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ABSTRACT 

The s teady-s ta te  and t r a n s i e n t  gas r e l e a s e  and swell ing subrout ine  

(GRASS-SST) i s  a mechanistic computer code f o r  t h e  p red ic t ion  of f i ss ion-gas  

behavior in  U02-base f u e l s .  CRASS-SST t r e a t s  f ission-gas r e l e a s e  and f u e l  

swell ing on an' equal b a s i s  and simultaneously t r e a t s  a l l  major mechanisms 

t h a t  inf luence  f ission-gas behavior. The GRASS-SST t r a n s i e n t  a n a l y s i s  has  

evolved through comparisons of code p red ic t ions  wi th  t h e  f i ss ion-gas  r e l e a s e  

and physica l  phenomena t h a t  occur during r e a c t o r  opera t ion and t r a n s i e n t  

d i r e c t - e l e c t r i c a l  heat ing.  (Dm) t e s t i n g .  of i r r a d i a t e d  l ight-water  r e a c t o r  fuel . .  

The GRASS-SST s teady-s ta te  ana lys i s  has  undergone v e r i f i c a t i o n  f o r  end-of-life 

f ission-gas r e l e a s e  and i n t r a g r a n u l a r  bubble-size d i s t r i b u t i o n s . .  The r e s u l t s  

of GRASS-SST pred ic t ions  f o r  t r a n s i e n t  f ission-gas r e l e a s e  during DEH t e s t s  

a r e  i n  good agreement wi th  experimental da ta .  Comparisons of GRASS-SST 

pred ic t ions  of gas r e l e a s e  and bubble-size d i s t r i b u t i o n s  wi th  the  r e s u l t s  of 

DEH t r a n s i e n t  t e s t s  i n d i c a t e  t h a t  (1) coalescing bubbles do not  have s u f f i c i e n t  

t i m e  t o  grow t o  equil ibrium s i z e  during most t r a n s i e n t  condi t ions ,  (2) m o b i l i t i e s  

of f i ss ion-gas  bubbles i n  U02 'a re  enhanced during nonequilibrium condi t ions  i f  

the  excess pressure  i n  t h e b u b b l e  i s  s u f f i c i e n t  t o  genera te  an equivalent  

s t r e s s  g r e a t e r  o r  equal t o  t h e  y i e l d  s t r e s s  of the  surrounding matr ix ,  and 
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(3 )  channel formation on g r a i n  su r faces  and coalescence of t h e  channels with 

each other  and with t h e  tunnels  of gas along the  g r a i n  edges can con t r ibu te  t o  

grain-boundary separa t ion and/or t h e  rap id ,  long-range in terconnect ion of 

poros i ty .  The phenomena of grain-boundary separa t ion  and/or long-range i n t e r -  

connectfon of poros i ty  provides an  important r e l e a s e  mechanism. f o r  f i s s i o n  

, gas t h a t  has  moved ou t  of t h e  g ra ins  of i r r a d i a t e d  f u e l .  
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I. I n t r o d u c t i o n  

The i n f l u e n c e  of f i s s i o n  gases  on t h e  performance of ox ide  f u e l s  h a s  been 

t h e  s u b j e c t  of many i n v e s t i g a t i o n s  over  t h e  p a s t  twenty y e a r s  [ I ] .  The i n e r t  

f i s s i o n  gases  produced du r ing  i r r a d i a t i o n  a r e  known t o  p r e c i p i t a t e  i n t o  bubbles .  

The bubbles  grow a s  a r e s u l t  of bubble coa lescence  and d i f f u s i o n  of g a s  atoms 

t o  bubbles .  The growing bubbles  cause t h e  f u e l  t o  swe l l .  F i s s i o n  gas  r e l e a s e d  

' f r o m  t h e  f u e l  t o  t h e  fuel-rod plenum and fue l -c ladding  gap s t r e s s e s  the c l add ing ,  

degrades t h e  thermal  conduc t iv i ty  of t h e  gap-gas mixture ,  and t h u s  i n c r e a s e s  

t h e  fuel-rod o p e r a t i n g  temperatures.. Fiss ion-gas behavior  durTng normal 

o p e r a t i o n  is  f a i r l y  wel1,known and is cons idered '  i n  f u e l  des ign .  The e f f e c t s  

of f i s s i o n  gas on t h e  behavior  of t h e  f u e l  are no t  w e l l  known and may b e  

more s e v e r e  du r ing  off-normal c o n d i t i o n s  than  f o r  s t e a d y - s t a t e  T r r a d i a t i o n s  

because of i nc reased  f u e l  tempera tures .  Large s t r e s s e s  on t h e  c l add ing  can 

l ead  t o  c ladding  rup tu re ,  whereas exces s ive  f u e l  tempera tures  can r e s u l t  i n  

f u e l  mel t ing .  

The importance of f i s s ion -gas .behav io r -  f n  n u c l e a r  r e a c t o r  s a f e t y  s t u d i e s  

stems from two cons ide ra t ions :  (a )  t h e  p o s s i b l e  r e l e a s e  of r a d i o a c t i v e  K r ,  

Xe, and I i s o t o p e s  through a breach i n  t h e  fue l - rod  c ladding  i n t o  the-  environ- 

ment dur ing  p o s t u l a t e d  acc ident .  s i t u a t f o n s ;  and (b) t h e  need' t o  deterinine 

*Work supported by t h e  U.S. Nuclear Regula tory  Commission. 



whether a f u e l  rod may be  operated s a f e l y  a f t e r  a t r a n s i e n t  during which gas 

is re leased from t h e  oxide p e l l e t s  without cladding rupture .  Although t h e  

empirical  models used by manufacturers f o r  the  p red ic t ion  of gas r e l e a s e  during 

normal opera t ion a r e  adequate f o r  present-day l i c e n s i n g  analyses ,  considerable  

uncer ta in ty  e x i s t s  a s  t o  t h e  expected gas r e l e a s e  during t r a n s i e n t s  [ I ] .  

Although many in-reactor  experiments have been'performed over a range of t r a n s i e n t  

condi t ions ,  i n t e r p r e t a t i o n  of t h e  r e s u l t s  i s  complicated by u n c e r t a i n t i e s  i n  

fuel-temperature measurements t h a t  lead t o  l a r g e  var iances  i n  r e l e a s e  f r a c t i o n  [1 ,2] .  

I n  addi t ion ,  t h e  use of empir ica l  models precludes t h e  p o s s i b i l i t y  of a pre- 

d i c t i v e  c a p a b i l i t y  ou t s ide  t h e  range of condi t ions  used to  de r ive  the  empir ica l  

co r re la t ion .  

I n  genera l ,  mechanist ic  models developed over t h e  pas t  twenty years  t o  

p r e d i c t  the  behavior of f i s s i o n  gases i n  oxide f u e l s  have enjoyed l imi ted  

success.  They have evolved through t h e  s y n e r g i s t i c  i n t e r p l a y  of mechanisms 

f o r  f ission-gas behavior.. A s  l i m i t a t i o n s  i n  t h e  p r e d i c t i v e  c a p a b i l i t y  of the  

models were discovered a d d i t i o n a l  mechanisms thought t o  have a dominant e f f e c t  

on f ission-gas r e l e a s e  and ' swell ing were included.  For example, the  e a r l y  

Booth model [3 ]  was based on the  d i f f u s i o n  of gas atoms i n  a concentra t ion 

g rad ien t  wi th in  a.  spher ica l  volume t o  t h e  su r face  of t h e  sphere where t h e  ..,. , . ' . . ~ . . . . 

gas was assumed t o  be  re leased.  Y u i l l  e t  a l .  [4]  enlarged on t h e  Booth model 

by including the  e f f e c t s  of temperature g rad ien t s  and by assuming t h a t  t h e  

gas atoms were re leased when-the gas reached t h e  p e l l e t  su r face  r a t h e r  than 

being re leased  from t h e  boundary of an "equivalent" volume. MacEwan and 

Stevens [5]  and C a r r o l l  e t  a l .  (61  included t h e  e f f e c t s  of gas-atom t rapping 

based on the  r e s u l t s  of experiments t h a t  indica ted  a decrease i n  diff .usion 

c o e f f i c i e n t  with an increase  i n  f i s s i o n  r a t e  and exposure. I n  t h e  e a r l y  1960s 

observations of f ission-gas bubbles i n  i r r a d i a t e d  UO [7]  introduced t h e  
2 



p o s s i b i l i t y  t h a t  f i ss ion-gas  r e l e a s e  might b e  c o n t r o l l e d  by bubble behavior  

r a t h e r  than by atomic d i f f u s i o n .  I n  a d d i t i o n ,  i t  w a s  demonstrated t h a t  f i s s i o n -  

gas bubbles could be destroyed a s  a  r e s u l t  of re -so lu t ion  of gas  atoms from 

bubbles i n  an i r r a d i a t i o n  f i e l d  [81. Subsequently, t h e  s u b s t a n t i a l  e f f e c t  of 

grain-edge i n t e r l i n k e d  poros i ty  on gas r e l e a s e  and f u e l  swel l ing  was demon- 

s t r a t e d  [9 ,10] .  F i n a l l y ,  t r a n s i e n t  hea t ing  tests [11,12] on i r r a d i a t e d  f u e l  

have ind ica ted  t h a t  fission-gas-bubble behavior  may have an important  e f f e c t  

on t h e  evo lu t ion  of t h e  f u e l  mic ros t ruc tu re  by causing grain-boundary sepa ra t ion .  

Grain-boundary sepa ra t ion  can then  provide pathways t h a t  permit t h e  t rapped 

f i s s i o n  gas t o  escape from t h e  f u e l .  

Any model t h a t  a t tempts  a  r e a l i s t i c  -descr ip t ion  of 'fisliion-gas r e l e a s e  

and swel l ing  a s  func t ions  of f u e l  f a b r i c a t i o n  v a r i a b l e s  and a wide range of 

r e a c t o r  ope ra t ing  condi t ions  must t r e a t  f i ss ion-gas  r e l e a s e  and f u e l  swel l ing  

a s  coupled phenomena and must inc lude  many mechanisms in f luenc ing  f i ss ion-gas  

behavior .  I n  a d d i t i o n ,  a  mechanis t ic  t rea tment  of f i ss ion-gas  phenomena in-  

cludes t h e  p o t e n t i a l  f o r  a  p r e d i c t i v e  c a p a b i l i t y  o u t s i d e  t h e  range of cond i t ions  

used f o r  model v e r i f i c a t i o n .  

The Steady-s ta te  and Trans ient  Gas-Release and Swell ing Subroutine (GRASS- 

SST) is  a computer program w r i t t e n  t o  p r e d i c t  f i ss ion-gas  behavior  over  a  wide 

range of l ight-water  r e a c t o r  (LWR) cond i t ions .  GRASS-SST is  based on t h e  

GRASS code f i r s t .  repor ted  by Poeppel [13] .  GRASS was o r i g i n a l l y  developed f o r  

t h e  p r e d i c t i o n  of f i ss ion-gas  behavior i n  Liquid-Metal Fast-Breeder Reactor 

(LMFBR) f u e l  dur ing  s t eady-s t a t e  i r r a d i a t i o n s ,  and was designed t o  be  compatible 

wi th  t h e  LIFE LMFBR fuel-performance code [14,15 1. 

GRASS-SST c a l c u l a t i o n s  inc lude  the  e f f e c t s  of production of gas from 

f i s s i o n i n g  uranium atoms; bubble nuc lea t ion ;  a  r e a l i s t i c  equat ion  of s t a t e  f o r  

xenon; l a t t i c e  bubble d i f f u s i v i t i e s  based on experimental  obse rva t ions ;  

bubble d i f fus ion ;  bubble migrat ion;  bubble coalescence;  re -so lu t ion;  tempera- 

t u r e  and temperature g rad ien t s ;  i n t e r l i n k e d  poros i ty ;  and f i ss ion-gas  i n t e r a c t i o n  



with  s t r u c t u r a l  de fec t s  on both t h e  d i s t r i b u t i o n  of f i s s i o n  gas wi th in  t h e  

f u e l  and t h e  amount of f i s s i o n  gas re leased  from t h e  f u e l .  GRASS-SST c a l c u l a t e s  

t h e  fission-gas-induced swell ing due t o ,  and t h e  fission-gas-bubble-size 

d i s t r ib .u t f  ons f o r ,  bubbles i n  t h e  l a t t i c e ,  on g r a i n  boundaries, on d i s l o c a t i o n s ,  

along the  g ra in  edges, and t h e  t o t a l  f ission-gas r e l e a s e  a s  a funct ion of t i m e  

f o r  s teady-s ta te ,and t r a n s i e n t  condi t ions .  F i s s ion  gas re leased from the  f u e l  

reaches the f u e l  su r face  by success ively  d i f f u s i n g  from t h e  g ra ins  t o  g r a i n  

boundaries and then t o  the  g r a i n  edges where t h e  gas pe rco la tes  out  through a 

network of interconnected tunnels  of f ission-gas and fabr ica ted  poros i ty .  

GRASS-SST has  evolved through comparisons of code p red ic t ions  wi th  t h e  

f ission-gas re leases  and physica l  phenomena t h a t  occur during r e a c t o r  opera t ion 

and t r a n s i e n t  Direct-Electrical-Heatfng (DEH) t e s t s  of i r r a d i a t e d  LWR f u e l .  

The DEH t e s t s  a r e  s p e c i f i c a l l y  designed t o  a i d  i n  t h e  development and v e r i f i c a -  

t i o n  of t h e  t r a n s i e n t  por t ion  of the  GRASS-SST code. The DEH t e s t s  have pro- 

vided two distinctly d i f f e r e n t  types of inpu t .  F i r s t ,  i n  some cases ,  d iscrepancies  

between' the predic ted  and measured gas-release f r a c t i o n  pointed out  d e f i c i e n c i e s  

i n  t h e  e x i s t i n g  models. New models were then developed based on independent 

knowledge o r  theor ies  of the  physica l  processes involved. The treatment of 

heat ing-ra te  e f f e c t s  on fission-gas-bubble mobi l i ty  and growth evolved i n  t h i s  

way. 

Second, a d d i t i o n a l  gas-release mechanisms were d i r e c t l y  observed i n  the  

DM t e s t s .  The GRASS-SST desc r ip t ion  of grain-surface channel formation is 

based on such observations [11,12]. Grain-surface channels can coa lesce ,wi th  

each o the r  a s  w e l l  a s  with t h e  grain-edg,e tunnels  and the re fo re  con t r ibu te  

t o  in te rg ranu la r  separa t ion  and/or cause long-range pore in te r l inkage .  This 

concept of f ission-gas r e l e a s e  i s  i n  s t rong con t ras t  t o  e a r l i e r  models, many 

of which a r e  based on t h e  assumption t h a t  t h e  gas is  re leased once i t  encbunters 

a g ra in  boundary. 



I n  the  present  paper, t h e  DEH t e s t  r e s u l t s  f o r  a s e r i e s  of power-cooling 

mismatch (PCM) s imula t ions  w i l l  be described and compared wi th  t h e  r e s u l t s  

of in-reactor  t r a n s i e n t s ' t o  e s t a b l i s h  t h e  v a l i d i t y  of t h e  DEH technique. The 

GRASS-SST models based on t h e  experimental r e s u l t s  w i l l  then be described.  

F ina l ly ,  GRASS-SST pred ic t ions  of f i ss ion-gas  r e l e a s e  w i l l  be compared with 

r e s u l t s  obtained from s teady-s ta te  i r r a d i a t i o n s  and DEH experiments. 

2. , Transient  D M -  experiments 

2 .1 .  Fuels 

The DEH experiments were performed on two f u e l  types with d i f f e r e n t  

i r r a d i a t i o n  h i s t o r i e s .  Most of t h e  experiments w e r e  performed on commercial 

pressur ized water r e a c t o r  (PWR) f u e l  obtained from t h e  H. B. Robinson No. 2 

Reactor. Fuel from rods F7 and G6 of assembly B05 were used i n  t h e  present  

study. This f u e l  was i r r a d i a t e d  t o  a peak'burnup of 3.14 at .%'  i n  two r e a c t o r  

cycles  a t  peak l i n e a r  heat-generation r a t e s  (LHGR) of 22.4 and 17.7 kW/m, 

respec t ive ly  [12]. The a x i a l  power p r o f i l e s  f o r  t h e  rods contained broad 

p la teaus  t h a t  extended over the  c e n t r a l  ~ 2 . 5  m of t h e  3.7-m f u e l  regions  [161. 

The rod-averaged f i ss ion-gas  r e l e a s e  during t h e  Robinson i r r a d i a t i o n  was 

~ 0 . 2 %  of t h e  amount generated [17]. The low gas r e l e a s e  i s  i n d i c a t i v e  of low 

opera t ing temperatures. 
.. ., - 

During I r r a d i a t i o n ,  the  dens i ty  of the  Robinson f u e l  increased from the  

as-fabricated value of 92% t o  a.  f i n a l  dens i ty  of 94% of theoretica.1. Approximately 

hal f  of t h e  poros i ty  i n  t h e  i r r a d i a t e d  f u e l  i s  i n  t h e  form of l a rge ,  roughly 

s p h e r i c a l  pores wi th  diameters i n  t h e  range 0.03-0.25 nun. These pores,  formed 

during f a b r i c a t i o n ,  were apparent ly  not  a l t e r e d  during i r r a d i a t i o n .  Examples 

of t h i s  type of poros i ty  a r e  v i s i b l e  i n  t h e  polished plane s e c t i o n  through an 

as - i r rad ia ted  f u e l  p e l l e t  from the  high power region shown i n  f i g .  1. Most 

of the  remaining poros i ty  c o n s i s t s ' o f  i s o l a t e d  in te rg ranu la r  pores t h a t  a r e  

too s m a l l  t o  be  v i s i b l e  a t  t h e  magnificat ion of f i g .  1. These pores range i n  

2 3 
s i z e  from 0.5 t o  2.0 um and have a s p e c i f i c  su r face  a rea  of 69 mm /mm . The 



f ine-scale  pores a r e  remnants of t h e  as- fabr ica ted  poros i ty  a f t e r  in- reactor  

dens i f i ca t ion .  A ' t h i rd  c l a s s  of poros i ty ,  cons i s t ing  of nea r ly  s p h e r i c a l  

f e a t u r e s  with diameters between 10 and 50 nm, was a l s o  present  wi th in  t h e  

g ra ins  and on t h e  g r a i n  boundaries of t h e  as,- irradiated s t r u c t u r e .  Because 

of t h e i r  small  s i z e ,  these  f e a t u r e s  were assumed t o  be f i ss ion-gas  bubbles. 

Estimates of the  dens i ty  of f ission-gas bubbles from r e p l i c a  f rac tographs  gave 

values  of l o l o  t o  1011 bubbles/mm3. For f r a c t i o n a l  r a d i i  $0.7, t h e  g r a i n  s i z e  

(mean l i n e a r  i n t e r c e p t )  increased during i r r a d i a t i o n  t o  $6 Um from an i n i t i a l  

va lue  of $3 pm. 

One DEH experiment w a s  performed on a 'specimen taken from an experimental 

loadif6110wer rod i r r a d i a t e d  i n  t h e  .saxton 'PWR. This . rod,  no. 843, experienced 

peak LHGRs of $50 kW/m.for s h o r t  periods during i t s  i r r a d i a t i o n  [18]. Pro- 

nounced a x i a l  power peaking a l so  occurred. A t  t he  a x i a l  l e v e l  from which the  

DEH t e s t  specimen was obtained, the  time-averaged LHGR was 1.36 kW/m [18].  

The rod-averaged f i ss ion-gas  r e l e a s e  f o r  rod 843 w a s  8.5%. 

A t r ansverse  s e c t i o n  through rod 843 a t  $0.43 m above t h e  rod bottom is 

shown i n  f i g .  2. This p o s i t i o n  was s l i g h t l y  above t h e  peak power pos i t ion .  

A zone of high dens i ty  f u e l  extends from a f r a c t i o n a l  r ad ius  of $0.60 t o . t h e  

ou te r  p e l l e t  r ad ius .  The micros t ructure  of t h i s  ma te r i a l  was apparently 

almost unal tered  during i r r a d i a t i o n .  For f r a c t i o n a l  r a d i i  $0.60, the  g r a i n  

s i z e  was l a r g e r  (10-12 pm mean l i n e a r ,  intercept .) .  In te rg ranu la r  poros i ty  was 

present  i n  t h i s  c e n t r a l  zone. The inner  zone is  t h e  dark gray region i n  t h e  

cen te r  of t h e  s e c t i o n  showing i n  f i g .  2.  Radial  cracks extend inward from 

t h e  p e l l e t  r ad ius  t o  roughly t h e  boundary of the  grain-growth region.  Elost 

of these  cracks end i n  a l a r g e  c i rcumferen t i a l  crack t h a t  l i e s  c l o s e  t o  the  

boundary between the  inner  and ou te r  zones. 



The t o t a l  amounts of f i s s i o n  gas re ta ined  i n  t h e  f u e l s  a f t e r  i r r a d i a t i o n  

were determined to  al low calculat i 'ons of t h e  f r a c t i o n a l  r e l e a s e s  during DEH 

t r a n s i e n t s .  The f i ss ion-gas  r e t e n t i o n  was determined by c o l l e c t i n g  and 

analyzing the  gases re leased when f u e l  specimens were d issolved i n  n i t r i c  

ac id .  The r e s u l t s  of fuel -d issolut ion experiments on Robinson and Saxton 

f u e l  specimens a r e  given i n  t a b l e  1. The da ta  l i s t e d  f o r  t h e  Saxton f u e l  

correspond to  the  a x i a l  pos i t ion  from which the  DEH t e s t  specimen was obtained.  

These values w e r e  i n t e r p l a t e d  from t h e  r e s u l t s  of- th ree  d i s so lu t ion .  experiments 

a t  nearby loca t ions .  

2.2. !l'he DEH technique 

I n  ' t h e  DEH technique [19,20], e l e c t r i c  cur ren t  is  passed through a s t a c k  

of p e l l e t s  i n  the  a x i a l  d i rec t ion .  The specimen i s  cooled by flowing helium. 

The ohmic hea t ing  of t h e  U02 and t h e  r a d i a l  hea t  l o s s  t o  t h e  helium coolant  

produce a r a d i a l  temperature p r o f i l e  t h a t  approximates the  p r o f i l e s  obtained 

f o r  nuclear  heat ing.  The. e l e c t r o n i c  c o n t r o l  c i r c u i t r y  of t h e  apparatus used 

f o r  the  present  experiments i s  capable .of  varying the  power-input l e v e l s  and 

power-ramp r a t e s  over wide ranges t o  s imula te  t h e  temperature p r o f i l e s  of a 

v a r i e t y  of n u c l e a r  heat ing condi t ions .  The equipment has the  c a p a b i l i t y  f o r  

. ~ : ~ ~ ? ~ ~ ~ ~ . ~ G . ~ ~ ~ ~ ; : . : : ~ . ~ ~ ~ : ~ . ~ ~ ~ P ~ ~ ~ . ~ . ~ ~ ; , ~ ~ ~ . ~ ~ , & ~ ~ ~ ~ , ~ ~ ~ ~ ~ ,  ,g,a.,2,s,~r:eleakf.ed :adurring*$~aa.ns.ieant. , .heating of 

LWR fue l s .  The helium-coolant . s t ream.passes  over the  sample and .through a 

s e r i e s  of t r a p s  and f i l t e r s  t o  remove p a r t i c u l a t e  and condensable m a t e r i a l  

. be£ o r e  leaving the  hot  c e l l .  Released f i s s ion .  gases a r e  c a r r i e d  along with 

the  helium stream and co l l ec ted  on a c t i v a t e d  charcoal.  t r a p s .  Volumetric, 

chemical, and i s o t o p i c  analyses of the  f i s s i o n  gases a r e  performed a f t e r  the  

DEH t e s t s .  D e t a i l s  of the experimental methods and specimen-preparation pro- 

cedures.  a r e  given i n  r e f .  12. 



Transient  temperature h i s t o r i e s  of t he  DEH t e s t s  a r e  calcula ted with the 

DM Transient Temperature Dis t r ibu t ion  (DEHTTD) code [21]. The t r ans i en t  

heat-.trans£ e r  equation ..is. solved .by- t h i s  code, which accepts measured values 

of cur ren t ,  vol tage,  and surface  temperature a s  input and uses expressions 

taken from the  l i t e r a t u r e  f o r  the  thermal and e l e c t r i c a l  conduct ivi t ies  of 

For use i n  the  present. study, a model f o r  the  e f f e c t  of tn tergranular  

separat ions  on heat  transfer.  was included i n  the  DEHTTD code. These separat ions ,  

which a r e  described i n  the  next sec t ion ,  form during. t r ans i en t  

heating and reduce the  e f f ec t i ve  thermal conductivity of the  fue l .  I n  t he  

DEHTTD code, the  separations a r e  assumed t o  form l i n e a r l y  with time, and the  

reduction i n  thermal conductivity i s  assumed t o  be p ropo r t i ona l  t o  the  extent  

of the  separations,  as measured by t h e i r  s p e c i f i c  surface  area .  That is ,  the 

'code uses a thermal-conductivity expression of the  form 

where T; is  the  e f f ec t i ve  thermal conductivity,  F i s  the  cracking fac tor  (so 

ca l led  because the  separat ions  o f ten  resemble cracks) ,  and T i s  the  tempera- K 

ture-dependent thermal-coriductivity expression of Washington '[22]. The 
. . 

cracking fac tor ,  F,. was assumed t o  equal zero a t  the  s t a r t  of t r ans i en t  

heating and t o  increase  l i n e a r l y  with t i m e  t o  a.maximum value,  which occurred 

a t  maximum power., given by 

3 CYP F = 1 . 5 5 x l O -  Sv , 
max 

where sap i s  the  pos t t e s t  value of pore-solid surface  area  per u n i t  volume i n  v 
- 1 un i t s  of m . ,."'. ,,,,.... .' 4 7 . 7  .. :Yb,f AL' 



2.3. Experimental results 

The model development and v e r i f i c a t i o n  of the  t r a n s i e n t  por t ion  of 

GRASS-SST a r e  based on the  r e s u l t s  of 1 3  PCM-type DEH t e s t s .  The experimental 

condi t ions ,  f ission-gas r e l e a s e  r e s u l t s ,  ca lcu la ted  temperature h i s t o r y  para- 

meters,  and q u a n t i t a t i v e  s tereology r e s u l t s  f o r  these  tests a r e  summarized i n  

t a b l e  2. The center- l ine  heat ing r a t e s  ranged from 6.0 t o  76OCIs. A v a r i e t y  

of temperature d i s t r i b u t i o n s  a t  t h e  t i m e  of maximum power input  were produced 

by s e l e c t i o n  of the  hea t ing  r a t e  and test t i m e .  Centra l  m e l t  zones were pro- 

duced i n  t e s t s  21, 26, 33, and 35. The o the r  t r a n s i e n t s  were terminated p r i o r  

CiP 
t o  melting. The l a s t  column i n  t a b l e .  2 gives S a s  t h e  pore-solid su r face  

g 

a rea  (per gram of f u e l )  produced during t h e  t r a n s i e n t .  

The gas-release da.ta were weakly cor re la ted  with t h e  DM energy inpu t ,  

a s  shown i n  f i g .  3. The dashed l i n e s  i n  t h i s  f i g u r e  i n d i c a t e  the  genera l  

t rend of increas ing gas-release f r a c t i o n  with inc reas ing  energy inpu t .  The 

datum point  f o r  t e s t  31 l ies  w e l l  ou t s ide  the  dashed l i n e s .  During test 31, the  

f u e l  was operated a t  a  s teady-s ta te  input  of $500 W f o r  1100 s before  t h e  

t r a n s i e n t  was applied.  The energy deposi t ion  during the  preheat  period w a s  

4 56.5 x 10 W . S .  

.. G.%x.e,n. .~:,theL-?~~i~?...:x.~Fr-isbG.~.~~~, b.k:J~gwe,r ...., F.G-P: ,.raJ.es..<,a.~d .<.* . g2%~.$!s!!! . ;p?yer l e v e l s  , 

the  weak c o r r e l a t i o n  of gas r e l e a s e  with energy input  is  not  s u r p r i s i n g .  

However, gas r e l e a s e  was s t rongly  cor re la ted  with simple represen ta t ions  of 

t h e  t r a n s i e n t  temperature h i s t o r y .  An example of such a c o r r e l a t i o n  i s  t h e  

p l o t  of Z X e  r e l e a s e  versus  maximum center  temperature shown i n  f i g .  4. 

Gas r e l e a s e  increases  monotonically a s  the  temperature increases ;  enhanced 

gas-release f r a c t i o n s  were observed f o r  center- l ine  temperatures i n  excess of 

$2500°C. Equally s t rong c o r r e l a t i o n s  were obtained when gas r e l e a s e  was 

- 
p l o t t e d  versus  maximum volume-averaged temperature, Tmax, o r  maximum volume- 

averaged temperature g rad ien t ,  (dT/dR) [ l l ,  12 ] . Gas r e l e a s e  was not  max 



cor re la ted  s t rong ly  with "time-at-temperature'' terms such a s  the  time i n t e g r a l  

of center- l ine  temperature [11,12]. 

The r e l a t i v e l y  high gas-release f r a c t i o n s  of t h e  DEH-tested specimens 

suggest the  exis tence  of pathways t h a t  al low some o r  a l l  of t h e  gas which 

reaches t h e  g ra in  boundaries t o  escape. Examination of t h e  p o s t t e s t  micro- 

s t r u c t u r e  confirmed the  presence of such pathways and ind ica ted  t h e  processes 

responsible  f o r  t h e i r  formation. 

The most r e a d i l y  apparent d i f fe rence  between t h e  pre- and p o s t t e s t  f u e l  

s t r u c t u r e s  is the  presence of p a t t e r n s  of i n t e r g r a n u l a r  separa t ions  i n  t h e  

l a t t e r , .  In te rg ranu la r  separa t ions  are.  present .  i n  t h e  unrnelted regions  of 

specimens i n  which c e n t r a l  melt ing occurred and .in some of t h e  specimens i n  

which no melting occurred. Examples of the  var ious  morphologies i d e n t i f i e d  

a s  d i r e c t i o n a l  and nondirec t ional  in te rg ranu la r  separa t ions  a r e  shown i n  

f i g .  5. The i n i t i a l  s t ages  i n  the  formation of d i r e c t i o n a l  and nondirec t ional  

pa t t e rns  of in te rg ranu la r  separa t ions  a r e  shown i n  f i g s .  5A and 5B, r e spec t ive ly .  

These separa t ions  a r e  crack-l ike i n  appearance. The p a t t e r n s  of i n t e r g r a n u l a r  

separa t ion a r e  nea r ly  f u l l y  developed i n  f i g s .  5 C  and 5D. Note t h a t ,  f o r  

both d i r e c t i o n a l  and nondirec t ional  p a t t e r n s ,  almost every g ra in  is adjacent  

t o  a separa t ion,  and the  separa t ions  a r e  i n t e r l i n k e d  over long d i s t ances  

through the  s t r u c t u r e .  Examples of varying degrees of development of both 

c l a s s e s  of in te rg ranu la r  separa t ion  a r e  present  i n  a s i n g l e  test specimen. 

I n  some cases ,  a s  shown i n  f i g .  5E, wide v a r i a t i o n s  i n  the  amount of d i rec t ion-  

a l i t y  occurred over d i s t ances  of $100 um. For h d i v i d u a l  t e s t  specimens, an 

appreciable degree of d i r e c t i o n a l i t y  was present  i n  540% of t h e  a r e a  t h a t  

showed in te rg ranu la r  separa t ions .  Di rec t iona l  separa t ions  tended t o  be 

o r i en ted  perpendicular  t o  t h e  p e l l e t  r ad ius .  However, the  l o c a l  o r i e n t a t i o n  

d i r e c t i o n  w a s  influenced by the  presence of s t r e s s  concentra tors ,  such as 

l a r g e  pores and. cracks,  and near contact  po in t s  between p e l l e t  fragments. 
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The dens i ty  of i n t e r g r a n u l a r  sepa ra t ions  a l s o  increased i n  the  v i c i n i t y  of 

sources of s t r e s s  concentra t ion .  

Varying-amounts o f . p l a s t i c  deformation a r e  a s soc ia ted  wi th  the  g r a i n s  

ad jacen t  t o  t h e  separa t ions .  This e f f e c t  is most evident  i n  t h e  h o t t e s t  

unmelted f u e l .  An example of t h f s  type of p l a s t i c  flow i s  shown i n  f i g .  5E. 

The c h a r a c t e r i s t i c s  exh ib i t ed  i n  f i g s .  5A-E i n d i c a t e  t h a t  mechanical s t r e s s e s  

a r e  a t  l e a s t  p a r t l y  r e spons ib le  f o r  t h e  formation of t h e  i n t e r g r a n u l a r  

separa t ions .  

A f i n a l  example of a form of i n t e r g r a n u l a r  sepa ra t ion ,  shown i n  f i g .  5F, 

was p resen t  i n  f u e l  t h a t  was heated  t o  temperatures c l o s e  t o  t h e  melt ing po in t .  

These separa t ions  occupy g ra in  boundaries of a l l  o r i e n t a t i o n s  wi th  equal  

frequency. The rounded o u t l i n e  of these  f e a t u r e s  c o n t r a s t s  with the  sharper  

edges and crack-l ike appearance of the  separa t ions  shown i n  f i g .  5A-E. 

The s t r u c t u r e  shown i n  f i g .  5F i s  c h a r a c t e r i s t i c  of high-temperature grain-  

boundary swel l ing .  

Evidence t h a t  f i ss ion-gas  e f f e c t s  w e r e ,  i n  pa r t , .  r e spons ib le  f o r  t h e  

format ion  of t h e  separa t ions  was obtained by examining, t h e  p o s t t e s t  micro- 

s t r u c t u r e s  i n  t h e  scanning e l e c t r o n  microscope (SEN) -. Specimens were prepared 

.,:lbp~~~:frscC,ur.iing,~.QQEB~.~~.e..~f-e.d . . ..+sp,es.i;mens ,-,.,at. ,.r-o.om, . ,f . .ggpje~~.at+ure . . . A = s e r i e s  of micro- 

graphs along a r a d i a l  t raverse.  of the  specimen from t e s t  24 a r e  shown i n  

f i g . ' 6 .  A t  t h e  outermost r a d i a l  p o s i t i o n s  ( f i g s .  6A and B), i n t e r g r a n u l a r  

f r a c t u r e  predominated. The g r a i n  su r faces  a r e  covered with f i ss ion-gas  bubbles 

t h a t  r ange  i n  s i z e  from t h e  l i m i t .  of r e s o l u t i o n  (%35 nm) t o  %50 nm, Where 

t ransgranular  f r a c t u r e  occurred,  no bubbles a r e  v i s i b l e .  A marked inc rease  i n  

3 
bubble s i z e  and dens i ty  (values of 51013 bubbles/mm were determined f o r  the  

a rea  i n  f i g .  6A) has occurred over the  a s - i r r ad ia ted  mic ros t ruc tu res .  The 

average bubble s i z e  inc reases  toward the  c e n t e r  of t h e  p e l l e t ,  i . e . ,  where 



t r a n s i e n t  temperatures w e r e  h igher ,  a s  shown i n  f i g s .  6C and D.  When t h e  

bubbles reach Q0.2 urn i n  diameter, a d d i t i o n a l  bubble coalescence r e s u l t s  i n  

. .the ..formation of .,sinuous ,grain-surface channels ( f i g s .  6C-E) . Grain-boundary- 

channel formation and bubble growth appear t o  proceed a t  d i f f e r e n t  r a t e s  on 
' 

ind iv idua l  g r a i n  faces ,  even f o r  f aces  on the  same gra in .  The arrow i n  

f i g .  6F i n d i c a t e s  a g r a i n  face  on which t h e  channels have coalesced t o  form 

a near ly  complete separa t ion  between two ad j acent  g ra ins .  More extens ive  

grain-boundary separa t ion has occurred a t  t h e  l o c a t i o n  shown i n  f i g .  6G, and 

t h e  predominant f r a c t u r e  mode- has  changed t o  t ransgranular .  Note t h a t ,  i n  

add i t ion  t o  the  in te rg ranu la r  separa t ions ,  in t ragranu la r  bubbles with diameters 

of 0.1 to  0.3 pm a r e  present .  This sequence of micrographs shows how 

in te rg ranu la r  separa t ions  may be formed by, a  mechanism t h a t  involves growth 

and coalescence of f ission-gas bubbles. 

The ex ten t  of the  in te rg ranu la r .  separa t ions  can be q u a n t i t a t i v e l y  char- 

ac te r i zed  by measuring, with q u a n t i t a t i v e . s t e r e o l o g y  techniques, t h e  pore 

ct P 
volume f r a c t i o n ,  ? and pore-solid su r face  a rea ,  SV , a s  funct ions  of v ' 
r a d i a l  pos i t ion .  The measurements were performed on o p t i c a l  micrographs and 

P 
included f e a t u r e s  20.5 um i n  s i z e .  I f  p r e t e s t  va lues  of V and s;' a r e  a l s o  v 

. . ,knswn ,.. h.e;..,~81~we.,,i,ncr.e~.~e.. ,(.i...e.,, , . . ~ ~ ~ e l l ~ i n g )  ,+and . ,,the , .new4,~~ee-,~.o.lid . , ,surface 

a r e a  produced during the  t r a n s i e n t  can be ca lcu la ted .  

The r e l a t i o n s h i p s  between gas r e l e a s e  and t h e  t r a n s i e n t  mic ros t ruc tu ra l  

changes a r e  shown i n  f i g s .  7 and 8. Approximately 2% gas r e l e a s e  was observed 

without any mic ros t ruc tu ra l  change. For- t e s t s  i n  which swell ing was :18%, an 

approximately l i n e a r  increase  i n  gas r e l e a s e  with swell ing w a s  observed. 

For l a r g e r  swel l ing  values ,  the  percentage gas r e l e a s e  increased more rap id ly  

a s  t h e  swell ing increased.  The s lope  change i n  the  % Xe r e l e a s e  versus  % 

swell ing curve is  bel ieved t o  be  the  r e s u l t  of t h e  rap id  i n t e r l i n k a g e  of the  



i n t e r g r a n u l a r  poros i ty  when the  pore-volume f r a c t i o n  reaches a c r i t i c a l  va lue .  

(The term " in te rg ranu la r  poros i ty , "  a s  used i n  t h e  balance of the  present  

paper, c o l l e c t i v e l y  signifies the  in te rg ranu la r  bubbles, channels on g r a i n  

faces  and edges, and planar  separa t ions  observed i n  t h e  p o s t t e s t  examinations.) 

The i n t e r l i n k e d  poros i ty  allows f i s s i o n  gas on g r a i n  edges and boundaries t o  

escape. For swell ing below the  c r i t i c a l  va lue ,  gas r e l e a s e  i s  bel ieved t o  

occur mainly by d i f f u s i o n a l  mechanisms. This explanation i s  c o n s i s t e n t  wi th  

s t u d i e s  of percola t ion p r o b a b i l i t i e s ,  i n  which extens ive  long-range i n t e r -  

connection of a second phase. i n  a matr ix  i s  predic ted  i f  the  volume f r a c t i o n  

of the  second phase exceeds a c r i t i c a l . v a l u e  [9,23-251. In terconnect ion of the  

second-phase p a r t i c l e s  is n e g l i g i b l e  f o r  volume f r a c t i o n s . l e s s .  than the  c r i t i c a l  

value.  C r i t i c a l  volume f r a c t i o n s  of 0.07 [9 ] ,  0.17 [23],  0.20 [24],  and 0.36 [25] 

have been repor ted  i n  t h e  l i t e r a t u r e .  I n  these  s t u d i e s ,  the  c r i t i c a l  volume 

f r a c t i o n s  were observed t o  be funct ions  of t h e  s i z e  d i s t r i b u t i o n  and the  shape 

of the  second-phase p a r t i c l e s .  Fig. 7 suggests  t h a t  t h e  c r i t i c a l  volume 

f r a c t i o n  f o r  t h e  in terconnect ion of the  in te rg ranu la r  poros i ty  i s  %0.18, which 

is wi th in  the  range of reported values .  

aP 
A s  shown i n  f i g .  8, t h e  use of S a s  a measure of the  development of 

g 

' 2 
That is ,  enhanced gas r e l e a s e  occurs f o r  surface-area values z250 cm /g. 

The high gas r e l e a s e s  during DEH t e s t i n g ,  the  micros t ructures  observed i n  

t r ans ien t - t e s ted  fue l ,  and t h e  c o r r e l a t i o n  of gas r e l e a s e  and mic ros t ruc tu ra l  

change i n d i c a t e  t h a t  the  mechanisms responsible  f o r  the  formation of t h e  i n t e r -  

granular  poros i ty  can opera te  i n  s e r i e s  wi th  i n t r a g r a n u l a r  bubble d i f f u s i o n  t o  

t r anspor t  f i s s i o n  gases  from the  g r a i n  i n t e r i o r s  t o  the  p e l l e t  surface .  There- 

fo re ,  a n  understanding of t h e  processes  involved i n  t h e  formation of the  

grain-surface and edge- channels and planar in te rg ranu la r  separa t ions  i s  



important f o r  the  mechanistic modeling of t r a n s i e n t  f i ss ion-gas  r e l e a s e .  

Prel iminary conclusions about these  processes can be made from f u r t h e r  i n t e r -  

p r e t a t i o n  of the,posttest.microstructures. 

The s e r i e s  of micrographs i n  f i g .  6 i n d i c a t e s  t h a t  i n t e r g r a n u l a r  separa t ions  

can form by the  d i f fus ion-control led  processes of growth and coalescence of 

f i ss ion-gas  bubbles. However, crack-l ike separa t ions  a r e  present  a t  r a d i a l  

pos i t ions  where the  predominant f e a t u r e s  on t h e  g r a i n  surfaces '  a r e  i s o l a t e d  

f i ss ion-gas  bubbles. That is,  the  gradual  processes of bubble growth and 

coalescence can be i n t e r r u p t e d  by t h e  more rapid  process of crack propagation. 

The s t r e s s e s  responsible  f o r  cracking a r e  the  r e s u l t  of t h e  appl ied  

a x i a l  load, d i f f e r e n t i a l  thermal expansion, and t h e  p ressur iza t ion  of i n t e r -  

granular  f ission-gas bubbles. The in te rg ranu la r  propagation of t h e  cracks 

i s  p a r t l y  due to  the  reduct ion i n  grain-grain contact  a r e a  by the  i n t e r -  

granular  bubbles. Crack propagation is accompanied by varying amounts of 

p l a s t i c  flow i n  the adjacent  g ra ins ;  the  amount of p l a s t i c  flow depends upon 

t h e  l o c a l  temperature. For temperatures c lose  t o  the  melt ing p o i n t ,  s t r e s s e s  

a r e  re l i eved  by p l a s t i c  flow without mechanical cracking, and bubble and 

channel coalescence a r e  l a r g e l y  responsible  f o r  t h e  observed in te rg ranu la r  

, G cp,ar.a.cio ns . 
The passage of a crack f r o n t  through a given grain-grain contact  can 

only r e s u l t  in gas r e l e a s e  i f  the, gas on t h a t  su r face  has not  been vented by 

t h e  in te r l inkage  of t h e  grain-surface channels t o  an edge tunnel  o r  p reex i s t ing  

crack t h a t  reaches  the  e x t e r n a l  s,urface. This s i t u a t i o n  suggests  a poss ib le  

a n a l y t l c  treatment i n  which gas re lease .  f s  viewed a s  a s t o c h a s t i c  process 

d e t e d n e d  by the  p r o b a b i l i t i e s  of. channel i n t e r l i n k a g e  and crack propagation 

on every g r a i n  su r face  i n  the  system. The c a l c u l a t i o n a l  requ5rements f o r  such 

an anz lys i s  would obviously be q u i t e  l a r g e .  I n  t h e  GRASS-SST t rea tment ,  

which will be described i n  s e c t i o n  4.3,  t h e , p r o b a b i l i t i e s  f o r  i n t e r g r a n u l a r  
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separa t ion  by bubble growth and coalescence a r e  character ized by a swel l ing  

parameter. S t a b i l i z e d ,  long-range i n t e r l i n k a g e  is  assumed t o  occur when l o c a l  

-f,uel swell ing exceeds a c r i t i c a l  value.  This model i s  i n  q u a l i t a t i v e  agree- 

ment with t h e  empirical  r e s u l t  of enhanced gas r e l e a s e  f o r  f u e l  swel l ing  above 

a c r i t i c a l  l e v e l  (see f i g .  7)  . 
3 .  Corre la t ion  of nuclear  and e l e c t r i c a l  heat ing 

A s  a check on t h e  c a p a b i l i t y  of t h e  DEH technique t o  s imula te  in- reactor  

t r a n s i e n t  condi t ions ,  t h e  behavior of t h e  Saxton f u e l  during a nuclear-heated 

t r a n s i e n t  i n  t h e  power-burst f a c i l i t y  (PBF) [26] was compared wi th  t h a t  of the  

Saxton and Robinson f u e l s  during DEH t e s t i n g .  A d e t a i l e d  d iscuss ion of t h e  

r e s u l t s  of t h i s  s tudy is  beyond the  scope of the  present  paper. However, a  

b r i e f  summaby of the  p r i n c i p a l  f indings  w i l l  be given. 

Planar in te rg ranu la r  separa t ions  of t h e  type shown i n  f i g .  5 were observed 

on both  DEH and PBP-tested Saxton f u e l  specimens. Nondirectional separa t ions  

predominated i n  t h e  Saxton f u e l ,  although d i r e c t i o n a l i t y  d i d  occur i n  the  v i c i n i t y  

of p reex i s t ing  cracks. For pos i t ions  near cracks,  a  marked s i m i l a r i t y  was noted 

f o r  t h e  separa t ions  i n  both the  t r ans ien t - t e s ted  Saxton and Robinson f u e l s ,  

a s  shown i n  f i g .  9.  The SEM examination revealed i s o l a t e d  f ission-gas bubbles,  

PBF-tested f u e l s ,  a s  shown i n  f i g .  10. The r e s i n t e r i n q  of grain-surface 

channels was obsemed i n  the  PBF-tested f u e l  but  not  i n  DEH-tested mate r i a l s .  

This d i f fe rence  is  almost c e r t a i n l y  due t o  t h e  d i f fe rences  i n  t h e  t r a n s i e n t  

thermal h i s t o r i e s  and not  t o  the  heat ing method. 

Fuel from j u s t  above t h e  f i lm-boil ing boundary of the  PBF t e s t  rod 

re leased  %SOX of t h e . a v a i l a b l e  f i s s i o n  gas. This value is i n  t h e  range of 

f ission-gas r e l e a s e s  observed f c r  the  DEH-tested. Robinson f u e l .  The smaller  

r e l e a s e  f r a c t i o n  during DEH t e s t i n g  of t h e  Saxton f u e l  (162) i s  due t o  the  

d i f fe rences  i n  tempetatllre h i s t o r y  f o r  the  DEH and PBF t r a n s i e n t s .  



The micros t ructure  comparisons and t h e  gas-release r e s u l t s  f o r  t h e  

nuclear  and e l e c t r i c a l l y  heated t r a n s i e n t s  demonstrate t h a t  t h e  same mechanisms 

a c t  t o  allow f iss ion-gas  t r anspor t  from the  g r a i n  boundaries t o  the  p e l l e t  

e x t e r i o r s .  Therefore,  t h e  DEH t e s t s  can be  used t o  s imula te  f i ss ion-gas  

behavior during in-reactor  t r a n s i e n t s .  . 

4. Models f o r  f ission-gas behavior during t r a n s i e n t  condit ions 

4.2. Rate of growth of  coaZescing bubbles W n g  transient conditions 

During s teady-s ta te  condi t ions ,  .it is reasonable t o  assume t h a t ,  when 

two fission-gas bubbles coalesce,  t h e  noninstantaneous r a t e  of growth of the  

r e s u l t a n t  bubble to  equil ibrium s i z e  can be t r e a t e d  a s  instantaneous [ 2 7 ] .  

However, i n  a t ra i i s ient  ana*sis ,. t f i i s  as&p t i o n  Eir:eaks' d b m ,  and t h e  non- 

instantaneous r a t e  of growth of coalescing bubbles must be  included. The 

need fo r .  a GRASS-SST model t h a t  descr ibes  t h e  l imi ted  r a t e .  of growth of coalescing 

bubbles became apparent when CRASS-SST-calculated bubble-size d i s t r i b u t i o n s  f o r  

DEH t e s t  condi t ions  were compared with q u a l i t a t i v e  experimental observations.  

The code predic ted  s i m i l a r  end-of-test bubble d i s t r i b u t i o n s  i n  the. l a t t i c e  aTld 

on the g r a i n  boundaries. However, the  observed' i n t r a g r a n u l a r  bubble dens i  t i  e s  ' 

were much lower than predicted.  A sim3lar conclusion concerni'ng the  need t o  

inc lude the e f f e c t s  of n o n e q u i l i b r b n  coalescing b u b b l e s . i n  the  a n a l y s i s  of 
.. , . . 

f issfon-gas behavior durfng t r a n s i e n t  condi t ions  was repor ted '  i n  a comparison 

of f i ss ion-gas  r e l e a s e  and swel l ing  (FRAS') - code predfctions. with DM t e s t s  on 

i r r a d i a t e d  mixed-oxide f u e l  1281. 

I n  genera l ,  when two bubbles i n f t f a t e  coalescence, a s t r a f n  f i e l d  2s  

generated i'n the  l a t t i c e  around the  growing bubble. I n i t i a l l y ,  bubble coalescence 

is a volume-conserving process, subsequently, vacancies tha t  move imder the  

inf luence  of the  s t r a i n  f i e l d  mLgrate t o  the  bubble, whi'ch. r e s u l t s  i'n an h- 

crease  i n  t h e  bubble volume. A s  vacancfes e n t e r  t h e  growing buEbie., th.e. 

s t r a i n  fi 'eld gradually re laxes  and vanishes (.to f z r s t  order)  when the. bubble 

has reached i t s  equil ibrium s i z e .  ' A bubble-relaxation time, ' Q, can be defined 



such t h a t ,  a t  a t i m e  t = T a f t e r  t h e  i n i t i a t i o n  of bubble coalescence, t h e  i 

r e s u l t a n t  bubble has  approached a s t a b l e  conf igura t ion by an amount 1 - l / e .  

A p r e c i s e  determination of ri i s  not  wi th in  t h e  scope of t h e  GRASS-SST calcula-  

t i o n s  a t  t h i s  t i m e .  However, an es t imate  of T can be obtained from a con- 
i 

s i d e r a t i o n  of lat t ice-vacancy thermodynamics. The r a t e  equations f o r  t h e  

bubble r a d i i  and the  l a t t i c e  vacancy concentra t ion w i l l  be described t o  

i l l u s t r a t e  the  approximations involved i n  es t imat ing T i . Let r i be t h e  sum 

of the  r a d i i  of t h e  coalescing bubbles. I f  primary creep i s  neglected ,  t h e  

r a t e  of growth of r is  given by [27,29]. 
i 

e I n  eq. ( I ) ,  cv is  the  f r a c t i o n a l  equi l ibr ium vacancy concentra t ion given by 

D i s  t h e  vacancy d i f f u s i o n  c o e f f i c i e n t  given by 
v 

f 
where Ev and E: a r e  t h e  vacancy formation and migrat ion energies ,  r e spec t ive ly ,  

0 ex 
Dv i s  a preexponential  f a c t o r ,  and Q i s  t h e  atomic volume. Pi i s  t h e  excess 

i n t e r n a l  gas pressure  f o r  each bubble of r ad ius  r given by 
i 

pex = P: (T) - , i r; 

where y i s  the  e f f e c t i v e  su r face  tens ion,  and pg i is the  gas pressure  wi th in  a 

bubble of r ad ius  ri a t  temperature T. The e x p l i c i t  r a t e  equation f o r  cV(T) 

i s  given by [291 



where C i s  t h e  concentrat ion of bubbles of r ad ius  ri, and d is the  g r a i n  
i 

diameter. 

ex  
To determine the  v a r i a t i o n  of P , i t  i s  necessary t o  so lve  t h e  simultaneous i 

- r a t e  (1) ;and (5) f o r  ri ( t )  *and c v ( t )  . Obviously the  s o l u t i o n  of 

eqs. (1) and (5) can only be obtained numerically. However, t h e  dimensional 

form of t h e  two con t r ibu t ions  t o  kV and t h e  term i n  ; suggests  t h r e e  relaxa- 
i 

t i o n  t i m e s  [ 2 9 ] :  one f o r  t h e  vacancy concentra t ion where the  vacancies a r e  

supplied by bubbles, one f o r  the  vacancy concentra t ion where t h e  vacancies 

a r e  supplied by g ra in  boundaries, and one f o r  t h e  growth of bubbles given by 

I n  the  f o l l o w i n g  d iscuss ion,  w e  s h a l l  assume t h a t  the  r a t e  of growth of non- 

equil ibrium bubbles can be  q u a l i t a t i v e l y  character ized by eq.  (6 ) .  

Ins tead of d i r e c t l y  ca lcu la t ing  the  ind iv idua l  f i ss ion-gas  bubble behavior,  

GRASS-SST groups the  continuum of bubble s i z e s  i n t o  a r e l a t i v e l y  small  number 

of bubble-size c l a s s e s  wi th  each s i z e  c l a s s ,  i, character ized by an average 

bubble rad ius ,  ri,. The b a s i c  GRASS-SST c a l c u l a t i o n  [30] is f o r  t h e  r a t e  a t  which 

bubbles grow from t h e  i t o  the  i + 1 s i z e  c l a s s .  The motivation f o r  t r e a t i n g  

t h e  problem from t h i s  l e v e l  is  t h a t  much less computer time i s  required .  The 

e f f e c t  of a l imi ted  r a t e  of growth of coalescing bubbles on the  GRASS-SST 

c a l c u l a t i o n  i s  a reduction i n  the  r a t e  a t  which bubbles grow from the  i i n t o  

the. i + 1 s i z e  c l a s s  by t h e  amount 



Here A t  is the  code t i m e  s t e p  ( i . e .  the  f u e l  temperatures and s t r e s s e s  a r e  

assumed constant  during At) ,  and K (0 - < K - < 1 )  corresponds t o  the  bubble- 

c l a s s  t r a n s f e r  r a t e  t h a t  would e x i s t  i n  t h e  t o t a l  absence of point-defect  

motion. Eq. (7) is used f o r  both i n t r a -  and i n t e r g r a n u l a r  fission-gas-bubble 

coalescence. However, one would expect t h a t ,  because of enhanced grain-boundary- 

vacancy d i f fus ion ,  t h e  grain-boundary-bubble r e l a x a t i o n  times would, i n  genera l ,  

be smaller  than the  la t t ice-bubble  r e l a x a t i o n  t i m e s .  

4.2. Gas-channel formation on grain boun&aries 

The SEM examinations of DEH-tested f u e l ,  described i n  s e c t i o n  2 . 3 ,  

revealed the  development of sinuous channels on the  g ra in  faces  a f t e r  a 

s a t u r a t i o n  dens i ty  of grain-boundary f i s s i o n  gas has  been a t t a i n e d .  These 

f a c e  channels l i n k  up and extend to  the  grain-edge channels ,  thus enhancing 

the  r e l e a s e  of the  gas from the  gra ins .  

The GRASS-SST model f o r  grain-boundary s a t u r a t i o n  by f i ss ion-gas  bubbles 

is  based on the  f a c t  t h a t  t h e  grain-boundary a r e a  occupied by f i ss ion-gas  

bubbles is near ly  independent of t h e  bubble-size d i s t r i b u t i o n  (i. e . the  bubble- 

surf  ace  a r e a  i s  conserved af ter bubble coalescence) . If t h e  gas is  assumed 

t o  occupy equal ,  close-packed, touching bubbles, then t h e  maximum a r e a l  coverage 

per u n i t  a rea  of g ra in  boundary i s  A* '= 0.907. Since t h e  bubble s i z e  does 

n o t , a f f e c t  the  atom a r e a l  densi ty ,  t h e  a r e a l  coverage by athe f i s s i o n  gas i s  

approximately equal  t o  t h e  coverage by a s i n g l e  bubble of r ad ius  rmax, which 

is  formed. by the  coalescence of a l l  t h e  gas on t h e  g r a i n  face .  The assumption 

t h a t  the bubble-surface area.' i s  conserved a f t e r  bubble coalescence leads  

dir,ectly;..tp .& L+ .. . eq ressSon  f o r  ,r i n  terms of the. tn ta l .  n ~ l m h e r  of bubbles on t h e  . 5.. '...('W*. ) -.-:.1 . " .- .,>.I.* .-7:**?c7. .-.i,wi ..,,. s:<:. 7 .  .7.> 4 . . . .maaxaxip:. .,< ,..,. .:.,.7 ,<,.. -..:.: . '. ..:,.;. ..:.-. ,, ,.. ,:..+. *-. . +, -\.;:. ; 

boundary; i. e. 



where . . a l l  bubbles .on t h e  g r a i n  f a c e  a r e  assumed t o  have r a d i u s  r i ' and W i is t h e  

t o t a l  number of bubbles. The condi t ion  fo.r grain-boundary s a t u r a t i o n  by f i s s i o n  
. . 

gas is  then given by 

2 
saa 

rr 4 3  v = - ra A* - 
max 3 14 ' 

where an 'approximate t e t r aka idecahedra l  (14-sided)' l a t t i c e  geometry has  been 

cta 
assumed. T;n. eq. (9) '  a i s  t h e  g r a i n  r a d i u s  and S i s  t h e  grain-boundary 

v 

a r e a  per  u n i t  volume. Combining eqs.  (8) and (9) l e a d s  t o  an  express ion  f o r  

s a t  
NA ( i ) ,  t h e  minimum number of gas bubbles w i t h  r a d i u s r  i per un5t a r e a  of 

g r a i n  boundary r equ i red  f o r  s a t u r a t i o n  

s a t  
NA ( i )  = 

0.395 A* - 0.008 
2 

14nri 
2 ' 
i 

acl 0 -5 
where- S = 1.185/a. For example, t h e  minimum number of 500-A-dia (5 x 10 - 

v 

nrm-dia) bubbles per  u n i t  a r e a  of g r a i n  boundary requi red  f o r  s a t u r a t i o n  is 

s a t  0 ..008 7 2 
, .NA ..(5.QO),.,:= , =  . 1 , 3  x ;10 _b.ubwb.les/w . 

r 
500 

T h i s  result i s  i n  reasonable agreement wi th  t h e  measured 500-i (5  x 10-~-mm) grain-  

7 
boundary bubble-saturat ion dens i ty  of 2.2-4.2 x 10 / [31] .  

4.3. .Fission gas along the grain edges 

The GRASS-SST c a l c u l a t i o n  [30] f o r  t h e  d i f f u s i o n  of f i ss ion-gas  atoms from 

t h e  g r a i n  boundaries t o  t h e  g r a i n  edges i s  based on a' model by F i she r  [32] 

f o r  d i f f u s i o n  i n  an  i s o t r o p i c  s l a b .  F i s s i o n  gas t h a t  has migrated from t h e  

UO g r a i n  s u r f a c e s  t o  t h e  g r a i n  edges remains t rapped a t  the  edges, u n l e s s  a 
2 

path e x i s t s  through which t h e  gas can escape from t h e  f u e l .  



I n  t h e  CRASS-SST treatment [30]  of i n t e r l i n k e d  grain-edge poros i ty ,  which is  

s t a t i s t i c a l  i n  na tu re ,  t h e  degree of pore i n t e r l i n k a g e  along the  g ra in  edges 

is  a funct ion of both  the  g ra in  and pore-size d i s t r i b u t i o n s .  The model, 

which is based on the  mathematical theory of pe rco la t ion  [33], u t i l i z e s  t h e  

concept of an a r b i t r a r y  d i s t r i b u t i o n  of si tes wi th  randomly d i s t r i b u t e d  bonds 

o r  l i n k s  t h a t  j o i n  p a i r s  of sites. A s  appl ied  t o  nuclear  f u e l s ,  the  sites 

a r e  represented by in te rg ranu la r  pores; a bond i s  formed when two adjacent  

pores become connected. The gas re leased  from a s e c t i o n  of f u e l  i s  determined 

by ' t h e  amount of gas t h a t  reaches the  pores mul t ip l i ed  by the  pore-interl inkage 

' f r a c t i o n ;  t h e  remaining gas con t r ibu tes  t o  grain-edge swel l ing .  

In  con t ras t  to  t h e  experimental r e s u l t s  described i n  s e c t i o n  2 . 3 ,  t h e  

above formalism f o r  ca lcu la t ing  t h e  evolut ion of interconnected poros i ty  does 

not  p red ic t  t h a t  a r ap id  inc rease  i n  long-range poros i ty  in terconnect ion w i l l  

occur a f t e r  a c r i t i c a l  va lue  of swell ing due t o  f i ss ion-gas  bubbles has  been 

reached. The reasons f o r  t h i s  def ic iency a r e  (a)  t h e  geometry assumed i n  the  

abed model does not correspond t o  observations of DEH- and PBF-tested i u e l ,  

(b) ~ S S - S S T ,  does not  inc lude a. r e a l i s t i c  c a l c u l a t i o n  of the. pore-size 

d i s t r i b u t i o n  (pores i n  which the  i n t e r n a l  gas pressure  is  l e s s  than t h e  surface- 

tension-induced p ressure ) ,  and (c) m a t e r i a l  p r o p e r t i e s  used i n  the  GRASS-SST 

c a l c u l a t i o n  of t h e  pore-size d i s t r i b u t i o n  a r e  experimental ly almost inaccess ib le .  

Thus, t o  provide a more r e a l i s t i c  c a l c u l a t i o n  of t h e  pore- in ter l inkage 

f r a c t i o n ,  t h e  above model i s  supplemented by the  ' a d d i t i o n a l  c r i t e r i o n  

pore-interl inkage = 
f r a c t i o n  9 

where B i s  the  ca lcula ted  volume s t r a i n  due t o  f i ss ion-gas  bubbles, and Bvcrit 
v 

(0.07) .is. tile -cr.i.t.ical ,.gas -bubble =volume f r a c t i o n  above w h f  ch e x t e n s i v ~  



long-range in terconnect ion of t h e  grain-edge tunnels  f s  assumed t o , t a k e  p lace .  

Turnbull and Tucker [9] observed t h a t ,  i n  nontrans ient - tes ted '  UO i n t e r l i n k e d  2 ' 
grain-edge tunnels  were s t a b l e  when t h e  volume f r a c t i o n  was >0.07. The 

c r i t i c a l  va lue  f o r  tunnel  i n t e r l i n k a g e  i n  GRASS-SST i s  taken f rom. the i r  work. 

It is recognized t h a t  in te rg ranu la r  crack propagation has  t h e  p o t e n t i a l  

t o  r e l e a s e  f i s s i o n  gas t h a t  would otherwise be trapped on g r a i n  su r faces  and 

edges. The DEA tests i n d i c a t e  t h e  l ike l ihood of gas r e l e a s e  by t h i s  

mechanism. However, the  magnitude of t h e  e f f e c t  is  unknown. 

A t  t h e  present  s t age  of development, GRASS-SST does not  contafn models 

f o r  the  formation and i n t e r l i n k a g e  of the  planar-  i n t e r g r a n u l a r  separa t ions  

observed i n  DM-tested f u e l ,  e..g. see f i g .  5. I n  p a r t i c u l a r ,  t h e  con t r ibu t ion  

of these  separa t ions  t o  t h e  t o t a l  swellfng does not  appear f n  t h e  ca lcu la ted  

value  of %. A s  a r e s u l t ,  B v c r i t  i s  smal ler  than t h e  c r i t i c a l  volume f r a c t i o n  

obtained experimentally ( see  s e c t i o n  2.3).  

4.4. The effect of transient heating on intragranutar fiss<on-gas bubbles 

Analyses with GRASS-SST f o r  s teady-s ta te  condi t ions  coupled with experi- 

mentally determined f iss ion-gas  r e l e a s e  dur ing  DEH tests (see  s e c t i o n  2 . 3 )  

i n d i c a t e  t h a t  l a r g e  q u a n t i t i e s  of gas a r e  being t ranspor ted  out  of t h e  UQ2 

gra ins  ..,d .u~tng,.t~;ans.ient...~hg+,ting.. ..m..is.., r!e.l?ease. .of f i s s i o n  .gas .from t h e  g ra ins  

i s  much g r e a t e r  than can 'be  explained by means of empfrical  s teady-s ta te  

d i f f u s i v i t i e s  [30].  I n  add i t ion ,  analyses f o r  t rans ient -heat ing condftfons 

i n d i c a t e  t h a t  GRASS-SST can account f o r  t h e  rapid  d i f f u s i o n  of f i s s i o n  gas  

out  of the  U 0 2  gra ins  during DEA t e s t s  i f  the high-temperature bubble 

mobi l i t ies ,  a r e  enhanced due to  an. increased r a t e  of atom attachment t o ' a n d  

detachment from the  bubble surface .  The physica l  b a s i s  behfnd t h i s  approach i s  

as ,  follows.. During equil ibrium condit ions,  the  bubbles may be face ted ,  and 

the  r a t e  of motion of a faceted  bubble i s  determined by the  frequency of nuclea t ion 



of s t e p s  i n s t e a d ' o f  the  time required  f o r  atoms t o  move from a s t e p  on one s i d e  

of a bubble t o  a s t e p  on t h e  o the r  s i d e  ( i . e .  t h e  atom attachment and detach- 

ment . r a t e  f s  slower.. than, predic ted  by su r face  d i f fus ion)  [34-381. However, i f  

t h e  atom attachment and detachment r a t e  increased during trank3ent  condi t ions ,  

h igher  bubble d i f f u s i v i t i e s  would r e s u l t .  

R e c r y s t a l l i z a t i o n  and d i s l o c a t i o n  sweeping a r e  o the r  phenomena t h a t  could, 

i n  p r i n c i p l e ,  r e s u l t  i n  an  enhanced r e l e a s e  of f i s s i o n  gas from t h e  g ra ins  

t o  t h e  g ra in  boundaries during t rans ient -heat ing condi t ions .  Obseri7ations 
\ 

of the  DEH-tested p e l l e t s  r e v e a l  no evidence of U02 r e c r y s t a l l i z a t i o n .  GRASS-SST 

analyses i n d i c a t e  t h a t  a r ap id  d i f f u s i o n  of f ission-gas bubbles (4100 i n  
diameter) a s  w e l l  a s  gas atoms occurs during the  DEH t r a n s i e n t  heat ing.  D i s -  

l oca t ion  sweeping could conceivably move f ission-gas atoms from t h e  g r a i n s  

t o  t h e  g ra in  boundaries bu t  is unl ikely  t o  have much e f f e c t  on f ission-gas 

bubbles; the  bubbles would a c t  a s  pinning s i t e s  and r e t a r d  the  motion of 
. . 

dis loca t ions .  On the. o ther  hand, a rapid  inc rease  i n  t h e  atom attachment and detach- 

ment r a t e  would lead t o  increased'bubble.mobi1ity f o r  small a s  w e l l  a s  l a r g e  bubbles. 

4.5. The mobility of overpressurized fission-gas bubbZes 

It has been shown t h a t  bubbles i n t e r s e c t e d  by d i s l o c a t i o n s  have higher 

d i f f u s i v i t i g s , t h a n  b,ubbJ,es i n  a,per ,fect  l a t t i c e  [39].  The bubble d i f f u s i v i t i e s  

w e r e  s a t i s f a c t o r i l y  described by a ra te -con t ro l l ing  nucleat ion mechanism, 

i n  which ledges introduced i ~ t o  the  bubble su r face  by t h e  d i s l o c a t i o n  r o t a t e d  

about the  d i s loca t ion ,  causing the  bubble t o  migrate.  Since d i s l o c a t i o n s  may 

extend t o  t h e  g ra in  su r faces ,  they can serve a s  channels t h a t  f a c i l i t a t e  t h e  

migrat ion of the  bubbles out  of t h e  g ra ins  t o  t h e  g ra in  boundaries. During 

s teady-s ta te  heat ing,  the  d i s l o c a t i o n  densi ty  i s  r e l a t i v e l y  small ,  and the  

e f f e c t i v e  d i f f u s i v i t e s  of the  in t ragranu la r  bubbles would not be expected to 

be appreciably a l t e r e d .  

However, during t r a n s i e n t  heat ing,  d i f f e r e n t i a l  thermal expansion and 

e x t e r n a l  loads can inc rease  d i s l o c a t i o n  d e n s i t i e s .  The s t r e s s  f i e l d  around 



overpressurized bubbles can lead t o  a d d i t i o n a l  inc reases  i n  the  d i s l o c a t i o n  

dens i ty  near t h e  bubble. Overpressurizat ion i s  due t o  a lack of vacancies 

i n  a l a t t i c e  t h a t  i s  not  in'thermodynamic equil ibrium. I f  the  overpressure 

i n  a bubble r e s u l t s  i n  an equivalent  s t r e s s  t h a t  exceeds the  y i e l d  s t r e n g t h  

of the  UOZ, then p l a s t i c  deformation of t h e  m a t e r i a l  around t h e  bubble w i l l  

r e s u l t .  A s  t h e  bubble su r face  i n t e r s e c t s  t h e  r e s u l t a n t  d i s l o c a t i o n s ,  ledges 

w i l l  be produced t h a t  can f a c i l i t a t e  atom attachment and detachment. 

Since p l a s t i c  deformation of t h e  U 0 2  due t o  an overpressurized bu6.ble is 

expected t o  r e s u l t  i n  a h igh dens i ty  of d i s l o c a t i o n s  around. t h e  bubble su r face ,  

t h e  d i f f u s i v i t y  of such a bubble would be expected t o  inc rease  q u i t e  r ap id ly .  

I n  e f f e c t ,  bubble ' d i f fus ion  would depend more a n  :the t h e  required  f o r  atoms 

t o  move f r0m.a  s t e p  on one s i d e  of a bubble t o  a s t e p  on the  o the r  ( i . e .  

su r face  d i f fus ion)  than on t h e  frequency of nuc lea t ion  of s t eps .  

A s  t h e  l a t t i c e  approaches thermodynamic equil ibrium, t h e  bubbles w i l l  

expand a t  a f a s t e r  r a t e  a s  a r e s u l t  of the  a v a i l a b i l i t y  of l a t t i c e  vacancies 

and w i l l  l o se  t h e i r  overpressur iza t ion.  When t h e  m a t e r i a l  around a bubble is  

no longer undergoing p l a s t i c  deformation, the  d i s l o c a t i o n s  w i l l  quickly anneal  

out .  Under these  condi t ions ,  bubble mobi l i ty  w i l l  be quickly reduced a s  the  

d i f fus ion .o f  the  bubbles bec0m.e~ once again dominated by the  frequency of s t e p  
. ., L. . . 

nucleat ion.  

4.6. A mode2 for the diffusion of merpressu&zed fission-gas bubbles 

I n  an  at tempt t o  quant i fy  the  ideas  presented i n  s e c t i o n  4.5, consider 

t h e  excess i n t e r n a l  gas pressure  i n  a bubble of r ad ius  ri t h a t  i s  given by 

where y i s  ;he effeStive :surface tens ion,  and . .:.:: 



i s  the  gas pressure  wi th in  the  bubble a t  temperature T. Eq. (14) is a re- 

arrangement of t h e  Van der  Waals equation; b = 8.3 x i s  Van der  Naals 
v 

constant  f o r  xenon/krypton, k i s  t h e  Boltzmann constant ,  and n i i s  the  number 

ex 
of gas atoms i n  t h e  bubble of r ad ius  ri. Pi 

i s  a measure of t h e  r e s u l t a n t  

pressure  i n  t h e  matrix,  which vanishes  under t h e  i n i t i a l  equil ibrium condi t ions .  

I n  eq. (13), t h e  e f f e c t  of e x t e r n a l  s t r e s s e s  has been neglected.  Consider a 

t i m e  i n t e r v a l ,  A t  seconds, of the  t r a n s i e n t  during which the  f u e l  temperatures 

a r e  increas ing a t  a r a t e  dT/dt (O'C/s). During t h i s  t i m e ,  bubble coalescence 

and re-solution a r e  assumed not t o  occur and n i s  constant  and given by the  
i 

i n i t i a l  equil ibrium condit ions 

where. T i s  t h e  temperature a t  the  beginning of the  time i n t e r v a l .  A t .  
1 

F i r s t  consider t h e  case where t h e  bubble rad ius ,  ri, i s  constant  over the  

t i m e  i n t e r v a l  A t :  The t i m e  T' required,  f o r  t h e  bubble t o  obta in  an excess 
i 

pressure. s u f f i c i e n t  t o  generate an equivalent  s t r e s s  - e ~ u a l  t o  the  y i e l d  s t r e s s ,  

a of the  surrounding matrix i s ,  using eqs.  (13:) and (14),  given by 
Y' 

where a = a (T) i s  used. to .  emphasize t h a t  o is  a s t rong  funct ion of t h e  f u e l  
Y Y Y 

temperature. Eq. (16) does not. take  i n t o  account t h e  s i t u a t i o n  i n  which the  

bubble may be overpressurized p r i o r  to  the  beginning of t h e  time i n t e r v a l  A t .  

I f  the  bubble was i n i t i a l l y  i n  an overpressurized s . t a t e ,  then eq. (16) would 

overest imate the  t i m e  required f o r  t h e  equivalent  s t r e s s  generated by the  

ove~pr,essur-ized . bubble . to  ,become, {equal to  .a . On t h e  .o ther  hand, i f  clppreciab l e  
Y 

bubble re laxa t ion  occurs during t i m e  .rY ( i . e .  r inc reases ) ,  then eq. (16) 
i i 

would underestimate t h e  time required  f o r  t h e  equivalent  s t r e s s  generated by 



t h e  overpressurized bubble t o  become equal  t o  a . 
Y 

A r igorous  approach t o  t h e  c a l c u l a t i o n  of t h e  excess i n t e r n a l  gas pressure  

f o r  each bubble of r ad ius  r i , .where i v a r i e s  over the  l i m i t s  of the  bubble 

s i z e  d i s t r i b u t i o n ,  r equ i res  t h e  numerical s o l u t i o n  of a l a r g e  set of coupled 

p a r t i a l  d i f f e r e n t i a l  equations f o r  t h e  r a t e  of change of bubble r a d i i  and 

t h e  r a t e  of change of the  lat t ice-vacancy concentrat ion,  cv [29]. Because of 

code running t i m e  requirements, t h i s  approach i s  ou t s ide  t h e  scope of GRASS-SST. 

However, a phenomenological" approach t o  t h e  problem of bubble overpressur iza t ion  

can be  formulated by evaluat ing ry a s  given by eq. (16) with respect  t o  the  
i 

B 
bubble-relaxation time, ri.  

L e t  a 0 5 ai c 1, charac te r i ze  t h e  degree of nonequilibrium i n  the  
i ' - 

l a t t i c e  surrounding a bubble of r ad ius  ri; t h e  l a r g e r  cii t h e  f a r t h e r  the system 

is  from an equilibrium- conf igura t ion.  The change i n  ai  can be  w r i t t e n  i n  terms 

B 
of a i  and t i m e s  r: and r [ i . e .  see eqs. (6) and (16) 1 a s  

i 

B 
Thus, as r); decreases and i increases ,  the  system depar t s  more from i ts  

: i 

equil ibrium configurat ion.  Conversely, as r Y  inc reases  and r B  decreases ,  the  
i i 

system approaches equilibrium. 'Sdlving eq. '(17) f o r  a i  g ives  

The problem t h a t  remains is to  r e l a t e  a t o  the  bubble d i f f u s i v i t y .  
i 

This can be accomplished by considering. the. limits of the  bubble d i f f u s i v i t i e s  

used i n  GRASS-SST. During s teady-s ta te  condit ions ( i . e .  a << I ) ,  GRASS-SST 
i 

uses empir ica l  in t ragranu la r  d i f f u s i v i t i e s  given by [30] 



Eq. (19) i s  l imi ted  by c o n s t r a i n t s  of compat ib i l i ty  with t h e o r e t i c a l  t reatments 

of bubble mobi l i ty  by su r face  d i f fus ion .  The d i f f u s i v i t y  of a bubble moving 

by su r face  d i f f u s i o n  i s  given by 

Based on the  d iscuss ions  above the  bubble d i f f u s i v i t i e s  during t r a n s i e n t  heat ing 

condit ions should be given by eq. (20) a s  ci -+ 1. Thus, using eqs . (19) and 

(20), the  fission-gas-bubble d i f f u s i v i t i e s  can be expressed i n ' t e r m s  of 

the  equilibrium. parameter, a a s  
i ' 

-7  
where r of eq. (19) is  assumed t o  have the .  va lue  of 0.24 x 10 cm. When 1 

a -+. 0 eq,. (21)- -+ eq. (19) ,. and when a -+ 1 Eq. (21) -+ eq. (20) . For i n t e r -  i i 

mediat'e va lues  of ai ,  t h e  d i f  f u s i v i t i e s  given by eq.  (21) l i e  i n  between those 

given by eq. (19) a s  a lower l i m i t  and those given by eq. (20) a s  an upper 

To use eq. (21), the U02 y i e l d  s t r e s s ,  a , i n  eq. (19) must be determined. 
Y 

I n  general ,  a i s  a complex funct ion of f u e l  temperature, s t r a i n  r a t e ,  and 
Y 

micros t ructure  (e.g. U02 g ra in  s i z e ) .  ~ x p e r i m e n t s  designed t o  measure t h e  U02 

y i e l d  s t r e s s  under s teady-s ta te  and t r a n s i e n t  in-reactor  condit ions a r e  d i f f i c u l t  

t o  perform and adequate d a t a  a r e  lacking.  The U02 y i e l d  s t r e s s  used i n  t h e  

c a l c u l a t i o n  of gas-bubble d i f f u s i v i t i e s ,  a s  given by eq. (21),  has been determined 

based on the  da ta  of Roberts [40].  Roberts conducted conventional load versus  

de f lec t ion ,  s t r a i n - r a t e  change, and s t ress - re laxa t ion  t e s t s  on UO -20 w t X  Pu02 2 
-1 

.spechueus i n   he :stl.qain-,rqte , range,£ rom 0.1 t o  0 .4  h and in the  temperature 

range from 1500 t o  1800 C .  The specimens, prepared from mechanically blended 



powders with g r a i n  s i z e s  from 2 t o  14.5 vm, were deformed i n  four-point bending 

in '  a high-temperature, inert-atmosphere furnace.  The most s i g n i f  f cant  observa- 

. t ions  from these  experiments a r e  the  s t rong temperature dependence of the  flow 

s t r e s s  (flow s t r e s s  decreases a s  t h e  temperature increases)  and t h e  inc rease  

i n  f l o w . s t r e s s  with an  inc rease  i n  g ra in  s i z e  ( i n  these  experiments t h e  flow 

s t r e s s  corresponds t o  the  propor t ional  e l a s t i c  l i m i t  s t r e s s ) .  

An a n a l y t i c a l  expression f o r  t h e  y i e l d  s t r e s s  a s  a :function of t h e  

temperature and g ra in  s i z e  was obtained from Roberts '  d a t a  by quadra t i c  re- 

2 
gress ion ana lys i s .  E x p l i c i t l y ,  f o r  o ( i n  dyneslcm ) 

Y 

where 

and 

Eq. (22) is  assumed v a l i d  f o r  temperatures between 1500 and 2100 C and f o r  

g r a i n  s i z e s  between d = 2.0 and d = 14.5 um. 

5. Comparison of code p red ic t ions  f o r  s teady-s ta te  condi t ions  wTth 
experimental r e s u l t s  

I n  t h i s  sec t ion ,  GRASS-SST s teady-s ta te  r e s u l t s  f o r  t h e  i r r a d i a t i o n s  of 

f u e l  used i n  DEH t e s t i n g  will be discussed.  GRASS-SST r e s u l t s  f o r  o the r  steady- 

s t a t e  i r r a d i a t i o n s  have been discussed previously  [30]. 

The purpose of t h e  s teady-s ta te  simulat ion is t o  e s t a b l i s h  t h e  i n i t i a l  

condit ions i n  t h e  f u e l  p e l l e t  p r i o r  t o  DE'H t e s t i n g  (e.g.  bubble-size d i s t r i b u t i o n s  

and amounts and loca t ion  of re ta ined gas) .  GRASS-SST simulated a steady- 

state irradiation of commercial PWR f u e l  i n  t h e  H. 8. Robinson r e a c t o r  and an 

i r r a d i a t i o n  of rod 843 i n  the  Saxton reac to r .  For these  s teady-s ta ta  i r r a d i a t i o n s ,  



GRASS-SST w a s  run  w i t h  an  exper imenta l  v e r s i o n  of t h e  LIFE-L6R fue l -behavior  

code [41] .  Table 3 shows t h e  r e s u l t s  of t h e  s t e a d y - s t a t e  s imu la t ions  

f o r  t o t a l  gas  r e l e a s e  from t h e  r o d s  as w e l l  a s  t h e  q u a n t i t y  of gas  r e t a i n e d  

i n  t h e  p e l l e t s  used f o r  DEH t e s t i n g .  Also l i s t e d  i n  t a b l e  3 are t h e  expe r imen ta l ly  

determined v a l u e s  f o r  t h e s e  q u a n t i t i e s .  From t a b l e  3,  t h e  c a l c u l a t e d  q u a n t i t y  

of r e t a i n e d  g a s . i n  the.  p e l l e t s .  p r i o r  t o  DEH t e s t i n g  a r e  i n  r ea sonab le  agree- 

ment w i t h  t h e  da ta .  

A s  an a d d i t i o n a l  check t h a t  GRASS-SST is supply ing  t h e  c o r r e c t  i n i t i a l  

cond i t i ons  t o  t h e  t r a n s i e n t  a n a l y s i s ,  t h e  GRASS-SST-calculated i n t r a g r a n u l a r  

bubble d e n s i t y  ve r sus  bubble diameter  a t  a f r a c t i o n a l  r a d i u s  of %0.20 f o r  

. the H. B. Robinson f u e l  p e l l e t s  a t  end of l i f e  i s  shown i n  f i g .  11. Also 

shown i n  f i g .  11 is an e s t i m a t e  of t h e  measured d e n s i t y  of f i s s ion -gas  bubbles  

obta ined  from r e p l i c a  f r a c t o g r a p h s  ( s e e  s e c t i o n  2 .1) .  Bubbles w i th  d iameters  

< l o 0  were below t h e  l i m i t  of r e s o l u t i o n  and thus  were n o t  obse rvab le .  The 

c a l c u l a t e d  bubble-s ize d i s t r i b u t i o n ,  shown i n  f i g .  11, c o n s i s t s  mainly of 

f i s s ion -gas  atoms and q u i t e  sma l l  ( ~ 1 0 0  i) f i s s ion -gas  bubbles .  The absence 

of  l a r g e  bubbles  is  due t o  t h e  low f u e l  tempera tures  c h a r a c t e r i s t i c  of t he  

H. B. Robinson i r r a d i a t i o n ,  e s p e c i a l l y  dur ing  t h e  second cyc le  when c e n t e r - l i n e  

,t.emper.atur,es .,, yeFe ,Y9-QO°C ..,., ;F,rm . f ig .  ..ll,* t h e  .ca lcu la ted  bubble d e n s i t i e s  a r e  

i n  reasonable  agreement w i t h  t h e  da t a .  

6.  Comparison of code p r e d i c t i o n s .  f o r  t r a n s i e n t  gas  r e l e a s e  wi th  exper imenta l  
r e s u l t s  

F ig .  12  shows t h e  r e s u l t s  of GRASS-SST c a l c u l a t i o n s  of t r a n s i e n t  gas  

r e l e a s e  ve r sus  t h e  measured r e s u l t s  from t h e  DEH t e s t s  shown i n  f i g .  3 f o r  

which f u e l  temperature and gas- re lease  da t a ;  were a v a i l a b l e .  The d iagonal  ' l i n e  

i n d i c a t e s  t h e  p o s i t i o n  of p e r f e c t  agreement between GRASS-SST p r e d i c t i o n s  and 

exper-5ment. .=The .ca lcu la&ed - ~ e s u l t . s  . ' i n  - f i g .  1 2  .wet.e.. made u t i l i z i n g  eq . ( 21) . 



A s  is ev iden t ,  t h e  GRASS-SST p r e d i c t i o n s  a r e  i n  good agreement w i t h  t h e  exper i -  

menta l  measurements. Using d i f f u s i v i t i e s  ob ta ined  by s e t t i n g  ai = 0 i n  

eq. (21) , i .e.  u s ing  t h e  e m p i r i c a l  d i f f u s i v i t i e s  g iven  by eq . (19) ,  t h e  code 

s i g n i f i c a n t l y  unde rp red ic t s  t h e  d a t a  f o r  t r a n s i e n t  gas  r e l e a s e  >5%, except  

f o r  t e s t  3 1  f o r  which t h e  d a t a  a r e  ove rp red ic t ed  by about  a f a c t o r  of two. 

The f a c t  t h a t  GRASS-SST can p r e d i c t  t h e  DM t r a n s i e n t  gas  r e l e a s e  f o r  a l l  

DEH t e s t s ,  i nc lud ing  t e s t  31, suppor t s  t h e  hypo thes i s  desc r ibed  i n  s e c t i o n  4 ,  

i.e.. t h e  mob i l i t y  of f i s s ion -gas  bubbles  i s  enhanced when t h e  bubble is  over- 

p re s su r i zed ,  i f -  t h e  equ iva l en t  s t r e s s  genera ted  a s  a  r e s u l t  of t h e  excess  

p re s su re  i n  t h e  bubble  exceeds t h e  y f e l d  s t r e n g t h .  of. t h e  sur rounding  ma t r ix .  

.An add i t~o&l .den ions t ra t ion  of t h e  need t o  model t h e  e f f e c t  t h a t  t r a n s i e n t  

h e a t i n g  has  on bubble mob i l i t y  2 s  g iven  by t h e  fo l lowing  example. Suppose 

t h e  c a p a b i l i t y  of GRASS-SST t o  p r e d i c t  DEH t r a n s i e n t  gas  r e l e a s e  depends only 

upon a r e l a t i o n s h i p  between t h e  bubble m o b i l i t i e s  arid t h e  t r a n s i e n t  tempera ture  

arid n o t  on o t h e r  parameters  suCh a s  h e a t i n g  rate and U 0 2  y i e l d  s t r e n g t h .  For 

t h i s  case ,  t h e  bubble  d i f f u s i v i t i e s  dur ing  t r a n s i e n t  h e a t i n g  could b e  desc r ibed  

by t h e  curve shown i n  f i g .  13. I n  f i g .  13, a t r a n s i t i o n  curve i n i t i a t e s  a t  

some c r i t i c a l  temperature,  Tc, and connects  t h e  s t e a d y - s t a t e  d i f f u s i v i t i e s  w i t h  

those  given by t h e  theory  of s u r f a c e  d i f f u s i o n .  Fig.  14 shaws t h e  r e s u l t s ,  

us ing  t h e  bubble d i f f u s i v i t i e s  shown i n  f i g .  13 ,  of GRASS-SST c a l c u l a t i o n s  of 

t r a n s i e n t  gas  r e l e a s e  v e r s u s  t h e  measured r e s u l t s  f o r  t h e  DM t e s t s  shown i n  

f i g .  12. Except f o r  t e s t s  24, 31, and 32, t h e  GRASS-SST p r e d i c t i o n s  ( f i g .  14) 

based on t h e  d i f f u s i v i t i e s  shown i n  f i g .  1 3  a r e  i n  r ea sonab le  agreement w i t h  

much of t he  d a t a .  The p r e d i c t i o n s  f o r  t r a n s i e n t  g a s  r e l e a s e  from t e s t s  24, 31, 

and 32 a r e  o f f  by more than a f a c t o r  of two ( t e s t  35 w a s  n o t  run  f o r  t h i s  c a s e ) .  

The reason  f o r  t h i s  ove rp red ic t ion  of t r a n s i e n t  gas  r e l e a s e  i s  t h a t  t h e  

d f f f u s i v i t i e s  shown i n  f i g .  13 d e s c r i b e  enhanced d i f f u s i o n  of g a s ' b u b b l e s  

even dur ing  pe r iods  when t h e  h e a t i n g  r a t e  i s  r e l a t i v e l y  low. Th i s  r e l a t i v e l y  

low r a t e  of h e a t i n g  i s  c h a r a c t e r i z e d  by t e s t  31, which had a  long s t e a d y - s t a t e  



preheat  a t  high power. The a n a l y s i s  leading t o  eq. (21) accounts f o r  the  

dependence,of bubble mobi l i ty  on hea t ing  r a t e  and, a s  is evident  from f i g .  12, 

p r e d i c t s  t r a n s i e n t  gas r e l e a s e  i n  good agreement with the  measured values  f o r  

a l l  the  data .  A s  o the r  DEH test r e s u l t s  become a v a i l a b l e ,  t h e  v a l i d i t y  of 

eq. (21) w i l l  continue t o  be examined. 

7 .  Conclusions 

The r e s u l t s  of GRASS-SST pred ic t ions  f o r  t r a n s i e n t  f ission-gas r e l e a s e  

during DEH tests a r e  i n  exce l l en t  agreement wi th  experimental da ta .  .Comparisons 

of GRASS-SST pred ic t ions  of gas r e l e a s e  and bubble-size d i s t r f b u t i o n s  with 

the  results of DEH t r a n s i e n t  t e s t s  i n d i c a t e  t h a t  (a)  coalescing bubbles do not 

have s u f f i c i e n t  t i m e  t o  grow t o  equilibrium s i z e  during most t r a n s i e n t  condi t ions ,  

(b) t h e  m o b i l i t i e s  of f ission-gas bubbles i n  U02 a r e  enhanced during non- 

equil ibrium condi t ions ,  i f  the  excess pressure  i n  t h e  bubble Is s u f f i c i e n t  to  

generate an 'equivalent .  s t r e s s  greater .  than o r  equal t o  the  y i e l d  s t r e s s  of the  

surrounding matrix, and (c)  channel formation on g r a i n  su r faces  and coalescence 

of the channels wi th  each o the r  and wi th  t h e  tunnels  of gas along the  g ra in  

edges can con t r ibu te  t o  grain-boundary separa t ion  and/or the  rap id ,  long-range 

in terconnect ion of poros i ty .  The phenomena of grain-boundary separa t ion  and/or 

long-range interconnection of poros i ty  provides an important r e l e a s e  mechanism 

f o r  f i s s i o n  gas t h a t  has moved out  of the  g ra ins  of i r r a d i a t e d  f u e l .  
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L i s t  of Figures 

~ i ~ .  1. Transverse s e c t i o n  through t h e  high power region  of Robinson rod F7. 
. . 

Fig.  2. Transverse s e c t i o n  through Saxton rod 843 nea r  t h e  peak power p o s i t i o n .  

Fig.  3. Percent  X e  r e l e a s e  v s  energy inpu t  f o r  DEH-tested specimens. 

Fig.  4. Percent  X e  r e l e a s e  v s  maximum c e n t e r  temperature during DEH t e s t i n g .  

F ig .  5. Op t i ca l  micrographs of i n t e r g r a n u l a r  s e p a r a t i o n s  i n  DEH-tested f u e l .  

Fig.  6. Scanning e l e c t r o n  f rac tographs  a t  four. r a d i a l  p o s i t i o n s  i n  a Robinson 
f u e l  p e l l e t  a f t e r  DEH t e s t  24. 

Fig.  7. Percent  Xe r e l e a s e  v s  volume-averaged swel l ing .  

Fig.  8. Percent  Xe r e l e a s e  v s  new pore-solid s u r f a c e  a r e a .  

Fig.  9. I n t e r g r a n u l a r  sepa ra t ions  in  (A) PBF- and (B) DM-tested f u e l .  

Fig. 10. SEM frac tographs  of Robinson and Saxton f u e l s .  

Fig.  11, GRASS-SST c a l c u l a t e d  i n t r a g r a n u l a r  bubble d e n s i t y  v s  bubble diameter  
f o r  H. B. Robinson f u e 1 , a t  end of l i f e  compared w i t h  experimental  da ta .  
Bubbles w i t h  diameters  $100 1 were below t h e  l i m i t  of r e s o l u t i o n .  

Fig. 12. GRASS-SST-predicted t r a n s i e n t  gas r e l e a s e  using eq.  (21) v s  experi-  
mental ly measured va lues .  

Fig.  13. I n t r a g r a n u l a r  d i f f u s i v i t y  of a 100-atom f iss ion-gas  bubble a s  a func t ion  
of 1/T, assuming a temperature-dependent t r a n s i t i o n  curve. 

Fig.. 14. GRASS-SST-predicted t r a n s i e n t  gas r e l e a s e  us ing  the  assumed temperature- 
dependent d i f f u s i v i t i e s  shown i n  f i g .  1 3  v s  exper imenta l ly  measured 
va lues .  These r e s u l t s  i n d i c a t e  t h e  need f o r  a dependence of hea t ing  
r a t e  on gas-bubble d i f f u s i v i t y ,  e .g.  a s  descr ibed  by eq. (21) and 
d iscussea  i n  t h e  t e x t .  



Table 1 

P o s t i r r a d i a t i o n  f ission-gas r e t e n t i o n  f o r  Robinson and 
Saxton f u e l s  

Fuel type 

Gas r e t e n t i o n  
(umo l e  /gU0 2)  

Saxton 16 2 



Table 2 

Experiment.al da t a  "i o r  DEH t e s t s  

. Gas r e l ea se  
from % 

Avg . unmel ted Avg . 
Frac t iona l  f u e l  (%)a center  Max. Test 'power Energy Xe r e l ea se  K r  r e l ea se  sap - center  Swelling 

Test durat ion ramp inYt me1 t g 
no. heat'N temp. 

i s )  r a t e ,  (10 Was) (~mole lg )  (%I (~mole lg )  (%I rad ius  Xe K r  r a t e  
("C) 

("1 . ( lo4  m 2 ~ g )  
'(WIS) ("CIS) 

- - - 

a Assuming t h a t  a l l  gae was released from the  f u e l  t h a t  melted. 

b ~ a x t o n  fue l .  

'NA - not ava i lab le .  



Table 3 ' 

GRASS-SST ca lcu la t ed  va lues  f o r  t o t a l  gas r e l e a s e  from Saxton and H. B .  Robinson 
f u e l  rods and f o r  the  q u a n t i t y  of gas r e t a i n e d  i n  p e l l e t s  used f o r  DEH t e s t i n g  
compared wi th  experimental  r e s u l t s  

T o t a l  c a l c u l a t e d  T o t a l  measured 
To ta l  ca l cu la t ed  To ta l  measured q u a n t i t y  q u a n t i t y  
gas  r e l e a s e  from gas r e l e a s e  

Fuel  of gas remaining of gas remaining rod from rod i n  f u e l  p e l l e t  i n  f u e l  p e l l e t  
(mm mole) (mm mole) 

(~.lmole/g) (umolelg) 

H. B. 0.12 . 
Robinson 

Saxt on 1.15 0.958 17  16  







F i g .  3 .  Percent Xe release vs  energy input for DEH-tested specimens. 
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Percent Xe Release as a Function of Maximum Centerline Temperature 

F i g .  4 .  Perceac Xe release vs maximum c e n t e r . t e m p e r a t u r e  dur ing  DEH t e s t i n g .  
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Percent Xe Release as a Function of Volume-averaged Swelling 

Fig. 7. ' Percent X e  release vs .  volume-averaged swelling. 



percent X e  Release as a Funct ion  of New Pore-Solid Surface Area 

Fig. 8. Percent Xe release vs new pore-solid surface area. 



Fig, 9 .  Intergranular separations i n  (A) PBF- and (B) DW-tested fuel. 



Compari son of Postl 
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Fig. 10. SEM fractographs of Robinson and Saxton fuels. 



BUBBLE DIAMETER ( A )  
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Fig.  11. CRASS-SST c a l c u l a t e d  i n t r a g r a n u l a r  bubble d e n s i t y  vs bubble diameter  
for H. B. Robinson f u e l  a r  end of l i f e  compared wi th  experimental  da ta .  
Bubbles w i t h  diameters $100 A were below t h e  limit of r e s o l u t i o n .  . 
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pig .  12. GRASS-SST-predicted transient gas re lease  using eq. (21) vs experi- 
mentally measured values.  



, ... . 

Fig. 13. lntragranulir diffusivity of a 100-atom fission-gas bubble as a function 
of 1 /T ,  assuming a temperature-dependent transition curve. 



PREDICTED GAS RELEASE 

P i g .  14. GRISS-SST-prrdlccrd c r a r ~ s i m i  gas r e l s a s e  using the assumed temperature 
dependent d i f f u s i v i t i e s  shown i n  f i g .  13 v s  experimentally measured 
values.  These r e s u l t s  indicate  the need for  a dependence of  heating 
race on gas-bubble d i f f u s i v i t y ,  e . g .  a s  described by eq. (21) and 
discussed i n  the t e x t .  




