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SUMMARY 

An experimental  program a t  PNL examined t he  re l ease  o f  v o l a t i l e  and 

semivdl a t i l  e  rad ionuc l  i d e s  from i r r a d i a t e d  nucl  ear  f u e l  under d i f f e r e n t  modes 

o f  hea t  t reatment.  I n  suppor t  o f  t h i s  work, a  1  i t e r a t u r e  e v a l u a t i o n  was 

conducted t o  rev iew t h e  i n f o r m a t i o n  on: 1) phys ica l  changes i n  f u e l  and 

c ladding;  2) d i s t r i b u t i o n ,  m ig ra t i on ,  and r e a c t i o n s  o f  f i s s i o n  products;  and 

3) t h e o r e t i c a l  s tud ies .  Omit ted from t h e  rev iew a r e  eva lua t i ons  o f  v a r i o u s  

f i s s i o n  gas bubble behav io r  - s w e l l i n g  models. The d i f f e r e n t  computer codes 

t h a t  have been used t o  p r e d i c t  f u e l  behav io r  a r e  a1 so n o t  inc luded.  

A  l a r g e  amount o f  work has been done on t h e  behav io r  o f  nuc lea r  f u e l s  

du r i ng  i r r a d i a t i o n .  The goal  s  o f  t h i s  work have been t o  ensure acceptabl  e  

mechanical performance, p r o v i d e  sa fe  opera t ion ,  and a s s i s t  i n  f u e l  design, 

p repara t ion ,  and recyc l  e. Many fundamental s t ud ies  , i nc l  ud i  ng d i  f f u s i  on and 

1  a t t i c e  s t r uc tu res ,  a r e  a1 so repor ted .  

The pr imary phys i ca l  change o f  t h e  f u e l  r e s u l t i n g  from i r r a d i a t i o n  i s  

swe l l i ng .  The p a r t  o f  concern i s  t h e  s w e l l i n g  due t o  b u i l d u p  o f  s o l i d  and 

gaseous f i s s i o n  products.  Except f o r  t h e  e f f e c t s  caused by c e s i  um, which can 

form compl ex ox ides and thus  cause v a r i a b l e  temperature dependent e f f e c t s ,  t h e  

n e t  r e s u l t s  f rom f i s s i o n  s o l i d s  a r e  g e n e r a l l y  p r e d i c t a b l e  and can be 

accommodated by f u e l  design. Swe l l i ng  caused by gas re l ease  i s  a  more complex 

phenomena and i s  re1 a ted  t o  r e l ease  o f  f i s s i o n  gases from t h e  g ra ins .  Data 

from ac tua l  f u e l  s t ud ies  r e l a t e  t h i s  swe l l  i n g  t o  g r a i n  s ize ,  burnup, 

temperature, and g r a i n  growth p a t t e r n s  ( a  f u n c t i o n  o f  temperature).  Thermal 

t r a n s i e n t s  impose an a d d i t i o n a l  compl e x i  ty i n t h a t  r a tes ,  e.g . d i f f u s i o n  and 

c r y s t a l  growth, a r e  v e r y  impor tant .  The temperature i n  va r i ous  reg ions  o f  t h e  

f u e l  may range f rom a  few hundred degrees cen t i g rade  t o  ove r  3000°C. 

The da ta  on f i s s i o n  p roduc t  d i s t r i b u t i o n  i n  i r r a d i a t e d  f u e l  s  a r e  

voluminous. Evidence f o r  ex tens i ve  m i g r a t i o n  o f  f i s s i o n  p roduc ts  as w e l l  as  

f o r  chemical changes i s  v e r y  c l e a r :  fo rmat ion  o f  metal1 i c  and nonmetal1 i c  

i n c l u s i o n s ,  fo rmat ion  o f  so l  i d  s o l u t i o n s  w i t h  mixed ox ide  f u e l ,  ex tens i ve  

i n t e r a c t i o n  a t  t he  fue l  -c ladding i n t e r f a c e ,  and h i g h  concent ra t ions  o f  c e r t a i  n  

compounds o r  elements i n  v o i d  spaces. 



Experimental s t u d i e s  a r e  d i f f i c u l t .  Of t h e  more than 30 f i s s i o n  product  
e lements ,  only a few can be s tud i ed  by gamma spectroscopy. Electron probe 

microana lys i s  has been very useful a s  an a n a l y s i s  technique. I t  should be 

noted t h a t  t h e  elements and compounds s tud i ed  i n  the pos t  r e a c t o r  examination 
a r e  no t  o f t e n  t hose  t h a t  a r e  formed i n  f i s s i o n .  Data f o r  25 elements  a r e  
surveyed i n  t h e  document, both a s  t o  l o c a t i o n  i n  the fue l  element and a s  t o  

chemical form. 

High migra t ions  a r e  shown by t h e  more v o l a t i l e  e lements  such a s  T, Br, I ,  
Cs, Sb, Tc, Te, and Pd. Strong o x i d e  formers ,  such a s  Y and the r a r e  e a r t h s ,  
migra te  1 i t t l  e. A1 though migra t ion  i s  normally along a temperature  g r a d i e n t ,  
the d i r e c t i o n  i s  no t  always p red i c t ab l e .  

The behavior  of  severa l  f i s s i o n  products  i s  a func t ion  of  the oxygen 
a v a i l a b i l i t y  and t h e  oxygen t o  metal r a t i o  (and the O2 f r e e  ene rgy ) ,  and can 

be q u i t e  c r i t i c a l  i n  determining fue l  behavior.  In p a r t i c u l  a r ,  compound 
formation and the r o l e s  of  Cs, and t o  a l e s s e r  e x t e n t ,  Mo and Ru, a r e  
dependent on th i s  value.  The oxygen t o  metal r a t i o  a1 so  a f f e c t s  the f u e l -  
c ladding i n t e r a c t i o n .  A1 though s to i ch iome t r i c  U02 i s  s t a b l e  w i t h  r e s p e c t  t o  
c ladding  a t t a c k ,  ex t ens ive  r e a c t i o n  can occur  a f t e r  f i s s i o n  changes t h e  oxygen 
p o t e n t i a l .  Individual f i s s i o n  e l  ement-cl addi ng r e a c t i o n s  a1 so occur .  

The very  important  r o l e  of  excess  oxygen o r  1 ack of  oxygen i n  determining 
fue l  behavior  and the behavior  o f  ind iv idua l  f i s s i o n  products  re1 a t e s  d i r e c t l y  

t o  the experimental program conducted by PNL. This  work, which u t i l i z e d  
oxygen-free cond i t i ons ,  i n d i c a t e d  t h a t  the atmosphere i n  which the fue l  i s  
heated determines t h e  e x t e n t  and r a t e  of r e l e a s e  of  products  such a s  t r i t i u m  
and krypton. 

Fu r the r  experimental work i s needed; i n pa r t i cu l  a r ,  s t u d i e s  i nvol v i  ng 
c a r e f u l l y  c o n t r o l l e d  and instrumented fuel  t e s t i n g  a r e  needed t o  supplement 
t h e  ex t ens ive  post- i  r r a d i a t i o n  da ta .  
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I. INTRODUCTION 

A ve ry  l a r g e  amount o f  work has been done on t h e  behav io r  o f  nuc l ea r  f u e l s  

d u r i n g  i r r a d i a t i o n ,  much o f  i t  t o  ensure acceptab le  mechanical performance. 

Other s t u d i e s  r e l a t e  t o  s a f e t y ,  f u e l  p repara t ion ,  and r e c y c l e  as a  f u n c t i o n  o f  

f u e l  type. S t i l l  o t h e r  work has been d i r e c t e d  a t  fundamental s t ud ies ,  e.g., 

l a t t i c e  s t r u c t u r e  changes and d i f f u s i o n  o f  chemical species. A s u r p r i s i n g l y  

l a r g e  number o f  these s t u d i e s  p rov i de  i n f o r m a t i o n  p e r t i n e n t  t o  t h e  t a s k  t o  be 

surveyed here: t h e  r e l e a s e  o f  v o l a t i l e  f i s s i o n  p roduc ts  as a  r e s u l t  o f  

thermal t rea tment  o f  i r r a d i a t e d  f u e l  s. 

The scope o f  t h e  p resen t  s tudy i s  t o  rev iew t h e  i n f o r m a t i o n  a v a i l a b l e  

on: 1) phys i ca l  changes i n  f u e l  and c ladd ing ;  2) d i s t r i b u t i o n ,  m i g r a t i o n  and 

r e a c t i o n s  o f  f i s s i o n  products;  and 3) t h e o r e t i c a l  s tud ies .  The p resen t  rev iew 

eva lua tes  se l ec ted  aspects o f  nuc l ea r  f u e l  behav io r  be1 i eved  t o  be re1  a t e d  t o  

t h e  r e l ease  o f  v o l a t i l e  f i s s i o n  products;  o n l y  documented i n f o r m a t i o n  has been 

considered. I n  p a r t i c u l a r ,  r ev i ew  and c r i t i q u e  o f  t h e  va r i ous  computer codes, 

e i t h e r  i n  ex i s t ence  o r  under development, used t o  p r e d i c t  f u e l  behav io r  under 

normal and t r a n s i e n t  r e a c t o r  c o n d i t i o n s  has been omi t ted.  S i m i l a r l y ,  t h i s  

rev iew does n o t  a t tempt  t o  eva lua te  o r  c r i t i q u e  t h e  va r i ous  models o f  

swe l l  i ng ,  f i s s i o n  gas bubble  behav ior ,  e t c .  Th is  r ev i ew  i s  r e s t r i c t e d  l a r g e l y  

t o  those  exper imenta l  s t u d i e s  conducted under c o n t r o l l e d  c o n d i t i o n s  and t h e i r  

r e s u l  t s. 

Th i s  work i s  i n  suppor t  o f  an exper imenta l  program conducted a t  PNL which 

examined t h e  re l ease  o f  gases f r om i r r a d i a t e d  f u e l s  under d i f f e r e n t  modes o f  

hea t  t reatrnent . 
A p r a c t i c a l  goal i s  t h e  development o f  a  process t o  remove c e r t a i n  

vo l  a t i  1  e  f i s s i o n  p roduc ts  b e f o r e  f u e l  d i s s o l u t i o n  f o r  rep rocess ing  o r  1 ong- 

t e rm  s torage o f  i r r a d i a t e d  f u e l .  However, i t  i s  a n t i c i p a t e d  t h a t  t h e  

i n f o r m a t i o n  ob ta ined  w i l l  be a p p l i c a b l e  t o  o t h e r  areas o f  t h e  nuc lea r  program. 





11. PHYSICAL CHANGES I N  THE FUEL AND CLADDING 

SWELLING 

Swel l ing  i s t h e  term used t o  denote phys ica l  expansion o f  r e a c t o r  f u e l  

du r i ng  i r r a d i a t i o n .  Swell i ng i s  a  s i g n i f i c a n t  s a f e t y  concern i n  r e a c t o r  f u e l  s  

because i t  may r u p t u r e  t h e  c ladd ing ,  r e l e a s i n g  v o l a t i l e  f i s s i o n  gases and 

exposing t h e  f u e l  m a t r i x  t o  t h e  coo lan t ,  r e s u l t i n g  i n  a d d i t i o n a l  spread o f  

r a d i o a c t i v e  f u e l  and f i s s i o n  products.  The concern f o r  ma in ta i n i ng  t h e  

c l add ing  i n t e g r i t y  du r i ng  b o t h  t h e  normal 1  i f e t i m e  o f  t h e  f u e l  i n  t h e  r e a c t o r ,  

and d u r i n g  t r a n s i e n t  r e a c t o r  c o n d i t i o n s  has r e s u l t e d  i n  a  s i  t a b l e  background 

o f  i n f o r m a t i o n  concerning t h e  cause and magnitude o f  swe l l  i ng. I n  a d d i t i o n ,  

models have been proposed t o  e x p l a i n  t h e  observed behav io r  and p r o j e c t  f u e l  

behav io r  as a  f u n c t i o n  o f  r e a c t o r  cond i t i ons .  Th i s  background o f  s w e l l i n g  

i n f o r m a t i o n  i s  d i r e c t l y  re1  a ted  t o  t h e  thermal r e l ease  o f  v o l a t i l e  f i s s i o n  

products  as w i l l  be shown i n  t h e  f o l l o w i n g  d iscuss ion .  

Swe l l i ng  i s  caused by thermal expansion o f  t he  r e a c t o r  f u e l  and by t h e  

fo rmat ion  o f  f i s s i o n  products  as a  consequence o f  t h e  f i s s i o n  o f  t h e  f i s s i l e  

nuc le i .  Thermal expansion i s  a  q u a n t i t y  t h a t  has been cha rac te r i zed  and i s  

accommodated by proper  fue l  manufacture--i  t w i l l  n o t  be addressed he re i  n. 

Both s o l i d  f i s s i o n  products  and gaseous f i s s i o n  p roduc ts  ( p r i m a r i l y  K r  and Xe) 

c o n t r i b u t e  t o  f u e l  swe l l i ng .  A1 though i t  i s  d i f f i c u l t  t o  determine t h e  

magnitude o f  i n d i v i  dual e f f e c t s ,  t h e  f o l l  owing a r e  general  l y  accepted as 

f a c t o r s  re1 a ted  t o  f u e l  swe l l i ng :  1) burnup, o r  t o t a l  number o f  f i s s i o n s  o f  

f i s s i l e  n u c l e i ;  2) r a t e  o f  f i s s i o n ;  3) temperature du r i ng  i r r a d i a t i o n ;  

4)  temperature g rad ien t s  w i t h i n  t h e  f u e l  , b o t h  a x i a l l y  and r a d i a l l y ;  5) 
g r a i n  s i ze ;  6) i n i t i a l  ope ra t i ng  cond i t i ons ;  7 )  power and/or temperature 

t r a n s i e n t s  du r i ng  i r r a d i a t i o n ;  and 8)  t h e  t y p e  o f  f u e l  (power r e a c t o r  o r  

f a s t  breeder  r e a c t o r )  . 
The as - f ab r i ca ted  f u e l  element cons i  s t s  o f  stacked f u e l  pe l  1  e t s  ( 1  i m i  t e d  

t o  U02 o r  U02-Pu02 f o r  purposes o f  t h i s  r e p o r t )  o f  near t h e o r e t i c a l  d e n s i t y  

( t y p i c a l l y  >go%), b u t  r e t a i n i n g  a  f i n i t e ,  un i f o rm  p o r o s i t y  w i t h i n  each f u e l  

pe l  1  e t  found mos t l y  a t  t h e  g r a i n  boundaries.  

I n i t i a l  ope ra t i on  o f  t h e  f u e l  r a p i d l y  e s t a b l i s h e s  thermal g r a d i e n t s  

w i t h i n  t h e  fue l  p e l l e t  which commonly reach 3000°C/cm i n  t y p i c a l  power r e a c t o r  



f u e l s  (Chi1 ds 1963) and may be a s  high a s  10,OOO°C/cm f o r  f a s t  r e a c t o r  fue l  s 
(Bramman and Powell 1975).  Frequent ly,  t h e s e  thermal shocks cause r a d i a l  

c r acks  wi th in  t h e  fuel  p e l l e t .  The number of thermally-induced c racks  has 

been c o r r e l a t e d  w i t h  peak fuel  power f o r  a t  l e a s t  one type  of  fue l  p e l l e t  and 

i t s  i n-reactor  opera t ing  cond i t i ons  (Hargreaves and Col 1 ins 1976).  

Sol i d  Fission Product E f fec t s  

The e f f e c t  of sol i d  f i s s i o n  products on swell ing has o f t e n  been neglected 

i n  t h e  1 i t e r a t u r e .  The po ten t i a l  r e l e a s e  of  f i s s i o n  gases  has  been more 

apparent  and assumed t o  be the dominant mechanism of fue l  swell ing.  However, 

sol i d  f i s s i o n  products  do c o n t r i b u t e  t o  fue l  swell i ng (Bramman and Powel 1 

1975, Hargreaves and Coll i n s  1976, Zimmerman 1978) . Hargreaves and Col 1 i n s  

(1976) s t a t e  t h a t  below -1300K, fue l  swell i ng i s  caused pr imar i ly  by sol i d  

f i s s i o n  products  a t  a r a t e  of approximately one volume percent  per  percent  

burnup. They (Hargreaves and Co l l in s  1976) i n d i c a t e  t h a t  a t  temperatures  of 

1 ess than -1300K, t h e  f i s s i o n  gases ,  Kr and Xe, do not  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  fue l  swell i ng because they  remai n t rapped wi t h i  n t h e  

individual  g r a i n s  and do not  coa lesce  i n  1 a rge  bubbles a t  t h e  g r a i n  

boundaries.  

Other va lues  repor ted  f o r  t h e  swell ing caused by s o l i d  f i s s i o n  products  

include:  0.35 volume percent  per  percent  burnup when cesium was assumed t o  be 

p re sen t  a s  an unspec i f ied  i o n i c  compound (Ansel in 1969); 0.5 volume percent  

per percent  burnup, assuming molybdenum i s  present  a s  an oxide and c e s i  urn 
e x i s t s  i n  elemental form ( F r o s t  and Wait 1967); and -0.65 volume percent  pe r  

percent  burnup (Zimmerman 1978).  

As shown above, e s t ima te s  of t h e  magnitude of swell ing caused by sol i d  

f i s s i o n  products  do vary. However, swell i ng caused by sol i d  f i s s i o n  products  

i s  no t  a s i g n i f i c a n t  problem because t h e  fue l  can be designed t o  accommodate 

t h e  bui ldup of s o l i d  f i s s i o n  products  a s  a func t ion  of  burnup (Hargreaves and 

Co l l in s  1976).  Bramman and Powell (1975) concluded t h a t  migrat ion i s  a1 so no t  

l i k e l y  t o  a f f e c t  fuel  swell ing because only a small f r a c t i o n  of  t h e  f i s s i o n  

products  so lub le  i n  t h e  oxide fue l  a r e  1 i ke ly  t o  migrate  a s  mobile 

precursors .  The e x i s t i n g  unce r t a in ty  i n  t h e  form of c e s i  urn and i t s  mobil i t y  

i s  a concern, however, because i t  may r e a c t  with t h e  fue l  mat r ix  t o  form 



i ncompressible complex ox ides i n  t h e  c o o l e r  r eg ions  o f  t h e  f u e l  ; such compl ex 

ox ides  have been exper imental  l y  observed ( Stal  i c a  and Sei 1 s 1969). 

F i s s i o n  Gas E f f e c t s  

Dur ing i r r a d i a t i o n ,  K r  and Xe a r e  produced a t  a r a t e  o f  -0.3 atoms p e r  

f i s s i o n  event  ( Do1 1 i ns 1973). A1 though some o t h e r  elements and compounds may 

be v o l a t i l e  a t  t h e  f u e l  temperature,  Kr  and Xe a r e  t h e  pr imary f i s s i o n  gases, 

compr is ing -12 a t .  % o f  t h e  t o t a l  f i s s i o n  products  i n  i r r a d i a t e d  n a t u r a l  U02 

( Chi1 ds 1963) . The so l  u b i l  i t y  o f  these noble gases i n  t h e  f u e l  m a t r i x  i s  1 ow, 

and they  a r e  expected t o  p r e c i p i t a t e  (Johnson and Shut t lewor th  1959). Once 

p r e c i p i t a t e d ,  t h e  f i s s i o n  gases may: 1) e x i s t  as atoms w i t h i n  t h e  i n d i v i d u a l  

g r a i n s  o f  t h e  f u e l  ; 2) form gas bubbles ( 2  o r  more atoms) w i t h i n  t h e  

i n d i v i d u a l  g ra ins ;  3) m ig ra te  as atoms t o  t h e  g r a i n  boundaries;  4)  m i g r a t e  

as bubbles t o  t h e  g r a i n  boundaries,  o r  5) r e -en te r  t h e  f u e l  m a t r i x  as a 

resu l  t o f  i r r a d i a t i o n - i  nduced r e s o l  u t i on .  Each o f  these  mechani sms occurs,  

and t h e  degree t o  which t hey  e x i s t  i s  dependent on t h e  f a c t o r s  p r e v i o u s l y  

1 i s t e d  i n  t h i s  d iscuss ion.  

It i s  impor tan t  t o  no te  t h a t  ve ry  1 ittl e exper imental  evidence e x i s t s  

t h a t  would c l a r i f y  t h e  behav io r  o f  t h e  f i s s i o n  gases and t h e i r  e f f e c t  on 

swe l l  ing.  Swell i ng i s  a phys i ca l  phenomenon, and t h e r e f o r e  i t s  magnitude can 

be determined. However, t h e  r o l e  o f  f i s s i o n  gases i n  c o n t r i b u t i n g  t o  swe l l  i ng 

i s  u s u a l l y  p o s t u l a t e d  f rom a v a r i e t y  o f  a n a l y t i c a l  models. The success o f  a 

g i ven  model i s  t h e  c o r r e l a t i o n  o f  i t s  p r e d i c t i o n s  w i t h  exper imental  

behavior.  Most c u r r e n t  models c o r r e c t l y  p r e d i c t  t h e  magnitude o f  swe l l  i n g  

based on a presumed f i s s i o n  gas behavior .  However, t h e r e  i s  l i t t l e  

exper imental  evidence t o  s u b s t a n t i a t e  t h e  pos tu l a ted  f i s s i o n  gas behavior .  

Power r e a c t o r  f u e l  operates a t  a lower  center1 i n e  temperature and has a 

sma l l e r  r a d i a l  thermal g r a d i e n t  than  f a s t  r e a c t o r  f u e l .  Temperature d u r i n g  

i r r a d i a t i o n  i s  a dominant f a c t o r  i n  t h e  behavior  o f  f i s s i o n  gases and 

swe l l i ng .  Because o f  t h e  d i f f e r i n g  temperatures, s w e l l i n g  i s  expected t o  

d i f f e r  f o r  t h e  t w o  types  o f  f u e l  a1 though general  conc lus ions  a r e  a p p l i c a b l e  

t o  bo th  f u e l  types. 

Low i r r a d i a t i o n  temperatures a r e  t oo  l ow  f o r  nob le  gas d i f f u s i o n ,  thereby  

p r e c l  ud i  ng gas bubble f o rma t i  on ( Speight  1969). Reported v a l  ues o f  t h i  s 

temperature range may vary ,  b u t  D o l l i n s  (1973) es t imates  these temperatures t o  



be <900°C. Other au thors  i n d i c a t e  t h e  f i s s i o n  gases have l i t t l e  e f f e c t  on 

swel l  i n g  below approx imate ly  1300K, a1 though gas bubble f o rma t i on  does occur  

w i t h i n  t h i s  temperature range (Hargreaves and C o l l  i n s  1976; Has t i  ngs, N o t l  ey, 

and Rose 1978; Haynes and Wood 1977). 

Equiaxed g r a i n  growth occurs ove r  t h e  temperature range o f  -1300-1800K 

and gas bubbles a r e  generated a t  t h e  g r a i n  boundaries.  Very small gas bubbles 

have been i d e n t i f i e d  i n  t h e  g r a i n s  over  t h i s  temperature range (Hargreaves and 

Co l l  i ns 1976, Haynes and Wood 1977). 

A t  temperatures >1873K, columnar g r a i n  growth occurs and gas bubbles can 

m ig ra te  up t h e  temperature g r a d i e n t  toward t h e  cen te r  o f  t h e  f u e l  p i n  

(Hargreaves and C o l l  i n s  1976, Haynes and Wood 1977). 

Swe l l i ng  has been determined t o  r e f l e c t  t h e  amount and behav io r  of  

f i s s i o n  gases i n  each o f  t h e  temperature zones. The h i g h e s t  temperature zone, 

o r  r e g i o n  o f  columnar g r a i n  growth, i s  assumed t o  re l ease  e s s e n t i a l l y  a1 1 t h e  

f i s s i o n  gases w i t h i n  t h i s  zone. Hence, f u e l  s w e l l i n g  caused by f i s s i o n  gases 

i s  n e g l i g i b l e  w i t h i n  t h e  h i g h  temperature zone. The l o w e s t  temperature 

reg ions,  t h e  u n r e s t r u c t u r e d  zones, r e t a i  n e s s e n t i a l  l y  a1 1 t h e i  r f i  ss ion  gases 

w i t h i n  t h e  i n d i v i d u a l  g r a i n s  and a l s o  do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  f u e l  

swe l l i ng .  F i s s i o n  gases c o n t r i b u t e  most t o  f u e l  s w e l l i n g  w i t h i n  t h e  

temperature r e g i o n  i n  which equiaxed g r a i n  growth occurs.  Gas bubbl e g rowth  

i n t h e  g r a i  n boundar ies causes f u e l  swe l l  i ng, b u t  i s 1 i m i  t e d  i n  magnitude by a 

"sa tu ra ted"  f i  s s i  on gas bubbl e popul a t i  on ( Hargreaves and Col 1 i n s  1976 ; 

Has t i  ngs, No t l  ey , and Rose 1978; Haynes and Wood 1977; Zimmerman 1978). 

Swe l l i ng  has a1 so been r e p o r t e d  t o  pass through a maximum va lue  w i t h  

i nc reas ing  temperature (Nelson and Zebroski  1966). 

Fuel swe l l  i ng i s a1 so dependent upon t h e  g r a i n  s i z e  o f  t h e  f u e l  . 
Although t h e  temperature o f  a g i ven  zone o f  t h e  f u e l  p e l l e t  determines t h e  

g r a i n  t ype  (columnar, equiaxed, o r  un res t ruc tu red ) ,  t h e  a s - f a b r i c a t e d  g r a i n  

s i z e  and i r r a d i a t i o n  h i s t o r y  a r e  t h e  dominant f a c t o r s  i n  g r a i n  s i z e  e f f e c t s  on 

f u e l  swe l l i ng .  Do l l  i n s '  (1973) model f o r  f i s s i o n  gas s w e l l i n g  i s  based on t h e  

f o l  1 owing g r a i n  behavior :  1) I r r a d i a t i o n  decreases t h e  a s - f a b r i c a t e d  g r a i n  

s i ze ;  2) Swell i n g  i s  p r e d i c t e d  t o  have a maximum va lue  as a f u n c t i o n  o f  

g r a i n  s ize ;  and 3) Maximum swe l l  i n g  occurs a t  1 a rge r  g r a i n  s i z e s  w i t h  an 

i nc reas ing  burnup. 



Other au thors  do n o t  agree w i t h  a l l  o f  D o l l  i n s '  (1973) assumptions, b u t  

most do agree g r a i n  s i z e  a f f e c t s  b o t h  s w e l l i n g  and f i s s i o n  gas re lease .  

Tu rnbu l l  (1973) r epo r ted  exper imental  evidence t h a t  f i ne-gra i  ned U02 r e s u l  t e d  

i n  g rea te r  s w e l l i n g  and f i s s i o n  gas re lease.  The normal exp lana t i on  f o r  t h i s  

observa t ion  i s  t h a t  d i f f u s i o n  o f  f i s s i o n  gases c rea ted  w i t h i n  t h e  i n d i v i d u a l  

g r a i n s  have a  sho r te r  pa th  t o  t r a v e l  t o  t h e  g r a i n  boundar ies i n  sma l le r  

g ra i ned  ma te r i a l .  Hargreaves and C o l l  i n s  (1976) e s s e n t i a l l y  suppor t  t h i s  

mechani sm b u t  poi ,nt  o u t  t h a t  i r r a d i  a t ion - induced  g r a i n  growth occurs ( n o t e  t h e  

va r i ance  w i t h  Do1 1  i n s '  (1973) model ) . They (Hargreaves and C o l l  i n s  1976) 

p o s t u l a t e  t h a t  t h e  i r r a d i a t i o n  temperature i n  t h e  f i r s t  few thousand megawatt 

days p e r  t o n  determines t h e  f u e l  s t r u c t u r e  and g r a i n  s ize ;  hence, t h e  s w e l l i n g  

and f i s s i o n  gas behav io r  a r e  determined. Hargreaves and Co l l  i n s  (1976) 

concluded t h a t  i f  t h e  s t a r t i n g  g r a i n  s i z e  i s  t o  have any s i g n i f i c a n t  e f f e c t  on 

f i s s i o n  gas re1 ease, i t  must be cons iderab ly  g r e a t e r  than  t h e  g r a i  n  s i  ze 

norma l l y  a t t a i n e d  as a  r e s u l t  o f  t h e  g i v e n  r e a c t o r  cond i t i ons .  

Zimmermann' s  (1978) exper imental  s t ud ies  found no d i f f e r e n c e s  i n  f i s s i o n  

gas re l ease  as a  f u n c t i o n  o f  g r a i n  s ize.  These r e s u l t s  a r e  i n  apparent 

c o n f l i c t  w i t h  t h e  exper imental  s t u d i e s  o f  Turnbu l l  (1973) and t h e  concepts o f  

Hargreaves and C o l l i n s  (1976) regard ing  g r a i n  s i z e  e f f e c t s  on f i s s i o n  gas 

re1 ease and swel l  i ng. However, Zimmerman (1978) i n d i c a t e s  t h a t  h i  s  r esu l  t s  

a r e  n o t  a  c o n t r a d i c t i o n  o f  g r a i n  s i z e  e f f e c t s .  Rather, he (Zimmermann 1978) 

s t a t e s  t h a t  i f  t h e  f u e l  m a t r i x  i s  n o t  sa tu ra ted  w i t h  f i s s i o n  gas, b o t h  

s w e l l i n g  and gas re l ease  a r e  determined by g r a i n  s ize.  As burnup increases,  

t h e  f u e l  develops a  subgra in  s t r u c t u r e  t h a t  f u n c t i o n s  e s s e n t i a l l y  t h e  same as 

t h e  g r a i n  boundaries,  thereby r e s u l  ti ng i n  an apparent i ndependence o f  

swel l  i n g  and g r a i n  s ize .  Zimmerman (1978) i r r a d i a t e d  UOp i n  a  v a r i a b l  e, b u t  

un i f o rm  (no  thermal g r a d i e n t  w i t h i n  t h e  f u e l  ) , thermal environment b o t h  w i t h  

and w i t h o u t  phys ica l  c o n s t r a i n t  on t h e  f u e l .  The s t u d i e s  were c a r e f u l l y  

conducted and represen t  one o f  t h e  few experimental  s t u d i e s  o f  s w e l l i n g  

conducted under c o n t r o l  1  ed cond i t i ons .  Unres t ra i  ned f u e l  swel l  i ng v a l  ues 

exceed those o f  r e s t r a i n e d  f u e l  under t h e  same cond i t i ons .  F i gu re  11-1 

represents  Zimmermann's (1978) r esu l  t s .  As-expected, swel l  i n g  has a  v e r y  

s t r ong  temperature dependence. However, burnup i s  a l s o  a  s t r ong  f a c t o r  as 

shown by t h e  decreasing r a t e  o f  s w e l l i n g  w i t h  i n c r e a s i n g  burnup a t  a l l  - 

temperatures. Caut ion shoul d  be used i n  u t i l  i z i n g  numerical  va lues  from 

Zimmermann's (1978) s tud ies  because, as he p o i n t s  o u t ,  bubble m i g r a t i o n  i n  
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Swe l l i ng  o f  U02 as a  Func t ion  o f  Burnup (Zimrnerman 1978).  
Repri n ted  w i t h  permi ss i on  from Nor th-Hol l  and Pub1 i sh i  ng Company, 
Pmsterdam,@ 1978. ) 

h i g h  thermal g r a d i e n t s  w i t h i n  ac tua l  f u e l  w i l l  reduce t h e  va lues  by as much as 

a  f a c t o r  o f  ten.  

One o f  t h e  aspects o f  s w e l l i n g  t h a t  i s  a  s i g n i f i c a n t  s a f e t y  concern i s  

i t s  magnitude du r i ng  thermal t r a n s i e n t s .  Un fo r t una te l y ,  1  i ttl e  has been 

repor ted.  Do1 1  i n s '  (1981) most r e c e n t  model o f  swel l  i n g  and gas re l ease  i n  

ox ide  f u e l  s  du r i ng  f a s t  temperature t r a n s i e n t s  p r e d i c t s  swel l  i ng inc reases  o f  

2-3 volume pe rcen t  d u r i n g  t h e  t r a n s i e n t .  He ( D o l l  i n s  1981) de f i nes  a  f a s t  

temperature t r a n s i e n t  as one >lO°C/sec. Add i t i ona l  i n f o r m a t i o n  has been 

determined on t h e  re l ease  o f  f i s s i o n  gases du r i ng  thermal t r a n s i e n t s ,  and 

these resu l  t s  w i  1  1  be d i  scussed 1  a t e r .  

The na tu re  of  t h e  fue l ,  U02 o r  ( U ,  Pu)02, does n o t  appear t o  be a  f a c t o r  

i n  swe l l i ng .  D i f f e rences  i n  s w e l l i n g  between power r e a c t o r  f u e l  and f a s t  



r e a c t o r  f u e l  a re  a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  ope ra t i ng  temperature, t h e  

magnitude o f  t h e  thermal g rad ien t s  w i t h i n  t h e  f u e l  , and t h e  burnup. 

Summa ry 

It i s  gene ra l l y  accepted t h a t  s w e l l i n g  caused by so l  i d  f i s s i o n  p roduc ts  

i s  -0.5-1.0 v o l  ume percen t  pe r  pe rcen t  burnup, and i t s  e f f e c t s  can be  

accommodated by proper  f u e l  design. The p o s s i b l e  excep t ion  t o  t h e  p r e d i c t a b l e  

so l  i d  f i s s i o n  p roduc t  s w e l l i n g  i s  c e s i  urn, which can form complex ox ides and 

thereby g r e a t l y  i ncrease swe l l  i ng. 

Swell i n g  caused by f i s s i o n  gases i s  c l o s e l y  r e1  a ted  t o  t h e  re l ease  o f  

these f i s s i o n  gases f rom t h e  f u e l  g ra ins .  Swe l l i ng  i s  g r e a t e s t  i n  t h e  

temperature range t h a t  r e s u l t s  i n  e q u i a x i a l  g r a i n  growth, b u t  reaches a  

" s a t u r a t i o n "  v a l  ue determined by  g r a i  n  s i  ze, burnup, and temperature. The 

magnitude o f  f u e l  s w e l l i n g  a t t r i b u t a b l e  t o  i n d i v i d u a l  e f f e c t s  i s  d i f f i c u l t  t o  

determine. Most s w e l l i n g  da ta  have been de r i ved  f rom ac tua l  r e a c t o r  f u e l  and 

n o t  f rom c a r e f u l l y  c o n t r o l l e d  experiments. 

Thermal t r a n s i e n t s  impose an a d d i t i o n a l  complex i t y  i n  p r e d i c t i o n  o f  f u e l  

swe l l  ing.  T rans ien ts  a r e  nonequi l  i b r i u m  s i t u a t i o n s ,  and t h e i r  e f f e c t s  may n o t  

c o i n c i d e  w i t h  those o b t a i  ned under e q u i l  i b r i  um cond i t i ons .  

Fuel  s w e l l i n g  caused by f i s s i o n  gases i s  an area t h a t  needs a d d i t i o n a l  

study. Emphasis shoul d  be p l  aced on o b t a i  n i  ng accura te  and we1 1 - cha rac te r i  zed 

exper imental  data. Model devel opment o f  swel l  i ng w i  11 never be s a t i  s f a c t o r y  

u n t i l  t h e  ac tua l  mechani sms and t h e i r  magnitude caused by  f i s s i o n  gases a r e  

determi ned. 





111. DISTRIBUTION, MIGRATION, AND REACTIONS OF FISSION PRODUCTS 

DISTRIBUTION OF FISSION PRODUCTS I N  IRRADIATED FUEL AND CLADDING 

( CONCENTRATION PROF1 LESl 

I n t r o d u c t i o n  

More than  t h i r t y  elements (approx imate ly  120 i sotopes) a re  produced i n 

t h e  f i s s i o n  o f  u ran i  um o r  p l  u t o n i  um. Only a few of t h e  i so topes  produced can 

be s tud ied  i n  d e t a i l  by  gamma spectroscopy, thus  t h e  behav io r  o f  many must be 

i n f e r r e d  from t h e  few t h a t  can be s tud ied.  E lect ron-probe m ic roana l ys i s  i s  a 

second t o o l  capable o f  con f i rm ing  general  t r ends  ( Bramman and Powel 1 1975). 

I n  general  , f i s s i o n  p roduc ts  a r e  v e r y  mob i le  i n  t h e  environment o f  t h e  

h i g h  temperature and r a d i  a1 temperature g rad ien t s  assoc i  a ted  w i t h  U02 and 

U02/Pu02 f u e l  s. The f a c t  t h a t  many f i s s i o n  products  a r e  found as elements 

i n d i c a t e s  t h a t  much m i g r a t i o n  o u t  o f  t h e  ox ide  1 a t t i c e  occurs (Bramman and 

Powel 1 1975) . 
Camoszzo (1972) descr ibed  a t y p i c a l  p o s t - i  r r a d i  a t i o n  s t r u c t u r e  o f  a m i  xed 

ox ide  element ( t r ansve rse  sec t i on )  as f o l l o w s :  

a an o u t e r  zone, which remains a t  lower  temperature and which keeps i t s  
i n i  ti a1 s t ruc tu re ;  

a an i n te rmed ia te  zone where equiaxed g r a i n s  a re  seen, formed by 
r e c r y s t a l  1 i z a t i  on o f  t h e  mater i  a1 a t  h i g h  temperature; 

0 an i n n e r  zone, where t h e  temperature has reached t h e  h i g h e s t  va lues,  
cons i  s t i  ng o f  c o l  umnar g r a i  ns; 

e a c e n t r a l  v o i d  a long t h e  a x i s  o f  t h e  element, w i t h  a geometry dependent 
on t h e  o p e r a t i  ng cond i t i ons .  

Camoszzo (1972) i n d i c a t e d  t h a t  a1 though f i s s i o n  p roduc t  d i s t r i b u t i o n  i s n o t  

homogeneous w i t h i n  t h e  f u e l  , s p e c i f i c  l o c a t i o n s  f o r  t h e  v a r i o u s  f i  ss ion  

products  a r e  observed. I n c l u s i o n s  o f  s o l i d  products  a r e  always i n  g r a i n  

boundaries, which suggests t h a t  some products  a r e  n o t  s o l u b l e  i n  t h e  f u e l  

mat r i x .  Some i n v e s t i g a t o r s  have es tab l  i shed a c l a s s i f i c a t i o n  system f o r  

f i s - s i on  p roduc t  d i s t r i b u t i o n  ( Camoszzo 1972) : 

wh i t e  meta l  1 i c  i n c l  u s i  ons, 1 oca l  i zed i n  t h e  zones o f  columnar and 
equi  axed g r a i  ns; 



9 non-metal1 i c  i n c l u s i o n s ,  forming t h e  "gray phase" i n  t h e  zone o f  equiaxed 
g ra ins ,  i n  p r o x i m i t y  t o  t h e  zone o f  c o l  umnar g ra i ns ;  

mixed ox ide  m a t r i x  (i n  homogeneous d ispers ion ,  s o l  i d  s o l u t i o n )  . 
The m e t a l l i c  i n c l u s i o n s  c o n t a i n  \lo, Ru, Tc, Rh, and Pd. Located i n  g r a i n  

boundaries and r a d i a l  vo ids  o f  columnar g ra i ns ,  these elements form about 70% 

o f  a l l  i n c l us i ons .  Mo, Ru and Tc rep resen t  90 weight  pe rcen t  o f  t h e  t o t a l  

i nc l  u s i  ons w i t h  d i  s t r i  b u t i o n s  as diagrammed i n  F igu re  I 11-1 ( Camoszzo 1972) . 
I s o l a t i o n  and a n a l y s i s  o f  i n c l u s i o n s  a t tached  t o  w a l l s  o f  t h e  c e n t r a l  v o i d  

i n d i c a t e  a  hexagonal s t r u c t u r e  w i t h  a  composit ion, i n  w t % ,  o f  Mo-41.0, 

Ru-31.9, Tc-14.9, Rh-7.1 and Pd-2.0. S t e i n d l e r  e t  a l .  (1978) have compi led a  

t a b l e  o f  t h e  composi t ion o f  meta l1  i c  i n c l u s i o n s ;  these a r e  g i ven  i n  Tab le  

111-1. 
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FIGURE 111-1. Radial  V a r i a t i o n  i n  Concentrat ions o f  Ru, Mo, Tc i n  
Metal 1  i c  I n c l u s i o n s  i n  t he  Col umnar Grain j&gion 
( U ,  Pu) 02 w i t h  20 w t %  Pu02, Burnup 5 . 6 ~ 1 0  F i  ssions/cm 3 
( Camoszzo 1972) 



TABLE 111-1. Composition of Metal 1 i c  Inc lus ions  Found i n  
I r r a d i a t e d  Oxide Fuel ( Steindl  e r  e t  a1 . 1978) 

Inclusion Composition, a t .% 
Fuel Mo Cs Ru Tc Te Rh Pd Zr Ba Ce Sn U Pu 

( a )  These inc lus ions  were a1 so  repor ted  t o  conta in  from 12 t o  40 w t %  uranium. 

( b )  Inc lus ions  were not  well formed and had en t r a ined  fue l  ma te r i a l .  



"Gray phase" non -me ta l l i c  i n c l u s i o n s  have a  h i gh  concen t ra t i on  o f  barium. 

Other f i s s i o n  products  found i n  these  i n c l u s i o n s  i n c l u d e  Ce, S r ,  Z r ,  Nd, Mo, Ru, 

and Tc (Camoszzo 1972). 

The ox ide  m a t r i x  has been found t o  c o n t a i n  Nd, Ce, H f ,  Ba, Pr, S r ,  and Zr 

( B u l l  a rd  1978; Camoszzo 1972). Bazi n, Jouan, and Vignesoul t (1974) tabu1 a t e d  t h e  

va r i ous  f i s s i o n  products  they  observed i n  i r r a d i a t e d  f u e l  and c ladd ing ;  these  a r e  

shown i n  Table 111-2. 

TABLE 111-2. Loca t i on  o f  F i s s i o n  Products i n  I r r a d i a t e d  Fuel (Bazin,  Jouan, and 
V i  gnesoul t 1974) 

Placement i n  
Fuel Element 

C l  adding 

Oxide- 

C l  adding 

I n t e r f a c e  

Fuel 

So lub le  
F i s s i o n  Prod. 

Free Volume 

I n s o l u b l e  
F i s s i o n  Prod. 

Gaseous 
F i s s i o n  Prod. 

T, Xe, K r  

T, Xe, K r  

V o l a t i l e  
F i s s i o n  Prod. 

Cs ( r a r e )  

Cs, I, Te 

Cs, I ,  Te 

around t h e  

p e r i  phery 

Xe, K r  

Two r e a c t i o n  l a y e r s  

U-Zr-Cs-Pd-Ba-Te-0 

Si  ng l  e  r e a c t i  on 1  ayer  

U-Zr-Cs-Ba-0 

Zr, Y, r a r e  

ea r ths  , 
Ba, Nb, Mo 

M e t a l l i c  i n -  

c l  u s i  ons 

U-Pd-Sn and 
1 
! 

i 

1 
I I 

I 

Mo-Tc-Ru-Rh-Pd 

Non-metall  i c  

i n c l u s i o n s  

U-Ra-Zr w i t h  

Mo-Ce-Nd-Sr-La 



D i  s t r i b u t i o n s  o f  f i s s i o n  products i n  a d d i t i o n  t o  those mentioned above are  

a1 so c i t e d  i n  t he  1  i t e r a t u r e .  The f o l l o w i n g  d iscuss ion  g i ves  a  more d e t a i l e d  

d e s c r i p t i o n  o f  va r i ous  f i s s i o n  products and t h e i r  d i s t r i b u t i o n  i n  t h e  f u e l  and 

c l  addi ng . 

Antimonv 

Bramman and Powell (1975) noted t h a t  1 2 5 ~ b  migra tes  r a d i a l l y  t o  t h e  

f u e l  / c l  adding i nter face .  

B a r i  um 

E l  ectron-probe mic roana lys i  s  and a  scanning e l e c t r o n  microscope, used t o  

examine U02 kernel  s  i r r a d i a t e d  a t  1250-1350°C t o  6.7% heavy-atom burnup, revealed 

two k inds  o f  bar ium-containing ma te r i a l  s. One type, some small p r e c i p i t a t e s  

approximately 1 pm i n  diameter, conta ined Ba p lus  Zr and Sr i n  a  Ba/Zr r a t i o  of  

-2 : l  and a  Ba/Sr r a t i o  o f  4 5 - 6 ) : l .  The o the r  was a  mobi le  Ba form t h a t  o f t e n  

migrated t o  t he  h o t t e s t  reg ions  o f  t h e  f u e l  (F r iskney  and Simpson 1975). Work by 

Bazi n, Jouan, and Vignesoul t (1974) conf i rms the  m ig ra t i on  o f  Ba towards the  

cen te r  (see Figure I 1  1-2). Fuel s  t h a t  were operated w i t h  a  c e n t r a l  mol t e n  zone 

show o x i d i z e d  phases i n  t h e  c e n t r a l  zone w i t h  30 w t %  Ba. 

El ectron-probe microanalys i  s  by Bramman and Powel 1  (1975) i n d i c a t e d  r a d i a l  

m ig ra t i on  o f  s tab le  barium (main ly  138~a) .  The barium ox ide  formed was i n s o l u b l e  

i n  t he  ox ide  mat r i x ;  i t  was found i n  t h e  equiaxed-grain zone and t h e  o u t e r  end o f  

t h e  columnar g ra ins .  Contrary t o  elemental Ba m ig ra t i ng  t o  the  h o t t e r  f u e l  

zones, b a r i  urn ox ide  moved toward the  coo le r  end o f  t h e  co l  umnar g ra ins .  

M ig ra t i on  down t h e  temperature g rad ien t  was usua l l y  associated w i t h  i t s  

precursors, Xe and Cs. A Ba-Mo phase has a1 so been found i n  mixed ox ide f u e l  i n  

t h e  o u t e r  1/3 o f  t ransverse c ross  sec t ions  and near t h e  c ladd ing  (Bramman and 

Powell 1975). 

Bromi ne 

I n  i r r a d i a t e d  U02 and U02-Pu02 fue l s ,  bromine was d r i v e n  t o  t he  ou te r  c o o l e r  

regions o f  t he  p e l l e t ;  i n  some instances i t  may escape from t h e  f u e l  (C lay ton  and 

R idd le  1969). Camoszzo (1972) assumed. Br migrated through the  m a t r i x  us ing  a  

" d i s t i l  1  a t i  on" process t h a t  concentrated vo l  a t i l  e  e l  ements i n t h e  co l  der  f u e l  

regions. 



FIGURE 111-2. Rad ia l  O i  s t r i b u t i o n  o f  Barium i n  U02 (Bazin, Jouan, and 

V i  gnesoul t 1974) 

Cadmi urn 

E l  e c t r o n  mi croprobe ana l ys i  s de tec ted  no Cd above background 1 eve1 s i n 

any o f  f o u r  i r r a d i a t e d  f u e l  r o d  c l a d d i n g  segments ( I vak  and Waldman 1979). 

Camoszzo (1972) i n d i c a t e d  t h a t  elements w i t h  a low b o i l i n g  p o i n t  l i k e  Cd would 

e x i s t  i n  vapor form i n  t h e  columnar r e g i o n  where t h e  temperature i s  about 

1700°C. He assumed a m i g r a t i o n  through t h e  f u e l  m a t r i x  w i t h  t h e  same 

mechanism as t h a t  used by t h e  i n e r t  gases. 

Ce r i  urn 

No r a d i a l  m i g r a t i o n  of 14'4~e was observed i n  a 7mm diameter  f u e l  p i n  

i r r a d i a t e d  i n  DFR a t  about 75 KW/rn hea t i ng  r a t e  (Bramman and Powel 1 1975) (see 

F i g u r e  111-3). Others have found s i m i l a r  r e s u l t s  f o r  141ce. However, 

m i g r a t i o n  of l 4 O ~ a / ~ a  as shown by gamma scanni ng imp1 i e s  t h e  daughter i sotope, 

140ce, w i l l  be nonuni formly  d i s t r i b u t e d .  
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FIGURE 111-3. Radial D i s t r i b u t i o n  o f  F i s s i o n  Products i n  a 
7 mm d i  a. Mixed Oxide Fuel P in I r r a d i a t e d  i n  
DFR (Bramman and Powell 1975) . (Repr in ted  w i t h  
permission from the  I n s t i t u t i o n  o f  C i v i l  Engineers, 
London @ 1975. ) 

Cesi um 

Experimental data on cesium d i s t r i b u t i o n  c o n f i  rned the  view t h a t  a1 k a l  i 

metal s, probably present  i n  h i g h l y  v o l a t i l e  elemental form, would migra te  

ex tens ive ly .  Bramman and Powel 1 ( 1975) i n d i c a t e d  t h e  f o l l  owing: 

- Void 

a) Gross r a d i a l  m i g r a t i o n  t o  t h e  cool per iphery  occurs even i n  r e l a t i v e l y  
m i l d  i r r a d i a t i o n  cond i t ions ;  f u e l  p ins  i n  which on l y  equiaxed g r a i n  
growth has occurred have been found t o  have caesium concent ra t ions  
near t h e  per iphery which are  a f a c t o r  o f  100 o r  more g rea te r  than 
those near t he  cen t re  . . . 
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b) Ax ia l  m i g r a t i o n  o f  caesium toward t h e  c o o l e r  end o f  p i n s  i s  f r e q u e n t l y  
observed. 

However, Kelman (1975) found no evidence o f  a x i a l  r e d i s t r i b u t i o n  i n  a  r o d  o f  

H. B. Robinson f u e l  , based on an ax i  a1 gamnia scan (see F igure  I 11-4).  A s tudy 

done on t h e  con ten t  o f  Cs i n  c l add ing  examined t h e  i n s i d e  d iameter  su r face  o f  

four  segments o f  c l add ing  ( f r o m  4  separate rods) .  Two o f  t h e  f o u r  segments 

showed h igh  concent ra t ions  o f  Cs, e s p e c i a l l y  a t  t h e  l o c a t i o n  corresponding t o  

a  pe l  1  e t - t o -pe l1  e t  i n t e r f a c e  r e g i o n  ( I vak  and Wal dman 1979) . 
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FIGURE 111-4 Comparison o f  Gross and I s o t o p i c  A c t i v i t y  Traces 
f o r  P a r t  o f  Rod-7. ANL Neg. No. MSD-62079 (Kelman 1975) 
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Chromi um 

Chromium was once thought  t o  be produced i n  t h e  f u e l  as a  r e s u l t  o f  

i o d i n e  a t t ack ing  the  c l  addi ng and t r a n s p o r t i  ng t h e  c l  addi ng e l  ements i n t o  t h e  

f u e l  (Camoszzo 1972). However, such a  mechanism has s ince been shown t o  be 

i n c o r r e c t  ( Epste in 1975). Whatever t h e  mechani sm o f  t r a n s p o r t  i s ,  Camoszzo 

found C r  hard ly  penetrated the  f u e l  m a t r i x  and remained i n  reg ions  near t h e  

f u e l  -c l  ad i n t e r f a c e .  

Various a n a l y t i c a l  r e s u l t s  have i n d i c a t e d  the  presence o f  i o d i n e  i n  t h e  

cooler ,  per iphera l  reg ions  o f  t h e  f u e l  ( I v a k  and Waldman 1979; Clayton and 

R idd le  1969; Bazin, Jouan, and Vignesoul t 1974; Bramman and Powel 1  1975) . 
Bramman and Powel 1  (19751, us ing  gamma scanning on f u e l  samples and c l  adding, 

i n d i c a t e d  a x i a l  i o d i n e  m ig ra t i on  towards t h e  c o o l e r  end o f  t h e  f u e l  p in .  

The i r  p o s t - i r r a d i a t i o n  anneal ing t e s t s  have shown t h a t  t he  re leased f r a c t i o n  

o f  i o d i n e  i s  as g r e a t  as t h a t  f o r  xenon, a  f a c t  i n d i c a t i n g  extensive r a d i a l  

m igra t ion .  Camoszzo's (1972) d iscuss ion  o f  i o d i n e  vapor i n d i c a t e d  i t s  

m ig ra t i on  t o  t h e  f u e l - c l a d  i n t e r f a c e  and format ion o f  m e t a l l i c  iod ides ;  these 

i od ides  i n  t u r n  were be1 ieved t o  have migrated i n t o  t h e  h igh  temperature 

m a t r i x  zones. 

I r o n  

I n  (U, Pu)02 f u e l  elements i r r a d i a t e d  t o  h igh  burnup, m e t a l l i c  i n c l u s i o n s  

conta in ing  i r o n  have been found. The i r o n  was found between boundaries o f  

equiaxed and columnar zones; i t  can be a l l o y e d  w i t h  Pd o r  Mo. Camoszzo (1972) 

proposed t h e  i r o n  was t ranspor ted  from t h e  c ladd ing  as an i o d i d e  b u t  t h i s  

mechanism has been shown t o  be i n c o r r e c t  (Eps te i  n  1975). 

Krypton 

Krypton i n  U02 and U02-Pu02 f u e l s  i s  d r i v e n  towards t h e  coo le r  o u t e r  

reg ions  o f  a  p e l l e t  and may even escape from the  f u e l  (C lay ton  and Riddle 

1979). It has been found i n  f r e e  and occluded spaces i n  t h e  m a t r i x  and a  

small f r a c t i o n  penetrated the  c ladd ing  by r e c o i l  b u t  remained i n e r t  (Bazin, 

Jouan, and V i  gnesoul t 1974) . 



Lanthanides 

Lanthanum, praseodymi um, neodymi um and samarium showed no r a d i  a1 

m i g r a t i o n  when analyzed us ing  t h e  e l e c t r o n  microprobe technique ( Bramman and 

Powel 1 1975). 

Molybdenum 

I n c l u s i o n s  i n  columnar g ra i ns ,  g l obu les  i n  t h e  mol t e n  zone and i n g o t s  i n  

t h e  c e n t r a l  f l  ue a1 1 c o n t a i n  molybdenum ( Bazin, Jouan, and Vignesoul t 1974).  

The i n c l u s i o n s  i n  t h e  columnar g r a i n s  were a few microns i n  diameter;  i .e., 

-5-10 prn ( Bramman and Powel 1 1975) , and con ta ined  essen t i a l  l y  Mo, Ru, Tc; Pd 

and Rh accounted f o r  no more than  1-2% (Bazin,  Jouan, and V ignesou l t  1974; 

Bramman and Powel 1 1975). The g lobu les  i n  t h e  mol ten zone were made up o f  

9 5 ~ o  formed f rom 9 5 ~ r  and 9 5 ~ b .  Zr and Nb moved towards t h e  c e n t e r  through 

t h e  temperature g r a d i e n t  aboard Nb205; t h i  s process resu l  t e d  i n metal  1 i c 95!40 

s i n c e  a t  temperatures g r e a t e r  than  2000°C i t  cannot  form an ox ide  and ga thered  

i n t o  g lobu les .  I ngo t s  i n  t h e  c e n t r a l  f l u e  reached a s i z e  o f  500 p and 

d i sp layed  two hexagonal phases. The f i r s t  such phase was comprised o f  61% Mo, 

19% Ru and 20% Tc w i t h  a s t r u c t u r e  Mo5 (xRu, Y T c ) ~ .  The second phase 

con ta ined  38% Mo, 21% Tc, and 41% Ru. 

N icke l  

I n  genera l ,  n i c k e l  f rom t h e  s t a i n l e s s  s t e e l  c l add ing  does n o t  m i g r a t e  and 

was found segregated a t  g r a i n  boundar ies o f  t h e  c l add ing  ( Camoszzo 1972) .  

N i  o b i  um 

Niobium enr ichment i n  t h e  c e n t e r  occur red  as a r e s u l t  o f  Nb205 moving 

through t h e  temperature g r a d i e n t  and v o l  a t i l  i z i  ng a t  temperatures > 1150°C 

( Bazi n, Jouan, and Vignesoul t 1974) . 

Pal 1 ad i  um 

Much of t h e  pa l lad ium i n  f u e l s  was found i n  t h e  o u t e r  zones as a 

consequence o f  i t s  h i g h  vapor pressure. Bramman and Powell (1975) found Pd i n  

m e t a l l i c  i n c l u s i o n s  assoc ia ted  w i t h  Fe and N i  . Bazin, Jouan, and Vignesoul t 

(1974) examined TOF4 ( French f u e l  r o d  i r r a d i a t e d  under exper imenta l  



cond i t i ons )  w i t h  a  mo l ten  zone and found metal  1  i c  g l  obul es c o n t a i n i n g  -50% Pd, 

30% U, and 15% Sn i n  a  c rack  near t h e  cen te r .  

Rhodi um 

No evidence o f  Rh a x i a l  r e d i s t r i b u t i o n  was found i n  i s o t o p i c  t r a c e  work 

done by Kelman (1975) (see F igure  111-4). Radial  gamma spect rophotometr ic  

a n a l y s i s  on a  r o d  w i t h  no co re  me1 t i n g  showed two r i n g s  o f  Rh enrichment-one 

i n  t h e  middl  e  and t h e  second around t h e  edge ( Bazi n, Jouan, and Vignesoul t 

1974) . 

Rutheni urn 

Ruthenium was found i n  i n g o t s  1  ocated i n  t h e  c e n t r a l  f l u e  i n  a s s o c i a t i o n  

w i t h  Mo and Tc (see s e c t i o n  on Mo; Bazin, Jouan, and Vignesoul t 1974). I t s  

d i s t r i b u t i o n  i n  i n c l u s i o n s  was o f t e n  found t o  r i s e  as t h e  r a d i u s  inc reased  and 

i t  was g e n e r a l l y  more concent ra ted  a t  t h e  c o o l e r  end o f  t h e  columnar zone 

(Branman and Powel 1  1975) . 

S t r o n t i  urn 

No S r - r i c h  areas have been observed; Sr appears t o  be u n i f o r m l y  

d i  s t r i  bu ted  w i t h i n  t h e  f u e l  m a t r i x  ( F r i  skney and Simpson 1975). 

Technet i  um 

Due t o  i t s  1  ow b o i l  i n g  p o i n t ,  Camoszzo (1972) expected Tc t o  e x i s t  i n  

vapor form i n  t h e  c o l  umnar r e g i o n  and he assumed m i g r a t i o n  through t h e  m a t r i x  

woul d  occur  w i t h  t h e  same mechanism as t h e  i n e r t  gases. Tc i n  so l  i d  form was 

found i n  i n g o t s  i n  a s s o c i a t i o n  w i t h  Mo and Ru (see s e c t i o n  on Mo; Bazin, 

Jouan, and Vignesoul t 1974) . 

T e l l  u r i  urn 

T e l l u r i u m  gathered i n  t h e  c o l d e r  r eg ions  o f  t h e  f u e l  and was more a c t i v e  

i n  t he  ox ide-c l  addi  ng r e a c t i o n  zone ( Bazi n, Jouan, and Vignesoul t 1974). An 

e l e c t r o n  microprobe a n a l y s i  s  o f  f o u r  i r r a d i a t i o n  t e s t e d  rods  examined t h e  

i n s i d e  sur face  o f  f o u r  c l add ing  segments. Three segments revea led  no Te 



beyond background l e v e l s ;  one segment had a  h i g h  concen t ra t i on  o f  Te which t h e  

above au thors  f e l  t was due t o  t h e  anomalous presence o f  mercury. 

T i  n  - 
T i n  was found i n  t h e  o u t e r  r eg ions  o f  i r r a d i a t e d  f u e l  i n  an e l e c t r o n  

microprobe study ( Bramman and Powel 1  1975) . 

T r i  ti um 

I n  an exper iment conducted by Grossman and Hegland (1971) on U02 f u e l  

w i t h  a  Z i r c a l  oy-2 c ladd ing ,  a  we1 1  de f i ned  t r e n d  was found i n  t h e  T  c o n t e n t  

a1 ong t h e  1  ength o f  t h e  f u e l .  D i  s t r i  b u t i o n  i n  t h e  c l  adding was a1 so we1 1  

de f i ned  f o r  one r o d  ( i d e n t i f i e d  as 12FV) and i n  t h e  second (CP-206). T r i t i u m  

d i s t r i b u t i o n  i n  Rod 12FV's c l add ing  i n d i c a t e d  thermal m i g r a t i o n  had occur red  

(see F igures  111-5 and 111-6). A second s tudy (Baz in,  Jouan, and Vignesoul t 

1974) showed t h e  1  ongi t u d i n a l  and a x i a l  d i s t r i b u t i o n s  o f  T  i n  Fuel P i n  309 

(see F igures  111-7 and 111-8). 

Xenon 

Xenon d i  s t r i  b u t i o n  da ta  was ob ta ined  us ing  e l e c t r o n  microprobe a n a l y s i s  

f o r  a x i a l  midpl  ane samples o f  3  f u e l  p i n s  i r r a d i a t e d  t o  50 MWd/kg. F i s s i o n  

gas r e t e n t i o n  was r e s t r i c t e d  ma in ly  t o  t h e  o u t e r  q u a r t e r  o f  t h e  f u e l  r a d i u s  

(see F igure  I 11-91 ( Randkl ev 1978). C l  ay ton  and R i  ddl  e '  s  (1969) d i  scuss i  on 

i n d i c a t e d  Xe i s  expected t o  be d r i v e n  towards t he  c o o l e r  o u t e r  r eg ions  o f  t h e  

p e l l e t  and may escape from t h e  f u e l .  

Yttri urn 

Y t t r i u m  i s  a  s t r ong  ox ide  former;  t h e  ox ide  i s  r e f r a c t o r y  and non- 

v o l  a t i  1  e  and 1  i ttl e  m i g r a t i o n  i s  expected. 

Z i  r c o n i  um 

Zi rconium enr ichment towards t h e  c e n t e r  o f  t h e  f u e l  occur red  by 

segregat ion as t h e  mol t e n  zone cool  ed. Examination o f  t h e  o x i d i  zed phase i n  

t h e  mol ten zone showed 1 5  w t %  Zr (Baz in ,  Jouan, and Vignesoul t 1974) ( see  

F igures 111-10 and 111-11). 



Segment 

FIGURE 111-5: T r i t i u m  D i s t r i b u t i o n  i n  Rod CP206 
( Grossman and Hegl and 197 1) . 
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Segment 

FIGURE 111-6. T r i t i u m  D i s t r i b u t i o n  i n  Rod 12FV 
( Grossman and Hegl and 197 1) 
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FIGURE 111-7. Longi tud ina l  D i  s t r i b u t i o n  o f  T r i t i u m  i n  
P i n  Number 309 ( Bazi n ,  Jouan ,  and Vignesoul t 1974) .  
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FIGURE 111-8. Axi a1 V a r i a t i o n s  i n  t h e  T r i  ti urn Concentrat ions 
i n  t h e  Z i  r c a l o y  Cladding o f  P i n  309 ( Bazi n, Jouan, and 
Vignesoul t 1974). 
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FIGURE 111-9. Re1 a t i v e  Radia l  P r o f i l e s  o f  Reta ined 
( i  n t ragranu l  a r )  F i s s i o n  Gas a t  Axi a1 
Midplane w i t h i n  PNL-9, -10, and -11 Fuel 
I r r a d i a t e d  t o  -50 MWd/kg ( Randkl ev 1978) 
(Rep r i n ted  w i t h  permi s s i  on f rom American Nucl ear  
Soc ie ty ,  La Grange Park, Ill i n o i  s @ 1978.) 



FIGURE 111-10. Radia l  D i s t r i b u t i o n  o f  Z i  r c o n i  urn (EPEL 6, 25,900 
MWd/tU) (Bazi n, Jouan, and Vignesoul t 1974). 

FIGURE 111-11. TOF 15. Radia l  Di s t r i  b u t i o n  o f  Z i rconium 
i n  t he  U02 (Bazin,  Jouan, and Vignesoul t 1974). 



COMPOSITION OF FISSION PRODUCTS I N  IRRADIATED FUEL (CHEMICAL FORM) 

F i s s i o n  products  f rom i r r a d i a t e d  U02 and U02/Pu02 f u e l s  c o n s i s t  ma in l y  o f  

t h e  elemental  i so topes  and t h e i r  ox ides.  Bramman and Powel 1 (1975) s t a t e  t h a t  

"...none o f  t h e  f i s s i o n - p r o d u c t  n u c l i d e s  which a re  s t u d i e d  du r i ng  pos t -  

i r r a d i a t i o n  examinat ion i s  produced d i r e c t l y  i n  f i s s i o n ,  t h e  p r imary  f i s s i o n  

p roduc ts  be ing  r a d i o a c t i v e  spec ies which undergo severa l  stages o f  b e t a  

decay." F i s s i o n  p roduc ts  a r e  found d i s t r i b u t e d  i n  t h e  f u e l  m a t r i x ,  on t h e  

i n n e r  su r f ace  o f  t h e  f u e l  c ladd ing ,  and i n  t h e  gas plenum. 

Accordi  ng t o  B u l l  a r d  (1978) , t h e  v a l  ue f o r  t h e  oxygen p o t e n t i  a1 , AG( 02) , 
o f  t h e  fue l  i s  t h e  dec id i ng  f a c t o r  on whether a f i s s i o n  p roduc t  w i l l  e x i s t  as 

a metal  o r  an ox ide.  AG(02) depends on f o u r  f a c t o r s :  ( 1 )  f u e l  composi t ion;  

( 2 )  va lence o f  t h e  f e r t i l e  i so topes ;  ( 3 )  f u e l  temperature; and ( 4 )  degree o f  

burnup. Bul l a r d  (1978) s t a t e s  t h a t  t h e  form o f  t h e  elements i n  t h e  f u e l  a t  

ope ra t i ng  temperature i s  n o t  1 i k e l y  t o  change much as t h e  f u e l  coo ls .  

On t h e  b a s i s  o f  c a l c u l a t i o n s  us ing  thermodynamic data,  Brook (1972) 

p r e d i c t e d  t h a t :  ( 1 )  t h e  r a r e  e a r t h s  shoul d be p resen t  as ox ides;  ( 2 )  Ba and 

Sr form z i rcona tes ;  ( 3 )  I and Br combine w i t h  Cs; ( 4 )  f i s s i o n  p roduc ts  p resen t  

as elements should be Tc, Te, Sb, Cd, I n ,  Pd, Rh, Ru, Ag, and Sn. Brook 

(1972) found t h a t  Cs made up 10.4% o f  a1 1 f i s s i o n  products ,  Rb 0.6% o f  a1 1 

f i s s i o n  products ,  Cd, Sb, and Te 3.8% o f  t h e  t o t a l  i nven to ry ,  and nob le  gases 

approx imate ly  12% o f  t h e  i n v e n t o r y  . 
The t a b l e  which f o l l o w s  i s  a comp i l a t i on  o f  i n f o r m a t i o n  on f i s s i o n  

p roduc ts  found i n  U02 and U02/Pu02. Except f o r  Paul son and Spr i  ngborn (1968) ,  

a m a j o r i t y  o f  t h e  p roduc ts  i n d i c a t e d  a r e  f rom experimental  work. S t e i n d l  e r '  s 

da ta  ( S t e i n d l e r  e t  a l .  1978) a r e  from a t a b l e  on f i s s i o n  p roduc ts  f o r  which a 

l i t e r a t u r e  survey o f  s i x  au thors  was conducted; i t  was assumed h e r e i n  t h a t  

these products  were exper imental  l y  found. Paul son and Spr i  ngborn'  s (1968) 

t a b l e  of  i so topes  was compi led t o  c a l c u l a t e  p roduc t  y i e l d s ;  these were assumed 

t o  be p o t e n t i a l  f i s s i o n  products .  



TABLE 111-3. Fi s s i o n  Produc t s  i n  U02, U02/Pu02 Fuel 

Fi ssi on Product  Mass NO.' 

Germani um 

Arsenic 

Sel e n i  urn 

Bromi ne 

CsBr 

Krypton 

Rubi d i  urn 

Rb20 

S t r o n t i  urn 

Reference 

Paul son and Spr ingborn 1968 
I I  I1 

II I1 

I1 I1 

Paul son and Spr i  ngborn 1968 

Paul son and Spri  ngborn 1968 
II I1 

II I I  

I1 II 

Il II 

S t e i  ndl er e t  a1 . 1978 

Paul son and Spri  ngborn 1968 
S t e i  ndl er e t  a1 . 1978 
Davies and Ewart 1971; Brook 1972 

Paul son and Spr ingborn 1968; 
Grossrnan and Hegland 1971 
Paul son and Spri  ngborn 1968; 
Grossman and Hegland 1971 
Langer e t  a1 . 1978; Paul son and 
Spr ingborn 1968; Grossman and Hegland 
1971; Goode and Cox 1970; S c a r g i l l  
1978 
Grossrnan and Hegl and 1971 ; Paul son 
and Spr ingborn 1968 
S t e i  ndl e r  1978; Morewi t z  1981 

Paul son and Spr i  ngborn 1968; Langer 
e t  a l .  1978 
Paul son and Spri  ngborn 1968; Langer 
e t  a l .  1978 
S t e i  ndl er  e t  a1 . 1978 
S t e i  ndl er e t  a1 . 1978 

Paul son and Spri  ngborn 1968; Langer 
e t  a1 . 1978 
Paul son and Spri  ngborn 1968; Morewi t z  
1981 
Paul son and Spri  ngborn 1968; bbrewi t z  
1981 
Morewi t z  1981 

'where no mass numbers f o r  t h e  e lements  a r e  g iven  ( i n d i c a t e d  by - 1 ,  none 
were s t a t e d  i n  t h e  r e f e r e n c e  c i t e d .  

29 



T A B L E  I  11-3. (Con td )  

Fi s s i  on Product  Mass No. 

SrO 

SrZr03 

Y t t r i  urn 8 9  

9  1 

yo2 

'2'3 

Zi r c o n i  urn 

9  6  - - 
Zr02 

(Ba,  S r )  Zr03 

Ni ob i  urn 

Molybdenum 

Refe rence  

Schmi tz ,  Dean, and Halachrny 1971;  
S t e i n d l e r  e t  a l .  1978 
S a r i ,  Walker ,  and Schurnacher 1979 

Pau l son  and S p r i n g b o r n  1968 ;  Langer  e t  
a l .  1978 

Paul son  and S p r i  ngborn 1968 ; 
Langer e t  a l .  1978 

S t e i  ndl er e t  a1 . 1978 

S t  e i  ndl er 1978 

Langer e t  a l .  1978 
Pau l son  and S p r i n g b o r n  1968 ;  Langer  

e t  a l .  1978 
Paulson  and Spr ingborn  1968;  Langer 

e t  a l .  1978 
Paul son  and S p r i  ngborn 1968 ;  Langer  

e t  a l .  1978 
Paul son  and S p r i  ngborn 1968  
Pau l son  and S p r i n g b o r n  1968 ;  Dean 

e t  a l .  1975;  Bramrnan and Powell 1975  
Paul son  and S p r i  ngborn 1968  
S t e i n d l e r  e t  a l .  1978 
S t e i  ndl e r  e t  a1 . 1978 

S a r i ,  Walker ,  and Schumacher 1979 

Langer e t  a l .  1978 
Pau l son  and S p r i n g b o r n  1968 ;  Dean 

e t  a l .  1975;  Bramrnan and Powell 1975  
S t e i n d l  e r  e t  a1 . 1978 

S t e i n d l e r  e t  a l .  1978 

S t e i  ndl er  e t  a1 . 1978 

Paul son  and S p r i n g b o r n  1968 
Paul son  and S p r i  ngborn 1968 
Paul son  and S p r i  ngborn 1968 
Paul son  and S p r i  ngborn 1968 
E p s t e i n  1975;  Dav ie s  and Ewart  1971 ;  

S t e i n d l  er e t  a1 . 1978 
S t e i  ndl e r  e t  a1 . 1978 

Dav ies  and Ewart 1971 

E p s t e i  n  1975;  Morewi t z  1981  



TABLE 111-3. (Contd) 

Fi ssi on Product  Mass No. Reference 

Technet i  um 99 Paul son and Springborn 1968 - - Davies and Ewart 1971; S t e i n d l e r  
e t  a l .  1978 

Rutheni um 

Ru04 

Rhodi uin 

Pal 1 adi  um 

Si 1 v e r  

Cadmi urn 

Indi urn 

10 1 Paul son and Spri  ngborn 1968 
102 Paul son and Spr i  ngborn 1968 
103 Paul son and Springborn 1968; Dean e t  

a l .  1975 
104 Paul son and Spri  ngborn 1968 
106 Paul son and Spr ingborn 1968; Goode 

and Cox 1971; Dean e t  a l .  1975 -- - Davies and Ewart 1971; Dean e t  a l .  
1975; S t e i n d l  e r  e t  a1 . 1978; 
Morewi t z  1981 

Morewi t z  1981 

1 0 3  Paul son and Spr i  ngborn 1968 - - - Davies and Ewart 1971; S t e i n d l e r  e t  
a l .  1978 

105 Paul son and Spri  ngborn 1968 
106 Paul son and Spr i  ngborn 1968 
107 Paul son and Spri  ngborn 1968 
108 Paul son and Spr i  ngborn 1968 
110 Paul son and Spri  ngborn 1968; 

Bazi n ,  Jouan,  and Vignesoul t 1974 - - - Davies and Ewart 1971; S te ind l  e r  e t  
a l .  1978 

109 Paul son and Spri  ngborn 1968 - - - S t e i n d l  er e t  a1 . 1978; Brook 1972 

11 1 Paul son and Spri  ngborn 1968 
112 I1 I1 

113 II I t  

114 I1 I1 

--- S t e i  ndl er e t  a1 . 1978 

115 Paul son and Spri  ngborn 1968 --- Schmitz,  Dean, and Halachmy 1971; 
Brook 1972 



TABLE I 11-3. ( Contd) 

Fi s s i  on Product Mass NO.' Reference 

Paul son and Springborn 1968 
I1  I 1  

S t e i  ndl e r  e t  a1 . 1978; Bazi n ,  Jouan, 
and Vignesoul t 1974; Bramman and 
Powell 1975 

Antimony 121 Paul son and Spri ngborn 1968 
123 Paul son and Spri  ngborn 1968 
125 Paul son and Spri ngborn 1968; Bramman 

and Powell 1975 - - - Steindl  er e t  a1 . 1978; Morewi t z  1981 

Sb203 Paul son and Springborn 1968 

CsZTe 

Iodine 

Tell  uri urn 125 Paul son and Spri ngborn 1968 
126 I 1  11 

127 I1  I 1  

128 I I  I 1  

130 I 1  I 1  

132 Dean e t  a l .  1975 - - - S t e i n d l e r  e t  a1 . 1978; Morewi t z  1981 
Morewitz 1981 

127 Clayton and Riddle 1969 
129 Cl ayton and Riddle 1969; Clayton 1979 
131 Clayton and Riddle 1969; Dean e t  a1 . 

1975; S c a r g i l l  1975; Epstein 1975; 
Morewitz 1981 

132 Clayton 1979; Dean e t  a l .  1975 
133 I 1  I I  

134 I t  I 1  

135 I 1  I 1  

I 2 
CsI 

Morewi t z  1981 

Clayton 1979; Brook 1972 
I1  I 1  



TABLE 111-3. (Contd) 

F i s s i o n  Product Mass  NO.^ Reference 

Xenon 

Ces i um 

CsOH 

cs2co3 

CsBr 

CsI 

131  Paulson and Spr ingborn  1968; Goode 
and Cox 1970; Grossman and Hegland 
1971 

132 Paulson and Spr ingborn 1968; Goode 
and Cox 1970 

133 Morewi t z  1981 
134 Paul son and S p r i  ngborn 1968; Goode 

and Cox 1970; Grossman and Hegland 
1971 

136 Paulson and Spr ingborn 1968; Goode 
and Cox 1971; Grossman and Hegland 
1971 

133 Paulson and Spr ingborn 1968; Bramman 
and Powell 1975; Langer e t  a l .  1978 

134 Bramman and Powell 1975; Dean e t  a l .  
1975; E p s t e i n  1975; Langer e t  a l .  
1978 

13 5 Paulson and Spr ingborn 1968; Bramman 
and Powel l  1975; Langer e t  a l .  1978 

137 Paulson and Spr ingborn 1968; Bramman 
and Powel l  1975; Dean e t  a l .  1975; 
Goode and Cox 1970; Morewitz 1981; 
E p s t e i n  1975 

E p s t e i n  1975; S t e i n d l e r  e t  a1 . 1978; 
Morewi t z  1981 

Morewi t z 1981 

S t e i n d l e r  e t  a l .  1978 

Davies and Ewart 1971; Brook 
1972 

S t e i  n d l  e r  e t  a1 . 1978; Morewi t z  1981 ; 
Brook 1972 

Epste i  n 1975; Morewi t z  1981 

Morewi t z  1981 

E p s t e i n  1975 

Morewi t z  1981 



TABLE I  11-3. (Contd) 

Fi s s i  on Product 

Bari urn 

BaO 

Lanthanum 

Lao2 

La203 
Ceri  urn 

Ce02 

Ce203 

Praseodymi urn 

Pro2 

Pr203 

Pr601 1 

Neodymi urn 

Mass NO.' Reference 

134 Langer e t  a l .  1978 
137 I I 11 

138 Paul son and Spr i  ngborn 1968 
140 Dean e t  a l .  1975 - - - S t e i n d l e r  e t  a l .  1978; Morewitz 1981 

Schmitz,  Dean, and Halachmy 1971; 
S t e i n d l e r  e t  a l .  1978; 
S a r i ,  Walker, and Schumacher 1979 

S t e i n d l e r  e t  a1 . 1978 

Davies and Ewart 1971; S a r i ,  Walker, 
and Schumacher 1979 

139 Paul son and Spri  ngborn 1968 

S t e i n d l e r  e t  a l .  1978 

S t e i n d l e r  e t  a l .  1978 

140 Paul son and Spr i  ngborn 1968 

141 Paul son and Springborn 1968; Dean 
e t  a l .  1975 

142 Paulson and Springborn 1968; Dean 
e t  a l .  1975. 

144 Paul son and Spri  ngborn 1968 ; 
Dean e t  a l .  1975; Goode and Cox 1970. 
S t e i  ndl e r  e t  a1 . 1978 

S t e i  ndl e r  e t  a1 . 1978 

141 Paul son and Spri  ngborn 1968 

S t e i  ndl e r  e t  a1 . 1978 

143 Paul son and Spri  ngborn 1968 
144 I 1  I I 

145 I I I 1  

146 I 1  I I 

148 Paul son and Spri  ngborn 1968 
150 Paul son and Spr i  ngborn 1968 

S t e i  ndl e r  e t  a1 . 1978 



TABLE I 11-3. (Contd) 

F i s s i o n  Product Reference 

Promethi urn 147 Paul son and S p r i  ngborn 1968 

Pm02 S te i  n d l e r  e t  a1 . 1978 

Samari urn 

Srn203 

Europi urn 

Eu02 

Eu203 

Gad01 i n i  urn 

Gd02 

Gd203 

Terb i  urn 

Tb ox ide  

Dysprosi  urn 

S t e i n d l e r  e t  a1 . 1978 

Paul son and Spr i  ngborn 1968 
I t  14 

11 II 

I1 11 

I1  11 

I1  I t  

Ste i  nd l  e r  e t  a1 . 1978 

Paul son and Spr i  ngborn 1968 
Goode and Cox 1970 
Paul son and Spr i  ngborn 1968 
S t e i n d l e r  e t  a l .  1978 

S t e i n d l e r  e t  a l .  1978 

Paul son and Springborn 1968 
I1  I 1  

S t e i n d l e r  e t  a l .  1978; 8azi  n, Jouan, 
and V i  gnesoul t 1974 

S te i  nd l  e r  e t  a1 . 1978 

Paulson and Springborn 1968 
Bazi n, Jouan, and V i  gnesoul t 1974 ; 

Schmitz, Dean, and Halachrny 1971 
Brook 1972 

Paul son and S p r i  ngborn 1968 
Bazi n, Jouan, and V i  gnesoul t 1974; 

Schrnitz, Dean, and Halachmy 1971 
Brook 1972 



FISSION PRODUCT/CLADDING INTERACTION 

Both  Z i  r c a l  oy c l a d d i n g  i n  1  i g h t  wa te r  r e a c t o r s  and s t a i n l e s s  s t e e l  

c l a d d i n g  i n  f a s t  breeder  r e a c t o r s  r e a c t  w i t h  some o f  t h e  f i s s i o n  p roduc ts  f rom 

U02 and (U,Pu)02 f u e l  s. Impor tan t  f i s s i o n  p roduc ts  i n  f u e l  / c l  adding 

i n t e r a c t i o n  a re  i o d i n e ,  t e l l  u r i  um, c e s i  um, hydrogen, and carbon; t h e  

oxygen/metal r a t i o  a1 so s t r o n g l y  i n f l u e n c e s  i n t e r a c t i o n .  

I n  t h e  f a b r i c a t i o n  o f  f u e l  rods,  t h e  i n s i d e  d iameter  o f  t h e  c l a d d i n g  i s  

made so t h a t  t h e  pe l  1  e t s  can be e a s i l y  i n s e r t e d .  T h i s  r e s u l  t s  i n  a  r a d i  a1 gap 

between t h e  f u e l  and c l a d d i n g  which i s  reduced i n  magnitude d u r i n g  

i r r a d i a t i o n .  I n  t h e  r e a c t o r ,  t h e  f u e l  c racks  and expands and t h e  s t a i n l e s s  

s t e e l  creeps; eventual  l y  t h e  c l a d d i n g  c o l l  apses on to  t h e  f u e l  , remain ing t h e r e  

u n t i l  app rec i ab le  q u a n t i t i e s  o f  f i s s i o n  gases have been re l eased  ( C o t t r e l l  e t  

a1 . 1960). 

Lawrence, Hata, and Weber (1979) rev iewed f o u r  mechani sins p o s t u l  a t e d  t o  

be exp lana t i ons  f o r  f u e l  / c l  adding chemical i n t e r a c t i o n .  A1 1  f o u r  were based 

on e i t h e r  o x i d a t i o n  o r  m a t e r i a l  t r a n s p o r t  s t u d i e s  and were s i m i l a r  i n  t h a t  

they  r e q u i r e d  a  f i s s i o n  p roduc t  medi um t o  t r a n s p o r t  oxygen t o  t h e  r e a c t i o n  

s i t e s .  I n  a l l  t h e  mechanisms, cesium was t h e  impo r tan t  f i s s i o n  p roduc t  and, 

g e n e r a l l y ,  t h e  c o n t r o l l i n g  mechanism f o r  t h e  depth o f  r e a c t i o n  was t h e  oxygen 

p o t e n t i a l  i n  t h e  area o f  t h e  f u e l l c l a d d i n g  gap. 

One model proposed t h a t  f u e l  / c l  add i  ng i n t e r a c t i o n  i n  s t a i  n l  ess -s tee l  - c l  ad 

mixed o x i d e  f u e l s  was due t o  cesium and t e l l u r i u m  f i s s i o n  p roduc ts  i n c r e a s i n g  

g r a i n  boundary o x i d a t i o n .  The model i n d i c a t e d  a  co l~ l b i na t i on  o f  r e a c t i o n  

paths,  b u t  t h e  b a s i c  process was o x i d a t i o n  o f  c l add ing  elements. A second 

mechani sm was an e lec t rochemica l  d i s s o l u t i o n  wherein anodic d i  sso l  u t i o n  o f  t h e  

c l  adding i n t e r f a c e  occur red  by ga l  van ic  c e l l  r eac t i ons .  The t h i r d  mechanism 

was b a s i c a l l y  one o f  cesium acce le ra ted  o x i d a t i o n .  Model f o u r  assumed t h e  

f o r m a t i  on o f  s p i  ne l  - t ype  o x i  des on t h e  c l  addi  ng sur face.  

A1 though t h e  mechanism( s)  o f  f i s s i o n  p roduc t  a t t a c k  on t h e  c l a d d i n g  i s  

n o t  c l e a r l y  understood, Eps te i  n  (1975) made some general  observa t ions :  

Thermal r e a c t o r  exper ience has shown t h a t  s t o i c h i o m e t r i c  U02 i s  s t a b l e  

w i t h  r espec t  t o  c l add ing  a t t a c k .  



a Mixed U, Pu ox ide  has a g r e a t e r  oxygen p o t e n t i a l  than  pure u r a n i a  o f  

t h e  same O/M r a t i o  a t  e q u i v a l e n t  temperature,  and c l add ing  a t t a c k  i s  

q u i t e  s e n s i t i v e  t o  t h e  1 ocal  oxygen p o t e n t i a l .  

a . . .it has been found t h a t  general  c l add ing  a t t a c k  i s  1 i m i t e d  t o  about 

12% o f  t h e  c l add ing  th ickness,  whereas i nterg ranu l  a r  p e n e t r a t i o n  can 

go cons iderab ly  f a r t h e r .  

a . . .cladding a t t a c k  i s  n o t  found a t  c l add ing  temperatures l e s s  than  

500°C. 

a Whenever c l add ing  a t t a c k  has been found, Cs and Mo have a l s o  been 

present .  

Bazi  n, Jouan, and V i  gnesoul t (1974) noted t h e  1 ack o f  understanding o f  

t h e  f u e l l c l a d d i n g  i n t e r a c t i o n  mechani sm b u t  d i d  observe a t h r e e  s tep  ox ide-  

z i  r c a l o y  c l add ing  r e a c t i o n  process. I n  t h e  f i r s t  step, o p t i c a l  microscope 

observa t ions  showed no z i  r c o n i  urn 1 ayer  on t h e  i n n e r  sur face  o f  t h e  c l  adding . 
The second stage was a growth severa l  microns t h i c k ,  which p ro tec ted  t h e  

c ladd ing .  However, as t h e  l a y e r  th ickened, c racks  appeared and a1 lowed t h e  

e n t r y  o f  f i s s i o n  products  1 i k e  cesium. Cesium i n  j o i n t s  between t h e  z i r c a l o y  

g r a i n s  can weaken t h e  a1 1 oy , b u t  Bazi n, Jouan, and Vignesoul t (1974) r a r e l y  

saw p i n s  where t h i s  occurred. I n  t h e  t h i r d  stage t h e  c l add ing  con tac ted  t h e  

fue l  because of  a U02-Zr02 d i f f u s i o n  phenomena. Th i s  c o n t a c t  can cause breaks 

i n  f u e l  rods as expansion and c o n t r a c t i o n  occurs, and i t  i s  i n  t h i s  c o n t a c t  

zone where f i s s i o n  products,  e s p e c i a l l y  cesium, were found. 

Micrographic  exami n a t i o n  o f  t h e  f u e l  / c l  adding r e a c t i o n  zone by Bazi  n, 

Jouan, and Vignesoul t (1974) showed a d i f f e r e n c e  i n  appearance f o r  small , as 

opposed t o  1 arge, f u e l l c l a d  gaps. P ins w i t h  a 1 arge 1 a t e r a l  p l a y  o f  0.30 mm 

o f t e n  formed two sub- layers -- a dense l a y e r  nex t  t o  t h e  c l add ing  comprised o f  

U and assoc ia ted  Zr-Cs elements and a porous l a y e r  which con ta ined  Pd, Ba, and 

Te. P ins w i t h  a small l a t e r a l  p l a y  (0.15 mm) con ta ined  o n l y  a s ing1 e l a y e r  

c o n s i s t i n g  o f  U-Zr assoc ia ted  w i t h  Ba and Cs. Cesium was e s p e c i a l l y  v i s i b l e  

i n  j o i n t s  o f  pe r i phe ra l  U02 g ra ins ,  and i o d i n e  was a1 so i n  t h e  per iphery ,  

p a r t i c u l  a r l y  i n i n t e r p e l l  e t  spaces. Camoszzo ( 1972) re fe renced  a study which 

found metal 1 i c  i n c l u s i o n s  w i t h i n  a mixed ox ide  f u e l  element; t h e  i n c l u s i o n s  



contained the constituents of the s tainless  steel cladding (Fe, Cr, Ni--see 
Oistri bution of Fission Products). 

Bazi n ,  Jouan, and Vi gnesoul t (1974) conducted a post irradiation 

classif icat ion of the pins tested t o  t r y  t o  correlate the formation of gray 

layers a t  the oxide cladding interface with mass combustion and power level. 

They concluded that  below 10,000 MWd/tU, the accumulation of f iss ion products 

a t  the interface was probably not enough t o  allow formation of reaction layers 

even though the pin may have functioned a t  a high power level. 

OxygenIMetal Ratio 

"Effects of i n i t i a l  stoi  chiometry (oxygen-to-metal r a t io  ( O / M ) )  on the 

character and extent of fuel -cladding chemical interaction ( F C C I )  were 

established for  mi xed uranium and plutonium oxide fuels clad with 20% cold- 

worked Type 316 s tainless  steel irradiated t o  peak burnups of -3.6 at.%" 

(Lawrence, Hata, and Weber 1979). Reduction or el imination of FCCI can 

increase a fuel p in ' s  1 ifetime. Stoichiometry ( O / M ) ,  cladding temperature, 

and burnup (reactor residence time) are important parameters in FCCI. The 

most straight-forward method t o  reduce FCCI in U/Pu  oxide fuels would be t o  

lower the O/M r a t io  as reduction in e i ther  reactor residence time or operating 

temperatures i s  undesirable in re1 ationshi p t o  overall reactor efficiency. 

However, consideration must be given t o  fabrication and fuel performance 

questions. Low O/M fuel s requi re processing i n 1 ow oxygen content atmospheres 

and storage in iner t  atmospheres. Experimental work conducted prior t o  tha t  

of Lawrence, Hata, and Weber (1979) showed that  a reduction in the i n i t i a l  O / M  

resulted in a corresponding reduction in FCCI.  

Lawrence, Hata, and Weber (1979) used fuel pins with average i n i t i a l  O/M 

values of 1.94, 1.95, or 1.97; pins were removed a t  1.1, 2.5, and 3.6 at.% 

burnup and examined to  characterize the effects  of the various O / M  ra t ios .  

"At the lower burnup levels ( i  .e. 1.1 and 2.5 a t .%) ,  the lower O/M fuel pins 

exhibited l i t t l e  or no measurable attack. ... A comparison of the two pins a t  

3.6 at.% ( b u r n u p )  indicates an approximate factor of three difference in the 

depth of attack for the two O / M  levels." (See Fig. 111-12) (Lawrence, Hata, 

and Weber 1979). This indicated tha t  the mechanism of FCCI changed as the O / M  

r a t io  was lowered; a t  the lower O / M  value there was a drast ic  decrease in the 



cladding attack depth. In the burnup ranges studied, the mechanism of FCC1 

did n o t  change, b u t  the depth of attack appeared t o  be l inearly dependent on 

burnup. 

E l  ectron mi croprobe studies on selected samples showed that increasing 

burnup did not seem t o  affect the distribution of fuel or cladding 

TIME-AVERAGED CLADDING INNER 
SURFACE TEMPERATURES, "C 

FIGURE 111-12. The Effect of In i t ia l  Fuel O / M  on 
the Depth of Attack a t  3.6 a t .% Burnup 
(Lawrence, Hata, and Weber 1979). (Repri nted 
with permission from American Nuclear Society, 
LaGrange Park, I1 1 i no i  s 0 1979.) 

constituents. Cladding of the lower O/M samples showed that  s l ight  

depletions of chromi urn occurred near the carbide-depl eted grains and grain 

boundaries. Detection of chroinium in the f u e l ' s  in te r ior  a t  3.6 a t .% b u r n u p  
sugyested chroinium was being depleted from the clad ding.^ L i t t l e  Cs and Te 

were detected in fuel/cladding gaps for the 1.94 or 1.95 O/M level s. A 

metal 1 ic-appearing product in the highest O/M sample was composed mainly of Fe 

and Ni , and was depleted in chromium. Regions between the metal 1 i c  reaction 

product and cladding matrix were comprised of Cs, Cr, and sometimes Mn. 



"Segregat ion o f  c l a d d i n g  c o n s t i t u e n t s  and t h e i r  a s s o c i a t i o n  w i t h  f i  ss i on  

p roduc ts  a re  c o n s i s t e n t  w i t h  t h e  exper imenta l  d i s t r i b u t i o n s  observed i n  

r e g i o n s  o f  m a t r i x  a t t a c k  i n  f u e l  p i n s  w i t h  h i g h e r  O/M1s f rom o t h e r  

exper iments ." ( Lawrence, Hata, and Weber 1979). 

F ig .  111-13 d e l i n e a t e s  t h e  oxygen p o t e n t i a l  as a  f u n c t i o n  o f  burnup. The 

f o rma t i on  o f  ca rb i des  and s tages o f  i n t e r g r a n u l  a r  a t t a c k  by t e l l  u r i  um and 

cesium a r e  no ted  i n  t h e  f i g u r e .  

Carbon 

Carbon i ncreased i n te rg ranu l  a r  a t t a c k  when t h e  oxygen p o t e n t i  a1 was 

s l  i g h t l y  g r e a t e r  than  t h e  o x i d a t i o n  thresh01 d  o f  s t a i n 1  ess s t e e l .  P e n e t r a t i o n  

occur red  as a  r e s u l t  o f  t h e  f o rma t i on  and decomposi t ion o f  metas tab le  ca rb i des  

(see F igu re  I 11-13]. However, a t  h i g h e r  oxygen p o t e n t i a l  s, carbon-oxygen 

compounds formed and d i d  n o t  a f f e c t  t h e  c l add ing  ( E p s t e i n  1975). 

I n  A i  t ken  e t  a1 . I s  (1973b) exper iments,  seal ed s t a i  n l  ess s t e e l  c o n t a i n e r s  

were i s o t h e r m a l l y  heated a t  725OC. Carbon added t o  1  i q u i d  t e l l  u r ium i n  t h e  

c o n t a i n e r s  acce le ra ted  t h e  depth o f  a t t a c k  f rom 0  t o  6 m i l s  when a  Cr/Cr203 

oxygen b u f f e r  was used, b u t  an Fe/FeO b u f f e r  w i t h  excess carbon had an 

unchanged a t t a c k  o f  1 t o  2  m i l  s  ( r e s u l  t s  comparing no carbon a d d i t i v e  t o  

presence o f  carbon i n  1  i q u i d  t e l l  u r ium) . A microprobe exaini n a t i o n  o f  carbon 

a t t a c k  r eg ions  showed t h a t  t h e  g r a i n  boundar ies were dep le ted  o f  i r o n ,  

chromium, and manganese w i t h  a  s l i g h t  n i c k e l  enr ichment  r e l a t i v e  t o  t h e  base 

meta l .  Prev ious microprobe work on c l a d d i n g  samples n o t  exposed t o  carbon 

showed d e p l e t i o n  o f  o n l y  chromium and manganese w i t h  a  s l i g h t  i r o n  enr ichment ,  

aga in  re1  a t i v e  t o  t h e  base meta l .  The carbon a t t a c k  r eg ions  dep le ted  o f  i r o n  

and chromium were w ide r  than  t h e  g r a i n  boundary w id ths  which i n d i c a t e d  a  

d i f f u s i o n  o f  base metal  components near  t h e  g r a i n  boundry (see  Table 111-4).  

Cesium 

Cesium and many o f  i t s  compounds a r e  h i g h l y  v o l a t i l e  and move i n  t h e  

r a d i a l  thermal g r a d i e n t  t o  t h e  c o o l e r  f u e l  - c l  ad i n t e r f a c e .  A h i g h  O/M r a t i o  

i n  t h e  f u e l  woul d m in im ize  cesium m i g r a t i o n  b u t  enhances t h e  c o n d i t i o n s  f o r  

de t r imen ta l  c l  addi  ng a t t a c k  ( Eps te i  n  197 5) .  Epste i  n  ( 1975) conducted a  

1  i t e r a t u r e  survey on c l  add i  ng/Cs exper iments  done o u t - o f - p i 1  e. Resul t s  o f  

i so therma l  capsule  exper iments  us i ng  c e s i  um as one o f  t h e  a d d i t i v e s  a r e  



FIGURE 111-13. Oxygen A c t i v i t y  Change w i t h  Burnup i n  Fuel -Cladding Gap a t  725°C; 
Schematic; Oxygen and Carbon from Fuel (Eps te i n  1975). 
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summarized i n  Table 111-4 (Adamson and Ai  tken 1974). The e f f e c t  of cesium and 
t e l l  uri um on intergranul a r  cladding a t tack was found t o  be dependent on the  

oxygen potential i n  the  fuel /cl adding envi ronment. A t  temperatures of 900°C 

t o  1000°C, a Cs-Te mixture penetrated the  cladding wall. Other references 

indicated a m i n i m u m  a t tack fo r  cladding exposed t o  Cs20 and Cs containing 
Cs20; sl ight ly  more a t tack w i t h  Cs20 containing Moo3; and the  most a t tack w i t h  

Cs20 containing CsOH. This data suggested a mechanism involving a 1 iquid 
e l ec t ro ly t e  f o r  i ntergranul a r  a t tack.  CsOH and Cs20 caused cl  addi ng sampl e s  
t o  rupture a t  -650°C. 

Bazin, Jouan, and Vignesoul t '  s (1974) work measured the  penetration of Cs 
in to  the j o in t s  of oxide gra ins  as  a function of the combustion r a t e .  
Penetration distance i ncreased w i t h  increasing combustion r a t e  ( see Fi gure 
I1 1-14). Microanalysis resul t s  indicated t h a t  the mean concentration (by 

weight) of cesium i n  the  oxide-cladding reaction zone i s  4% ( s ee  Figure I I I -  
15) .  

I-lydrogen 

Reaction of hydrogen w i t h  the  Z i  rcal oy c l  adding causes c l  adding 
embri t t l  ement. Defects i n  the inner s ide  of the  zirconi um a1 loy cladding of 
some fuel elements were found t o  be "sun bursts" of hydride and therefore  
a t t r i bu t ab l e  t o  sources of hydrogen ins ide  the  fuel (Denovan, Ashley and 

Longhurst 1971; F u n k ,  Jacobson, and Menon 1977). A1 though tritium i s  a 
ternary f i s s i on  product, the  majority of hydrogen was formed by the  
i r rad ia t ion  of water adsorbed on the  surface of the fuel pe l l e t s .  Uater 
adsorption was rapid and depended more upon the f u e l ' s  surface condit ions and 
atmospheric r e l a t i ve  humidity r a t he r  than on the  time of exposure (Denovan, 
Ash1 ey, and Longhurst 1971). 

Hydrogen reacted w i t h  Z i  rcaloy i n  a steam environment and appeared t o  be 
affected by the N i ,  Fe, 0, As, Sb,  and Te concentrations a s  well a s  the  degree 
of hydrogen dissociated i n  the  stream. Hydriding i s  f i r s t  observed a s  
b l i s t e r s  which sometimes crack (Funk, Jacobson, and Wnon 1977). Most of the 
hydrogen formed from residual water i n  the  fuel remained i n  the  t ube ' s  f r e e  
vol ume unt i l  the oxygen par t ia l  pressure was below atm. 

Embri t t l  ement of the  c l  addi ng by hydrogen adsorption can be more 
detrimental than corrosion processes. The accel e r a t i  on of Zi  rcal oy-2 



TABLE 111-4. Summary o f  Isothermal Capsule Tests Containing Te and Other Add i t i ves  
Heated a t  725OC; Series 1 Through 16 ( Adamson and A i  tken 1974). 

Capsule 
Ser ies  No. 

Add i t i ves  ( m i l  1  imol es) 
Container 
Mater ia l  Te C s  Others Resu l ts  - -  

316 0.72 -- 0  as Te02 = 0.2 A l l  capsules showed 
316 0.83 -- = 0.25 i ntergranu l  a r  a t t ack  
316 0.78 -- = 0.06 and un i  form r e a c t i o n  
316 0.78 -- = 0.012 l a y e r  
31 6 0.78 -- = 0.006 
316 0.78 -- = 0.003 
31 6  0.78 -- = 0  

0.78 -- - - React ion 1  ayer and 
i ntergranu l  a r  a t t a c k  

- - 0.78 < 1 0 0 p p m O i n C s  No a t t a c k  
0.78 0.78 - - No r e a c t i o n  l a y e r ,  

i ntergranu l  a r  a t t ack  
0.78 3.16 - - React ion 1  ayer, 

i ntergranu l  a r  a t t ack  
0.35 0  C r  = CrOlm5 = 0.27 No r e a c t i o n  l aye r ,  

no i ntergranu l  a r  a t t ack  
0.35 0.36 C r  = CrOle5 = 0.27 No r e a c t i o n  l aye r ,  

no i n t e r g r a n u l  a r  a t t ack  

316 0.36 0.35 Fe = FeO = 0.25 React ion 1  ayer, 
i n t e r g r a n u l a r  a t t ack  

316 0.36 0.35 Mo = Moo3 = 0.25 React ion 1  ayer, 
i ntergranu l  a r  a t t ack  

321 0.36 0.35 Same as 1 React ion l a y e r ,  
S t a b i l i z e d  s l  i g h t  i ntergranu l  a r  a t t ack  

31 6  0.36 0.35 Same as 1 React ion l aye r ,  
Oxi d i  zed i n t e r g r a n u l a r  a t t ack  - 2  m i l s  

316 CW 0.36 0.35 Same as 1 React ion l aye r ,  
i ntergranu l  a r  a t t ack  

316 0.36 0.35 C r  = CrOle5 = 0.25 No r e a c t i o n  l aye r ,  
no i n t e r g r a n u l a r  a t t ack  



TABLE 111-4. (Contd) 

Ser ies  

4 
100 h 

Capsul e Container 
No. Mater ia l  

5R ( repeat )  1 316 
100 h 

2 

Add i t i ves  ( m i l  1 imol es)  

Te C s - - Others 

- - 0.39 Fe = FeO = 0.25 
0.39 0.39 Mo = MOO = 0.25 
0.39 1.56 Same as f 
0.39 3.90 S a m e a s l  
0.39 0.39 Same as 1 p lus  

0.6 Carbon 
0.39 0.39 C r  = CrOl = 0.25 

p lus  0.6 Carbon 

0.39 0.39 C r  = CrOl = 0.25 
Carbon = 0.6 
C r  = CrOl = 0.25 
Carbon = 0.3 
C r  = CrOl = 0.25 
Carbon = 6.075 
C r  = CrOl = 0.25 
Carbon = 6.0375 
C r  = CrOle5 = 0.25 
No carbon 

0.39 0.39 Fe = FeO = 0.25 
C r  = Cr01.5 = 0.25 
C r  = CrOl = 0.25 
Carbon = 0.6 

0 Fe = FeO = 0.25 

0.39 0.39 C r  = CrOl 5 = 0.25 
Carbon = 6.6 
C r  = CrOl = 0.25 
Carbon = 0.03 
C r  = CrOl 5 = 0.25 
Carbon = 0.075 
C r  = CrOl.5 = 0.25 
No carbon 

Resul t s  

No i n t e r g r a n u l  a r  a t t a c k  
P i t t i n g  type o f  a t t a c k  
No i n t e r g r a n u l  a r  a t t a c k  
No i ntergranu l  a r  a t t ack  
In te rg ranu l  a r  a t t a c k  - 1.5 m i l  s 

I n te rg ranu l  a r  a t t ack  - 1.5 m i l  s 

I n te rg ranu l  a r  a t t a c k  
5-6 m i l  s s p o t t y  
Up t o  2 m i l s  s p o t t y  

1-2 m i l s  

1-2 m i l s  

1-2 m i l s  

- 4 m i l s  - 4 m i l s  
5-6 m i l  s 

No a t t a c k  

I n t e r g r a n u l a r  a t t ack  - 4 m i l s  

I n te rg ranu l  a r  a t t ack  - 4 m i  1 s 

No a t t a c k  

No a t t a c k  



TABLE I 11-4. ( Contd) 

Add i t i ves  ( m i l l i m o l e s )  
Capsul e  Container 

Ser ies  No. Mater ia l  Te Cs Others Resul ts  - - 
6R ( repeat )  1 316 0.39 0.39 Fe = FeO = 0.25 React ion l a y e r  ( - 1 m i l ) ,  
1000 h  i n t e r g r a n u l  a r  a t t a c k  ( <1 m i  1  ) 

2  C r  = CrOle5 = 0.25 No a t t a c k  
3  C r  = CrOl = 0.25 I n t e r g r a n u l a r  a t t ack  - 4  m i l s ,  

Carbon = 6.6 s p o t t y  w i t h  g r a i n  p u l l o u t  

7  1 316 0.39 0.39 Fe = FeO = 0.50 Patchy r e a c t i o n  l a y e r  ( - 1.5 m i l s ) ,  
1000 h  t races  i n t e r g r a n u l  a r  a t t a c k  

2  0.78 0.78 C r  = CrOl  = 0.50 I n t e r g r a n u l a r  a t tack ,  5  t o  7 m i l s ,  
Carbon = 1.2 s p o t t y  

3  0.78 0.78 C r  = FeO = 0.50 React ion 1  ayer ( - 1.5 m i  1  1 ,  
Carbon = 1.2 i n t e r g r a n u l a r  a t t a c k  ( - 1 m i l )  

P 
m 

8 
100 h  1 316 0  0.39 N i  = N i O  = 0.25 I n t e r g r a n u l a r  a t t ack  - 3  m i l s  

2  0  Mo=MoO = 0 . 2 5  a No a t t a c k  
3  0  Cu = Cu2 = 0.25 No a t tack  - coat ing  on sur face 

9  1 316 0.39 0.39 Cu = Cu20 = 0.25 No i n t e r g r a n u l  a r  a t t a c k  
100 h  Surface depos i t  

2  316 0  0.39 Cu = Cu20 = 0.25 No a t t a c k  - coat ing  on sur face  

l o t  1 (100 h) 316 0.39 0.39 Fe = FeO = 0.25 I n s i d e  sur face at tacked - 1 m i l  
Outside sur face  ca rbu r i zed  - 5  m i l  s  

2  (500 h) 316 0.39 0.39 Fe = FeO = 0.25 Outer sur face  c a r b u r i  zed >10 m i l  s  
I nne r  sur face at tacked - 1 m i l  

11 1 316 0.39 0.39 C r  = CrOl = 0.25 I n t e r g r a n u l a r  a t t a c k  - 5  m i l s  
100 h  Carbon = 6.6 

2  316 0.39 0.39 C r  = 0.25 CrOl.5 = 0.50 
Carbon = 0.6 

3  316 0.39 0.39 C r  = 0.25 CrOle5 = 1.0 
Carbon = 0.6 



TABLE 111-4. (Contd) 

Ser ies  

Add i t i ves  ( m i l  1  imoles)  
Capsule Container 

No. Mater ia l  Te C s  Others Resu l ts  - - 
1 316 0.39 0.39 C r  = CrO l  = 0.25 I n t e r g r a n u l a r  a t t a c k  - 8  m i l s  

Carbon = 1.2 
2  316 0.39 0.39 C r  = CrOl  = 0.25 I n t e r g r a n u l a r  a t t a c k  - 9  m i l  s  

Carbon = 2.4 

1 316 0.39 0.39 C r  = CrOl  = 0.25 In te rg ranu l  a r  a t t a c k  4-5 m i l  s, 
Carbon = 0.6 bu i l dup  o f  r e a c t i o n  phase i n  some 

g r a i n  boundaries, 1  oss o f  cohesion 
between some g r a i n s  

1 316 0.78 0.78 C r  = CrOl = 0.53 In te rg ranu l  a r  a t t ack  5  t o  6  m i l s  
Carbon = 1.2 

1 316 0.39 0.39 C r  = CrOl = 0.25 I n t e r g r a n u l a r  a t t a c k  6  t o  7  m i l s ;  
Carbon = 1.2 n o t i  cab1 e  v a r i a t i o n s  w i t h  

c i r c u m f e r e n t i a l  and l o n g i  t u d i a n l  
p o s i t i o n s  

1 316 0  Excess Cs( a) i n  e q u i l -  No i n t e r g r a n u l  a r  a t t ack ;  some 
i b r i  um w i  t h  ( reacted)  metal eros ion,  and format ion o f  
"OZ+X + a  second m e t a l l i c  phase, a t  

sur face  ( <1 m i  1  ) 

* Capsules were placed ho r i zon ta l  p o s i t i o n  f o r  f i r s t  100 hours o f  t reatment.  
t Capsul es immersed i n  carbon saturated Na . 
tt 650°C 
ttt 750°C (da ta  f r o ~ n  swe l l ing  t e s t  Capsule CSC17) 
+ Equ i l  i b r i  urn mix tu re  assumed t o  be Cs( a) + U02 + Csl+,U03. 



COMBUSTION RATE, MWdltU 

FIGURE 111-14. Maximurn Pene t ra t i on  by F i s s i o n  Products i n t o  t h e  
J o i n t s  o f  Oxide Gra ins a t  t h e  Oxide-Cladding 
I n t e r f a c e .  Element Measured: Cs i n  Gra in  J o i n t s  
(Baz i  n, Jouan, and V i  gnesoul t 1974) .  

FIGURE 111-15. M i c roana l ys i s  
o f  t h e  Zone o f  Contact  Between 
Oxide and Cladding i n  P in  
TOF 32 (Bazin, Jouan, and 
V i  gnesoul t 1 9 7 4 ) .  
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c o r r o s i  on,  i nduced by i r r a d i  a t i  on, was accompani ed by reduced hydrogen 

a d s o r p t i o n .  Less than  ha1 f o f  the a n t i c i p a t e d  hydrogen up take  was found i n  

t h e  c l a d d i n g .  Cl ad  b reach ing  by h y d r i d i n g  h a s  been p reven ted  by i n c r e a s i n g  
t h e  d e n s i t y  and reduc ing  t h e  w a t e r  c o n t e n t  o f  U02 p e l l e t s  d u r i n g  f a b r i c a t i o n .  

I o d i n e  

Approximately one t h i r d  o f  the s t a i n l e s s  s t e e l  c l a d  p i n s  examined from 
t h e  Dounreay r e a c t o r  were found t o  have i n t e r g r a n u l a r  c l a d d i n g  a t t a c k  t o  

d e p t h s  o f  25-75 pm. The c o r r o s i o n  mechanism i s  no t  y e t  known (Bramman and 

Powell 1975) .  Other r e s e a r c h e r s  c i t e d  by Bramman and Powell (1975)  have n o t e d  
t h e  p resence  o f  i o d i n e  and cesium i n  t h e  a r e a s  o f  i n t e r g r a n u l  a r  a t t a c k  i n  EBR- 

I 1  (Exper imenta l  Breeder Reactor  11) p i n s  a s  well  a s  the f a c t  t h a t  i o d i n e  and 

t e l l  u r i  um caused  c o r r o s i o n  o f  s t a i  nl e s s  s t e e l  under a p p r o p r i a t e  c o n d i t i o n s ;  
r e s e a r c h e r s  working w i t h  EBR-I1 p i n s  p o s t u l a t e d  a c y c l i c  van Arkel p r o c e s s  
i nvol v i  ng t h e  fo rmat ion  and decomposi t ion o f  f e r r o u s  i o d i d e  a s  t h e  c o r r o s i o n  
mechani sm. Bramman and Powel 1 (19751, however, be1 i eve  t h e  van Arkel cyc l  e i s 
n o t  i m p o r t a n t  f o r  two reasons :  (1) high i o d i n e  c o n c e n t r a t i o n  and t h e  w o r s t  
i n t e r g r a n u l a r  a t t a c k  were found a t  o p p o s i t e  e n d s  o f  the f u e l  p i n ,  and ( 2 )  t h e  
s e v e r i t y  o f  a t t a c k  i n  the Dounreay p i n s  showed l i t t l e  dependence on burn-up o r  
c l  addi ng t empera tu re .  

The fo rmat ion  o f  CsI on the i n n e r  c l a d d i n g  s u r f a c e  h a s  been no ted  by 
s e v e r a l  a u t h o r s .  Clayton and Riddle  (1969)  i n d i c a t e d  a t r a c e  amount o f  12gI  
a c t i v i t y  was d e t e c t e d  i n  U02 and CsI was obse rved  on the i n n e r  c l a d d i n g  
s u r f a c e  o f  i r r a d i  a t e d  U02 r o d s .  Morewi t z '  s ( 1981) 1 i t e r a t u r e  r e v i  ew i ncl  uded 
t h e s e  o b s e r v a t i o n s :  ( 1) mol ecul  a r  i odi  ne i s e a s i l y  adsorbed o n t o  c l  ean 
s t a i n l e s s  steel wall  s; ( 2 )  d e p o s i t i o n  o f  CsI ( s o l  i d )  o c c u r r e d  a t  the 

c l a d d i n g ' s  i n n e r  s u r f a c e ;  ( 3 )  c u b i c  c r y s t a l s  adher ing  t o  t h e  i n n e r  z i r c a l o y  
c l a d d i n g  from i r r a d i a t e d  LWR f u e l  r o d s  were p o s i t i v e l y  i d e n t i f i e d  by x-ray 
f l u o r e s c e n c e  a s  CsI . 

Davies (1977)  r e f e r e n c e s  t h e  f a c t s  t h a t  i o d i n e  caused  s t r e s s  c o r r o s i o n  
c r a c k i  ng of  Zi r c a l  oy , and t h a t  h igh 1 ocal  i zed c o n c e n t r a t i o n s  o f  i odi  ne were 
no ted  on t h e  c l a d d i n g  o p p o s i t e  f u e l  p e l l e t  c r a c k s  and i n t e r f a c e s .  However, 
Davies (1977) m a i n t a i n s  t h a t  the c o n c e n t r a t i o n  o f  an e lement  does  n o t  g i v e  
i n f o r m a t i o n  a b o u t  i t s  chemical  a c t i v i t y  and c a n n o t  be  assumed t h a t  f i s s i o n  
p r o d u c t  i o d i n e  indeed  c a u s e s  s t r e s s  c o r r o s i o n  c r a c k i n g  o f  f u e l  c l  addi  ng. 



A n u c l e a r  a c c i d e n t  r e s u l t i n g  i n  e scape  of f i s s i o n  p roduc t s  from f u e l  r o d s  

i n v o l v e s  both high f u e l  and high c l a d d i n g  t empera tu res .  Under t h e s e  
c o n d i t i o n s ,  t h e  Z i  r c a l o y  c l a d d i n g  i s  a s t r o n g  r e d u c t a n t ;  t h e  cool a n t  i s  

reduced by t h e  c ladd ing  t o  form hydrogen which i s  a1 so  a r e d u c t a n t .  Campbell, 

Ma1 i nauskas,  and S t r a t t o n  ( 1981) concl uded t h a t  f i  s s i o n  product  i o d i  ne t h a t  

can be r e l e a s e d  i n  an a c c i d e n t  from LWR f u e l  r o d s  e x i s t e d  i n  t h e  rod a s  a 
metal i o d i d e  r a t h e r  than  e lemental  i o d i n e  a s  p rev ious ly  assumed. Under t h e s e  
chemical l y  reduci  ng c o n d i t i o n s ,  i o d i n e  i s n o t  expec ted  t o  change i t s  val  ence .  

Funk, Jacobson, and Menon' s ( 1977) 1 i t e r a t u r e  review i ndi c a t e d  t h a t  
s t r e s s  c o r r o s i o n  c rack ing  of Z i  r c a l  oy n e a r  t h e  end-of -1 i f e  has  been surmi sed  
t o  be caused by ha1 i d e  f i s s i o n  p roduc t s .  Iod ine  and Cs a r e  s p e c i f i c  p r o d u c t s  
i d e n t i f i e d  a s  c a u s e s  f o r  c r a c k i n g .  Z i rca l  oy t e s t e d  f o r  c o r r o s i o n  i n  an i o d i n e  
atmosphere had f r a c t u r e s  t h a t  were m i c r o s t r u c t u r a l l y  s i m i l a r  t o  t h o s e  seen  i n  
Zircaloy-2 c ladd ing  f a i l u r e  o f  r e a c t o r  f u e l  p i n s .  Axial c r a c k s  o f  va ry ing  
1 eng ths  from p i n h o l e s  t o  s e v e r a l  i n c h e s  1 ong have been found. "Zi r c a l o y  
f a b r i c a t e d  by t u b e  r e d u c t i o n  and annea l ing  f o r  one hour a t  923OK (650°C) o r  

h i g h e r  has  i n c r e a s e d  r e s i s t a n c e  t o  i o d i n e  s t r e s s  c o r r o s i o n .  There a r e  a1 s o  
i n d i c a t i o n s  t h a t  f u l  ly-anneal ed Z i  r c a l  oy c l  addi ng i s more r e s i  s t a n t  t o  1 ow 
d u c t i l  i t y  f a i  1 u r e  than  co l  d-worked Z i  r c a l  oy ." ( Funk, Jacobson, and Menon 
1977) .  

T e l l  uri urn 

In a s tudy  conducted by Ai tken,  e t  a l .  (1972 a , b ;  1973 a , b )  and Adamson 
and Aitken (1974) ,  r e a c t i o n  was e v i d e n t  where 1 i q u i d  t e l l  uri um c o n t a c t e d  a 
s t a i n l e s s  s t e e l  c o n t a i n e r  b u t  no r e a c t i o n  was observed above t h e  l i q u i d  
1 eve1 . Cesi um, ca rbon ,  and oxygen b u f f e r s  i n  v a r i o u s  amounts were added t o  
t h e  t e l l  uri um and t h e  degree  of a t t a c k  noted.  Experimental r esu l  t s  i n d i c a t e d  
t h a t  a t  Cs:Te r a t i o s  o f  1:l , 4:1,  o r  10:1 ,  no a t t a c k  o c c u r r e d  on t h e  
s t a i n l e s s  s t e e l .  No i n te rg ranu l  a r  a t t a c k  occur red  i f  t h e  oxygen a c t i v i t y  s e t  
by t h e  b u f f e r s  was below t h e  o x i d a t i o n  t h r e s h o l d  f o r  the s t a i n l e s s  s t e e l .  
Tab1 e 111-4, t aken  from Adamson and A i  t ken  ( 1 9 7 4 ) ,  d e l i n e a t e s  some of  t h e i r  
exper imental  r e s u l t s .  

El e c t r o n  m i  c roprobe  s t u d i e s  have r e v e a l e d  some i n s i g h t  i n t o  the 
i n te rg ranu l  a r  a t t a c k  by t e l l  u r i  um. Chromi um and manganese, 1 eached from t h e  
g r a i n  boundar ies ,  were d e p o s i t e d  i n  a 1 a y e r  on t h e  s u r f a c e  which was a1 ready 



r i ch  in  cesium and t e l l  u r i u m .  Iron remained i n  the grain boundaries where 

ces i  urn and t e l l  uri um had penetrated ( Ai  tken e t  a1 . 1973a).  



I V .  THEORETICAL CONSIDERATIONS 

OXYGEN BALANCE 

I n t r o d u c t i o n  

The f i s s i o n  o f  an atom o f  uranium o r  plutonium, i n  t h e i r  r e s p e c t i v e  

d iox ides ,  y i e l d s  two f i s s i o n  p roduc t  atoms and two oxygen atoms. The mean 

valency o f  t h e  s o l u b l e  f i s s i o n  p roduc ts  has been found t o  be equal t o  3.50, 

independent o f  burnup and f u e l  t y p e  (Schmitz, Dean, and Halachmy 1971). Thus, 

based on t h i s  i n f o r m a t i o n  alone, one would n o t  expect t h e  f u e l ' s  O/(U+Pu) 

r a t i o  t o  remain cons tan t  d u r i n g  i r r a d i a t i o n .  

S t o i c h i o m e t r i c  f u e l  i s  p r e f e r r e d  because o f  i t s  p rope r t i es ,  behav ior ,  and 

f a b r i c a t i o n  costs.  Ca l cu l a t i ons  based on i n i t i a l  s t o i ch i ome t r y ,  burnup, and 

mean va l  ency showed t h a t  a  hypos to i ch i ome t r i c  f u e l  would q u i c k l y  become 

hype rs to i ch i ome t r i c  i f  t h e  f u e l  m a t r i x  absorbed a l l  o f  t h e  oxygen re l eased  

d u r i n g  f i s s i o n .  Th i s  suggested a  need t o  use f u e l s  w i t h  a  low i n i t i a l  

s to ich iomet ry .  However, o x i d a t i o n  o f  molybdenum and perhaps t h e  s t a i n l e s s  

s t e e l  c l add ing  s t a b i l i z e d  t h e  m a t r i x  so t h a t  a  va lue  o f  O/(U + Pu) = 2.00 was 

found. Th is  r a t i o  remained constant ,  b u t  t h e  o v e r a l l  O/(U + Pu) + f i s s i o n  

p roduc ts )  s t o i ch i ome t r y  decreases due t o  f i s s i o n  p roduc t  d i  sso l  u t i  on w i t h  

i n c r e a s i n g  burnup. These exper imenta l  r e s u l t s  would suppor t  a  cho i ce  o f  

i n i t i a l  f u e l  s t o i ch i ome t r y  i n  t h e  range 1.98 < O/(U + Pu) < 2.00 (Schmitz,  

Dean, and Halachmy 1971). 

L i t t l e  exper imenta l  work deal  i n g  s p e c i f i c a l l y  w i t h  t h e  oxygen ba lance i n  

f u e l s  was found i n  t h i s  l i t e r a t u r e  survey. Much o f  t h e  work i s  t h e o r e t i c a l ,  

d e a l i n g  w i t h  t h e  e f f e c t s  o f  f i s s i o n  product  valence s t a t e s  and oxygen t o  meta l  

(O/M) r a t i o s  on t h e  oxygen con ten t .  

Oxygen M o b i l i t y / M i g r a t i o n  

Post i r r a d i a t i o n  examinat ion o f  mixed ox i de  f u e l s  has i n d i c a t e d  t h e  

r a d i a l  oxygen p o t e n t i a l  g rad ien t  occur red  e a r l y  i n  t h e  course o f  

i r r a d i a t i o n .  Grad ient  es tab l i shment  was concur ren t  w i t h  f u e l  s t r u c t u r e  

es tab l i shment  and independent o f  burnup. The g rad ien t  was expe r imen ta l l y  

determined by mi croprobe a n a l y s i  s  o f  t h e  molybdenum con ten t  i n i n c l u s i o n s  

(found i n  t h e  equiaxed and columnar g r a i n  r eg ions )  and i n  t h e  ox i de  m a t r i x  



sur round ing  t he  i n c l  us ions.  The mechani sm o f  t r a n s p o r t  was n o t  c l  e a r l y  

ascer ta ined ,  b u t  Eps te in  (1975) r e f u t e d  t h e  predominance o f  an i o n i c ,  so l  i d  

s t a t e  d i f f u s i o n  process f o r  e i t h e r  r a d i  a1 o r  a x i  a1 oxygen t r a n s p o r t .  Vol a t i l  e  

compound fo rmat ion  may t ake  p a r t  i n  a  gas-phase oxygen t r a n s p o r t  mechanism. 

W i  t h  a  1  ow O/( U + Pu) va lue,  oxygen was t r anspo r t ed  from t h e  h o t t e r  t o  coo l  e r  

f u e l  reg ion .  I n  c o n t r a s t ,  oxygen concen t ra ted  i n  t h e  h o t t e r  r e g i o n  o f  t h e  

f u e l  when t h e  u r a n i a  b l a n k e t  ma te r i  a1 became h y p e r s t o i c h i o m e t r i c  ( E p s t e i  n  

1975). 

Oxygen's a c t i v i t y  i n  t h e  f u e l - c l a d  i n t e r f a c e  i s  v a r i a b l e ,  depending on 

t h e  i n i t i a l  O /M f u e l  r a t i o ,  burnup, and temperature.  Tests  were r u n  on Cs, 

Te, I, and Mo m i g r a t i o n  and t h e i r  i n f l u e n c e  on i n t e r g r a n u l  a r  a t t a c k  a t  a  

c o n t r o l l e d  oxygen l e v e l .  It was a n t i c i p a t e d  t h a t  t h e  oxygen m o b i l i t y  would be 

s l  ow, and t h a t  c o n c e n t r a t i o n  changes woul d  be m i  nimal un l  ess h i g h  exper imenta l  

temperatures were used. Exper imental  data ,  however, showed t h a t  t h e  presence 

o f  c e s i  um inc reased  oxygen mobi l  i t y  , probab ly  t r a n s p o r t i n g  t h e  oxygen as 

gaseous cesium ox ide.  Rep l i ca te  samples showed oxygen was r e p r o d u c i b l y  

r e d i  s t r i  bu ted  a1 ong t h e  temperature g rad ien t ,  w i t h  r e d i s t r i b u t i o n  o c c u r r i  ng 

more r a p i d l y  i n  capsul  es con ta i  n i  ng c e s i  um than  s imi  1  a r  capsul  es w i t h o u t  Cs. 

Burnup o f  f a s t  breeder  f u e l s  which c o n t a i n  no enr i ched  uranium w i l l  

produce more excess oxygen than  model f u e l  s  us ing  some 2 3 5 ~  as f i  s s i l  e  

m a t e r i a l .  One c a l c u l a t i o n  i n d i c a t e d  t h a t  excess oxygen would be approx imate ly  

two t imes  g r e a t e r  than  t h a t  produced i n  t e s t  f u e l  rods,  and t h a t  t h e  oxygen 

absorb ing s i n k  woul d  be t h e  c l a d d i n g  ( E p s t e i n  1975) .  

Thermodynamic Cons iderat ions 

The oxygen p o t e n t i a l  v a r i e s  f rom t h a t  o f  t h e  i n i t i a l  m a t e r i a l  w i t h  

i r r a d i a t i o n ,  as does t h e  mean va lency  o f  t h e  f i s s i o n  products .  F i s s i o n  

p roduc t  va lency a f f e c t s  t h e  oxygen requi rements  o f  b o t h  t h e  f u e l  and f i s s i o n  

products .  Th i s  i s  c o n t r o l l e d  by t h e  oxygen p o t e n t i a l  ( p a r t i a l  ino lar  f r e e  

energy denoted as A ~ ( O ~ ) )  o f  t h e  r e a c t i o n  

A system i n  thermodynamic e q u i l i b r i u m  tends toward a  f r e e  energy minimum; i t  

i s  on t h i s  b a s i s  t h a t  p r e d i c t i o n s  o f  t h e  chemical s t a t e  o f  ox i de  f u e l s  a r e  



made. Three c lasses  o f  f i s s i o n  p roduc ts  can be de l inea ted :  those which w i l l  

n o t  o x i d i z e  (a1 k a l  i and nob le  metal  s, r a r e  gases),  s t a b l e  ox ides,  and 

molybdenum ox ide  (Davies and Ewart 1971). 

Oxide Formati on 

Bazi  n, Jouan, and Vignesoul t (1974) d i s t r i b u t e d  t h e  oxygen generated o n l y  

among t h e  f i s s i o n  products ,  assuming t h a t  ox ides o f  t h e  emp i r i ca l  formul a  M02 

would form (see Table IV-1) .  Z i  rconium, y t t r i u m ,  niobium, and t h e  r a r e  e a r t h s  

can form ox ides o f  t h e  M02 o r  M203 form where t h e  mean va lence o f  these ox ides  

s o l u b l e  i n  t h e  U02 m a t r i x  i s  3.5. 

B u l l a r d  (1978) has compi led a 1 i s t  o f  probable forms o f  f i s s i o n  p roduc ts  

(see Table IV-2) .  H is  cho ice  o f  forms was based p a r t i a l l y  on exper imental  

data, b u t  t h e  m a j o r i t y  o f  t h e  dec i s i ons  came from f r e e  energy values, 

a v a i l  ab l  e  oxygen v a l  ues and chemical p r o p e r t i e s  o f  t h e  e l  ements. B u l l  a r d  

no ted  t h a t  exper imental  r e s u l t s  f o r  U02 and (U, Pu)02 f u e l s  have shown t h a t  

excess oxygen was a v a i l a b l e  t o  o x i d i z e  t h e  c l add ing  and inc rease  t h e  va lence 

o f  f i  s s i l  e  elements. 

Davies and Ewart (1971) used a computer program t o  l o o k  a t  t h e  chemical 

e f f e c t s  o f  composi t ion changes i n  t h e  f u e l .  I s o t o p i c  concen t ra t ions  were 

c a l c u l a t e d  as a f u n c t i o n  o f  t ime  us ing  f i s s i o n  y i e l d  and c ross-sec t ion  data.  

Table IV-3 i s  a  condensed form o f  t h e i r  (Davies and Ewart 1971) r esu l  t s .  



TABLE I V - 1 .  D i  s t r i  b u t i o n  o f  f i  ss ion- f reed  oxygen among f i s s i o n  p roduc ts  
(Bazin, Jouan and Vignesoul t  1974). "F iss ion  y i e l d  f o r  U02 
exposed t o  t he rm ic  neut rons a f t e r  100 days o f  i r r a d i a t i o n  and 
100 days o f  cool  i ng. 

Y 

La 

Ce 

P r 

Nd 

Pm 

Sm 

E u 

Gd-Tb-Dy 

S r  

B a 

Zr 

Nb 

Mo 

To t  a1 

yo2 
La02 

Ce02 

P r 02  

Nd02 

Pm02 

Sm02 

Eu02 

Gd02 

S r O  

BaO 

Zr02 

Nb205 
Moo2 

( 2 )  Number o f  oxygen atoms a v a i l a b l e  t o  o x i d i z e  molybdenum. 



TABLE IV-2. Oxygen Demand o f  F i s s i o n  Product  Compounds 
( B u l l  a r d  1978) 

El ernent Compound 

Rb20 

SrO Zr02 

Zr02 

y'32 
Moo2 

Cs20 

BaO ZrO2 

La02 

Ce02 

Pro2 

NdO2 

Pm02 

Sm02 

Eu02 

A t  oms 
100 

F i  ss ions  

Oxygen 
At oms 
Demand 



TABLE IV-3. F i  na l  Fuel  Composi t ion i n  Atomic Percentage 
a t  10% Burnup and C a l c u l a t i o n  o f  Oxygen Balance. 
Condensed from (Davies and Ewart 1971) (Rep r i n ted  
w i t h  permiss ion  f rom Nor th  H o l l  and Pub1 i sh i  ng Company, 
Amsterdam 0 1971.) 

Elements i n  Thermal F i  s s i on  1 Thermal F i  s s i on  ' Fas t  F i  s s i  on 

Sol i d  S o l u t i o n  

Heavy meta ls  o f  U, Pu, Am p l u s  f i s s i o n  p roduc ts  

Exper imental  Data 

Samples o f  f u e l  (pure and mixed ox ide)  were i r r a d i a t e d  t o  v a r y i n g  degrees o f  

burnup and t h e  oxygen t o  metal  r a t i o  measured u s i n g  t h e  CO/C02 gas e q u i l i b r a t i o n  

method (Davies and Ewart 1971). Exper imental  d i f f i c u l t i e s  encountered y i e l d e d  

oxygen va lues t h a t  may have been as much as 30% low. However, t h e  d a t a  i n d i c a t e d  a  

c l e a r  t r e n d  o f  i n c r e a s i n g  O/M w i t h  h i g h e r  burnup (see Table  IV-4) .  

235 
(238u~.70 U~ .301°2 1 t U O  .70Pu0 .30)O2 1 I ('0 .85Pu0 . l 5 l 0 2  

I 

Tot  a1 e l  ement s  

Elements n o t  i n  

s o l i d  s o l u t i o n  

To ta l  oxygen i n  

separate  o x i  des(2)  

Oxygen ba l  ance 

Oxygen f r om 

i n i t i a l  f u e l  ( 3 )  

F i n a l  O/M o f  so l  i d  

i n  Sol i d  S o l u t i o n ( 1 )  

30.560 

Y, La, Ce, Pr, Nd, Pm, Sm, Eu 

1.764 

s o l u t i o n  [ ( 3 ) - ( 2 ) ] /  (1) 2.004 
I 

Separate ox ides  o f  BaO, Zr02, Sr02, Nb02 

30.678 

t 64.499 

2.060 2.053 
t 

2.912 

64.376 

30.359 

1.896 

64.434 



TABLE IV-4. Measured Oxygen "Excess" in Irradiated 
Oxide Fuels vs Burnup (Davies and Ewart 1971) 

Fuel B u r n u p  
Ini t i  a1 Composition Atom Percent 

Oxysen Reactions with Fission Products 

Oxygen excess 
O/M units 

Experimental observations and thermodynamic cal cul ations by Lorentz e t  
a l .  (1980) dealt  w i t h  the reaction of oxygen w i t h  f ission products. 

,Experimental resul t s  on the react ivi ty  of CsI with urani a showed the 
dependence of the reactivity on the stoichiometry of the urania. Higher O/U 

ra t ios  yielded greater amounts of elemental iodine per given amount of CsI. 
Antimony i s  not affected by oxygen a t  ordinary temperatures b u t  given the 
correct oxygen potential a t  temperatures greater than 400°C, Sb203 can be 
formed. Thermodynamic calculations show antimony should be present in LWR 

fuel rods as an element rather than an oxide. Ruthenium i s  res i s tan t  t o  
oxidation i n  a i r  a t  moderate temperatures. Consideration of the probable 
oxygen potential in the fuel-clad gap of H .  B. Robinson fuel segments prior to  
testing and thermodynamic cal cul ations indicate the probabil i ty tha t  elemental 
Ru (not Ru02) was the major condensed species. 



A1 though i t  i s  n o t  c l e a r  which cesiui-oxygen species i s  t h e  more 

impor tan t ,  thermal g r a d i e n t  exper iments us ing  (U, Pu)02 f u e l  s have shown t h a t  

cesium i s  impo r tan t  i n  gas-phase oxygen r e d i s t r i b u t i o n .  Cesium can form 

uranates by r e a c t i n g  w i t h  excess oxygen i n  t h e  u ran ia  ( temperature range 500- 

1000°C). A t  1 ow AG( 02)  val.ues and a s t r ong  hydrogen pressure, CsOH i s  t h e  

species l i k e l y  t o  be present ;  Cs20, Cs202, and Cs02 can become impo r tan t  as 

t h e  A G ( ~ ~ )  increases.  Higher  oxygen p o t e n t i a l  va lues appear t o  i n v o l v e  a 

compound l i k e  Cs2Mo04 i n  a gas-phase oxygen t r a n s p o r t  mechanism. It was 

suggested t h a t  a so l  i d - s t a t e  mechanism woul d dominate o n l y  above a c e r t a i n  

c r i t i c a l  temperature;  gaseous d i f f u s i o n  woul d predominate be1 ow t h i  s 

temperature (Eps te i  n 1975). 

Dean e t  a1 . (1975) hypothes ized t h e  f o rma t i on  o f  cesium-oxygen-molybdenum 

( Cs2Mo04) compounds i n  mixed ox ide  f u e l  s. Oxygen and molybdenum were 

t h e o r i z e d  t o  be t r anspo r ted  f rom t h e  core  t o  t h e  f u e l ' s  pe r i phe ry  through 

i n te rmed ia te  gas phases: Moo2, Moo3, and Mo0212. 

Both a low c l add ing  temperature and a h i g h  O/M r a t i o  i n  t h e  f u e l  promoted 

t h e  r e t e n t i o n  o f  1 3 7 ~ s  i n  t h e  f u e l  reg ion .  I n  con t ras t ,  1 3 4 ~ s  r e t e n t i o n  was 

n o t  dependent on t h e  O/M r a t i o  ( see  F i g u r e  IV-1) .  The r e s u l t s  seemed l o g i c a l  

as a l a r g e  p a r t  of  t h e  mass 137 c h a i n  i s  re leased  as ces i  urn ( b i n d i n g  energy 

dependent on O/M r a t i o )  whi 1 e 1 3 4 ~ s  i s re1  eased as 1 3 3 ~ e  (Langer e t  a1 . 

Capsul e tube  exper iments i n v o l v i  ng c e s i  um and f u e l  pe l  1 e t s  i n d i c a t e d  t h e  

tendency o f  cesium compounds formed t o  m i g r a t e  down t h e  a p p l i e d  temperature 

g rad ien t .  Composit ion o f  t h e  compounds appeared t o  depend on t h e  1 eve1 s o f  

oxygen and c e s i  um a c t i v i t y  . Stabi  1 i ty  o f  Cs-fuel compounds depended on 

temperature,  oxygen a v a i l  a b i l  i t y ,  and oxygen a c t i v i t y .  I f  enough oxygen was 

n o t  a v a i l a b l e ,  a l l  o f  t h e  cesium d i d  n o t  r e a c t  w i t h  t h e  f u e l  ; t h e  unreacted 

cesium m ig ra ted  r a p i d l y .  When t h e  0:U + Pu r a t i o s  exceeded 1.985, t h e r e  was 

s u f f i c i e n t  oxygen f o r  t h e  cesium t o  r e a c t  w i t h  t he  f u e l  and t h e  

thermomigrat ion occur red  a t  a s lower  r a t e .  A chemical t r a n s p o r t  model was 

advanced t o  expl  a i n  these observa t ions  (Va i  dyanathan and Adamson 1979). 
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FIGURE I V - 1 .  Cesium Re ten t i on  i n  Fuel  Region 
as a Func t ion  o f  O/M R a t i o  
(Langer e t  a l .  1978). 



A computer model i n c o r p o r a t i n g  va r i ous  parameters has been w r i t t e n  t o  

de l  i neate t he  ax i  a1 c e s i  um thermomigrat ion. The f ea tu res  cons idered  were i n  

p a r t :  

" A  d e s c r i p t i o n  o f  oxygen r e d i s t r i b u t i o n  a t  power due t o  
the  steep r a d i a l  temperature g rad ien t s ;  an es t ima te  o f  t h e  
a v a i l  a b i l  i t y  o f  oxygen f o r  cesium-fuel  compound f o rma t i on  i n  
t he  r a d i a l  zone f avo rab le  f o r  r e a c t i o n  (Tt l lOO°C);  an 
i nventory modul e  t h a t  descr ibes  oxygen and ces i  um p roduc t i on  
w i  t h  burnup ; . . . " ( Vai dyanathan and Adamson 1979) . 

The s a l i e n t  p o i n t  t o  no te  i s  t h e  dependence o f  t he  model on t h e  oxygen 

ba l  ance. 

Vaidyanathan and Adamson (1979) a1 so no ted  t h a t  another  key v a r i a b l e  

expected t o  i n f l u e n c e  cesium m i g r a t i o n  i s  t h e  i n i t i a l  f u e l  O/M r a t i o .  P ins 

ope ra t i ng  a t  g r e a t e r  than  o r  equal t o  10 kW/ f t  w i t h  an i n i t i a l  O/M r a t i o  

g r e a t e r  than 1.96 have enough oxygen f o r  a  cesium-fuel  r eac t i on .  I f  t h e  O/M 

r a t i o  i s  l e s s  than  1.93, n o t  enough oxygen i s  a v a i l a b l e  f o r  r e a c t i o n  and t h e  

cesium migra tes  t o  t h e  ends o f  t h e  f u e l  c o l  umn o r ,  under f avo rab le  c o n d i t i o n s ,  

condenses i n  t h e  f u e l - c l  addi  ng gap. A t  1  ower ope ra t i ng  powers, h i g h e r  i n i t i a l  

O / M  va lues  a re  needed f o r  a  c e s i  um-fuel r e a c t i o n  because o f  small e r  r a d i a l  

r e d i  s t r i  b u t i o n  o f  oxygen. 

Other O/M E f f e c t s  

C o t t r e l l  e t  a1 . (1960) surveyed t h e  1  i t e r a t u r e  on t h e  e f f e c t s  o f  t h e  

oxygen-to-urani  um r a t i o .  Survey r e s u l t s  i n d i c a t e d  t h a t  g r a i n  growth proceeded 

a t  a  l owe r  temperature i n  a  nons to i ch iome t r i c  ox i de  i n  comparison w i t h  a  

s t o i c h i o m e t r i c  one. Chalk R iver  r e p o r t e d  t h a t  ox ides w i t h  h i g h e r  oxygen-to- 

uranium r a t i o s  re leased  100 t o  200 t imes  more f i s s i o n  gas than f u e l s  w i t h  near  

s t o i c h i o m e t r i c  r a t i o s .  It was found t h a t  t h e  d i f f u s i o n  cons tan t  f o r  1 3 3 ~ e  was 

s e n s i t i v e  t o  t h e  f u e l ' s  oxygen con ten t ;  t h e  cons tan t  was h ighe r  f o r  U308 than  

U02. Excess oxygen a1 so a f f e c t e d  p l a s t i c i t y ;  t he  p l a s t i c i t y  o f  U02.06 a t  

800°C was r e p o r t e d  t o  be e q u i v a l e n t  t o  t h a t  o f  U02.0 a t  1100°C. It was 

suggested t h a t  excess oxygen may a c t  as a  c a r r i e r  i n  a  d i s t i l l a t i o n  process, 

p o s t u l a t e d  t o  e x p l a i n  t h e  c e n t r a l  v o i d  i n  fue l  elements where me1 t i n g  has n o t  

occurred. 



Experimental measurements showed a c l e a r  t r e n d  f o r  r a d i  a1 p l  u ton i  urn 

r e d i s t r i b u t i o n  which depended main ly  on the  i n i t i a l  O/M r a t i o  i n  t h e  f u e l .  

Results o f  a 1 i t e r a t u r e  survey (Meyer, 0 '  Boyl e, and B u t l e r  1973) i n d i c a t e d  

t h a t  Pu enrichment occurred near t he  f u e l ' s  c e n t e r l i n e  f o r  s to i ch iomet r i c  

f u e l  s; conversely, u ran i  urn enrichment near the  center  occurred i n  mixed ox ide 

fue l  s w i t h  an i n i t i a l  O /M va lue o f  1 ess than 1.96. No measurable r a d i a l  

r e d i s t r i b u t i o n  o f  the  a c t i n i d e  elements was found i n  f u e l s  w i t h  an i n i t i a l  O/M 

va lue o f  1.96. The r a t i o  o f  Pu/U i n  the  vapor phase i s  dependent on the  O/M 

r a t i o  and the  temperature; as the  O/M value i s  reduced, t he  vapor becomes Pu 

r i c h .  Urani urn species are  predominant i n  t he  vapor f o r  near ly  s t o i  c h i  ometr i  c 

mater ia l  ( Meyer, 0 '  Boyl e, and But1 e r  1973) . 





V. CONCLUSIONS 

Both phys ica l  and chemical f a c t o r s  a re  impor tan t  t o  t h e  thermal r e l ease  

of v o l a t i l e  f i s s i o n  p roduc ts  f r om i r r a d i a t e d  nuc lear  f u e l .  Swe l l i ng  i s  t h e  

obvious phys ica l  change o f  i r r a d i a t e d  nuc lear  f u e l  and has been e x t e n s i v e l y  

s tud ied.  To a  l a r g e  e x t e n t  s w e l l i n g  i s  r e l a t e d  t o  r e l ease  o f  gases f r om f u e l  

gra ins,  and t h i s  i s  r e l a t e d  t o  eventual  r e l ease  f rom t h e  f u e l .  Most da ta  a r e  

ob ta ined  f rom pos t  r e a c t o r  measurements and f r om model ing e f f o r t s .  

Considerable da ta  was found on t h e  l o c a t i o n  o f  va r ious  f i s s i o n  p roduc ts  

i n  t h e  i r r a d i a t e d  f u e l  and on t h e i r  chemical forms. These da ta  p rov ide  

i n f o r m a t i o n  on m i  g r a t i o n  o f  i nd i  v i  dual f i s s i o n  products  a1 though cons iderab le  

care must be taken t o  r e l a t e  ou t -o f - r eac to r  observa t ion  t o  p recursor  events  

poss ib l y  i nvol v i  ng d i f f e r e n t  chemical elements. 

Suggested mechanisms f o r  f i s s i o n  p roduc t -c ladd ing  i n t e r a c t i o n  p rov ide  

a d d i t i o n a l  c l ues  t o  m i g r a t i o n  behavior  and pe rm i t  p o s t u l a t i o n  o f  source 

re1  ease r e a c t i  ons. 

The predominant chemical f a c t o r  may be t h e  oxygen p o t e n t i a l .  The oxygen 

p o t e n t i a l  i s  r e l a t e d  t o  t h e  metal/oxygen r a t i o  which i n  t u r n  depends on t h e  

f u e l  composi t ion ( i  n c l u d i  ng t h e  p repa ra t i on )  and t h e  burnup. Considerable 

work has been repor ted,  b u t  t h e  p i c t u r e  i s  n o t  y e t  complete. 





VI . REFERENCES 

Adamson. M. G. and E. A. Aitken. 1974. A Thermodvnamic Data Proqram 
involving Plu tonia  and Urania a t  High ~ e m ~ e r a t u r e s .  Quarter ly ~ e ~ o r t ,  GEAP- 
12511, General E l  e c t r i c  Company, Val 1 ec i  t o s  Flucl e a r  Center,  Pl easanton,  . - 
Ca1 i fo rn i a .  

Aitken, E. A . ,  M. G. Adamson, D. Dutina, S. K. Evans, and T. E .  Ludlow. 
1972a. A Thermodynamic Data Program Involving Plu tonia  and Urania a t  High 
Temperatures. Q u a r t e r l y  Report No. 20, GEAP-12355, General El e c t r i c  
Company, Val 1 ec i  t o s  Nucl e a r  Center,  Pl easanton , Cal i forn i  a .  

Aitken, E. A. ,  M .  G. Adamson, D.  Dutina, S. K. Evans, and T. E .  Ludlow. 
1972b. A Thermodynamic Data Program Involving Plu tonia  and Urania a t  High 
Tem~era tu re s .  Ouarter lv R e ~ o r t  No. 21. GEAP-12368. General E l e c t r i c  
~ o m ' ~ a n ~ ,  Val 1 eci'tos NUC? e a r '  Center,  Pl easanton,  ~ a i i  fo rn i a .  

Aitken, E .  A. ,  M. G. Adamson, D. Dutina, S. K. Evans, and T .  E .  Ludlow. 
1973a. A Thermodynamic Data Program Involving Plu tonia  and Urania a t  High 
Temperatures. Quar t e r ly  Report No. 22, GEAP - 12389 , General tl e c t r i c  
Company, Van ec i  t o s  Nucl e a r  Center, Pl easanton,  Cal i forn i  a .  

Aitken, E .  A . ,  M .  G. Adamson, D. Dutina, S. K. Evans, and T .  E.  Ludlow. 
1973b. A ~hermodynamic ~ a t a  Program involving ~l u tonia  and Urania a t  High 
Tem~era tu re s .  Ouarter lv R e ~ o r t  No. 23. GEAP - 12418 . General t l e c t r i c  
company, Val 1 eci'tos N U C ~  e a r '  Center, Pl easanton,  cai  i forn i  a .  

Anselin,  F. 1969. The Role of Fi ssion-Products i n  t h e  Swellincl of I r r a d i a t e d  
UO -( U, Pu)O -Fuel . U. S. General E l e c t r i c  Co., Repor 

- . Resul t s  
w r ~ n ,  J.  I .  and H. J. Powel 1. 1975. "kedG:%;::ion of  Fuel 
and Fi ss ion  Products i n  I r r a d i a t e d  Oxide Fuel Pins." J .  Br. Nucl. Energy 
SOC. 1 4 ( 1 )  ~63-75.  - 

Bazin, J . ,  J .  Jouan and N .  Vignesoul t. 1974. "Behavior and Physico-Chemical 
S t a t e  of Fiss ion Products i n  Fuel Elements f o r  Pressurized Water 
Reactors." Bull. Inform. Sci .  Tech. ( P a r i s ) .  196:55-71. English 
t rans1  a t i o n  avai l  abl e a s  NRC-TR-1. 1916. Nni t ed  S t a t e s  Nucl e a r  Regul a t o r y  
Commi ssi on. 

Bramman, J.  I .  and H. J .  Powell. 1975. "Redis t r ibu t ion  of Fuel and F i s s ion  
Products i n  I r r a d i a t e d  Oxide Fuel Pins." J .  Br. Nucl . Energy Soc. 1 4 ( 1 ) :  
63-75. 

Brook, A. J. 1972. "Some Prel iminary Considerat ions Relat ing t o  an Equation 
of S t a t e  f o r  I r r a d i a t e d  Nucl e a r  Fuel ." Nucl . Safety 13:467-477. 

Bull ard,  J .  E .  1978. Personal Communication. 

Camoszzo, G. 1972. Physical -Chemical S t a t e  of Fi s s ion  Products i n  I r r a d i a t e d  
( U ,  P u )  0 Fuel s .  BNWL-TR- a c i f i c  Northwest Laboratory, Rich1 and, 

d o ~ r a n s l  a t e d  b!';. 'R. Appl eby from EUR 4613f (1971).  



Campbell, D. O . ,  A. P. Malinauskas, and W .  R .  S t r a t t o n .  1981. "The Chemical 
Behavior of F iss ion  Product Iodine i n  Light Water Reactor Accidents." Nucl. 
Tech. 53: l l l -119.  

Chi lds ,  B. G. 1963. "F i s s ion  E f f e c t s  i n  Uranium Dioxide." J .  Nucl. Mater. 
9 ( 3 )  :217-244. 

Clayton, J .  C .  and J .  M. Riddl 1969. Some S tud ie s  on t h e  Oxidation S t a t e s  
of Fi ssion-Product Iodine ( I f29)  i n  I r r a d i a t e d  UO, (LWBR Development 
Program. WAPD-TM-851, Westi nghouse E l e c t r i c  Corporat ion,  Betti s Atomic 
m a b o r a t o r y  , P i  t t s b u r g h ,  Pennsylvania.  

C o t t r e l l ,  W .  B . ,  H.  N.  Culver,  J .  L. S c o t t ,  and M. M. Yarosh. 1960. F i s s ion  
Product Re1 ease  from UO,. ORNL-2935, Oak Ridge National Laboratory= 
Ridge,  Tennessee. 

Davies, J .  H. 1977. Personal Communication 

Davies, J .  H. and F. T. Ewart. 1971. "The Chemical E f f e c t s  of  Composition 
Changes i n  I r r a d i a t e d  Oxide Fuel Mater ia ls ."  J.  Nucl . Mater. 41: 143-155. 

Dean, G., M. Mouchinino, R. Sauvage, and F. Schmitz. 1975. F iss ion  Product 
Migration and Vapor P re s su re s  i n an I r r a d i a t e d  Mi xed Oxide. ANL-TRANS-970, 
Argonne National Laboratory, Argonne, I1 1 i noi s. 

Denovan, A. S., R.  W .  Ashley, and T. H. Longhurst. 1971. In t e rna l  Sources  of  
Hydrogen i n  Uni r rad ia ted  U0,Fuel Elements. AECL-4063, Chalk River Nuclear 
Labora tor ies ,  Chalk River,  Ontar io ,  Canada. 

Do l l i n s ,  C.  C .  1981. Swelling and Gas Release i n  Oxide Fue ls  During F a s t  
Temperature T r a n s i e n t s  (AWBA Development Program). WAPD - TM - 1461, 
Westinghouse tl e c t r i c  Corporat ion,  Betti s Atomic Power Laboratory, West 
M i  f f l  i n ,  Pennsylvania. 

Doll i n s ,  C .  C .  1973. "Fi s s ion  Gas Swelling and Long-Range Migration of  Low 
Temperatures." J .  Nucl . Mater. 49:lO-20. 

Eps te in ,  B. D. 1975. A Review of  t h e  L i t e r a t u r e  P e r t i n e n t  t o  Fi ss ion-Product  
Migration and I n t e r a c t i o n  i n  Fuel Rods. GA - A13423 , General Atomic, San 
Diego, Cal i f o rn i  a .  

Fr i skney ,  C.  A.  and K. A. Simpson. 1975. "The Behavior of Fiss ion-Product  
Barium and Strontium i n  I r r a d i a t e d  U02." J .  Nucl. Mater. 57:121-122. . 

F r o s t ,  B. R .  T. and E .  Wait. 1967. " I r r a d i a t i o n  Experiments on Plutonium 
Fuels  f o r  Fas t  Reactors." PI utoni um a s  a Reactor Fuel.  I n t e rna t iona l  
Atomic Energy Author i ty ,  469-489. Results r epo r t ed  i n  Bramman, J.  I .  and H .  
J .  Powel 1.  1975. "Red i s t r i bu t ion  of  Fuel and F iss ion  Products i n  
I r r a d i a t e d  Oxide Fuel Pins." J .  Br. Nucl. Energy Soc. 14 (1 )  :63-75. 

Funk, C.  W . ,  L. D. Jacobson, and M.  N. Menon. 1977. E f f e c t s  of Environments 
on Spent Fuel . HEDL-TME 77-22, Hanford Engineering Development Laboratory,  
Rich1 and, Washington. 



Goode, J .  H . ,  and C .  M. Cox. 1970. The Di s t r i bu t ion  of  F i s s ion  Product 
Tr i t ium i n  a Zi rcaloy-Cl ad UO9 Blanket Rod from PWR-1. ORNL-TM-2994, Oak 
Ridge National Laboratory, Oak Ridge, Tennessee. 

Grossman, L. N . ,  and J .  0. Hegland. 1971. Tri t ium D i s t r i b u t i o n  i n  High Power 
Zircal  oy Fuel Elements. GEAP-12205, General E l e c t r i c  Company, Val 1 eci t o s  
Nuclear Center, Pl easan ton ,  Cal i f o r n i a .  

Hargreaves, R .  and D. A. Co l l i n s .  1976. " A  Q u a n t i t a t i v e  Model f o r  F i s s ion  
Gas Release and Swell ing i n  I r r a d i a t e d  Urani urn Dioxide." 3. Brit. Nucl . 
Energy Soc. 15(4)  :311-318. 

Hast ings,  I .  J . ,  M. 3. F. Notley, and D. H. Rose. 1978. " I r rad ia t ion- Induced  
Vol ume Changes i n  Comrnerci a1 U02 Fuel : Compari son w i t h  Model Pred ic t ion ."  
J .  Nucl . Mater. 75: 301-303. 

Hayns, M .  R.  and M. H. Wood. 1977. "Models of  Fi s s ion  Gas Behaviour i n  F a s t  
Reactor Fuel s under Steady S t a t e  and Trans ien t  Conditions." J .  Nucl . Mater. 
67: 155-170. 

Ivak. D. M.. and L. A. Waldman. 1979. Iodine and Cesium i n  Oxide Fuel 
pel1 e ts  and Zi rca l  oy-4 Cl adding of I r r a d i a t e d  Fuel Rods. WAPD-TY-1394, 
Westinghouse tl e c t r i c  Corporat ion,  Bet t i  s Atomic Power Laboratory, West 
Mi f f l  i n ,  Pennsylvania. 

Jenks ,  G. H .  1979. E f f e c t s  of  Gaseous Radioact ive Nuclides on t h e  Design and 
Operation of Repos i tor ies  f o r  Spent LWR Fuel i n  Rock S a l t .  ORNL-5578, Oak 
R i  dge National Laboratory, Oak R i  dge, Tennessee. 

Johnson, G. W .  and R. W .  Shut t leworth.  1959. Ph i l .  Mag. 4:957. Resul ts  
repor ted  i n  Hayns, M. R. and M. H. Wood. 1977. "Models of F i s s ion  Gas 
Behaviour i n  Fas t  Reactor Fuels  under Steady S t a t e  and Trans ien t  
Conditions." J .  Nucl . Mater. 67: 155-170. 

Kelman. L. R. ( c o o r i n d a t o r ) .  1975. "Trans ien t  Fuel R ~ S D O ~ S ~  and F iss ion-  
product  Re1 ease  program." In L i  ght-Water-Reactor s a f e t y  Resarch Program: 
Q u a r t e r l y  Progress  Report. Am- 15-12, Argonne National Laboratory, Argonne, 
f l l i n o i s .  

Langer. S. ,  G ,  Buzze l l i ,  J.R. Lindgren, P.M. Flynn, R.J. Campana, L. Neimark, 
S. Greenberg and C.E.  Johnson. 1978. F iss ion  Product Release and Transpor t  
i n Gas-Cool ed F a s t  Breeder Reactor Seal ed and Vented I r r a d i a t i o n  
Experiments. GA-AlS191, General Atomic Company, San Diego, Cal i f o r n i a .  

Lawrence, L. A. ,  D. C. Hata and J .  W .  Weber. 1979. "The E f f e c t s  of  
Stoichiometry on Cl adding Attack i n  U02-Pu02." Nucl . Tech. 42: 195-206. 

Lorenz, R. A. ,  3. L. Coll i n s ,  A. P.  Ma1 inauskas,  0. L. Kirkland,  and R .  L .  
Towns. 1980. F i s s ion  Product Release from Highly I r r a d i a t e d  LWR Fuel.  
NUREG/CR-0722 ; O R N L / N U R t G / l  M - 28//R2 , Oak Ridge National Laboratory, Oak 
R i  dge, Tennessee. 



Meyer, R. O., 0. R. O'Boyle, and E. M. B u t l e r .  1973. " E f f e c t  o f  Oxygen-to- 
Metal Ra t i o  on Pl u t o n i  um R e d i s t r i b u t i o n  i n  I r r a d i a t e d  Mixed-Oxide Fuel s." 
J. Nucl. Mater. 47:265-267. 

Morewi t z ,  H. A. 1981. "F i  ss i on  Product  and Aerosol Behavior  Fol  1 owing 
Degraded Core Accidents."  Nucl . Tech. 53:120-134. 

Nelson, R. C. and E. L. Zebroski .  Trans. ANS, 1966, 9, 412. Reference 
repo r ted  i n  Robertson, J.A.L. 1973. "Keynote Address: I n t r o d u c t o r y  Survey 
on Swe l l i ng  and Gas Release." I n  Phys ica l  Me ta l l u rgy  o f  Reactor Fuel  
Elements, ed. J. E. H a r r i s  and E. C. Sykes. 1he Meta ls  Soc ie ty ,  London, 
England. 

Paulson. W. A.. and R. H. S ~ r i n q b o r n .  1968. Es t ima t i on  o f  F iss ion-Produc t  
Gas ~ i e s s u r e - i n  Urani  urn ~ i o x i i e  Ceramic Fuel El ements. NASA-TN-D-4823. 
Na t iona l  Aeronaut ics  and S ~ a c e  Admini s t r a t i  on Technical  Note, Lewi s Research 
Center, C l  eve1 and, Ohio. 

Randklev, E. H. 1978. "Radial  D i s t r i b u t i o n  o f  Retained F i  ss ion  Gas i n  
I r r a d i a t e d  Mixed-Oxide Fuel ." Am. Nuc. Soc. Trans. 28:234-236. 

S a r i ,  C., C. T. Walker, and G. Schumacher. 1979. " S o l u b i l i t y  and M i g r a t i o n  
o f  F i s s i o n  Product  Bar i  urn i n  Oxide Fuel ." J. Nucl. Mater. 79:255-259. 

S c a r g i l l ,  D. 1978. " D i f f u s i o n  o f  F i  ss i on  Product  T r i t i u m  i n  I r r a d i a t e d  
U02.11 J. Nucl. Mater. 74:62-67. 

Schmi t z ,  F., G. Dean, and M. Hal achmy. 1971. " A p p l i c a t i o n  o f  L a t t i c e  
Constant Measurements f o r  S to ich iomet ry  Determinat ion i n  I r r a d i a t e d  U-Pu 
M i  xed Oxide Fuel s." J. Nucl . Mater. 40: 325-337. 

Speight, M. W. 1969. " A  C a l c u l a t i o n  on t h e  M i g r a t i o n  o f  F i s s i o n  Gas i n  
M a t e r i a l  E x h i b i t i n g  P r e c i p i t a t i o n  on Re-Sol u t i o n  o f  Gas Atoms Under 
I r r a d i a t i o n .  Nucl. Sci .  Eng. 37(2):180-185. 

S ta l  i c a ,  N. R. and C. A. S e i l  s. 1969. "El ectron-Probe M ic roana l ys i s  o f  
I r r a d i a t e d  Oxide Fuel s." Ceramic Nucl ear  Fuel s. American Ceramic Society ,  
211-224. Resu l ts  r e p o r t e d  i n  Bramman, J. I. and H. J. Powel l .  1975. 
" R e d i s t r i b u t i o n  o f  Fuel and F i s s i o n  Products i n  I r r a d i a t e d  Oxide Fuel 
Pins." J. Br. Nucl. Energy Soc. 14(1):63-75. 

S te i nd le r ,  M. J. e t  a l .  1978. Chemical Engineer ing D i v i s i o n  Fuel Cycle Cycle 
Programs Q u a r t e r l y  Progress Report .  ANL-18-16, Argonne Nat iona l  Labora to ry ,  
Argonne, I 1  1 i no1 s. 

Tu rnbu l l ,  J.A. "The E f f e c t  o f  Gra in  S ize on t h e  Swe l l ing  and Gas Release 
P rope r t i es  o f  U02 Dur ing I r r a d i a t i o n . "  Nuclear Fuel Performance. B r i  ti sh 
Nuclear  Energy Soc ie ty ,  London, 1973, Paper 48. Resu l ts  r e p o r t e d  i n  
Harqreaves. R. and D. A. C o l l i n s .  1976. " A  O u a n t i t a t i v e  Model f o r  F i s s i o n  
t as-t el ease and Swe l l ing  i n  I r r a d i a t e d  ~ r a n i h  Diox ide."  J. Br.  Nucl. 
Energy Soc. 15(4 )  :311-318. 



Vaidyanathan, S. and M. G. Adamson. 1979. A Model f o r  Ax ia l  Cesium 
Thermomigration i n  Oxide Fuel Pins. GEFR-00496, General E l  e c t r i c  Company, 
Sunnyvale, Cal i f o r n i a .  

Zimmerman, H. 1978. " I n v e s t i g a t i o n s  on Swell i n g  and F i  ss ion Gas Behavior i n  
Uranium Dioxide." J. Nucl. Mater. 75:154-161. 





DISTRIBUTION 

No. o f  
Copies 

No. o f  
Copies 

OFFSITE 

27 DOE Technical  I n f o r m a t i o n  Center 

2 Geologic Repos i to ry  D i v i s i o n  
DOE Nuclear Waste Pol i c y  Act  

P r o j e c t  O f f  i ce 
GTN 
Washi ngton, DC 20545 
A t t n :  J. W. Bennet t  

C. R. Cooley 

M. J. Lawrence . 2  
DOE Nuclear Waste Pol i c y  Act 

P r o j e c t  O f f i c e  
S-10, F o r r e s t a l  
Washington, D. C. 20585 

D. B. LeC la i r e  
DOE O f f i c e  o f  Defense Waste & 

Byproducts Management 
DP-12, GTN 
Washington, DC 20545 

4 DOE Terminal Waste Disposal  
& Remedial Ac t i on  

GTN 
Washington, DC 20545 
A t t n :  C. B. Bas t in ,  NE-42 

J. E. B a u b l i t z ,  NE-24 
F. E. Coffman, NE-20 
H. E. S t e l l i n g ,  NE-44 

M. J. B e l l  
D i  v i  s i o n  o f  Nucl ea r  Ma te r i  a1 s 

Sa fe ty  & Safeguards 
Ma i l  S t a t i o n  881-SS 
Nuclear Regul a t o r y  Commi s s i  on 
Washington, DC 20555 3 

W. J. D i r c k s  
O f f i c e  o f  t h e  Execu t i ve  

D i r e c t o r  f o r  Operat ions 
Ma i l  S t a t i o n  6209 
Nucl ear Regul a t o r y  Cornmi s s i  on 
Washington, DC 20555 

G. L. Sjoblom 
Envi  ronmental P r o t e c t i o n  Agency 
O f f i c e  o f  Rad ia t i on  Programs 
401 M. S t r ee t ,  S. W. 
Washington, DC 20460 

R. Y. Lowrey 
DOE A1 burquerque Operat ions 

O f f i c e  
P.O. Box 5400 
A1 buquerque, NM 87185 

DOE Idaho Operat i ons O f f  i ce 
550 Second S t r e e t  
Idaho F a l l s ,  ID  83401 
A t t n :  J. D. Hamric 

J. B. W h i t s e t t  

L. Lanni  
DOE San Franc i  sco Operat ions O f f i c e  
1333 Broadway 
San Franc isco,  CA 94612 

D. E. Large 
DOE Oak Ridge Operat ions O f f i c e  
P. 0. Box E 
Oak Ridge, TN 37830 

S. A. Mann 
DOE Chicago Operat ions O f f i c e  
9800 South Cass Avenue 
Argonne, I L  60439 

J. 0. N e f f  
DOE Na t i ona l  Waste Program O f f i c e  
505 K ing  Avenue 
Columbus, OH 43201 

DOE Savannah R i v e r  Operat ions O f f i c e  
P.O. Box A 
Aiken, SC 29801 
ATTN: E. S. Golberg 

T. B. Hindman 
G. K. Oe r te l  



No. o f  
Copies 

No. o f  
Copies 

D. L. V i e th  
DOE Nevada Operat ions O f f i c e  
P.O. Box 14100 
Las Vegas, NV 89114 

Argonne Nat iona l  Labo ra to r y  
9700 South Cass Avenue 
Argonne, I L  60439 
ATTN: C. S. AbramsIJ. H. K i t t e l l  

M. J. S t e i n d l e r l  
L. E. Treverrow 

B a t t e l l  e Memori a1 I n s t i t u t e  
P r o j e c t  Management D i v i s i o n  
505 K ing  Avenue 
Columbus, OH 43201 
ATTN: W. A. Carbe iner IS.  H. Basham 

N. E. C a r t e r  
S. Goldsmith/J.  F. K i r c h e r  
B. Rawles 

F. Hol ze r  
Lawrence L i  vermore Nat i onal  

Labora to ry  
U n i v e r s i t y  o f  C a l i f o r n i a  
P.O. Box 808 
L i  vermore, CA 94550 

D. T. Oakley, MS 671 
Los A1 amos S c i e n t i f i c  Labora to ry  
P.O. Box 1663 
Los A1 amos, NM 87544 

5 Oak Ridge Na t i ona l  Labo ra to r y  
P.O. Box X 
Oak Ridge, TN 37830 
ATTN: R. E. Blanco 

W. D. Burch 
R. T. J u b i n  
T. H. Row 
R. G. Weimer 

2 Sandi a Labo ra to r i es  
P.O.Box 5800 
A1 buquerque, NM 87185 
ATTN: D. R. Anderson 

Technica l  L i  b r a r y  

4 Westinghouse Idaho Nuc lear  
Co., Inc .  

P. 0. Box 4000 
Idaho F a l l s ,  ID  83401 
ATTN: R. A. Brown 

J. D. C h r i s t i a n  
T. R. Thomas 
B. R. Wheeler 

3 E. I. du Pont de Nemours Company 
Savannah R i  ve r  Labora to ry  
A i  ken, SC 29801 
ATTN: J. L. Cranda l l  

E. J. Henne l l y  
S. Mi rshak 

E. A. Jenn r i ch  
EG&G Idaho 
P. 0. Box 1625 
Idaho F a l l s ,  I D  83415 

K. V. G i l b e r t I P .  G. Hagen 
Rockwell I n t e r n a t i o n a l  
Rocky F l a t s  P l a n t  
P. 0. Box 464 
Golden, CO 80401 

G. W. Meyers 
Atomics I n t e r n a t i o n a l  D i v i s i o n  
Rockwell I n t e r n a t i o n a l  
8900 DeSoto Avenue 
Canoga Park, CA 91304 

T. H. P i g f o r d  
Department o f  Nuc lear  Engi n e e r i  ng 
U n i v e r s i t y  o f  Cal i f o r n i  a 
Berke ley,  CA 94720 



No. o f  
Copies 

No. o f  
Copies 

R. G. W i l  bourn 
G. A. Technologies,  Inc .  
P. 0. Box 81608 
San Diego, CA 81608 

M. E. Spaeth 
Science App l i ca t i ons ,  I nc .  
2769 South High land 
Las Vegas, NV 89109 

J. F. S t r a h l  
Weston 
2301 Research Boulevard 
T h i r d  F l o o r  
R o c k v i l l e ,  MD 20850 

R. W i l l i ams  
E l e c t r i c  Power Research I n s t i t u t e  
3412 Hi 11 view Avenue 
P. 0. Box 10412 
Palo  A1 t o ,  CA 94304 

W. A. Freeby/J. L. J a r d i  ne 
Bechtel  Na t iona l ,  Inc .  
P.O. Box 3965 
San Franc isco,  CA 94119 

J.  L. Larocca, Chairman 
Energy Research and Development 

A u t h o r i t y  
Empire S ta te  P laza 
A1 bany, NY 12223 

R. G. Post 
Col 1 ege o f  Eng ineer ing  
Uni v e r s i  t y  o f  A r i  zona 
Tucson, AZ 85721 

ONSITE 

5 DOE R ich land  Operat ions O f f i c e  

J. H. Antonnen/P. A. C r a i g  

0. J. El  g e r t  
H. E. Ransom 
M. W. Shupe 
J. D. White/R. 0. I z a t t  

7 Rockwell Hanford Operat ions 

R .  C. Roal 
H. E. McGuire 
W. W. Schulz 
M. J. Smith/J. H. Roecker 
D. D. Wodrich 
L. L. Zahn 
F i l e  Copy 

UNC Un i t ed  Nuclear I n d u s t r i e s  

T. E. Dabrowski/W. J. K y r i a z i s  

Westinghouse Hanford Company 

A. G. B l  asewi t z / J .  D. Watrous 
R. E. Lerch 

61 P a c i f i c  Northwest Labora to ry  

W. F. Bonner 
L. A.. Bray (10)  
L. L. Burger (10) 
T. D. C h i k a l l a  
C. R. Hann 
J. H. J a r r e t t  
L. T. Lakey 
R. C. L i i k a l a  
R. P. Marsha l l  
C. L. Matsuzaki  
J.  L. McElroy 
L. G. Morgan (10) 
J.  M. Nielsen/R. W. Perk ins  
R. E. N i g h t i n g a l e  
F. E. Panisko 
A. M. P l a t t  
R. D. Scheele 
J. K. So lda t  



No. o f  
Copies 

J. L. Swanson 
G. L. Tingey 
R. P. Turco t te  
C. M. Unruh 
H. H. Van Tuyl 
B. E. Vaughn 
E. C. Watson 
E. J. Wheelwright 
W. R. Wiley 
Technical I n f o r m a t i  on ( 5 )  
Pub1 i sh i  ng Coordi n a t i  on (2)  


