3.274 x l O - ' / s  

e -It = exp[-(ln 2) x 2 x 365/245] = 0.127 a f t e r  2 y e a r s  . 

For  65Zn t h e r e  are 2 gamma rays :  

Y Energy I n t e n s i t y  F lux  t o  g i v e  1 R/h 

0.511 M e V  3.4% 
1.1 MeV 49% 

1.0 x 106 cm2s 
4.9 x 105 cm2s 

. 
The las t  column i s  t h e  gamma f l u x  e q u i v a l e n t  t o  1 R/h and is ob ta ined  

from Fig.  C 1 ,  which g iven  t h e  g a m a  f l u x  as a f u n c t i o n  of gamma energy. 
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i 04 
5 io0 2 5 io’ io-2 2 5 10-1 2 

GAMMA ENERGY (MeV) 

Fig. C1. Gamma Flux Equivalent to 1 R/h as a Function of! Gamma 
Energy. 
Radiological Health Handbook, revised ed., September 1 9 6 0 ,  p. 1 4 0 .  

From U.S. Department of Health, Education, and Welfare, 

With this information we can use the relationship: 

B 
A +  = 27,000 R/hr , 1.0 x io6 4.9 x 1 0 5  

where 27,000 R/hr is the desired dose after 2 years; A is the flux of 
0.511-MeV ys and B is the flux of 1.1-MeV ys. 
to B: 

Normalizing with respect 

A = 0 . 0 3 4 B / 0 . 4 9  = 0 . 0 6 9 B  . 

Equation (1) then becomes 

= 27,000 , 0.069B B 
1.0 x 1 0 6 - +  4 .9  x 105 
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so B = 1 .279  X lo1', which i s  t h e  f l u x  of 1 .1 -MeV YS i n  photons/cm2s 

and i s  c a l l e d  t h e  number of r e f e r e n c e  y s  (P). 
The t o t a l  number of 1.1 M e V  ys per  second = P X a where a i s  t h e  

area of t h e  r e f e r e n c e  c y l i n d e r ,  o r  8 . 4 9  x 104P = 1.086 x 1015 ( t h e  

number of 1 . 1 - M e V  ys per  second. 

S ince  t h i s  p a r t i c u l a r  y occur s  i n  49% of t h e  decays ,  t h e  f r a c t i o n  of 

r e f e r e n c e  ys, f, = 0 . 4 9 ,  and t h e  number of decays p e r  second i s :  

The a c t i v i t y  = A N o ,  where N o  i s  t h e  number of 65Zn atoms a t  t i m e  0 .  

ANoe -At = 2.217 X l o i 5  d e c a y s l s  

and 

= 5.332 x l o z 3  atoms . 2.217 x N o  = 3.27 x x 0.127 
A 

The m a s s  of 5.332 X l o z 3  atoms is :  

NoA 5 . 3 3 2  x l o z 3  x 65 = 5 7 . 5 4  , M = - -  - 
6 .023  x l o L 3  NA 

where A i s  t h e  atomic weight  and N i s  Avogadro's number. The concen- A 
t r a t i o n  of 65Zn r e q u i r e d  i n  t h e  f u e l  i s  then  

- 5 7 ' 5  = 108 ppm by weight  . 533000 M X l O  - 

The a c t u a l  dose ra te  r e q u i r e d  of a s p i k a n t  has  n o t  been i d e n t i f i e d .  

dose ra tes  d i f f e r e n t  from 27 ,000  R/hr t h e  r e q u i r e d  c o n c e n t r a t i o n s  w i l l  

change p r o p o r t i o n a l l y .  

would b e  r e q u i r e d .  

For 

For a dose  ra te  of 1000 R/hr 4 ppm of 65Zn 
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Combining t h e s e  c a l c u l a t i o n s ,  t h e  fo l lowing  e q u a t i o n  can be  used:  

where P 

a 

f 
A 

-At e 

A 

W 

= number of r e f e r e n c e  YS [from Fig .  C 1  and E q .  (l)] , 
= 

= f r a c t i o n  of decays  i n  r e f e r e n c e ,  

= decay c o n s t a n t  = (In 2)/t1,2, 

= i n t e n s i t y  a f t e r  t i m e  t ( 2  y e a r s )  , 

= a tomic  weight  of n u c l i d e  , 

= Avogadro's number = 6 . 0 2 3  x l o z 3  a toms/mol ,  

= weight  of  f u e l  = 533 ,000  g .  

a r e a  of r e f e r e n c e  c y l i n d e r  = 8 . 4 9  x l o 4  c m 2 ,  

A f t e r  s u b s t i t u t i n g  f o r  t h e  c o n s t a n t s  t h i s  e q u a t i o n  becomes: 
t 

( 3 )  
At C = 2.646 x lo- ' '  P A / f A e -  . 

Consider ing  t h e  approximations used and t h e  f a c t  t h a t  e f f e c t s  such 

as s e l f - s h i e l d i n g  and c l add ing  s h i e l d i n g  have been n e g l e c t e d ,  w e  

e s t i m a t e  t h a t  t h e  c o n c e n t r a t i o n s  l i s t e d  i n  Table  1 are a c c u r a t e  w i t h i n  

a f a c t o r  of 2 .  
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