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ABSTRACT 

Analysis  of t r i t i u m  r e l e a s e  data i n  A u s t e n i t i c  S t a i n l e s s  s t e e l s  has 

revealed a s i g n i f i c a n t  amount of permanent t r app ing  i n  t h e  s u r f a c e  region.  

These data have been f i t t e d  t o  an  e x i s t i n g  t r app ing  model t o  g ive  values f o r  

t h e  t rapping parameters t h a t  obey t h e  Arrhenius r a t e  equation.  

Gas r e l e a s e  s t u d i e s  from Zircaloy-2 samples have been extended t o  the  

temperature range 25OC - 411°C and apparent  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  

su r face  reg ion  c a l c u l a t e d .  These c o e f f i c i e n t s  a r e  represented by 

- 13 .- 2 -1 
D = 0.12 x 10 exp 5,500 C a l / R T '  cm s e c  

and a r e  l e s s  than t h e  bulk  d i f f u s i o n  c o e f f i c i e n t s  i n  Zircaloy-2 by a 

f a c t o r  lo7 - 10 . 8 

A few measurements of t r i t i u m  r e l e a s e  from Zircaloy-2 samples which 

have known amounts of oxide on t h e  s u r f a c e  have been conducted. The samples 

were oxidized f o r  d i f f e r e n t  times i n  200 Torr  p ressure  of oxygen a t  50OoC. 

The oxide th ickness  was  measured by scanning e l e c t r o n  microscopy. There 

i s  some i n d i c a t i o n  t h a t  t h i c k  oxide l a y e r s  (> 0.2  p,m) do n o t  provide any 

a d d i t i o n a l  b a r r i e r  a g a i n s t  t r i t i u m  r e l e a s e .  

I n  o r d e r  t o  a s s e s s  t h e  e f f e c t s  of  s u r f a c e  regions  wi th  low d i f f u s i o n  

c o e f f i c i e n t s  on s t a i n l e s s  s t e e l  and Z i rca loy  c laddings  on t r i t i u m  r e l e a s e  

through t h e  c l a d ,  a 3- region d i f f u s i o n  model of t h e  c ladding has been 

formulated, solved a n a l y t i c a l l y  and numerical r e s u l t s  computed f o r  t y p i c a l  

PWR and BWR c lad  th icknesses .  The computed r e l e a s e  f r a c t i o n s  a r e  i n  good 

agreement wi th  l i t e r a t u r e  da ta  from f u e l  p in  i r r a d i a t i o n s .  
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A c a l c u l a t i o n  of t h e  t r i t i u m  p r o d u c t i o n  i n  t h e  p r i m a r y  c o o l a n t  o f  

t h e  H .  B .  Robinson  No. 2 PWR P l a n t  a t  H a r t s v i l l e .  Sou th  C a r o l i n a  has been  

per formed.  It shows t h a t  t h e  t r i t i u m  produced i n  t h e  c o o l a n t  c an  n o t  f u l l y  

a c c o u n t  f o r  a l l  o f  t h e  t r i t i u m  found iii measurements  o f  the p r imary  w a t e r  

a t  t h e  p l a n t ,  imp ly ing  tha t .  t r i c i u m  d i f f u s i o n  from t h e  f u e l  t o  t h e  c o o l a n t  

i s  a c o n t r i b u t i i i g  s0urc.e of t r i L i L m .  
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INTRODUCTION 

Tr i t ium d i f f u s i o n  s t u d i e s  i n  a u s t e n i t i c  s t a i n l e s s  s t ee l s  and i n  

Zircaloy-2 have been undertaken t o  a s s e s s  t h e  c o n t r i b u t i o n  made by t e r n a r y  

fission-produced t r i t i u m  t o  a c t i v i t y  i n  t h e  primary coo lan t  system i n  

nuc lea r  power r e a c t o r s .  

cladding'') based im bulk diffr is ion c o e f f i c i e n t s  i n  these  m a t e r i a l s  suggest  

t h a t  t r i t i u m  r e l e a s e  w i l l  b e  h i g h .  However, suci.i p r e d i c t i o n s  have been 

con t rad ic ted  by prelimi.nary o b s c r v a t i o n s  i n  a c t u a l  r e a c t o r s  which i n d i c a t e  

t h a t  l ess  than  0.lX o f  t he  terriar;, fissio-r., : : r i t : i u m  d i f f u s e s  through Zi rca loy  

Previous r e s u l t s  .Erom [:he present: r e s f j a rch  p r o j  e ~ t ' ~ '  have c ladding.  

shown t h a t  a p o s s i b l e  mechanism f o r  th i s  low rel .ease i s  t r i t i u m  t rapping 

i n  s u r f a c e  ox ide  l a y e r s  r e s u l t i n g  i n  apparent d i f f u s i o n  c o e f f i c i e n t s  f r o n  

t h e  s u r f a c e  which a r e  smal ler  than the bulk  diff :ssion c o e f f i c i e n t  by a f a c t o r  

o f  10 - 10 i n  i:i.rcaloy and  a h o u t  10 in. s t a i n l e s s  s t e e l .  

Ca l c u l a t i o n s  o f  t r i t i u m  d i f f u s i o n  through r e a c t o r  

( 2 )  

7 8 2 

This  r e p o r t  r e p o r t s  on f u r t h e r  resiilts on s u r f a c e  t r a p p i n g  i n  st:air,lesc 

s t e e l  and Zircaloy-2 and  a model  t h a t  nakes use  o f  t h e s e  r e s u l t s  t o  precli-ct 

an upper l i m i t  f o r  t h e  r e l e a s e  o f  t r i t i u m  from r e a c t o r  cladding.  

c a l c u l a t i o n  of t r i t i u m  a c t i v i t y  i n  t h e  primary coo lan t  system of pressur-  

i zed  wate r  r e a c t o r s  r e s u l t i n g  from boron and lithium r e a c t i o n s  i s  a l s o  

presented and compared w i t h  a c t u a l  p l a n t  da ta  from an o p e r a t i n g  PWR. 

pre l iminary r e s u l t s  on t h e  behavior o f  t r i t i u m  d i f f u s i o n  through Z r O  

f i lms on Zircaloy-2 a r e  a l s o  repor ted .  

A 

S m e  

2 
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A d e t a i l e d  d i scuss ion  of t h e  t r i t i u m  d i f f u s i o n  experiments and r e s u l t s  

has been repor ted  i n  t h e  pas t  two annual r epor t s  and pub l ica t ions .  These 

a r e :  

Annual Program Reports: "Diffusi.on of  Gases i n  S o l i d s ,  USAEC 

0R0-3508-6 
ORO- 3508-7 

11/69 t o  10170 
1 1 / 7 0  t o  l O / T l  

(Avai lable  from: Superintendent of Documents. U. S .  
Department of Commerce, Washirigton. Ti. C .) 

"Diffusion of  T r i t i i i m  i n  Ai:stei:itic S t a i n l e s s  S t e e l s  , ' I  - J o u r .  
Nucl. Mat. 43, 119  (1972). - - -  
"Grain Boundary Diffusioii  o f  Tr i t ium ii: 304- and 316-Stainless  
S t ee l s ,"  Jour .  Nucl. Nat. ( i n  Press) .  

- _ I _-  

" T r i t i u m  Di f fus ion  i n  Zircaloy-2 and S t a i n l e s s  SLeels, '' Trans.  
A m e r .  Nucl. SOC. 1 5 .  ( l j  229 (1972). 

A review of  t h e  major  r e s u l t s  presented i n  t h e s e  p c b l i c a t i o n s  a re  

- - I _  

summarized h e r e  as background information.  

1. Reproducible measarenents of tritiwn concentra t ion p r o f i l e s  r e s u l t i n g  

from d i f f u s i o n  i n  s t a i n l e s s  s t e e l s  and Zircaloy can be  made by r e c o i l i n g  

i; 
t r i t i u m  i n t o  specimens through transmutation of a LiF s u r f a c e  b lanke t ,  

removing t h i n  s e c t i o n s  by e l e c t r o p o l i s h i n g  o r  chemical po l i sh ing ,  and 

assaying t h e  p o l i s h  s o l u t i o n  f o r  t r i t i u m  a f t e r  d i s t i l l a t i o n .  

2 .  Three components t o  t h e  d i f f u s i o n  can be identif ied i n  s t a i n l e s s  

s t e e l  which involves t r app ing  i n  t h e  s u r f a c e  l a y e r s ,  bulk  d i f f u s i o n  and g r a i n  

boundary d i f f u s i o n .  The f i r s t  two components a r e  observed a l s o  i n  Zircaloy-2.  

3. The bu lk  d i f f u s i o n  components i n  304- and 316- s ta in less  s t e e l s  i s  

c o n s i s t e n t  w i t h  c l a s s i c a l  d i f f u s i o n  s o l u t i o n s  and Arrhenius p l o t s  of t h e  

d i f f u s i o n  c o e f f i c i e n t s  y i e l d  s t r a i g h t  l ines .  They a r e  represented by 

2 -1 D = 0.018 exp (-14,000 Cal/RT) cm -sec  
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i n  s t a i n l e s s  s t e e l s  i n  t h e  temperature range 25OC t o  222'C and 
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s 

2 -1 D = 0.00021 exp (-8500 Cal/RT) cm -sec  

i n  Zircaloy-2 i n  t h e  temperature range - 7 8 O C  t o  204OC. 

There was no apparent  d i f f e r e n c e  between 304- and 316- sta inless  

s t e e l s ,  a s  expected. 

4 .  The g r a i n  boundary d i f f u s i o n  c o e f f i c i e n t s  i n  s t a i n l e s s  s t e e l  were 

determined by a combination of sec t ion ing  using a l a t h e  followed by e l e c t r o-  

po l i sh ing  t o  o b t a i n  t h e  t r i t i u m  p r o f i l e  t o  depths o f  t h e  o rder  O F  2000 pm 

i n t o  t h e  sample and f i t t i n g  t h e  data  tro F i s h e r ' s  and Suzouka's model. The 

values obta ined from the  two models gave s t r a i g h t  l i n e s  on t h e  Arrhenius 

p l o t s  and agreed t o  wi th in  a f a c t o r  1.4.  F i s h e r ' s  model gave values 

r epr es en t ed by 

G = g r a i n  boundary d i f f u s i o n  c o e f f i c i e n t  

2 -1 = exp (8.85 5 1 . 2 )  exp (-0.45 i 0.03 eV/kT)cm - s e c  

over t h e  temperature range - 7 8 O C  t o  1 8 5 O C .  

f r a c t i o n  (of t h e  o r d e r  of 1-4%) of t h e  i n j e c t e d  t r i t i u m  was found i n  t h e  

g r a i n  boundary d i f f u s i o n  component dur ing t h e  r e l a t i v e l y  s h o r t  anneal ing 

times used i n  t h e  experiment. These g r a i n  boundary d i f f u s i o n  c o e f f i c i e n t s  

a r e  about 8 o rders  of magnitude g r e a t e r  than t h e  bulk  d i f f u s i o n  c o e f f i c i e n t .  

Only a r e l a t i v e l y  small  

5 .  The near- surface  t r app ing  was s tud ied  by following t h e  k i n e t i c s  

of t r i t i u m  r e l e a s e  from t r i t i u m  doped specimens a t  cons tan t  temperature.  

It was shown t h a t  a two-region c l a s s i c a l  d i f f u s i o n  model which assumes a 

d i f f u s i o n  c o e f f i c i e n t  i n  t h e  s u r f a c e  region which i s  d i f f e r e n t  from t h e  

bulk d i f f u s i o n  coefficient  could f i t  t h e  su r face  r e l e a s e  r e s u l t s  al though 



1 

t h e  model d id  no t  e x p l i c i t l y  account f o r  t r i t i u m  t rapping  and hence t h e  

observed bui ldup of t r i t i u m  i n  t he  sur face  l aye r s .  The apparent  d i f f u s i o n  
lafuJ’ 
n 
Id c o e f f i c i e n t s  f o r  sur face  region determined by t h i s  model gave a l i n e a r  

Arrhenius p l o t  f o r  s t a i n l e s s  s t e e l ,  represented by 

ili 2 -1 
D = 0.00030 exp (-15,400 Cal/RT) cm -sec 

n w i n  t h e  temperature range 25‘ t o  184OC. 

were only a few su r f ace  d i f f u s i o n  measurements f o r  Zircaloy-2,  but  i t  was 

ind ica ted  t h a t  t h e  su r f ace  diE€usion c o e f f i c i e n t s  were about l o7  - 10 

In t h e  l a s t  annual r e p o r t ,  t h e r e  

8 l e s s  

il 
7 

than t h e  bulk d i f f u s i o n  c o e f f i c i e n t s .  

6. The su r f ace  t rapping  i s  bel ieved t o  be  a s soc i a t ed  wi th  oxide f i lms  

on t h e  su r f ace .  However i t  i s  a l s o  conceivable t h a t  t he  helium which i s  

i n j ec t ed  t o  a depth of about 3 r~sn along with t h e  t r i t i u m  a l s o  could con- 

t r i b u t e  t o  t rapping  through t h e  generat ion of helium s t a b l i z e d  voids .  This  
- 

J l a t t e r  p o s s i b i l i t y  was i nves t i ga t ed  by d i f f u s i n g  t r i t i u m  through a l a y e r  

of helium which was produced by p r i o r  implantat ion of monoenergetic helium 

ions i n t o  s t a i n l e s s  s t e e l  f o i l s .  

observed . 
No t rapping  i n  t h e  helium l a y e r  was 

7.  The su r f ace  t rapping  e f f e c t s  could expla in  a t  l e a s t  q u a l i t a t i v e l y  

t he  f a c t  t h a t  t r i t i u m  r e l e a s e  r a t e s  from Zi rca loy  c lad  f u e l  elements i s  

very low i n  c o n t r a s t  t o  t h e  h igh  r e l e a s e  observed from s t a i n l e s s  s t e e l  c lad  

elements. 

1 
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CURRENT RESULTS 

Inves t iga t ions  i n  t he  p a s t  year  included f u r t h e r  t r i t i u m  r e l e a s e  s t u d i e s  

on Zircaloy-2 and s t a i n l e s s  s t e e l s ,  c a l c u l a t i o n  of t r i t i u m  i n  t h e  primary 

coolant  of p ressur ized  w a t e r  r e a c t o r s ,  a c a l c u l a t i o n  of t r i t i u m  d i f f u s i o n  

through r e a c t o r  c ladding us ing  a 3- region c l a s s i c a l  d i f f u s i o n  model and some 

prel iminary s t u d i e s  on t r i t i u m  d i f f u s i o n  through Z r O  

Z i rca loy .  

su r f ace  f i lms on 2 

I. Fur the r  Resul t s  O I L  Surface Trapping i n  Aus t en i t i c  - S t a i n l e s s  S t e e l s  - 
The previous annual r epo r t l 3 )  gave t h e  Arrhenius p l o t  of t he  apparent 

d i f f u s i o n  c o e f f i c i e n t  f o r  t r i t i u m  r e l e a s e  from t h e  su r f ace  reg ion  obtained 

by ana lys i s  o f  t h e  gas r e l e a s e  curves a t  sho r t  times us ing  t h e  two-region 

d i f fu s ion  model. This  nudel ,  however, would no t  be expected t o  f i t  t h e  

gas r e l e a s e  k i n e t i c s  a t  very l o n g  d i f f u s i o n  times i f  t r app ing  plays a major 

r o l e .  

I n  o rde r  t o  b e t t e r  de f ine  t h e  t r a p  c h a r a c t e r i s t i c s ,  t r i t i u m  r e l e a s e  

measurements were made over long anneal ing times and t h e  r e s u l t s  a r e  

expressed i n  F igure  1. 

goes t o  zero  a f t e r  long d i f f u s i o n  t imes.  

l e s s  than u n i t y  and increases  with temperature.  

curves a t  va lues  s i g n i f i c a n t l y  below u n i t y  confirms t rapping  of some of  t he  

t r i t i u m  atoms with no r e l e a s e  from t h e  t r a p s .  

The curves i n d i c a t e  t h a t  t h e  t r i t i u m  r e l e a s e  r a t e  

The l i m i t i n g  r e l e a s e  f r a c t i o n  i s  

The s a t u r a t i o n  of t h e s e  

For t h e  ca se  of homogeneously 

( 4 )  d i s t r i b u t e d  t rapping  s i t e s  with no r e l e a s e  from t h e  t r a p s ,  Ong and Elleman 

have shown t h a t  t h e  f vs t’ curves should have a p l a t eau  wi th  a l i m i t i n g  

r e l e a s e  f r a c t i o n  given by 
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where k i s  t h e  t r app ing  r a t e  cons tan t .  Assuming t h a t  t h i s  t r app ing  model 1 

can be app l ied  t o  t h e  near  s u r f a c e  region a f t e r  long d i f f u s i o n  times, k can 1 

be  determined from t h e  l i m i t i n g  f r a c t i o n a l  r e l e a s e s  shown i n  Figure  1. 

Figure  2 i s  an  Arrhenius p l o t  of t h e  r a t e  constant  k 1' 

only four data  po in t s  t o  d a t e ,  the  data appear t o  f a l l  on a s t r a i g h t  l i n e  

Although t h e r e  a r e  

which can be represented by 

over  t h e  temperature range 4Cr , ' -C :  t o  180°C. 

11. Tri t ium Release from Z i r r a l o y - 2  

I n  t h e  previous annual r c p ~ > r t ( ~ )  i t  was shown t h a t  f o r  t h r e e  d i f f e r e n t  

temperatures a t  which di f fus ior i  was c a r r i e d  o u t ,  t h e  t r i t i u m  r e l e a s e  from 

Zircaloy-2 w a s  very s m a l l  2nd Lhe d i f f u s i o n  c o e f f i c i e n t  i n  t h e  near  s u r f a c e  

region was about seven t o  e i g h t  o rders  of  mzgnitude below t h e  b u l k  d i f f u s i o n  

c o e f f i c i e n t .  

T o  s u b s t a n t i a t e  these  f ind ings  over J broader temperature range,  

a d d i t i o n a l  t r i t i u m  r e l e a s e  measurements i n  t h e  temperature range 25OC t o  

411OC were c a r r i e d  o u t .  The measurements were made by h e a t i n g  t h e  samples 

i n  e i t h e r  a cons tan t  temperature o i l  b a t h  o r  i n  a molten t i n  ba th  whi le  

flowing P- 10 counting gas over t h e  sample and measuring the  a c t i v i t y  of 

the flowing gas wi th  a gas flow of p ropor t iona l  counter .  

Figure  3 shows t y p i c a l  r e l e a s e  curves from Zircaloy-2 samples. Less 

than 1% of t h e  t o t a l  t r i t i u m  w a s  r e leased  from a l l  of the  samples. Figure  

4 gives t h e  near- surface  d i f f u s i o n  c o e f f i c i e n t  c a l c u l a t e d  from t h e  two- 

region model. ( 3 )  The gas r e l e a s e  data  have a f a i r  degree of s c a t t e r  bu t  

t h e r e  i s  l i t t l e  doubt t h a t  t h e  s u r f a c e  l a y e r s  c o n t r o l  t h e  gas r e l e a s e  

il 
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t o  g ive  apparent  d i f f u s i o n  c o e f f i c i e n t s  which a r e  less than  t h e  bulk  

d i f f u s i o n  c o e f f i c i e n t s  by about a f a c t o r  of lo7  - 10 e 

t h e s e  apparent  D values  g ives  

8 The b e s t  f i t  of 

D = 0-12  x exp [5500 Cal/RT] c m  2 sec  -1 

111. A c a l c u l a t i o n  of Tr i t ium Diffus ion through Fuel  Cladding 

Ca lcu la t ion  of t r i t i u m  d i f f u s i o n  through c laddings  t y p i c a l l y  t r e a t s  

t h e  c l a d  as a s i n g l e  homogeneous region.  From t h e  d i f f u s i o n  data  presented 

h e r e  and i n  t h e  ear l ie r  repor t (3 )  i t  would appear t h a t  t h e  d i f f u s i o n  r a t e  

l i m i t i n g  regions  a re  t h e  s u r f a c e s  and t h e r e f o r e  a more r e a l i s t i c  represen-  

t a t i o n  of  t h e  c l a d  should provide  f o r :  

a )  an  inner  oxidized reg ion  i n  con tac t  wi th  t h e  f u e l ,  

b) a middle region of normal bulk  m a t e r i a l ,  and 

c) an  o u t e r  r eg ion  a l s o  composed of an  oxidized l a y e r .  

The s u r f a c e  regions  i n  a n  a c u t a l  c ladding would change wi th  t h e  opera t ion  

of t h e  r e a c t o r  and a r e  t h e r e f o r e  d i f f i c u l t  t o  c h a r a c t e r i z e .  The o b j e c t i v e  

of t h e  c a l c u l a t i o n  presented h e r e  i s  t o  p r e d i c t  an  upper l i m i t  f o r  t h e  

t r i t i u m  r e l e a s e  from r e a c t o r  c ladding wi th  simple oxide  s u r f a c e s  and 

apparent  d i f f u s i o n  c o e f f i c i e n t s  i d e n t i c a l  t o  those  measured i n  t h e  p resen t  

study.  A t  l ea s t  i n  t h e  c a s e  of  BWR cladding,  i t  i s  known t h a t  t h e  

su r faces  o f  t h e  Z i rca loy  tubing a re  oxidized t o  th icknesses  of  t h e  o r d e r  

of  1-3 pm,(4) during f u e l  element manufacture. 

The geometry assumed i n  t h i s  c a l c u l a t i o n  i s  shown i n  F igure  5. 

Transpor t  of  t r i t i u m  i s  be l i eved  t o  b e  by d i f f u s i o n  i n  UO 

release i n t o  t h e  fue l- c lad  gap, The t r i t i u m  i s  then  absorbed on t h e  

i n n e r  w a l l  o f  t h e  c ladding and d i f f u s e s  through t h e  t h r e e  reg ions  of 

t h e  cladding.  

mathematical model: 

followed by 2 

The following assumptions a r e  made i n  developing t h e  
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1. The res idence time of t r i t i u m  i n  t h e  gas plenum i s  sho r t  compared 

t o  t h e  d i f f u s i o n  times; so t h a t  t r i t i u m  re leased from t h e  f u e l  i s  very 

quickly  absorbed on t h e  c ladding sur face .  This  assumption i s  j u s t i f i e d  by 

t h e  observat ions  i n  a c t u a l  f u e l  p i n  i r r a d i a t i o n s  by Goode and Cox, (53  

Melehan") and by Grossman and Hegland(7) which show undetectable  o r  n e g l i -  

g i b l e  amounts of t r i t i u m  i n  t h e  gas plenum. 

would t end  t o  g ive  an upper l i m i t  f o r  t h e  amount re leased  from the  c lad  

surface .  

Furthermore, t h i s  assumption 

2. Tr i t ium a r r i v i n g  a t  t h e  o u t e r  s u r f a c e  of  t h e  c ladding i s  re leased  

immediately i n t o  t h e  coolant .  

i n s u f f i c i e n t  data  a v a i l a b l e  now t o  enable a r igorous  

s o r p t i o n  and desorpt ion behavior of t r i t i u m  a t  t h e  c lad- coolant  i n t e r f a c e .  

This assumption i s  a l s o  conservat ive  s i n c e  i t  w i l l  g ive  high values  f o r  

t h e  r e l e a s e  of t r i t i u m  i n t o  t h e  coolant .  

This assumption i s  made because t h e r e  i s  

t rea tment  of t h e  

3. Dif fus ion  i s  assumed t o  occur a t  t h e  average c lad  temperature i n  

t h e  r a d i a l  d i r e c t i o n .  

t h e  temperature g rad ien t  i n  t h e  a x i a l  d i r e c t i o n  i s  much smal ler  than i n  

t he  r a d i a l  d i r e c t i o n .  

Di f fus ion  i n  t h e  a x i a l  d i r e c t i o n  i s  neglected  s i n c e  

With t h e  above assumptions, t h e  boundary value  problem f o r  t h e  

three- region system may be  formulated a s  

- x1 < x 5 0 a 
a t  1 

a2 
D1 2 Cl(X't) = - c (x , t )  y 

ax 

a 
2 c ( x , t )  =-  c ( x , t )  , 0 5 x g a2 

D 2 2  2 a t  2 ax 

a 
3 c ( x , t )  =-  c (X, t )  , x x g x a2 

ax2 a t  3 2 
D -  

with  t h e  boundary cond i t ions  



11 

D a C ( x , t )  I = D  - 2 ax 2 
x= x 2  2 

where t h e  D’s and C ’ s  a r e  d i f f u s i o n  c o e f f i c i e n t s  and t r i t i u m  concen t ra t ions  

i n  each region.  J ( t )  i s  t h e  source  c u r r e n t  of t r i t i u m  from t h e  f u e l  and i s  

c a l c u l a t e d  from a 

cond i t ions  a r e  

boundary value  problem f o r  t h e  f u e l  region.  The i n i t i a l  

= CJX’O) = C3(X’0) = 0 

The s o l u t i o n  of the  above boundary value  problem i s  complicated by t h e  

inhomogeneous boundary cond i t ion  a t  t h e  i n n e r  s u r f a c e  of  t h e  cladding.  

can be  deduced, however, from t h e  s o l u t i o n  f o r  s i m i l a r  hea t  conduction 

equations given by ‘dlcer(8) and i s  given by 

It 

3 
where - -  1 -  

v i=l “ R i  C 



J 1 2  

( 3) 

B and t h e  A's and biv's a r e  t h e  eigen values and eigen funct ions  of t h e  

assoc ia ted  homogeneous boundary value problem. 

amplitude, t he  eigen funct ions  a re :  

Omitting t h e  a r b i t r a r y  

i ( 4 )  
I 
1 

J t h e  eigen values  may be  determined from t h e  t ranscen-  Since,  h = Dipiv, 

den ta l  equation:  

2 
V 

I S u b s t i t u t i n g  t h e  eigen funct ions  given by Eq.  (4) i n t o  Eq. (21,  we have 

1 (7) 1 -  - - I C 1  + I C 2  + IC3 
V 

C 
1 

where 
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Sin(2f32v~2) 

2 - 1 Dl 2 {1 - 2 tan2(61vxl)} - - [p,=, (1 + - t a n  (B x )} + 
D2 l w  1 2p2 v D2 
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J 
1 

I 

1 

il 
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The amount of  d i f f u s i n g  spec ies  r e l eased  per  u n i t  su r face  a rea  of t h e  

s l a b  over t ime t i s  given by t h e  t ime i n t e g r a l  of t h e  cu r ren t  i n t o  t h e  s l a b  

minus t h e  t o t a l  amount remaining i n s i d e  t h e  c lad .  Therefore,  

t 3 

0 
N(t)  = J ( t ) d t  - C 1 Ci(x, t )dx 

i=l R i 

(9) 

where Ci(x, t) i s  given by Eq. (1) .  

I n  order  t o  determine J ( t )  , i t  i s  necessary t o  so lve  another  boundary 

value problem f o r  t h e  r e l e a s e  of t r i t i u m  from a c y l i n d r i c a l  f u e l  rod. 

Assuming r a d i a l  d i f f u s i o n  only and uniform genera t ion  of t r i t i u m  i n  t h e  

fuel  rod, the system of equations for classical diffus ion i n  a rod with a 

volumetr ic  production r a t e  A is 
0 

2 ac 
o a t  D v r C ( r , t )  + A  = - (r , t )  

C ( a , t )  = 0 , C(r,O) = 0 , 0 I: r < a 

and C(0 , t )  i s  f i n i t e .  

D i s  t h e  t r i t i u m  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  f u e l  and C i s  t h e  concen- 

t r a t i o n  i n  t h e  fue l .  It can be shown t h a t  t h e  f r a c t i o n  of t h e  d i f f u s i n g  
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t r i t i u m  re leased  from a c y l i n d r i c a l  rod i n  t i m e  t i s  given by 

!I 2 
4 ---&-2 2 

Dta m = l  a m  

il 
where am's a r e  t h e  zeros  of t h e  zero- order Bessel Function J (a a)  and a 

i s  t h e  rad ius  of  t h e  f u e l  rod. The c u r r e n t  J ( t )  l eav ing  t h e  s u r f a c e  of 

t h e  f u e l  and e n t e r i n g  t h e  c ladding i s  given by 

o m  

-E t 

2 

A a  W 

J( t )  =+ [l - 4 - 
m=l  y, 

- where Y, - aam 

2 D  
'm 2 a 
- and E =  m 

I 

d 

J 
1 
1 

S u b s t i t u t i n g  Eq. (11) i n t o  (3), and us ing  Eqs. (l), (4) ,  (7), and (9), it 

can be  shown t h a t  t h e  f i s s i o n  product t r i t i u m  t h a t  i s  re leased  from t h e  

c ladding i s  given by 

il + u2 

B2v 

il 
1 

-E t - X v t  - X w t  W 
e m -  e 

m = l  y, (Em - h y ) t  
+ 4  c 1 - e  

I V t  
and F(Xv,t) = ia 
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The s o l u t i o n  from t h i s  model has been programmed f o r  numerical calcu-  

l a t i o n s .  The d i f f u s i o n  c o e f f i c i e n t  i n  t h e  f u e l  was obtained by f i t t i n g  

Eq. (10) t o  t h e  data of Grossman and Hegland") f o r  t h e i r  CP-206 f u e l  rod. 

Figure  6 shows t h e  f r a c t i o n  of t h e  t o t a l  f i s s i o n  product t r i t i u m  t h a t  i s  

re leased  from t h e  c ladding s k r f a c e  i n t o  t h e  coolant  a t  any t ime t f o r  a 

t o t a l  c l ad  of th ickness  814 p,m which i s  t y p i c a l  of t h e  th ickness  of BWR 

c ladding.  The curve l abe led  1 i s  t h e  f r a c t i o n  re leased  from t h e  f u e l  

s u r f a c e ;  curves 2 and 3 a r e  f o r  c l a d s  without any s u r f a c e  f i lms .  Curve 4 

i s  f o r  t h e  case  of 2 p,m t h i c k  s u r f a c e  l a y e r s  on e i t h e r  s i d e  of a bulk  

d i f f u s i o n  region.  

those  of s t a i n l e s s  s t ee l  a t  about 30OoC. Curve 5 i s  f o r  a s i m i l a r  c a s e  

The values  of d i f f u s i o n  c o e f f i c i e n t s  a r e  approximately 

wi th  t h e  s u r f a c e  region d i f f u s i o n  c o e f f i c i e n t  lower than t h e  bulk  d i f f u s i o n  

6 c o e f f i c i e n t  by a f a c t o r  10 . Figure  7 shows corresponding r e s u l t s  f o r  a 

t o t a l  c l ad  th ickness  of 617 pm which i s  t y p i c a l  f o r  PWR f u e l  elements. 

Figure  8 gives s i m i l a r  r e s u l t s  f o r  814 and 617 prn t h i c k  c lads  f o r  t h e  

c a s e  where t h e  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  s u r f a c e  d i f f e r  by a f a c t o r  

o f  10 from t h e  bu lk  d i f f u s i o n  c o e f f i c i e n t .  

c ladding a t  about 30OoC. 

Sec t ion  I1 of t h e  Discussion.  

8 This  c a s e  approximates Z i rca loy  

The impl ica t ion  of t h e s e  curves i s  discussed i n  

I V .  Prel iminary Resu l t s  on Tr i t ium Di f fus ion  through Z r O  Films on Zircaloy-2 2 

The r e s u l t s  so  f a r  have shown t h a t  oxide  f i lms  on Zircaloy-2 tend t o  be  

e x c e l l e n t  b a r r i e r s  a g a i n s t  t r i t i u m  d i f f u s i o n .  A l l  t h e s e  s t u d i e s  were c a r r i e d  

out  wi th  samples where very t h i n  oxygen l a y e r s  were formed dur ing t h e  course  

of  t h e  experiment. 

i s t i c s  of  t h i c k e r  oxide l a y e r s  on Z i rca loy ,  a n  i n v e s t i g a t i o n  has been 

s t a r t e d  on t h e  e f f e c t  of s u r f a c e  f i l m  th ickness  on t r i t i u m  t r a n s p o r t .  

pre l iminary r e s u l t s  from t h i s  study a r e  repor ted below. 

I n  o rder  t o  determine t h e  d i f f u s i o n- l i m i t i n g  charac te r-  

The 
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An experimental system a s  shown i n  Figure  9 has been se t  up  t o  s t r a i n -  

anneal  Zircaloy specimens under vacuum, t o  o x i d i z e  t h e  specimens a t  a 

cons tan t  temperature and oxygen p ressure  and t o  monitor t h e  t r i t i u m  r e l e a s e  

from t h e  trktium-doped samples during t h e i r  d i f f u s i o n  anneal .  

of s t r a i n  anneal ing and ox ida t ion  a r e  s t ra ight- forward.  Oxidation i s  c a r r i e d  

out  simultaneously on a 0.5" d i a c y l i n d r i c a l  sample and on a 10-mil f o i l ,  

The f o i l  sample i s  used f o r  determining t h e  oxide th ickness  and t h e  gas 

r e l e a s e  measurement i s  c a r r i e d  out  using t h e  c y l i n d r i c a l  sample. 

d i f f u s i o n  anneal ,  P-10 counting gas i s  passed over a shee t  of  Zircaloy-2 

placed i n  t h e  furnace  tube t o  remove any r e s i d u a l  moisture and then over 

t h e  tritium-doped sample. A t  t h e  e x i t  of t h e  furnace,  t h i s  sweep gas i s  

mixed wi th  a small  amount of n e u t r a l  hydrogen and t h i s  mixture i s  passed 

through a gas-flow propor t iona l  counter .  

absorp t ion  of  t r i t i u m  on t h e  counter  wa l l s  which would lead t o  erroneous 

counts.  The background minimizing e f f e c t  of hydrogen was checked by e x i t i n g  

t h e  sweep gas be fore  i t  reached t h e  counter ,  f lush ing  t h e  counter  wi th  f r e s h  

P-10 gas,  and checking t h e  background count r a t e  i n  t h e  counter .  

The process 

For t h e  

The hydrogen i s  added t o  minimize 

Four samples of  Zircaloy-2 were oxidized a t  5OO0C and 200 Tor r  oxygen 

p ressure  f o r  10 minutes, (2  samples), and 50 minutes and 100 minutes. The 

f o i l  specimens were c u t  i n  two, pol ished t o  remove s u r f a c e  deformation and t h e  

oxide  f i lms  observed i n  a scanning e l e c t r o n  microscope. 

three such scanning e l e c t r o n  micrographs. The th ickness  of t h e  oxide  regions  

can be  measured from t h e  micrographs and converted t o  a d e n s i t y  th ickness  

us ing  t h e  known microscope magnif ica t ion and t h e  conversion f a c t o r  quoted 

by Gulbransen and Andrew. (') 

Figure  L O  shows 

These values  may b e  compared wi th  t h e  values  

of Kofstad (lo) and Figure  11 shows t h a t  they a g r e e  reasonably w e l l .  

Table I gives t h e  apparent  d i f f u s i o n  c o e f f i c i e n t  f o r  s u r f a c e  r e l e a s e  

a s  obtained from t h e  gas r e l e a s e  s t u d i e s  on samples w i t h  d i f f e r e n t  oxide  

4 
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th icknesses .  

a f t e r  ox ida t ion  a t  5OO0C and 200 Tor r  oxygen pressure .  

A l l  of t h e  r e l e a s e  measurements were c a r r i e d  out  a t  38OoC 

Table  I. Apparent D f o r  Zircaloy-2 wi th  d i f f e r e n t  th icknesses  of oxide  
f i lms  on t h e  s u r f a c e  

D Apparent 

2 
(SEMI T i m e  Min. (cm /see)  

Weight 
Gain Thickness Oxidation Sample 2 

Number (mg/cm ) 

10 0.07 0.2 pm 10 1.255 x 

5 0.14 0.3 - 0.6 pm 50 8,729 x 

9 0.18 0.7 pm 100 2.313 x 

12  0.14 0.65 p 50 4.555 x 

These data  a r e  pre l iminary and t h e  s t u d i e s  a r e  continuing.  

V. Tr i t ium Production i n  t h e  Primary System of Pressur ized  Water Reactors 

T r i t i u m  i s  produced i n  a p ressur ized  water  r e a c t o r  primary coo lan t  

system by a v a r i e t y  of sources  i n  a d d i t i o n  t o  p o s s i b l e  d i f f u s i o n  of f i s s i o n  

product  t r i t i u m .  I n  t h e  H. B .  Robinson # 2 P l a n t  of  t h e  Carol ina  Power 

and Light  Company (739 MWe PWR), t h e  monitored a c t i v i t y  i n  t h e  primary 

system ranges from about 0.1 t o  0.2 pc/cm . 
f r a c t i o n  of t h i s  t r i t i u m  could b e  accounted f o r  by t ransmutat ion r e a c t i o n s  

i n  t h e  water and what f r a c t i o n  by c l a d  d i f f u s i o n ,  a c a l c u l a t i o n  has been 

performed us ing  t h e  H. B. Robinson P l a n t  data  on boron and l i t h i u m  and 

t h e  primary system. 

overes t imates  t h e  t r i t i u m  production r a t e  i n  primary coo lan t ,  s i n c e  h e  did 

n o t  cons ider  l i t h i u m  c o n t r o l  i n  t h e  primary system. 

3 I n  o r d e r  t o  a s s e s s  what 

E a r l i e r  work o f  a s i m i l a r  n a t u r e  by Ray") d r a s t i c a l l y  
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I n  a d d i t i o n  t o  t e rna ry  f i s s i o n  and burnable  poison rods,  t h e  following 

3 sources of H e x i s t  i n  PWR's: 

1. 

2. 

3. 

1°B(n, 2a) 3 H i s  t h e  boron shim. 

'Li(n,na) 3 H i n  L i  used f o r  pH con t ro l .  

'Li(n,a)  3 H i n  L i  used for pH con t ro l .  

4 .  10B(n,O1) 7 L i (n ,na )  3 H 
3 

The f i r s t  t w o  r eac t ions  daminate t h e  t ransmutat ion produced 

system because t h e  low abundance of 6 L i  i n  n a t u r a l  l i t h ium minimizes t h e  c o n t r i -  

bu t ion  from r e a c t i o n  (3) and because most of the  7 L i  produced from 'OB i s  

H i n  t h e  primary 

removed by l i t h ium removal systems i n  order  t o  maintain t h e  concent ra t ion  a t  

about 2 ppm f o r  pH con t ro l .  This  f a c t  a l s o  makes it unnecessary t o  c:onsider 

t h e  fou r th  r eac t ion .  

3 The 1°B(n,2a) H r e a c t i o n  has a threshold  energy of about 1 MeV and i t s  

c ross- sec t ion  may be approximated by a l i n e a r  funct ion  inc reas ing  from 15 mb 

a t  1 MeV t o  75 mb a t  5 MeV and a cons tant  a t  75 mb from 5 MeV t o  10 MeV. 

The 

zero  a t  3 MeV t o  400 mb a t  6 MeV and remains cons tant  a t  400 mb from 6 MeV 

t o  10 MeV. 

can be  ca l cu la t ed  from t h e  equat ion 

7 3 Li (n ,na)  H r e a c t i o n  c ross- sec t ion  inc reases  approximately l i n e a r l y  from 

The product ion r a t e  of 3H i n  Ci/day, from t h e s e  two reac t ions  

10 10 

1 1 

-1 -1 6 
Vc p N(t)  = 1.31 x 10 NB(t) l oB(E)d(E)dE + 1.01 x l o 7  NL(t) 1 oL(E)d(E)dE 

(15) 

where N(t)  = product ion r a t e  of t r i t i u m  i n  Cijday a t  time t. 

- 3  3 p,Vc = dens i ty  (g-cm ) and volume (cm ) of t h e  coolant .  

N (t) = n a t u r a l  boron concent ra t ion  (ppm) i n  t h e  coolant  a t  t ime t .  

N L ( t )  = l i thium-7 concent ra t ion  (ppm) a t  t ime t. 

o(E) = energy-dependent r e a c t i o n  c ross- sec t ions  (cm ) -  

B 

2 

and B(E) = energy-dependent neutron f l u x  between 1 and 10 MeV (n  cm - 2  sec  -1 ). 
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The t o t a l  amount of  t r i t i u m ,  T ( t ) ,  i n  t h e  coolant  i n  c u r i e s  a t  t i m e  t can b e  

shown t o  b e  given by 

kl 
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u 

B 

1 

t '  t 
T ( t )  = T 0 +{f i(t') exp [I F(t")dt"]  dt') exp [-j F ( t ' ) d t ' ]  

To = c u r i e s  of t r i t i u m  present. i n i t i a l l y  a t  t i m e  t 

t = t ime i n  days., 

F = d i l u t i o n  f a c t o r  [ i . e . ,  t h e  f r a c t i o n  of primary coolant  

0 
where 

volume turned over d a i l y ]  i n  day-'. 

Using t h e  Watt f i s s i o n  spectrum given by 

d(E)dE = 0 .453  %e Sinh (2.29E)' dE 

and a va lue  of  t h e  t o t a l  f l u x  above 1 MeV u s u a l l y  obta ined from Safe ty  

Analys is  Report f o r  a nuc lea r  p l a n t  [ t y p i c a l l y  6 x loL3 n cm 

a 1000 W e  PWR (12)], t h e  normalizing f a c t o r  

boron and l i t h i u m  concen t ra t ions  a r e  a v a i l a b l e  from p l a n t  da ta .  Thus, 

equat ions  (15) and (16) may b e  used i n  short t i m e  s teps  t o  compute  the 

t r i t i u m  concen t ra t ion  i n  t h e  primary system a t  any t ime dur ing t h e  plant: 

opera t ion  and compared a g a i n s t  t h e  t r i t i u m  a c t i v i t y  monitored a t  t h e  

p l a n t  

- 2  -1 s e c  f o r  

i s  determined. The d a i l y  

Assuming a l i n e a r  decrease  i n  boron concen t ra t ion  [i .e. ,  NB(t)=a+bt] 

wi th  t ime and a cons tan t  va lue  of  l i t h i u m  concen t ra t ion ,  and d i lu t ion .  

f a c t o r ,  i t  can b e  shown t h a t  t h e  t r i t i u m  a c t i v i t y  a t  time t i s  given by 

vcp {1.31 x 106 o1 [(a - $(1 b - e-Ft) + b t ]  N ( t )  Ci/day = - F 
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where 0 1 = r0OB(E)b(E)dE 

and O2 = rocjL(E)d(E)dE 

1 

Equations (16) and (17) have been programmed t o  c a l c u l a t e  t h e  t r i t i u m  

production f o r  a t y p i c a l  1000 W e  PWR wi th  t h e  fol lowing parameters: 

3 
Vc = 650 f t  

p = 0.7 g cm 

F = 0.2% 

- 3  

N = 2 pprn 

a = 1500 ppm 

b = -3 ppm day 

L 

-1 

3 W ,  t h e  t o t a l  water  volume = 9500 f t  e 

Figure  12 shows t h e  t o t a l  t r i t i u m  i n  t h e  coolant  produced from t h e  

7 'OB and 

b u t i o n  i s  from t h e  1°B(n,2a) H r eac t ion .  

L i  r e a c t i o n s  f o r  t h e  above se t  of parameters.  The major c o n t r i -  

3 Figure  13 shows t h e  e f f e c t  of  t h e  

d i l u t i o n  f a c t o r  on t h e  t r i t i u m  concentra t ion.  

Using Equations (15) and (16), a computer program was developed t o  

1 

eva lua te  t h e  t r i t i u m  a c t i v i t y  i n  t h e  primary coo lan t  system r e s u l t i n g  from 

t h e  boron and l i t h i u m  r e a c t i o n s  i n  t h e  H. B .  Robinson # 2 PWR P l a n t .  

Actual  day-to-day p l a n t  da ta  on boron and l i t h i u m  were used i n  t h e  

computations, f o r  a t o t a l  of  80 days of  opera t ion .  

t r a t i o n  a f t e r  t h e  80 days w a s  0.091 p,c/cm3 a s  compared t o  t h e  va lue  of  0.18 

p,c/cm from assay  of t h e  coo lan t  water. Thus, approximately h a l f  of  t h e  

t o t a l  t r i t i u m  i n  t h e  primary system could b e  accounted f o r  by t h e  1°B(n,2a) H 

and 

The computed concen- 

3 

3 

7 3 Li(n ,na)  H r e a c t i o n s ,  wi th  t h e  remainder presumably due t o  d i f f u s i o n  

of t e r n a r y  f i s s i o n  t r i t i u m  through t h e  c lad .  
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DISCUSSION 

I. Di f fus ion  i n  S t a i n l e s s  S t e e l  and Z i rca loy  Samples 

The t rapping constant  k shown a s  a func t ion  of  i n  F igure  2 appears T 

t o  obey t h e  Arrhenius r a t e  equation based on t h e  f o u r  data  po in t s .  It can 

b e  shown t h a t  

where L i s  t h e  d i f f u s i o n  l eng th  f o r  t rapping,  Since  t h e  a c t i v a t i o n  energy 

f o r  d i f f u s i o n  i n  t h e  near- surface  region i s  g r e a t e r  than t h e  a c t i v a t i o n  

energy a s s o c i a t e d  wi th  k, i t  would appear t h a t  L w i l l  i n c r e a s e  wi th  i n c r e a s e  2 

i n  temperature,  theregy lowering t h e  amount of t rapping.  

The ex tens ive  se t  of degasing experiments performed on Zircaloy-2 con- 

f i rms t h e  e x i s t e n c e  of  a near- surface  t r app ing  e f f e c t ,  Less than 1% of  t h e  

contained t r i t i u m  was re leased  even a t  temperatures a s  h igh as  411°C and 

h e a t i n g  times of s e v e r a l  hours. The s u r f a c e  l a y e r  d i f f u s i o n  c o e f f i c i e n t s  

a r e  t y p i c a l l y  e i g h t  o rders  of magnitude below t h e  bulk  d i f f u s i o n  c o e f f i c i e n t s .  

F i g u r e  14 shows t h e  comparison of bu lk  d i f f u s i o n  c o e f f i c i e n t s  and t h e  s u r f a c e  

d i f f u s i o n  c o e i f i c i e n t s  f r o m  t h e  p resen t  work a g a i n s t  p a s t  r e s u l t s  r epor ted  

i n  l i t e r a t u r e .  Most: of t h e  work w a s  done on Zirconium; of  t h e s e  t h e  only  

o t h e r  measurement on Zircaloy-2 a r e  by Sawatzky (I3) whose r e s u l t s  a r e  

represented by t h e  curve l a b e l l e d  (1) and by Kearns i n  curve  ( 2 ) ,  Within 

e r r o r  l i m i t s ,  t h e  measured a c t i v a t i o n  energy f o r  t h e  p resen t  work and 

Sawatzky‘s r e s u l t s  a g r e e  w e l l ,  b u t  t h e  a b s o l u t e  values  a r e  an  o r d e r  of  

magnitude h igher  than i n  t h e  p resen t  work. 

i n  F igure  1 4  a r e  f o r  hydrogen d i f f u s i o n  i n  Zirconium. The curves l a b e l l e d  

( 3 ) ,  ( 4 )  and (5) were obta ined r e s p e c t i v e l y  by Schwartz and Mal le t  , 

Mallet and Albrecht  (I6) and Someno (I7) by forming a hydr ide  l a y e r  on 

Zirconium followed by matching l a y e r s  0fF t h e  specimens and hydrogen a n a l y s i s  

Most of  t h e  p a s t  r e s u l t s  shown 

(15) 
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o f  t h e  l a y e r s .  These curves were a l l  ex t rapo la ted  t o  temperatures below 

D 

3 

1 

t h e  range of a c t u a l  measurement whfch makes comparison of t h e s e  r e s u l t s  wi th  

t h e  p resen t  work n o t  very r e l i a b l e .  

E lubacher ‘I8) through a n  autoradiographic  technique of ob ta in ing  t r i t i u m  

concen t ra t ion  g rad ien t s  i n  t h e  temperature range P 4 9 O C  t o  24OoC,  

Curve (6)  was obta ined by Cupp and 

T h e i r  

a b s o l u t e  values  a s  w e l l  a s  t h e  a c t i v a t i o n  energy of 9090 Cal/naole compare 

favorably  wi th  t h e  p resen t  work, Curve (7 )  was Qbtafwed by Gulbransen and 

Andrew “” using a weight ga in  method following permeation of hydrogen over  

6OoC t o  25OoC range of temperature and a r e  t h e  lowest  values  repor ted  i n  

l i t e r a t u r e .  This  technique i s  s u s c e p t i b l e  t o  s u r f a c e  f i lms  in f luenx ing  t h e  

r e s u l t s  which might exp la in  t h e  low values  repor ted.  Curve (8) i s  obta ined 

from t h e  work o f  Mal le t  and Albrecht (I5) and a r e  degasing c o e f f i c i e n t s  measured 

over  t h e  i n t e r v a l  635OC t o  80OoC. The i r  s i g n i f i c a n t l y  h igher  values  over  

t h e  degasing c o e f f i c i e n t s  repor ted i n  t h e  p resen t  work may r e f l e c t  ine f fec-  

t i v e n e s s  o f  t h e  oxide  s u r f a c e  t o  r e t a i n  hydrogen a t  h igh temperatures.  The 

a c t i v a t i o n  energy from t h e  degasing data  o f  Mal le t  and Albrecht  i s  about 

four  times h igher  than t h a t  obta ined i n  t h e  p resen t  work. 

t h a t  Smith(18) has observed a f a c t o r  of four  i n c r e a s e  i n  a c t i v a t i o n  energy 

It i s  i n t e r e s t i n g  

for hydrogen permeation through oxide films in going from l o w  temperature 

(< 50OoC) permeation s t u d i e s  t o  h igh temperature (- 70OoC) measurements 

The pre l iminary r e s u l t s  r epor ted  i n  t h i s  work on oxide  f i l m s  on 

Zircaloy-2 i n d i c a t e  t h a t  t h e  oxide  th ickness  measured by scanning e l e c t r o n  

(10) microscopy i s  c o n s i s t e n t  wi th  t h e  weight ga in  curves repor ted  by Kofstad 

However, t h e  s u r f a c e  l a y e r  d i f f u s i o n  c o e f f i c i e n t s  obta ined for var ious  oxide  

th icknesses  vary over  t h r e e  o rders  of magnitude. 

Dawson, e t . a l ,  620) have shown t h a t  t h e  ox ida t ion  proceeds i n i t i a l l y  

a t  a pa rabo l ic  r a t e  wi th  t i m e ,  then goes i n t o  a cubic  dependence om time 

and a t  longer  times t h e  time dependence becomes l i n e a r .  

b e l i e v e  t h a t  t h e  t r a n s i t i o n  from parabo l ic  t o  cubic  i s  a r e s u l t  of t h e  onse t  

The above au thors  
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of  crack f o r n a t i o n  i n  t h e  oxide,  A s  ox ida t ion  p rogressesp  t h e  oxide l a y e r s  

tend to become ~ Q P O U S .  The ox ida t ion  o f  Sample # 10 was completed i n  t h e  

pa rabo l ic  (non-porous) region,  It i s  i n t e r e s t i n g  t o  n o t e  cha t  it had t h e  

lowest measured s u r f a c e  d i f f u s i o n  c o e f f i c i e n t  (5 x 

two orders  o f  magnitude l e s s  than t h e  value  a t  38OoC shown i n  Figure  4 ,  With 

t h e  o the r  samples f o r  which r e l i a b l e  s u r f a c e  r e l e a s e  data  a r e  a v a i l a b l e ,  ( s e e  

Table l ) ,  t h e  ox ida t ion  took place  e i t h e r  i n  cubic region o r  i n  t h e  pa rabs l i c -  

cubic  t r a n s i t i o n  and t h e r e f o r e  would be  expected t o  have a more p o r ~ u s  oxide 

l a y e r  than Sample # 10. 

t r i t i u m  than Sample # 10 and had degasing c o e f f i c i e n t s  which a r e  no t  s i g n i -  

f i c a n t l y  l e s s  than t h e  values a t  380°C i n  F igure  4 .  

homogeneous oxide l a y e r s  formed by ox ida t ion  i n  t h e  l i n e a r  region may provide 

e f f e c t i v e  t r i t i u m  b a r r i e r s  on Zircalcny and become less  e f f e c t i v e  when cracks  

o r  p o r o s i t y  develop. H~wever ,  more ex tens ive  measurements must be  c a r r i e d  

out  i n  o rder  t o  confirm t h i s .  

2 cm sec - I )  which i s  

These samples d i d  r e l e a s e  a much l a r g e r  amount of 

It thus  appears t h a t  

11. Tr i t ium Release from Reactor Cladding 

The r e s u l t s  of t h e  3-regibn msdel c a l c u l a t i o n  of t r i t i u m  diffusi,ow through 

t h e  c ladding i s  expected t o  g ive  an u p p e r  l i m i t  f o r  t h e  amount released from 

t h e  c ladding s u r f a c e  i n t o  t h e  primary coolant .  

It i s  evident t h a t  i n  t h e  c a s e  of s t a i n l e s s  s t ee l  c ladding,  a year o f  

opera t ion  r e s u l t s  i n  r e l e a s e  of approximately 70 - 80% of  t h e  t o t a l  t r i t i u m  

produced i n  t h e  f u e l  f o r  t y p i c a l  l i g h t  water c ladding th icknesses ,  This  i s  

c o n s i s t e n t  wi th  t h e  obse rva t ion  by Laconte and Malinowski (21)  t h a t  i n  Core I 

o f  t h e  Connecticut Yankee r e a c t o r ,  over  60% o f  t h e  t r i t i u m  produced i n  t h e  

c o r e  was re leased  through t h e  cladding.  

50 - 90% of  t h e  generated t r i t i u m  escaped from t h e  s t a i n l e s s  s t e e l  c l a d  rods 

of t h e  Lacrosse Boi l ing  Water Reactor.  

S t e e l e  (22) a l s o  repor ted t h a t  from 
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I n  t h e  c a s e  of Z i rca loy  c lad  f u e l  p ins ,  it i s  ev iden t  f r ~ m  Figures  6, 

7 ,  and 8 t h a t  much less than 1% r e l e a s e  o f  t h e  t r f t i t im w i l l  b e  expected 

based on d i f f u s i o n  through t h e  bulk  and s u r f a c e  reg ions ,  T h i s  i s  consis-  

t e n t  wi th  t h e  r e s u l t s  of Goode and Coxc5) who repor ted  t h a t  f o r  Lowpower- 

r a t e d  Z i rca loy  c l a d  f u e l  rods,  t h e r e  was apparen t ly  no l o s s  of t r i t i u m  from 

t h e  rod,  

from Zi rca loy  cladding.  

Melehan ' 6 9 2 3 '  a l s o  fouffid t h a t  L i t t l e  o r  no t r i t i u m  was re leased  

It should be emphasized t h a t  t h e  low t r i t i u m  r e l e a s e  predic ted for 

Zirca loy  i s  due exc lus ive ly  t o  t h e  low s u r f a c e  l a y e r  permeabi l i ty  f o r  

t r i t i u m  and i s  no t  a consequence of t h e  bulk  d i f f u s i o n  p r o p e r t i e s  of t h e  

a l l o y .  

would be more complex than t h e  t rea tment  presented wi th  t h e  3- region model. 

Shor t  c i r c u i t  pa ths  such a s  grainboundaries and d i s l o c a t i o n s  might inc rease  

t h e  r e l e a s e  over what i s  c a l c u l a t e d  he re ,  whi le  va r ious  s u r f a c e  e f f e c t s  such 

a s  adsorp t ion  and desorpt ion,  hydr ide  formation, e t c , ,  could tend to 

f u r t h e r  r e t a r d  t h e  t r i t i u m  r e l e a s e  from t h e  s u r f a c e ,  

A more a c c u r a t e  p r e d i c t i o n  of  t r i t i u m  r e l e a s e  from the c ladding 

111. Tr i t ium Production i n  PWR Coolant System 

The r e s u l t s  of  the c a l c u l a t i o n  of t r i t i u m  from boron and l t t h i u m  

r e a c t i o n s  show t h a t  t h e  e a r l i e r  c a l c u l a t i o n s  by Ray "l) overes t imates  t h e  

amount of  t r i t i u m  produced i n  PWR's by more than a n  o rder  of magnitude. The 

discrepancy i s  because t h e  major c o n t r i b u t i o n  i n  Ray's r e s u l t s  a r i s e  from 

"B(n,a) Li(n,ncx) H r e a c t i o n .  7 3 I n  p resen t  day PWR's l i t h i u m  concen t ra t ion  is 

' c o n t r o l l e d  t o  about 2 ppm and 7 L i  i s  n o t  allowed t o  b u i l d  up wi th  t h e  

r e a c t o r  a s  assumed by Ray. A s  a r e s u l t ,  t h e  major c o n t r i b u t i o n  t o  t r i t i u m  

genera t ion  i n  t h e  primary coolant  comes from t h e  1°B(n,2a) H r e a c t i o n .  3 

The c a l c u l a t i o n s  on t h e  Robinson # 2 P l a n t  shows t h a t  approximately 

R h a l f  of t h e  monitored t r i t i u m  a c t i v i t y  can be  accounted f o r  by boron and 
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l i t h i u m  reac t ions .  There a r e  var ious  p o s s i b l e  explanat ions  f o r  t h e  ba lance ,  

The t e r n a r y  f i s s i o n  t r i t i u m  production i n  t h e  c o r e  over a y e a r ' s  opera t ion  

amounts t o  8180 c u r i e s  ( 2 4 ) .  

made, t h e  equivalent  amount would be  approximately 2600 c u r i e s ,  

assumes t h a t  0.6 percent  of t h i s  t r i t i u m  d i f fused  through t h e  Zircaloy 

c ladding,  which is  reasonable  from t h e  3- region c a l c u l a t i o n s  presented 

e a r l i e r ,  it would r e s u l t  i n  an  a d d i t i o n a l  concen t ra t ion  of about  0.05 1~1c 

cm i n  t h e  primary water .  This a l o n e  would b e  s u f f i c i e n t  to account f o r  

most of t h e  d i f f e r e n c e  between t h e  monitored t r i t i u m  a c t i v i t y  and t h e  

c a l c u l a t e d  value .  I n  a d d i t i o n ,  t h e r e  could be  r e l e a s e  from t h e  pyrex 

burnable  poison rods which a l s o  have Z i rca loy  c ladding.  The t r i t i u m  

product ion i n  t h e  poison rods i s  est imated t o  be  about 1700 c u r i e s / y e a r  SO 

t h a t  t h i s  i s  no t  expected t o  be  a major source  of t r i t i u m  r e l e a s e  i n t o  the  

coolant .  

Over t h e  period i n  which t h e  c a l c u l a t i o n s  were 

I f  one 

- 3  

Thus i t  appears t h a t  t h e  t r i t i u m  l e v e l s  observed i n  t h e  H. B ,  Robinson 

P l a n t  i s  c o n s i s t e n t  wi th  what i s  t o  be  expected from boron and lithium 

r e a c t i o n s  i n  t h e  coolant  and d i f f u s i o n  of  t e r n a r y  f i s s i o n  t r i t i u m  through 

t h e  cladding.  

1 
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c ONCLU s I O N S  

1. Measurement of  t h e  s u r f a c e  l a y e r  d i f f u s i o n  c o e f f i c i e n t s  i n  Zirceloy-2 

8 
a r e  shown t o  b e  about 10 l e s s  than t h e  bulk  d i f f u s i o n  c o e f f i c i e n t  and 

a r e  represented by t h e  Arrhenius express ion 

u -13 2 -1 
D = 0.12 x 10 exp - (5500 Cal/RT) c m  see  

3 
1 
I 

over  t h e  temperature range of  25OC t o  411°C. 

Pre l iminary r e s u l t s  on oxide growth and t r i t i u m  r e l e a s e  through oxide  

l a y e r s  i n  Zircaloy-2 h d i c a t e  t h a t  h igh temperature ox ida t ion  of the  

s u r f a c e  r e s u l t i n g  i n  th ickness  g r e a t e r  than 0.2 pm does not; s i g n i f i -  

c a n t l y  decrease  t h e  r e l e a s e  of  t r i t i u m .  

2. 

3. Ca lcu la t ion  of t r i t i u m  d i f f u s i o n  through s t a i n l e s s  s t e e l  and Z i rca loy  

c ladding us ing  a 3- region model g ive  c a l c u l a t e d  r e l e a s e  f r a c t i o n s  which 

a r e  c o n s i s t e n t  wi th  t h e  t r i t i u m  r e l e a s e  repor ted i n  a c t u a l  fue l  p in  

i r r a d i a t i o n s .  

4 .  Tr i t ium concen t ra t ions  measured i n  t h e  H. B ,  Robinson # 2 PWR primary 

3 system can be essentially accounted for by the 1°B(n,2a) H and 

7 3 L i ( n , m )  H r e a c t i o n s  and by t r i t i u m  d i f f u s i o n  through Zi rca loy  

cladding.  

3 

d 

1 
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a. Oxidation time 10 min. 

(viewed lr to metal surface) 
b. Oxidation time 50 min. 

(viewed lr to metal surface) 
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Figure 10. Scanning electron micrographs of oxide films 
on Zircaloy-2 oxidized at 500°C and 200 Torr. (x 8000) 
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ANALYSIS OF XENON D I F F U S I O N  DATA USING A TRAPPING MODEL 

ABSTRACT 

I n  o rde r  to check t h e  ex ten t  t o  which values of  xenon d i f f u s i o n  coef-  

f i c i e n t s  repor ted  i n  l i t e r a t u r e  might have been inf luenced by gas atom 

t rapping ,  t rapping  parameters measured i n  calcium f l u o r i d e  were modified 

t o  s u i t  UO and used i n  H u r s t ' s  r rappfng model t o  p r e d i c t  t h e  d i f f u s i o n  

c o e f f i c i e n t s  t h a t  should have been observed f o r  t h e  experimental condi t ions  

used by previous workers,  I t  i s  s h ~ t s n  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  

2 

xenon d i f f u s i o n  c o e f f i c i e n t s  repor ted  i n  l i t e r a t u r e  for UO 

c o n s i s t e n t  wi th  t h e  c l a s s i c a l  d i f f u s i o n  c o e f f i c i e n t  of  xenon i n  U02 

modified by t rapping  e f f e c t s ,  

is approximately 2 

3 

3 
1 

Gi 
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INT RODUC T 1 ON 

B 

Rare gas d i fFus i sn  s t u d i e s  i n  s o l i d s  have been cont inuing a s  a p a r t  of  

t h i s  p r o j e c t  f o r  t h e  p a s t  s e v e r a l  years. 

b e t t e r  d e f i n e  t h e  r e l a t i o n s h i p  between r a r e  gas t r app ing  and p o s t - i r r a d i a t i o n  

gas r e l e a s e  experiments wi th  r e a c t o r  f u e l  m a t e r i a l s .  

and CaF s i n g l e  c r y s t a l s  have been used a s  s u b s t i t u t e s  f o r  f i s s i o n a b l e  m a t e r i a l s  

i n  o rder  %Q a l low d e l i n e a t i o n  of s p e c i f i c  e f f e c t s ,  Gas r e t e n t i o n  i n  s u r f a c e  

f i lms ,  t r app ing  a t  r ad ia  tion- induced d e f e c t s  and gas concen t ra t ion  e f f e c t s  

have been i d e n t i f i e d  and s tud ied .  

A p r i n c i p a l  a c t i v i t y  has been t o  

A l k a l i  metal  h a l i d e  

2 

In t h e  r e c e n t  years  t h e  e f f o r t s  i n  t h i s  d i r e c t i o n  have been on t h e  

measurement of t r a p  concen t ra t ion  and r e t e n t i o n  t i m e  of xenon i n  t h e  t r a p s  

i n  CaF and UO s i n g l e  c r y s t a l s .  These t rapping parameters have been de te r -  

mined f o r  four  d i f f e r e n t  temperatures i n  CaF and pre l iminary measurements 

have been made a t  t h r e e  temperatures i n  UO 

f i c e n t s  i n  t h e s e  two m a t e r i a l s  a t  low d e f e c t  c ~ n c e n t r a t i o n s  have been 

measured and i n  UO values  of D were obtained which were h igher  than most 

of  t h e  d i f f u s i o n  c o e f f i c i e n t s  

2 2 

2 

Fur ther  t h e  d i f f u s l o n  coef- 2 " 

2 

The purpose of t h e  present work i s  to determtne whether or n o t  t h e  

t r app ing  parameters measured i n  CaF and UO could exp la in  q u a n t i t a t i v e l y  

t h e  wide range 0f experimental d i f f u s i o n  da ta  quoted i n  t h e  l i t e r a t u r e .  

2 2 

1 
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A d e t a i l e d  d i scuss ion  of the  r a r e  gas d i f f u s i o n  experiments and r e s u l t s  

has been presented i n  p a s t  annual r e p o r t s  and p u b l i c a t i o n s ,  These a r e :  

Annual Progress  Report " E f f e c k  of Radia t ion Damage and 

Gas Concentration, on Rare Gas Di f fus ion  i n  So l ids ."  USAEC 

ORO-3508-1 11/65 t o  10/66 
ORO- 3508- 3 11/66 to 10867 
ORO- 3508-4 11/63 t o  10168 
ORO- 35 0 8 - 5 11/68 t o  10/69 } Period Covered 
ORO-3508- 6 11869 t o  10/70 by Report 
0B0-3508-7 l l l 7 0  t o  lO/71 

(Avai lable  from: Superintendent of Documents, U, S, 
Department o f  Commerce, Washington, D. C . )  

"The Di f fus ion  of: Recoil  F i s s i o n  Fragments from Sol id  Sur- 
faces  -- Calcula ted R,elease Curves, '' ORO-3508-2 (1967) e 

"Rare Gas Di f fus ion  i n  Cesium Iod ide  -- The Use of F i s s i o n  
Recoi l  Doping Techniques," J, A m e r .  Ceram. Soc, 51(10) ~ 5 6 0 -  
564 (19681, 

- - - -  

"Effect: of  Radiat ion on Rare Gas Di f fus ion  i n  C r y s t a l s , "  
Trans. Am, Nucl, Soc. 10(2):509 (1967), - -- -  
" Inf luence of Defects on Rare Gas Di f fus ion  i n  S o l i d s , "  
J .  Nucl. Mat. 30~89-106 (1969). 
--I 

"Surface E f f e c t s  on 
G a s e s ,"  Phys, _Stat. 

"Effect  of Trapping 
from Sol ids ,  I' Nucl., - 
"Rare Gas Di f fus ion  - Sol.  7 ( 2 )  (1971) 0 

t h e  Di f fus ion  Release Rate  o f  Rare 
Sol, (a) 3~921 (1970), - 
on t h e  Release of Recoi l  I n j e c t e d  Gases 
I n s t r .  and Methods 863117-125 (1970). - - 
i n  A l k a l i  Metal Iod ides ,  I' Phys. S t a t .  -- 

"Diffusion and Trapping of Rare Gas Xenon i n  Calcium 
Fluor ide  S ing le  C r y s t a l s ,"  - - -  J. Nucl, Mat. 42~191-202 (19721, 

"Xenon-133 Di f fus ion  and Trapping i n  S ing le  C r y s t a l  UO 
%e- S t a t .  - Sol.  

' I  

2 '  
(accepted f o r  p u b l i c a t i o n ) .  

A review of t h e  major r e s u l t s  presented i n  t h e s e  iteports i s  summarized h e r e  

as background. 
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I. C l a s s i c a l  Rare Gas Di f fus f sn  

The e a r l y  l i t e r a t u r e  on r a r e  gas d i f i u s i s n  i n  s o l i d s  conta ins  s u r p r i s i n g l y  

few examples of c l a s s i c a l  d i f f u s i o n  behavior.  The germ, " c l a s s i c a l  d i f f u s i o n , "  

i s  used h e r e  t o  imply a condi t ion  where: 

1. The t i m e  re te  01 gas r e l e a s e  i s  c o n s i s t e n t  wi th  s o l u t i o n s  t o  

F i s k ' s  dfff~sion equations wi th  constant  d i f c u s i o n  c o e f f i c i e n t  D.  

2. The 

D =  

3, Gas 

temperature dependence o f  D is of  t h e  general  forma: 

d i f f u s i o n  i s  c0bttrolled by t h e m a l l y  generated d e f e c t s .  

Gas d i f f u s i o n  experiments were c a r r i e d  out  f o r  t h e  purpose s f  es tab-  

l i s h i n g  whether c l a s s i c a l  d i f f u s i o n  of a r a r e  gas could be  obta ined when 

r a d i a t i o n  damage and gas concen t ra t ion  e f f e c t s  were minimized. S ing le  

c r y s t a l s  of C s I ,  RbT, and KI were grown from a m e l t  doped wi th  13% which 

i s  t h e  precursor  of  r a d i o a c t i v e  'L33Xe. The r e s u l t i n g  c r y s t a l s  contained a 

homogeneous d i s t r i b u t i o n  sf r a d i o a c t i v e  r a r e  gas a t  low concen t ra t ion  with 

n e g l i g i b l e  r a d i a t i o n  damage t o  the  l a  t t i e e ,  Di f fus ion  experiments were 

performed by i so the rmal ly  anneal ing the  c r y s t a l s  and radfoassaying t h e  

re leased  133Xe as  a func t ion  02 time, The measured gas d i f f u s i o n  c o e f f i -  

c i e n t s  were reproducible  and m e t  c r i t e r i a  (1) and (2) f o r  c l a s s i c a l  d i f f u s i o n .  

13% Experiments i n  which Xe was r e c o i l e d  i n t o  t h e  s u r f a c e  l a y e r s  of 

c r y s t a l s  through f i s s i o n  of a n  exkernal  uranium f o i l  were also employed t o  

s tudy r a r e  gas d i f f u s i o n ,  The d i f f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  from t h e  

back- dif fus ion of  133Xe from t h e  s u r f a c e  l a y e r s  of t h e  r e c o i l  doped specimens 

133 agreed wi th  t h e  values  determined from I doping a s  long as  f iss i .on r e c o i l  

-2 f luences  were kept  below approximately lo1* f i s s i o n  fragments cm The two 

experiments were S O  g r e a t l y  d i f f e r e n t  t h a t  i d e n t i c a l  r e s u l t s  appear j u s t i f i e d  

only i f  t h e  X e  d i f f u s i o n  i s  c o n t r o l l e d  by thermally generated d e f e c t s  i n  

both  cases. 
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The experiments i n d i c a t e  Khat LL  Ls  poss ib le  to o b t a i n  c l a s s i c a l  d i f f u s f o n  

k i n e t i c s  f o r  r a r e  gas d i f f u s i o n  i f  r a d i a t i o n  damage l e v e l s  and gas c ~ n c e n t r a ~ f o ~ ~ s  

a r e  low. Tab1 e 1 s u m a r f z e s  c:he c h a r a c t e r f s g i c  dEFfusisn coefficients and 

en tha lp ies  measured f o r  I3'X1, d i f f u s f o ~  i n  f o u r  s o l i d s ,  

AH 
S o l i d  Qcm J s e c )  Q e V , ]  Temperature Range 2 

K I  L , O 3  f 0,05 150 C - 500 C 

O"93 32 0,05 158 C - 500 C 

1.00 f 0 - 0 4  

*3,1c 

4-2 ~ 30 

Rb I 0.082-0 * 03  

0 0 5 7  -0.43 150 C - 500 6 C S I  

6 CaF2 9 , 5  x LO 4,42 750 C - 1000 C 

PI, Gas A t o m  T r a p p i n g  i n  "Growth Induced" Defeccs 

%e was found &hat a l k a l i  h a l i d e  s i n g l e  c r y s t a l s  cou ld  be  grown which 

contained cons iderab le  s t r a i n  a s  t h e  r e s u l t  ~f d e f e c t s  introduced during t h e  

growth process 

X-ray d i f f r a c t i o n  p a t t e r n s ,  i n d i c a t i v e  sf s t r a i n ,  The d e f e c t s  were presumably 

smal l  vo ids  and low ang le  t91t boundaries bu t  $10 d i r e c t  observat ions  of  the  

d e f e c t s  were made. 

These crystals were c l o u d y  i n  appearance and gave fndistinct 

Xenon d i f f u s i o n  measurements an cloudy C s E  s i n g l e  c r y s t a l s  gave values  

far t h e  d i f f u s i o n  coef f i c ien t  which appeared t~ decrease  wi th  h e a t i n g  t i m e ,  

which was consistent with d t r app ing  process in which gas atoms were being 
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immobfl ized a t  de fec t s  while ehey d i f fused ,  Appl icat ion of  t h e  t r app ing  model 

developed by Hurst"' showed t h a t  t h e  experimental r e s u l t s  were c o n s i s t e n t  wi th  

a t r a p  concen t ra t ion  o f  approximately l , 2  x 90 t r a p s  cm and a long re ten-  

t i o n  t ime in. the  t r a p s .  

t h e  c r y s t a l s  be fore  t h e  

temperature,  t h e  g r e a t e r  the  f r a c t i o n  of t r a p s  annealed,  A f t e r  t h e  gas atoms 

become immobilized a t  t h e  t r a p s ,  they apparent ly  s t a b i l i z e d  t h e  t r a p s  a s  

h e a t i n g  a t  t h i s  s t a g e  did  SS~: r e s u l t  i n  t r a p  annealing.  

l ' b  - 3  

It was p o s s i b l e  t o  e l imina te  t h e  t r a p s  by anneal ing 

decayed t o  13%e and t h e  h igher  t h e  anneal ing 

111, Gas Atom Trapping a t  High Cas  Concentrat ions 

A s e r i e s  of experiments were c a r r i e d  out  to show t h e  e f f e c t  of gas 

concen t ra t ion  811 r a r e  gas d i f f u s i o n  k i n e t i c s .  Three types of experiments 

were performed: 

1. T o t a l  X e  concentra t ions  w e ~ e  var ied  by growing a l k a l i  h a l i d e  

c r y s t a l s  i n  a Xe atmosphere wi th  d i f f e r i n g  Xe p a r t i a l  p ressures ,  

The gas t a g  was introduced through incorpora t ion  of 1331 i n t o  

t h e  m e l t .  

2. T o t a l  Xe was va r ied  by i r r a d i a t i n g  a l k a l i  h a l i d e  c r y s t a l s  wi th  

different thermal neutron fluences to generate stable 128Xe 

through the reac t ion :  

1 331 The gas t a g  was aga in  introduced through incorpora t ion  of  

i n t o  t h e  m e l t .  

T o t a l  Xe was c o n t r o l l e d  by varying t h e  amount of  1331 t a g  added 

t o  t h e  a l k a l i  h a l i d e  m e l t .  

3.  
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The f i r s t  technique p e m i t t e d  a wide range of Xe conseatrations, but  i t  

was %aoE p o s s i b l e  to i n s u r e  un i f sm gas d i s t r i b u t i o n  i n  t h e  s o l i d .  Trans- 

mission. e l e c t r o n  microscopy w a s  used t o  show t h a t  at l e a s t  some o f  t h e  Xe 

was inhomogeneously d i s t r i b u t e d  a s  bubbles Methods (2) and (3) produced 

an i n F t i a l l y  homogeneous gas d i s t r i b u t i o n  b u t  they d i d  not p e r m i t  as  w i d e  

a range of p o s s i b l e  gas consemtratioas a s  method (1). Also, some f a s t  

neutron r a d i a t i o n  damage was produced by 4 % )  even though t h i s  was kept  to 

a minimum by i r r a d i a t i n g  specimens in %&e r e a c t o r  thermal column, 

1 6  C r y s t a l s  wi th  r e l a t i v e l y  high rare  gas eoncen t ra t ions  - IO  
- 

atoms cm 3, exh ib i t ed  lower d i f f u s i o n  c o e f f i c i e n t s  than 

low r a r e  gas concentra t ions  (10" - l o L 3  atoms cmm3) ,  apparen t ly  r e f l e c t i n g  

t r app ing  of  gas atoms i n  small  gas c l u s t e r s  o r  bubbles. 

Iswered a t  a l l  of t h e  s tud ied  

and t h e  observed D was constant  f o r  t h e  gas r e l e a s e  a t  any given temperature,  

the  c r y s t a l s  wi th  

Values o f  I) were 

temperatures f o r  the  high concen t ra t ion  cases 

Flux l i m i t a t i o n s  on our  r e a c t o r  prevented a study 0f concen t ra t ion  e f f e c t s  

over wide concen t ra t ion  l i m i t s ,  However, t h e  experiments do show t h a t  r a t h e r  

pronounced e f f e c t s  (an o rder  of magnitude reduc t ion  i n  t h e  observed d i f f u s i o n  

c o e f f i c i e n t )  occurs when gas concentra t ions  a r e  a s  h igh a s  10 ppm, Experiments 

wi th  K I  s i n g l e  c r y s t a l s  show e f f e c t s  on t h e  d i f f u s i o n  c o e f f i c i e n t  which appear 

t o  r e s u l t  from gas concen t ra t ion  e f f e c t s  a t  gas concen t ra t ions  a s  low as  0.004 

PP". I n  any event,  e f f e c t s  due t o  gas atom c l u s t e r i n g  c l e a r l y  occur i n  a l k a l i  

h a l i d e s  i n  t h e  concen t ra t ion  ranges f requen t ly  employed f o r  c a r e  gas d i f f u s i o n  

experiments e 

IV. T n - I n d u c e d  Defects  

It was found tha% r a d i a t i o n  produces d e f e c t s  t h a t  t r a p  d i f f u s i n g  gas atoms. 

Rad ia t ion  damage 

c r y s t a l s  through 

was produced by doping a l k a l i  h a l i d e  and calcium f l u o r i d e  

t h e  f i s s i o n  r e c ~ i l  technique a t  moderately high f i s s i 0 n  r e c o i l  
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1% - 2  concen t ra t ions  (> 10 fission Isagmeats em ) a  Each f i s s i o n  fragment depos- 

i t e d  an average sf 30 MeV, of  which approximately 5% was d i s s i p a t e d  in displace-  

ment type i n t e r a c t i o n s ,  so a r e l a t i v e l y  l a r g e  f r a c t i o n  of t h e  atoms were 

displaced.  The t rapping behavior observed i n  t h e s e  c r y s t a l s  d i f f e r e d  s i g n i f i -  

c a n t l y  f r m  the  t r app ing  d e f e c t s  produced by high gas concentra t ions  o r  grown-in 

dexects.  The radiat ion- induced e f f e c t s  annealed a t  high temperatures,  and t h e  

b e s t  f i t  of t h e  t r app ing  model t o  t he  experimental data showed tha t  t h e  t r a p  

concentra t ions  were considerably h igher  and t h e  mean gas r e t e n t i o n  time i n  

t r a p s  considerably  lower than was observed with t h e  c r y s t a l s  conta ining 

growth-generated d e f e c t s  e 

a t  l e a s t  10 higher  t b n  t h e  t r ap s  produced by growing d e f e c t i v e  c r y s t a l s .  

Annealing of  t h e  radia t ion- induced d e f e c t s  was no t  a f f e c t e d  by gas s t a b i l i -  

z a t i o n  of  t h e  t r a p s  s i n c e  t h e  t r a p  concen t ra t ions  exceeded t h e  gas concentra-  

t i o n s  0 

The radiat ion- induced t r a p s  had a concen t ra t ion  of 

6 

A d e t a i l e d  a n a l y s i s  was c a r r i e d  out  0% t h e  t r a p  concentra t ions  and 

r e t e n t i o n  times i n  t r a p s  f o r  f i s s i o n  doped CaF s i n g l e  c r y s t a l s ,  The model 

proposed by H u r s t ' l '  was modified f o r  use with f i s s i s n  r e c o i l  gas concen t ra t ion  

p r o f i l e s ,  and t r a p  ~ ~ n c e n t r a t i ~ n s  and gas r e t e n t i o n  times were c a l c u l a t e d  

from gas r e l e a s e  experiments conducted a t  two concentra t ions  and four  

temperatures.  

explained i n  terms of gas atom c l u s t e r i n g  and must have r e s u l t e d  from 

r a d i a t i o n  damage, 

times versus ( temperature)  gave s t r a i g h t  l i n e s ,  implying t h a t  t h e s e  

q u a n t i t i e s  were adequately represented by s i n g l e  values  f o r  t h e  a c t i v a t i o n  

energys over t he  temperature range s tud ied .  

2 

The t r a p  concen t ra t ions  were found t o  be too high t o  be 

Semi-log p l o t s  of t r a p  concen t ra t ions  and t r a p  r e t e n t i o n  

-1 

The experiments summarized i n  Sect ions  11, 111, and I V  i n d i c a t e  t h r e e  

d i s t i n c t  gas atom t rapp ing  processes which can occur i n  s o l i d s  -- t r app ing  

a t  small  voids and o t h e r  d e f e c t s  produced during c r y s t a l  growth, t r app ing  
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Chrsugh gas atom c l u s t e r i n g  a t  high gas concen t ra t ions ,  and t rapp ing  a t  

radia t ion- induced defec ts  Each t rapping process l ed  t o  somewhat d i f f e r e n t  

gas r e l e a s e  k i n e t i c s  and a d i f f e r e n t  temperature dependence f o r  d i f f u s i o n ,  

V.  Mechanism of Gas Di f fus ion  

The c l a s s i c a l  d i f f u s i o n  resul ts  were i n t e r p r e t e d  in terms of p o s s i b l e  

gas d i f f u s i o n  mechanisms. Phe two most we l l- es tab l i shed  d i f f u s i o n  processes ,  

i n t e r s t i t i a l  d i f f u s i o n  and vacancy d i f f u s i o n ,  a r e  incomptabile wi th  much of 

t h e  a v a i l a b l e  da ta  on r a r e  gas migrat ion,  including t h e  r e s u l t s  of t h e  p resen t  

study.  

d i s c r e p a m y  between c a l c u l a t e d  and observed d i f f u s i o n  a c t i v a t i o n  energies  wi th  

t h e  observed values  g r e a t l y  exceeding t h e  c a l c u l a t e d  values ,  This discrepancy 

w a s  supported by t h e  p resen t  study where t h e  measured d i f f u s i o n  a c t i v a t i o n  

energies  f o r  Xe d i f f u s i o n  i n  KE, Rbl: and Csl were observed to b e  approximately 

t h r e e  times t h e  c a l c u l a t e d  migrat ion energies  f o r  i n t e r s t i t i a l  d i f f u s i o n  ~ 

Objections to simple vacancy d i f i u s i o n  a r e  based upon t h e  absence o €  a n  

The principal  o b j e c t i o n  t o  an i n t e r s t i t i a l  mechanism i s  t h e  wide 

(2) 

impurity e f f e c t  on t h e  observed d i f f u s i o n  c o e f f i c i e n t  (3- 6), channehng  r e s u l t s  

wi th  a lpha-emft t ing care gases  ‘7’8’9 and t h e  wide discrepancy between r a r e  gas 

d i f f u s i o n  r e su l t s  and s e l f - d i f f u s i o n  r e su l t s  w h e r e  s e l f - d i f f u s i o n  Is known 

t o  OCCUK by a vacancy me~hanism‘~’. 

o f  a n  impurity e f f e c t  f o r  X e  d i f f u s i o n  i n  Cu 0 and BaI doped c r y s t a l s  and 

t h e  l a r g e  d i f f e r e n c e  between t h e  X e  and s e l f - d i f f u s i o n  c o e f f i c i e n t s .  

The p resen t  work has noted t he  absence 

2 2 

The two mechanisms thae a re  most f requen t ly  d iscussed a s  a p p l i c a b l e  to 

rare gas d i f f u s i o n  a r e  t h e  t r a p p e d - i n t e r s t i t i a l  model proposed by Norgett  

and L id ia rd  ‘lo) and t h e  mobile d e f e c t  c l u s t e r  model f i r s t  suggested by 

Matzke (‘l) 

d i f f u s e  i n t e r s t i t i a l l y  b u t  t h a t  they a l s o  become trapped a t  d e f e c t s  such 

a s  vacancies ,  

The t r a p p e d - i n t e r s t i t i a l  model assumes t h a t  r a r e  gas atoms 

T h e  release r a t e  from t h e  vacancy t r a p s  can be  t h e  rate-  

l 4 
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detemfnfwg s t e p  Ln gas d i f f u s i o n  u d e r  c e r t a i n  csnditions and t h e  measured 

d i f f u s i o n  actfvasfs~ esergy w i l l  t h e r e f o r e  be  higher: than t h a t  predic ted  for 

atoms assoc iace  with mobile defec$ c l u s t e r s  iw t he  l a t t i c e  and move with t h e s e  

c l u s t e r s  through t h e  l a t t i c e ,  

The p r i m  i p a l  incons i s  b, gncy be tween t h e  t r a p p  ed- in% ers t it ial d i f f u s i o n  

model and t h e  present  work l i e s  i n  the fac t  t h a t  unusual,ly h i g h  de fec t  

concentra t  ions are required to expla in  t he  low temperature,  fission r e c o i l  

d i f f u s i o n  r e s u l t s  where the  gas atoms move extremely shsrt dis tances  be fore  

r e l e a s e  a t  a su r f ace ,  The mob fbe c l u s t e r  model appears q u a l i t a t i v e l y  

V I ,  Dif fus ion  and Trapping i n  uo S ing le  C r y s t a l s  2 

Diffus ion s t u d i e s  were performed with U 0 2  s i n g l e  c r y s t a l s  us ing fission- 

r e c o i l  doping and rad i sassay  of t h e  re leased l3%e0 

a f i s s i o n  fragment dose of 3 x EO" PP csno2, classical d i f f u s i s n  ssI.uti0ns 

would f i t  t h e  gas r e l e a s e s  implying t h a t  r a d i a t i o n  induced d e f e c t s  d i d  nst 

It w a s  observed t h a t  below 

a f f ec t  t h e  caiffusion 

represented by 

D = 2.88 x 

over t h e  temperature 
4 6 )  

prseess, The c l a s s i c a l  diffusion coefffcfent c o u l d  b e  

2 t r a t i o n  t o  3 x loLL f i s s i o n  fragments/em ( 3  x lom8 f%ssion atom f r a c t i s n )  

produced anomalies i n  t h e  gas r e l e a s e  curves which probably r e s u l t e d  from 

gas atom t rapping.  The gas r e l e a s e  curves a t  t h i s  f i s s i o n  fragment dose 

were c o ~ i s i s t e n t  wi th  t h e  t r app ing  model of  Ong and Elleman"2). The t r a p  

c o n c e n t r a t i s n s  and r e t e n t i o n  time i n  t h e  t r a p s  could b e  determined a t  

3 x 10 f i s s i on  fragmentslem a t  t h r e e  d i f f e r e n t  temperatures.  1 2  2 
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CURRENT RESULTS AND DISCUSSION 

2 Figure  1 shows Arshenius p l o ~ s  of d i f f u s i o n  c o e f f i c i e n t s  of Xenon i n  UO 

repor ted  by t h i r t e e n  independent i n v e s t i g a t i o n s  and s e l e c t e d  on the  b a s i s  of 

c l a r i t y  of d e s c r i p t i o n  o f  t h e  experimental condi t ions  and specimen charac- 

t e r i z a t i o n .  

Figure  1. The e igh t  o rders  of magnitude spread i n  t h e s e  r e s u l t s  appears t o  

r e s u l t  p r i n c i p a l l y  from t h e  combined e f f e c t s  of t r app ing  i n  in ternal .  pores,  

t r app ing  a t  r a d i a t i o n  induced defec t s  and u n c e r t a i n t y  i n  t h e  i n t e r p r e t a t i o n  

o f  non- c lass ica l  gas r e l e a s e  k i n e t i c s .  I n  c e r t a i n  s e l e c t e d  cases ,  hyper- 

s to ichiometry ,  i m p u r i t y  e f f e c t s  and f a u l t y  s u r f a c e  measurements may a l s o  

c o n t r i b u t e  to t h e  spread in t h e  r e s u l t s ,  

The re fe rences  to each s e t  of data i s  shown 0n t h e  page fol lowing 

It i s  of i n t e r e s t  t o  determine t h e  

ex ten t  t o  which t h e  spread i n  t he  d i f f u s i o n  c o e f f i c i e n t s  can be explained 

s o l e l y  i n  terms of t r app ing  a t  radiat ion- induced d e f e c t s  s i n c e  t h i s  has been 

i d e n t i f i e d  i n  UO 

d i f f u s i o n  s t ud i e s .  

a s  we l l  a s  i n  o t h e r  solids a s  a major source  of e r r o r  i n  2 

MacEwan and Morel (I3’ and Spindler  and Lindner ( I4 )  have measured values 

of t h e s e  t r app ing  parameters f o r  UO 

those  of C a r t e r  ‘15’ cover only i s o l a t e d  condit ions and it  i s  not p o s s i b l e  

t o  determime a c l e a r  p a t t e r n  f o r  e i t h e r  t h e  t r a p  concen t ra t ions  o r  gas 

r e t e n t i o n  t imes.  

measurements of t r app ing  for  133Xe d i f f u s i o n  i n  s i n g l e - c r y s t a l  CaF 

s e v e r a l  f i s s i o n  fragment concen t ra t ions  and were a b l e  t o  represen t  t r a p  

concentra t ions  and average r e t e n t i o n  times f o r  gas atoms i n  t r a p s  a s  

However, t h e i r  r e s u l t s  a s  w e l l  as 
2 ”  

Ong and Elleman ( I 6 )  have c a r r i e d  out  more ex tens ive  

a t  
2 

exponential  funct ions  of temperature f o r  a given r e c o i l  concentra t ion.  

CaF has o f t e n  been used a s  a model s u b s t i t u t e  f o r  UO i n  d i f f u s i o n  

s t u d i e s  because of t h e  s i m i l a r i t y  of t he  two m a t e r i a l s  i n  t h e i r  physical  

2 2 

s t r u c t u r e  and i n  t h e  a c t i v a t i o n  energies  f o r  r a r e  gas d i f f u s i o n .  There- 

fo re ,  i t  was decided t o  genera te  t h e  t r app ing  parameters f o r  UO from t h e  2 
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( I6 )  f o r  CaF r ~ s u l b t s  of  Ong and Elleman 

t h a t  CaF and UO 
2 2 

reduced temperatures based on t h e i r  melt ing po in t s ,  So t h e  approach used i n  

t h i s  work has been t o  genera te  t r a p  concentra t ions ,  [T],and r e t e n t i o n  times, 

T~~ in CaE 

temperatures.  

a p a r t i c u l a r  published experiment was conducted, t h e  corresponding values 

of [ T I  and T~ can be  determined, 

c o e f f i c i e n t s  quoted f o r  UO 

H u r s t ' s  t r app ing  model'l', t h e  d i f f u s i o n  c o e f f i c i e n t  t h a t  a p a r t i c u l a r  au thor  

would have obta ined i f  h i s  data were inf luenced by t rapp ing  can be  c a l c u l a t e d  

and compared a g a i n s t  t h e  value  quoted by t h e  author .  

It would seem reasonable  t o  assume 2" 

could e x h i b i t  i d e n t i c a l  t rapping behavior a t  equivalent  

a s  a funct ion of f i s s i o n  mole f r a c t i o n s  i n  CaF 
2 2 

f o r  var ious  

For  a known f i s s i o n  dens i ty  and temperature i n  UO a t  which 2 

From t h e s e  values  and t h e  c l a s s i c a l  d i f f u s i o n  

by Car te r ,  D r i s c o l l  and Elleman'"', and us ing 
2 

Figures 2 and 3 show t h e  curves of  [ T I  and T~ as  a €unction of  f i s s i o n  

mole f r a c t i o n  (FMF) i n  CaF2 f o r  a range of temperatures which cover t h e  

experiments repor ted  i n  l i t e r a t u r e .  These curves were generated from t h e  

data  f o r  CaF repor ted  by Ong and Elleman (16' 2 

According t o  t h e  Hurst model"', i f  an  equi l ibr ium i s  r a p i d l y  estab-  

l i s h e d  between t rapp ing  and r e l e a s e  from t r a p s ,  then t h e  observed value  of 

t h e  d i f f u s i o n  c o e f f i c i e n t  can b e  represented a s  

(1' 
1 - Debs - ( 1  -+ k) D t r u e  

d2 where k =  
3Dt ru e'- T J  T2 

= t r u e  d i f f u s i o n  c o e f f i c i e n t  i n  UO2* t r u e  and D 

i n  t h i s  c a l c u l a t i o n  i s  taken t o  b e  values  quoted by Car te r ,  D r i s c o l l  D t r u e  
and Elleman (15' . 

I n  o rder  t o  perform t h i s  c a l c u l a t i o n  with r e s p e c t  t o  previously  

published experiments on UO seven d i f f e r e n t  au thors  were s e l e c t e d  from 2' 
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t h e  t h i r t e e n  shown i n  Figure  1. The ones t h a t  repor ted  t h e  lowest values of 

D were s e l e c t e d  s i n c e  t h e s e  were thought to b e  most influenced by t r a p p h g ,  

These r e s u l t s  a r e  represented by curves l a b e l l e d  ( I ) ,  ( 2 9 ,  (41, (59, (61, 

(lOA), (%OB), and ( l 2 ) ,  From t h e  f i s s i o n  d e n s i t i e s  and temperatures quoted 

by t he  au thors ,  [TI and T were determined us ing Figures (2) and ( 3 ) .  These 

values were s u b s t i t u t e d  i n t o  eqm&ions  (1) and (2) and D were determined, 

2 

ob s 

Figure  ( 4 )  S ~ C S W S  $hese values compared a g a i n s t  t h e  values repor ted  by 

t h e s e  au thors ,  Although t h e  spread i n  t he  r e s u l t s  i s  seduced by t h i s  t r app ing  

model, i t  gives values ~f D which a r e  s e v e r a l  o rders  of  magnitude below t h e  

corresponding repor ted  r e s u l t s  e Because of t h e  u n c e r t a i n t i e s  about: what 

p o r t i o n  of t h e  gas r e l e a s e  curves were used by t h e  var ious  au thors  in 

d e t e m i n i n g  t h e i r  values of  d i f f u s i o n  c o e f f i c i e n t s ,  one would no t  expect 

a f i t  of  t h e  values  c a l c u l a t e d  by t he  t r app ing  model with t h e  experimental 

values  t o  b e t t e r  than a couple of o rders  of magnitude. 

'The t r app ing  parameters of Ong and E l l e m n  ' I6)  f o r  CaP2 d i f f e r e d  by 

s e v e r a l  o rders  of magnitude from t h e  values of  MacEwan and Morel '13) and 

( I4)  f o r  UO a t  equivalent  reduced temperatures.  An of Spinsdler and Lindner 

a r b i t r a r y  displacement of t h e  CaF 

temperature a x i s  was made t o  provide c l o s e r  agreement between t he  two s e t s  

of da ta .  There i s  no fundamental j u s t i f i c a t i o n  f o r  t h i s  adjustment, except 

2 

t r app ing  r e s u l t s  p a r a l l e l  t o  t h e  2 

t h e  recogn i t ion  t h a t  i t  i s  u n r e a l i s t i c  t o  expect exact  correspondence 

between UO and CaF and it  i s  probably b e s t  t o  a s c r i b e  t h e  g r e a t e s t  

r e l i a b i l i t y  t o  t h e  few d i r e c t  measurements which have been c a r r i e d  out  

for U02" 

a s  temperature and f i s s i o n  dens i ty  dependence were re ta ined  una l te red .  

2 2 

The o t h e r  e s s e n t i a l  f e a t u r e s  of t he  CaF t rapp ing  values  such 2 

Figure  (5) shows t h e  D c a l c u l a t e d  us ing t h e s e  ad jus ted  t r app ing  ob s 

parameters and they a r e  i n  reasonable  agreement wi th  t h e  values  repor ted  

by t he  au thors .  O f  t h e  52 values checked f o r  a v a r i e t y  of temperatures 
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1 

and f i s s i o n  d e n s i t i e s ,  t h e  agreement between t h e  c a l c u l a t e d  end measured values  

agreed t o  wi th in  an  o rder  of magnitude f o r  two- thirds of t h e  cases  and d i f f e r e d  

by more than two orders  of magnitude f o r  only four  po in t s .  

In severa l  cases ,  where t h e r e  was disagreement between c a l c u h  ted  and 

experimental d i f f u s i o n  c o e f f i c i e n t s ,  i t  was apparent  t h a t  d i f f e r e n t  values  of 

t h e  d i f f u s i o n  c o e f f i c i e n t  could be  i n f e r r e d  from t h e  curves generated by 

H u r s t ' s  model, depending on which p o r t i o n  of t h e  curve was s e l e c t e d  f o r  f i t t i n g  

t o  t h e  c l a s s i c a l  d i f f u s i o n  so lu t ions .  The range of possLble d i f f u s i o n  

c o e f f i c i e n t s  o f t e n  included t h e  l i t e r a t u r e  repor ted  value  f o r  t h e  s e l e c t e d  

temperature and f i s s i o n  densi ty .  I n  o t h e r  cases ,  i t  was found t h a t  t h e  

l i t e r a t u r e  value  of D could b e  obtained by varying e i t h e r  t h e  t r a p  concen- 

t r a t i o n  o r  gas r e t e n t i o n  time by nomore than a f a c t o r  o f  t en ,  a v a r i a t i o n  which 

i s  c l e a r l y  p o s s i b l e  i n  view of t h e  u n c e r t a i n t i e s  involved i n  es t imat ing t h e  

t r app ing  parameters. 
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CONCLUSIONS 

The p r i n c i p a l  conclusion which can be  made from t h e s e  resul t s  is  t h a t  

t r app ing  a t  radiat ion- induced d e f e c t s  i n  UO 

of t h e  d iscrepancies  observed i n  r a r e  gas d i f f u s i o n  c o e f f i c i e n t s  t h a t  a r e  

repor ted  i n  l i t e r a t u r e .  

CaF2 and ad jus ted  t o  correspond with t h e  l imi ted  t r app ing  data a v a i l a b l e  

i n  U02 could give  observed d i f f u s i o n  c o e f f i c i e n t s  i n  agreement with a 

number of l i t e r a t u r e  values  lends  support  t o  t h i s  conclusion.  

i s  a probable cause of most 
2 

The f a c t  t h a t  t r app ing  parameters measured f o r  

A more a c c u r a t e  a n a l y s i s  of t r app ing  would n e c e s s i t a t e  measurement 

of r a r e  gas t r app ing  parameters i n  UO over a w i d e  range of f i s s i o n  

d e n s i t i e s  and temperatures.  

2 

1 

1 
1 

n 
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