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ABSTRACT 

Major r e s u l t s  of t r i t i u m  and r a r e  gas d i f f u s i o n  r e sea rch  conducted under 

t h e  c o n t r a c t  a r e  summarized. 

a n  i n v e s t i g a t i o n  of t r app ing  e f f e c t s  on xenon t r a n s p o r t  i n  s o l i d s .  

r e c e n t  work has  been on genera t ion  of b a s i c  d i f f u s i o n  da ta  f o r  t r i t i u m  i n  f i s s i o n  

The r a r e  gas d i f f u s i o n  s t u d i e s  were concerned wi th  

The more 

and f u s i o n  r e a c t o r  s t r u c t u r a l  m a t e r i a l s .  

mathematical  models t o  p r e d i c t  t r i t i u m  t r a n s p o r t  r a t e s  i n  p re s su r i zed  wa te r  

r e a c t o r s  and i n  t h e  b l anke t  reg ions  of t h e  Reference Theta Pinch Fusion Reactor  

des ign .  The m a t e r i a l s  s tud ied  were a u s t e n i t i c  s t a i n l e s s  s t ee l s ,  Z i r ca loy ,  and 

niobium. 

These b a s i c  da t a  have been a p p l i e d  i n  

I n  a l l  t h r e e  of t h e  metal  systems i n v e s t i g a t e d ,  t r i t i u m  r e l e a s e  r a t e s  were 

found t o  be  i n h i b i t e d  by s u r f a c e  oxide  f i lms .  The e f f e c t i v 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  c o n t r o l  t r i t i u m  r e l e a s e  from s u r f a c e  f i lms  on Z i rca loy  and niobium were 

determined t o  be  e i g h t  t o  t e n  o rde r s  of  magnitude lower than the  bulk  d i f f u s i o n  

c o e f f i c i e n t s .  A r a p i d  component of  d i f f u s i o n  due t o  gra inboundar ies  w a s  i d e n t i f i e d  - 

i n  s t a i n l e s s  s t e e l s .  The grainboundary d i f f u s i o n  c o e f f i c i e n t  was determined t o  

be  about  s ix  o r d e r s  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  

f o r  t r i t i u m  i n  s t a i n l e s s  s t e e l .  

Ca lcu la t ions  based on models t h a t  considered d i f f e r e n t  d i f f u s i o n  c o e f f i c i e n t s  

i n  bu lk  and s u r f a c e  reg ions  on f i s s i o n  r e a c t o r  c ladding  materials showed t h a t  

t h e  b a s i c  t r i t i u m  d i f f u s i o n  da ta  f o r  s t a i n l e s s  s t e e l s  and Z i rca loy  were con- 

s i s t e n t  w i th  t h e  t r i t i u m  d i s t r i b u t i o n s  i n  r e a c t o r  f u e l  p ins  r epor t ed  by o t h e r  

i n v e s t i g a t o r s .  

through t h e  c l add ing  i s  r a t e - l i m i t e d  by t h e  extremely slow d i f f u s i o n  r a t e  i n  t h e  

s u r f a c e  f i lms .  

I n  Z i r ca loy  c l a d  f u e l  p ins ,  t h e  permeation r a t e  o f  t r i t i u m  

Tr i t i um d i f f u s i o n  r a t e s  through s u r f a c e  oxide  f i lms  on niobium appear  t o  b e  

0 c o n t r o l l e d  by c racks  i n  t h e  s u r f a c e  f i lms  a t  temperatures  u p  t o  600 C .  Beyond 
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0 600 C ,  t h e  c racks  appear  t o  h e a l ,  thereby i n c r e a s i n g  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  through t h e  oxide f i lm .  

l i t h i u m  appear  t o  be  a b l e  t o  reduce t h e  oxLde l a y e r s  above 6OO0C r e s u l t i n g  i n  

Reducing atmospheres such as  hydrogen and 

t r i t i u m  r e l e a s e  rates t h a t  a r e  c o n t r o l l e d  only  by bu lk  d i f f u s i o n  c o e f f i c i e n t s .  

The s t e a d y - s t a t e  d i f f u s i o n  o f  t r i t i u m  i n  a f u s i o n  r e a c t o r  b l anke t  has been 

eva lua ted  us ing  t h e  Los Alamos Theta Pinch r e a c t o r  a s  a r e fe rence  system. The 

purpose was t o  c a l c u l a t e  t h e  equ i l ib r ium t r i t i u m  t r a n s p o r t  r a t e ,  approximate t ime 

t o  equi l ibr ium,  and t r i t i u m  inventory  i n  va r ious  reg ions  of t h e  r e a c t o r  b l anke t  

as a f u n c t i o n  of s e l e c t e d  b l anke t  parameters.  Values f o r  t h e s e  q u a n t i t i e s  have 

been t a b u l a t e d  f o r  b l anke t  cond i t ions  which appear  reasonable  f o r  t h e  r e f e r e n c e  

sys tern. 
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INTROD UC T I ON 

This  r e p o r t  summarizes t h e  work performed from February 1966 u n t i l  June  1975 

under Cont rac t  #AT-(40-1)3508 on d i f f u s i o n  of r a r e  gases  and t r i t i u m  i n  n u c l e a r  

r e a c t o r  materials.  U n t i l  November 1970, t h e  primary emphasis was on unders tanding  

t h e  mechanisms of r a r e  gas d i f f u s i o n  i n  uranium d iox ide  and o t h e r  compounds which 

could s imula t e  r e a c t o r  f u e l s .  S ince  then ,  t he  major e f f o r t  has  been t o  o b t a i n  

b a s i c  d i f f u s i o n  da ta  f o r  t r i t i u m  i n  f i s s i o n  and f u s i o n  r e a c t o r  s t r u c t u r a l  m a t e r i a l s .  

A l l  o f  t h e  work which has  been descr ibed  i n  e a r l i e r  annual  r e p o r t s  i s  b r i e f l y  

summarized i n  t h i s  f i n a l  r e p o r t .  The i n v e s t i g a t i o n s  which were c a r r i e d  o u t  over  

t h e  l a s t  c o n t r a c t  per iod of  sixteen months and which a r e  as  y e t  unpubl ished a r e  

descr ibed  i n  g r e a t e r  d e t a i l .  

F i s s i o n  product  t r a n s p o r t  i n  r e a c t o r  m a t e r i a l s  has  been a s u b j e c t  of con- 

s i d e r a b l e  i n t e r e s t  from t h e  very beginning of  n u c l e a r  power programs throughout 

t h e  world.  

i n  t h e  des ign  of nuc lea r  f u e l  from t h e  s t andpo in t  of bo th  s a f e t y  and f u e l  p e r -  

formance. 

t h e  r e sea rch  c a r r i e d  o u t  t o  i n v e s t i g a t e  t r app ing  e f f e c t s  on t h e  t r a n s p o r t  

mechanisms f o r  f i s s i o n  product  xenon i n  UO and o t h e r  nonmeta l l ic  s o l i d s .  

I n e r t  gas d i f f u s i o n  i n  uranium d iox ide  i s  a n  important  c o n s i d e r a t i o n  

The f i r s t  s e c t i o n  of  t h i s  r e p o r t  summarizes t h e  major f ind ings  of 

2 

The rest  of t h i s  r e p o r t  d e a l s  w i t h  t r i t i u m  d i f f u s i o n  i n  r e a c t o r  s t r u c t u r a l  

m a t e r i a l s .  

h igh  temperature  gas-cooled f i s s i o n  r e a c t o r s  of t h e  type  i n  u s e  c u r r e n t l y ,  a s  w e l l  

a s  advanced systems of t h e  f u t u r e  such as  l i qu id -me ta l  cooled f a s t  b reede r  

Nuclear  energy gene ra t ing  systems such as  l i g h t  water r e a c t o r s  and 

r e a c t o r s  (L,MFBR) and c o n t r o l l e d  thermonuclear r e a c t o r s  (CTR), a l l  produce t r i t i u m  

i n  abundant q u a n t i t i e s .  A s  a n  example,  a 3600 MWTh LMFBR would produce about  

15,000-20,000 Ci /year  o f  t r i t i u m  and a CTR of  comparable power i s  expected t o  

breed about  10 Ci /year .  

t h e  environment i s  a n  extremely small f r a c t i o n  of t h e  t r i t i u m  genera ted .  

9 The a l lowable  t r i t i u m  r e l e a s e  from t h e s e  f a c i l i t i e s  t o  

Bas ic  

t o  t h e  problem of t r i t i u m  containment i s  t h e  need t o  understand t r i t i u m  t r a n s p o r t  
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c h a r a c t e r i s t i c s  of materials used i n  these  systems. 

The work on t r i t i u m  d i f f u s i o n  was i n i t i a t e d  wi th  bulk  d i f f u s i o n  c o e f f i c i e n t  

measurements 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  and i n  Zi rca loy-2  because of  t h e  

widespread u s e  of t hese  a l l o y s  as  c ladding  m a t e r i a l s  i n  e x i s t i n g  l i g h t  water  

r e a c t o r s .  

m a t e r i a l s  was i d e n t i f i e d  t o  be  permeation through t h i n  oxide f i lms  on t h e  s u r f a c e s .  

These s t u d i e s  y i e lded  bu lk  d i f f u s i o n  c o e f f i c i e n t s  a s  w e l l  a s  s u r f a c e  f i l m  d i f f u s i o n  

c o e f f i c i e n t s  which, when used i n  c l a s s i c a l  mul t i - reg ion  d i f f u s i o n  models, f o r  

r e a c t o r  c ladding ,  gave t r i t i u m  r e l e a s e  r a t e s  t h a t  agreed  w e l l  w i th  l i t e r a t u r e  

The r a t e - c o n t r o l l i n g  mechanism f o r  t h e  r e l e a s e  of  t r i t i u m  from t h e s e  

d a t a  obta ined  by r e a c t o r  f u e l  p i n  i r r a d i a t i o n s .  

niobium because of  i t s  p o t e n t i a l  u s e  a s  a s t r u c t u r a l  m a t e r i a l  i n  f u s i o n  r e a c t o r s .  

The r e s u l t s  a g a i n  showed t h a t  t h e  s u r f a c e  oxide  f i l m  e f f e c t s  c o n t r o l  t h e  r e l e a s e  

r a t e  of  t r i t i u m  a t  low concen t r a t ions .  The oxide  f i l m  c h a r a c t e r i s t i c s  were 

s t u d i e d ,  and t h e  r e s u l t s  a r e  r epor t ed  i n  d e t a i l  i n  t h i s  r e p o r t .  The d i f f u s i o n  

da ta  generated from t h i s  work as  w e l l  as da t a  repor ted  i n  l i t e r a t u r e  f o r  o t h e r  

systems were used t o  compute t h e  s t e a d y - s t a t e  t r i t i u m  concen t r a t ion  and f l u x e s  i n  

t h e  t o r u s  of t h e  Reference Theta Pinch Reactor  which i s  one of  t h e  c u r r e n t  con- 

c e p t s  f o r  a f u s i o n  r e a c t o r  power p l a n t .  This  work i s  a l s o  d iscussed  i n  d e t a i l  

i n  th is  report. 

This  work was l a t e r  extended t o  

Each of  t h e  fo l lowing  major s e c t i o n s  i s  e s s e n t i a l l y  se l f - con ta ined  and 

p r e s e n t s  r e s u l t s  of p r i o r  work, experimental  f i nd ings ,  mathematical  models, d i s -  

cus s ion  of r e s u l t s ,  and conclus ions .  
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RESULTS 

1. RARE GAS DIFFUSION IN SOLIDS 

The p r i n c i p a l  a c t i v i t y  from January  1966 u n t i l  November 1970 was t o  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 t r app ing  of r a r e  gases  i n  s o l i d s  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 .  A l k a l i  meta l  h a l i d e  and c a l -  

cdum f l u o r i d e  s i n g l e  c r y s t a l s  were 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 r d e r  t o  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 .  Rare gas r e t e n t i o n  i n  s u r f a c e  

f i l m s ,  t r app ing  a t  rad ia t ion- induced  d e f e c t s ,  and gas concen t r a t ion  e f f e c t s  were 

i d e n t i f i e d  and s t u d i e d .  

D i f fus ion  c o e f f i c e n t s  of xenon i n  t h e s e  two materials a t  low d e f e c t  con- 

c e n t r a t i o n s  have been measured. Trap concentrat i .on and x e n m  r e t e n t i o n  t ime i n  

t r a p s  i n  CaF and UO s i n g l e  c r y s t a l s  a l s o  have been determined. These t r app ing  

parameters  when app l i ed  t o  a p p r o p r i a t e  t r app ing  models,appear t o  g ive  e f f e c t i v e  

d i f f u s i o n  c o e f f i c i e n t s  f o r  UO which a r e  i n  agreement w i t h  a number of  l i t e r a t u r e  

2 2 

2 

values .  

1.1. C l a s s i c a l  R a r e  Gas Di f fus ion  

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 f u s i o n  i n  s o l i d s  con ta 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 term, " c l a s s i c a l  d i f f u s i o n , "  

is  used h e r e  t o  imply a cond i t ion  where: 

1. The t ime r a t e  of  gas release i s  c o n s i s t e n t  w i th  s o l u t i o n s  t o  F i c k ' s  

d i f f u s i o n  equat ions w i t h  c o n s t a n t  d i f f u s i o n  c o e f f i c i e n t  D .  

2. The temperature  dependence of  D i s  of t h e  gene ra l  form: 

-AH/kT D = D  e 
0 

3.  Gas d i f f u s i o n  is  c o n t r o l l e d  by thermal ly  genera ted  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  o u t  f o r  the  purpose o f  e s t a b 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 rare gas could b e  obta ined  when r a d i a t i o n  damage 
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and gas concen t r a 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 ,  RbI, and 

KI were grown from a melt doped wi th  1331 which i s  t h e  p recu r so r  of r a d i o a c t i v e  

133Xe. The r e s u l t i n g  c r y s t a l s  conta ined  a homogeneous d i s t r i b u t i o n  of r a d i o a c t i v e  

ra re  gas a t  low concen t r a t ion  wi th  n e g l i g i b l e  r a d i a t i o n  damage t o  t h e  l a t t i c e .  

D i f fus ion  experiments were performed by i so thermal ly  annea l ing  t h e  c r y s t a l s  and 

rad ioassaying  t h e  r e l eased  133Xe as a func t ion  of t i m e .  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 r ep roduc ib le  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 .  

Experiments i n  which 133Xe 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  e x t e r n a l  uranium f o i l  were a l s o  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-d i f 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 agreed  w i t h  t h e  va lues  

determined from 1331 doping as  long as f i s s i o n  r e c o i l  f l uences  were kep t  below 

approximately 10 f i s s i o n  fragments cm . The two experiments were s o  g r e a t l y  
12 -2  

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 thermal ly  generated d e f e c t s  i n  both cases .  

The experiments i n d i c a t e  t h a t  i t  i s  p o s s i b l e  t o  o b t a i n  c l a s s i c a l  d i f f u s i o n  

k i n e t i c s  f o r  ra re  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 concen t r a t ions  

a r e  low. Table  1.1 summarizes t h e  c h a r a c t e r i s t i c  d i f f u s i o n  c o e f f i c i e n t s  and 

enthalpies measured for 133Xe diffusion in four s o l i d s .  

Table  1.1. Measured Di f fus ion  Constants  f o r  133Xe D i f fus ion  i n  A l k a l i  Metal  
Iod ides  and Calcium Fluor ide .  

DO @H 
2 S o l i d  (cm /sec) Temperature Range 

K I  

RbI 

c SI 

+3.44 
'040 -0.84 

+3.11 
0.082 -0 .03 

+2.30 
0'57 -0.43 

CaF2 9.5 x 106 

1.03 f 0.05 

0.93 k 0.05 

1.00 f 0.04 

4.42 

150 C - 500 C 

150 C - 500 C 

150 C - 500 C 
750 C - 1000 C 
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1.2. Gas Atom Trapping i n  "Growth Induced" Defects  

It was found t h a t  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  could be grown which con- 

t a ined  cons ide rab le  s t r a i n  a s  t he  r e s u l t  of d e f e c t s  introduced dur ing  t h e  growth 

process .  

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  of s t r a i n .  The d e f e c t s  were presumably small  

voids  and low ang le  t i l t  boundaries bu t  no d i r e c t  obse rva t ions  of t h e  d e f e c t s  

were made. 

These c r y s t a l s  were cloudy ir. appearance and gave i n d i s t i n c t  X-ray 

Xenon d i f f u s i o n  measurements on cloudy C s I  s i n g l e  c r y s t a l s  gave va lues  f o r  

t h e  d i f f u s i o n  c o e f f i c i e n t  which appeared t o  decrease  wi th  h e a t i n g  t ime, which 

was c o n s i s t e n t  w i th  a t rapping  process  i n  which gas atoms were being immobilized 

a t  d e f e c t s  whi le  they d i f f u s e d .  

Hurst") showed t h a t  t he  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  con- 

Appl ica t ion  of t h e  t r app ing  model developed by 

11 c e n t r a t i o n  of approximately 1.2 x 10 t r a p s  cm-' and a long r e t e n t i o n  time i n  

t h e  t raps .  It was p o s s i b l e  t o  e l i m i n a t e  t h e  t r a p s  by annea l ing  t h e  c r y s t a l s  

133 be fo re  t h e  1331 decayed t o  Xe and t h e  h igher  t he  annea l ing  temperature ,  t h e  

g r e a t e r  t h e  f r a c t i o n  of t r a p s  annealed. 

a t  t h e  t r a p s ,  they appa ren t 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  

d id  no t  r e s u l t  i n  t r a p  annea l ing .  

A f t e r  t h e  gas atoms become immobilized 

1.3. Gas Atom Trapping a t  High Gas 'Concent ra t ions  

A s e r i e s  of experiments were c a r r i e d  ou t  t o  show t h e  e f f e c t  of gas concentra-  

t i o n  on 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  Xe concent ra t ions  were v a r i e d  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 r e s s u r e s .  

was introduced through inco rpora t ion  of 1331 i n t o  t h e  mel t .  

T o t a l  Xe was va r i ed  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  

d i f f e r e n t  thermal neutron f luences  t o  gene ra t e  s t a b l e  128Xe through 

The gas t a g  

2. 

t h e  r e a c t i o n :  
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The gas t a g  was aga in  in t roduced  through inco rpora t ion  of  133, 

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 vary ing  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  mel t .  

3.  

The f i rs t  technique permi t ted  a wide range of  X e  concen t r a t ions ,  b u t  i t  was 

n o t  p o s s i b l e  t o  i n s u r e  uniform gas d i s t r i b u t i o n  i n  t h e  s o l i d .  

e l e c t r o n  microscopy w a s  used t o  show t h a t  a t  l eas t  some of  t h e  X e  w a s  inhomogeneously 

d i s t r i b u t e d  a s  bubbles .  

d i s t r i b u t i o n  b u t  they  d i d  not  permit as w i d e  a range of p o s s i b l e  gas concen t r a t ions  

as method (1). Also,  some f a s t  neut ron  r a d i a t i o n  damage was produced by (2) even 

Transmission 

Methods (2) and (3)  produced a n  i n i t i a l l y  homogeneous gas 

though t h i s  was kept  t o  a minimum by i r r a d i a t i n g  specimens i n  t h e  r e a c t o r  thermal 

column. 

C r y s t a l s  w i t h  r e l a t i v e l y  h igh  r a r e  gas concen t r a t ions  (1014-1016 atoms ~ m - ~ )  

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 t h e  c r y s t a l s  w i th  low rare  gas con- 

c e n t r a t i o n s  (10~O-10'~ atoms cm 1, appa ren t ly  r e f l e c t i n g  t r app ing  of gas atoms 

i n  s m a l l  gas c l u s t e r s  o r  bubbles.  Values of  D were lowered a t  a l l  of t h e  s t u d i e d  

temperatures  f o r  t he  h igh  concen t r a t ion  cases  and t h e  observed D was cons t an t  

- 3  

f o r  t h e  gas r e l e a s e  a t  any given temperature .  

F lux  l i m i t a t i o n s  on  ou r  r e a c t o r  prevented a s tudy  of  concen t r a t ion  e f f e c t s  

over  wide concen t r a 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 r d e r  o f  magnitude r educ 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 concen t r a t ions  a r e  as high  a s  10 ppm. 

w i t h  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 r a t ion  e f f e c t s  a t  gas concen t r a t ions  a s  low as  0.004 ppm. 

Experiments 
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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 r a t ion  ranges f r equen t ly  employed f o r  r a r e  gas d i f f u s i o n  experiments.  

1.4. Gas Atom Trapping a t  Radiation-Induced Defects  

It was found t h a t  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. 

Radia t ion  damage 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  c r y s t a l s  

through t h e  f i s s i o n  r e c o i l  technique a t  moderately high f i s s i o n  r e c o i l  concen- 

t r a t i o n s  (> 10 
12 f i s s i o n  fragments cm-2) .  Each f i s s i o n  fragment depos i ted  a n  

average of 30 MeV,  of which approximately 5% was d i s s i p a t e d  i n  displacement  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 d i sp laced .  

t r app ing  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  from t h e  

t r app ing  d e f e c t s  produced by high gas concen t r a t ions  o r  grown-in d e f e c t s .  

rad ia t ton- induced  e f f e c t s  annealed a t  h igh  temperatures ,  and t h e  b e s t  f i t  o f  t h e  

The 

The 

t r app ing  model t o  t h e  experimental  da ta  showed t h a t  t h e  t r a p  concen t r a t ions  were 

cons iderably  h ighe r  and t h e  mean gas r e t e n t i o n  t ime i n  t r a p s  cons iderably  lower 

than  was observed wi th  t h e  c r y s t a l s  con ta in ing  growth-generated d e f e c t s .  

rad ia t ion- induced  t r a p s  had a concen t r a t ion  of a t  l e a s t  l o 6  h ighe r  than t h e  t r a p s  

produced by growing d e f e c t i v e  c r y s t a l s .  

was n o 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 he  t raps  s i n c e  t h e  t r a p  concen t r a t ions  

exceeded t h e  gas concent ra t ions  . 

The 

Annealing o f  t h e  rad ia t ion- induced  d e f e c t s  

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  o u t  of t h e  t r a p  concen t r a t ions  and r e t e n t i o n  

t i m e s  i n  t r a p s  f o r  f i s s i o n  doped CaF2 s i n g l e  c r y s t a l s .  

Hurst'') was modif ied f o r  u se  w i t h  f i s s i o n  r e c o i l  gas concen t r a t ion  p r o f i l e s ,  and 

t r a p  concen t r a t ions  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 concen t r a t ions  and fou r  tempera tures .  

c e n t r a t i o n s  were found t o  be  too  h igh  t o  be expla ined  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. Semi-log p l o t s  of t r a p  

concen t r a t ions  and t r a p  r e t e n t i o n  times ve r sus  ( tempera ture)  gave s t r a i g h t  l i n e s ,  

The model proposed by 

The t r a p  con- 

- 1  
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implying t h a t  t h e s e  q u a n t i t i e s  were adequate ly  represented  by s i n g l e  va lues  f o r  

t h e  a c t i v a t i o n  ene rg ie s  over  t h e  temperature  range s tud ied .  

The experiments summarized i n  Sec t ions  1 .2 ,  1.3, and 1.4 i n d i c a t e  t h r e e  

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

small vo ids  and o t h e r  d e f e c t s  produced dur ing  c r y s t a l  growth, t r app ing  through 

gas atom c l u s t e r i n g  a t  high gas concen t r a t ions ,  and t r app ing  a t  rad ia t ion- induced  

d e f e c t s .  Each t r app ing  process  l e d  t o  somewhat d i f f e r e n t  gas release 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 .  

1.5. Mechanism o f  Gas Di f fus ion  

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

d i f f u s i o n  mechanisms. The two most we l l - e s t ab 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  incompatible  w i t h  much of  t h e  a v a i l a b l e  

d a t a  on r a r e  gas migra t ion ,  inc luding  t h e  resu l t s  of  t h e  p r e s e n t  s tudy .  The 

p r i n c i p a l  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 d iscrepancy  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  ene rg ie s  wi th  t h e  observed va lues  

g r e a t l y  exceeding t h e  c a l c u l a t e d  va lues .  This  d i screpancy  w a s  supported by t h e  

p r e s e n t  s tudy  where t h e  measured d i f f u s i o n  a c t i v a t i o n  ene rg ie s  f o r  Xe d i f f u s i o n  

i n  K I ,  RbI, and C s I  were observed t o  be  approximately t h r e e  times t h e  c a l c u l a t e d  

mig ra t ion  energ ies  f o r  i n t e r s t i t i a l ' d i f f u s i o n .  ( 2 )  

Objec t ions  t o  s i m p l e  vacancy d i f f u s i o n  a r e  based upon t h e  absence of  a n  

impur i ty  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 )  channel ing  r e s u l t s  

w i t h  a lpha-emi t t ing  rare  gases ,  ( 7 y 8 )  and t h e  wide discrepancy between r a r e  gas 

d i f f u s i o n  r e s u l t s  and s e l f - d i f f u s i o n  r e s u l t s  where s e l f - d i f f u s i o n  i s  known t o  

occur  by a vacancy mechanism.") The p resen t  work has  noted  t h e  absence of a n  

impur i ty  e f f e c t  f o r  Xe d i f f u s i o n  i n  Cu20 and Ba12 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  Xe 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 two mechanisms t h a t  a r e  most f r equen t ly  d iscussed  as  a p p l i c a b l e  t o  r a r e  

gas d i f f u s i o n  are  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 Norge t t  and L i d i a r d  
(10) 
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0 over t h e  temperature  range 1065 C t o  13OO0C.  

12 2 to 3 x 10 f i s s i o n  fragments/cm (3 x lom8 

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. The t rapped-  

I n c r e a s i n g  t h e  r e c o i l  c o n c e n t r a t i o n  

f i s s i o n  atom f r a c t i o n )  produced 

i n t e r s t i t i a l  model assumes t h a t  rare  gas atoms 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 as vacancies .  The r e l e a s e  r a t e  from t h e  

vacancy t r a p s  can be  t h e  ra te -de termining  s t e p  i n  gas d i f f u s i o n  under c e r t a i n  

cond i t ions  and t h e  measured d i f f u s i o n  a c t i v a t i o n  energy w i l l  t h e r e f o r e  be  h ighe r  

than  that p red ic t ed  f o r  i n t e r s t i t i a l  migra t ion .  The mobile d e f e c t  c l u s t e r  model 

assumes t h a t  gas atoms a s s o c i a t e  w i th  mobile d e f e c t  c l u s t e r s  i n  t h e  l a t t i c e  and 

move wi th  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 n c i p a l  incons is tency  between t h e  t r a p p e d - i n t e r s t i t i a l  d i f f u s i o n  model 

and t h e  p r e s e n t  work l i e s  i n  t h e  f a c t  t h a t  unusua l ly  h igh  d e f e c t  concen t r a t ions  

a r e  r equ i r ed  t o  exp la in  t h e  low temperature ,  f i s s i o n  r e c o i l  d i f f u s i o n  r e s u l t s  

where t h e  gas atoms move extremely s h o r t  d i s t a n c e s  b e f o r e  r e l e a s e  a t  a s u r f a c e .  

The mobile c l u s t e r  model appears  q u a l i t a t i v e l y  c o n s i s t e n t  w i th  t h e  experimental  

r e s u l t s ,  and i t  appears  t o  be t h e  b e t t e r  choice  of  t h e  two t o  exp la in  r a r e  gas 

d i f f u s i o n  i n  a l k a l i  h a l i d e s .  

1.6. D i f fus ion  and Trapping i n  U 0 2  S ing le  C r y s t a l s  

D i f fus ion  s t u d i e s  were performed wi th  UO s i n g l e  c r y s t a l s  us,ag f i s s  m- 2 

r e c o i l  doping and rad ioassay  of t h e  r e l e a s e d  133 Xe. 

a f i s s i o n  fragment dose of 3 x 10 

It was observed t h a t  below 

,I 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  would 11 - 2  ff c m  

f i t  t h e  gas r e l e a s e ,  implying t h a t  rad ia t ion- induced  d e f e c t s  d i d  n o t  a f f e c t  t h e  

d i f f u s i o n  process .  The c lass ica l  d i f f u s i o n   coefficient could  be  r ep resen ted  by 

D = 2.88 x 10 3 exp(-110 kcal/RT)cm 12 sec -1 

I ’  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 r app ing .  

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 n s i s t e n t  w i th  t h e  
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trapping model of Ong and Elleman 

time in the traps could be determ 

different temperatures. 

12 

(12) The trap concentrations and retention 

12 ned at 3 x 10 fission fragments/cm2 at three 
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2. TRITIUM DIFFUSION I N  FISSION REACTOR CLADDING 

This  s e c t i o n  summarizes t h e  previous y e a r s '  work on t r i t i u m  d i f f u s i o n  

s t u d i e s  i n  r e a c t o r  c ladding  m a t e r i a l s  ( s t a i n l e s s  s t e e l s  and Z i rca loy )  and d i s -  

cusses  i n  d e t a i l  t h i s  y e a r ' s  work on grainboundary 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 .  

2.1. T r i t i um Transpor t  i n  S t a i n l e s s  S t e e l s  

2.1.1. Summary of P r i o r  Years '  Work 

S t a i n l e s s  s t e e l  was a f a i r l y  common c ladding  m a t e r i a l  i n  nuc lea r  power 

r e a c t o r s  of t h e  l a t e  1960 ' s  and i s  used i n  c u r r e n t  r e a c t o r s  a s  t h e  c ladding  

m a t e r i a l  f o r  burnable  poison rods i n  l i g h t  water  r e a c t o r s .  

f o r  u se  a s  t he  f i r s t  w a l l  m a t e r i a l  i n  a t  l e a s t  two o f  t h e  c u r r e n t  designs f o r  

c o n t r o l l e d  thermonuclear r e a c t o r s .  Previous hydrogen d i f f u s i o n  measurements i n  

s t a i n l e s s  s t e e l s  were obtained by e i t h e r  permeation s t u d i e s  o r  by exposing the  

specimens t o  hydrogen gas and measuring t h e  concen t r a t ion  p r o f i l e .  

of s t u d i e s ,  t h e  r e s u l t s  w i l l  be inf luenced  by var ious  i n t e r f e r e n c e s  such a s  

s u r f a c e  e f f e c t s .  

It i s  a l s o  proposed 

I n  both types 

I n  o rde r  t o  measure d i f f u s i o n  c o e f f i c i e n t s  uninf luenced by t h e s e  e f f e c t s  

and t o  understand t h e  r a t e - c o n t r o l l i n g  s t e p s  i n  t r i t i u m  r e l e a s e  from s t a i n l e s s  

s teel ,  t r i t i u m  was i n t roduced  i n t o  c y l i n d r i c a l  specimens by r e c o i l - i n j e c t i o n  from 

a 6 3 LiF s u r f a c e  b l anke t  i r r a d i a t e d  wi th  thermal neutrons t o  produce % i ( n , p )  H 

r e a c t i o n .  

were assayed f o r  t r i t i u m  t o  a s c e r t a i n  t h a t  t h e  r e c o i l  i n j e c t i o n  produced a l i n e a r l y  

decreas ing  concen t r a t ion  p r o f i l e  a s  expected: (I3) 

di f fus ion-annea led  a t  known cons tan t  temperatures  and subsequent ly  e l e c t r o p o l i s h e d  

The i r r a d i a t e d  samples were e l ec t ropo l i shed  t o  remove t h i n  l a y e r s  which 

Other i r r a d i a t e d  samples were 

to gene ra t e  t r i t i u m  concent ra t ion  p r o f i l e s .  IThe k i n e t i c s  o f  t r i t i u m  r e l e a s e  

dur ing  d i f f u s i o n  annea ls  were a l s o  monitored. The experimental  methods used and 

the : -esu l t s  a r e  descr ibed  by Aus t in  and Elleman. ( 1 4 )  
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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  represented  

boundary d i f f u s i o n  r e s u l t s  a r e  d iscussed  by 

The nea r - su r face  t rapping  i n  s t a i n l e s s  

14 

by equat ion  ( 2 ) .  The g ra in -  

(17) Calder ,  e t  a l .  

s t e e l  was s tud ied  by fo l lowing  t h e  

The concen t r a t ion  p r o f i l e s  showed t h r e e  components of d i f f u s i o n  which were 

i d e n t i f i e d  a s  a s u r f a c e  t r app ing  reg ion  wi th  high concen t r a t ion  i n  2-5 p a t  t h e  

s u r f a c e ,  a bulk  d i f f u s i o n  reg ion  and a long-range grainboundary component. The 

bulk  d i f f u s i o n  components i n  304- and 316- s t a in l e s s  s t e e l s  were c o n s i s t e n t  w i th  

c l a s s i c a l  d i f f u s i o n  solut ions(13)  from which d i f f u s i o n  c o e f f i c i e n t s  i n  the  bulk  

reg ion  could be determined. These a r e  represented  by 

(2)  
2 -1 D = 0.018 exp(- l4  kCal/RT)cm -sec  

0 i n  t h e  temperature  range 25OC t o  222 C .  

304- and 316-s t a i n l e s s  s t e e l s .  

Thlere was no apparent  d i f f e r e n c e  between 

The grainboundary d i f f u s i o n  components were determined up t o  depths  of 2000 pi 

i n t o  t h e  sample by s e c t i o n i n g  us ing  a combination of l a t h e  and e l e c t r o p o l i s h i n g .  

These concen t r a t ion  p r o f i l e s  were f i t t e d  t o  F i s h e r ' s ( 1 5 )  and Suzouka ' s " ~ )  models 

t o  o b t a i n  grainboundary d i f f u s i o n  c o e f f i c i e n t s .  The va lues  obta ined  from the  two 

models agreed t o  w i t h i n  a f a c t o r  of 1 .4 .  F i s h e r ' s  model gave va lues  r ep resen ted  

by t h e  Arrhenius  express ion  

(3) 
2 DG = exp(8.85 f 1.2)exp(-10.3 f 0.7 kCal/RT)cm -sec  

over  t h e  temperature  range -78OC t o  1 8 5 O C .  

(about 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  grainboundary d i f f u s i o n  com- 

Only a r e l a t i v e l y  smal l  f r a c t i o n  

ponent dur ing  t h e  r e l a t i v e l y  s h o r t  annea l ing  t imes used i n  t h e  experiment.  These 

d i f f u s i o n  model which assumes d i f f e r e n t  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  

reg ion  and i n  the  bulk  reg ion  could f i t  t he  s u r f a c e  r e l e a s e  r e s u l t s  a l though t h e  
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model d id  no t  e x p l i c i t l y  t ake  i n t o  account t r i t i u m  t r app ing  and t h e  bui ld-up of 

t r i t i u m  i n  t h e  s u r f a c e  l a y e r .  The apparent  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  s u r f a c e  

r eg ion  determined by t h i s  model gave t h e  Arrhenius  express ion  

( 4 )  
- 4  2 -1 exp(-15.4 kCal/RT)cm -sec D = 3.0 x 10 

0 0 i n  t h e  temperature  range 25 C t o  184 C .  

a r e  lower 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  quoted i n  equat ion  (2) by about  

2 t o  3 o r d e r s  of magnitude. 

These su r face - l aye r  d i f f u s i o n  c o e f f i c i e n t s  

The p o s s i b i l i t y  was considered t h a t  t h e  nea r - su r face  

t r app ing  was caused by t h e  r e c o i l - i n j e c t i o n  process  i n  which helium ( a - p a r t i c l e s )  

were i n j e c t e d  t o  a depth of  3 p and poss ib ly  produced helium s t a b i l i z e d  vacancy 

c l u s t e r s .  To check t h i s ,  concen t r a t ion  p r o f i l e s  were measured i n  s t a i n l e s s  s t e e l  

f o i l s  which were implanted wi th  monoenergetic helium ions  from a tandem Van de Graaf 

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

D t  t o  a l low t h e  t r i t i u m  t o  d i f f u s e  p a s t  t h e  helium region .  They showed no d i s -  

c e r n i b l e  evidence o f - t r i t i u m  t r app ing  by t h e  helium l aye r .  It i s  be l i eved  t h a t  

t h e  s u r f a c e  t r app ing  i s  caused by a t h i n  l a y e r  of ox ide  r eg ion  on t h e  sample  

s u r f a c e .  These s u r f a c e  e f f e c t s  r e s u l t s  a r e  d iscussed  i n  a paper  by A u s t i n , e t  

2.1.2. Grainboundary Di f fus ion  i n  304L-Stainless  S tee l -P red ic t ed  Permeation 
Rates .  I 

I 

Based on t h e  bu lk  and grainboundary d i f f u s i o n  c o e f f i c i e n t s ,  w e  have i n v e s t i -  

ga t ed  t h e  ques t ion  of by how much t h e  t r i t i u m  permeation r a t e  would be  in f luenced  

by grainboundary d i f f u s i o n .  Th i s  s e c t i o n  d i scusses  t h e  r e s u l t s  of t h e s e  computa- 

t i o n s .  Th i s  in format ion  has n o t  been presented  i n  p r i o r  annual  r e p o r t s  and i s  
1 

t h e r e f o r e  t r e a t e d  i n  some d e t a i l .  I 

2.1.2.1 Grainboundary Di f fus ion  Model 1 
Permeation r a t e s  through grainboundaries  i n  a f i n i t e  s l a b  can  be  computed 

by adap t ing  t h e  mathematical  model developed by Levine and MacCallum. Th i s  



I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

L 

1 
1 

Consider a f i n i t e  s l a b  of t h i ckness  L ,  through 

The boundary condi t ions  a r e  

1 6  

which t h e  d i f f u s a n t  i s  permeating. 

model assumes a uniform, time-independent concen t r a t ion  of  t r i t i u m  on one s i d e  

of  t h e  specimen. I t  i s  assumed t h a t  d i f fus5on takes  p l ace  through t h e  boundaries  

i n t o  t h e  g ra ins  and no t  v i c e  ve r sa .  The g r a i n s  merely a c t  as i n f i n i t e  s inks .  

Following t h e  arguments o f  Levine and MacCallum, t r i t i u m  concen t r a t ion  C ' ( y ,  t) 

i n  t h e  grainboundaries  a t  a d i s t a n c e  7 from t h e  s u r f a c e  i s  given by the  ba lance  

equat ion ,  

( 5 )  

where 

D' = t h e  grainboundary d i f f u s i o n  c o e f f i c i e n t ,  

CT = t o t a l  s u r f a c e  a r e a  of  t h e  g r a i n s ,  

E = t h e  volume f r a c t i o n  of grainboundaries  

i n  t h e  specimen, 

and 
. .  

G ( t )  = T h e  Green's func t ion  f o r  t h e  f l u x  i n t o  a g r a i n  from t h e  

surrounding grainboundary. 

For a g r a i n  of  d i f f u s i v i t y  D ,  G ( t )  i s  given by 

( 6) 
2 2  

G ( t )  = (D/nt)' exp(-4E D t / 6  ) 

6 = t h e  width of  t h e  grainboundary 
I 

C ' ( L ,  t) = 0 

C l ( 0 , t )  = 1 

~ f o r  a l l  t 2. 0 1 (7) 

For convenience,  w e  assume the s u r f a c e  conc+ t ra t ion  t o  be  u n i t y  a t  t h e  i n l e t  

s i d e .  The i n i t i a l  cond i t ion  i s  given by 

C l ( y , t )  = 0 f o r  y > 0 and t i; 0 
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Taking Laplace Transforms of equat ions (5) and (6) and of t h e  i n i t i a l  and boundary 

cond i t ions ,  i t  can be shown t h a t  

where 
2 -f f 

a = { [I + (€2 + g) ] } 

(9) 

The concen t r a t ion  cd(y,t) averaged over t h e  g r a i n s  and the  grainboundaries  on any 

p lane  a t  a d i s t a n c e  y from t h e  e n t r y  s i d e  can be w r i t t e n  a s  

t 
(b(y,t)  = E C l ( y , t )  + o 1 C'(y,v)G(t  - v)dv 

0 

It follows t h a t  

The r e l e a s e  r a t e  per  u n i t  a r ea  R ( t )  from the  s u r f a c e  y = L may be w r i t t e n  a s  

R( t )  = -D aOL,' t, I 
y = L  

where D i s  t h e  bulk  d i f f u s i o n  c o e f f i c i e n t .  Therefore  

$ { R ( t ) ]  = -D 

I '  
Ea D [ ( 2 $s,"] 11 Sinh (a) 1 +  € + -  L- - 

S 

The r e l e a s e  r a t e  pe r  u n i t  a r ea  through the  krainboundaries  t h a t  a r e  exposed t o  
I 

t h e  e x i t  s i d e  i s  given by 
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d i f f e r e n t  va lues  r e s u l t s  , i n  a l i n e a r  system 
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of  N equat ions  

where h = t h e  t o t a l  l eng th  of a l l  grainboundary t r a c e  exposed per  u n i t  a r e a .  

Therefore ,  

Bellman and Kalaba have shown t h a t  xi 

I n v e r s e  t ransformat ion  of equat ions  ( 9 ) ,  (12), ( 1 4 ) ,  and (16) would g ive  

a i 1 + ri 
= and wi = F  where r i a r e  

t h e  concen t r a t ion  i n  t h e  grainboundary, t h e  average concen t r a t ion  a long  any 

p lane  p a r a l l e l  t o  t h e  faces  of  t h e  s l a b ,  t h e  r e l e a s e  r a t e  from t h e  ex i t  f a c e  

and t h e  r e l e a s e  r a t e  from t h e  grainboundaries  exposed a t  t h e  e x i t  f ace ,  r e s p e c t i v e l y .  

. A n a l y t i c a l  i nve r s ion  of t h e s e  equat ions  i s  n o t  p o s s i b l e  because of t h e  complicated 

n a t u r e  of a ( s )  def ined  by equat ion  (10). Here, we r e s o r t  t o  t h e  numerical  i n v e r s i o n  

method desc r ibed  by Bellman and Kalaba. (20) They have shown t h a t  t h e  Laplace  

Trans form equat ion  

- - s t  
f ( s )  = e f ( t ) d t  

0 

may be  so lved  f o r  f ( t )  by d e f i n i n g  a v a r i a b l e  x = e- t ,  such t h a t  f ( t )  becomes 

f ( - b  x),  h e r e a f t e r  c a l l e d  g(x) and given by 

I k = 0, 1, 2, . . . (N - L) k N 
f ( k  + 1) = i=l w.x.g(xi), 1 1 
- 
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and a a r e  t abu la t ed .  (21) From equat ion  (17), i 

N- 1 
g(xi) = ks BikT(k -t- 1) 

k 
where B a r e  t h e  elements of t h e  inve r se  o f  t h e  ma t r ix  w i t h  elements A = u) x 

B i k  

i k  i k  i i' 

are  t a b u l a t e d  by Bellman and Kalaba f o r  va lues  of N up to  15. 

Equation (18) g ives  t h e  approximate inve r se  t ransform of  i ( s )  a t  time 

ti = Rn xi. 

u s e  t h e  r e l a t i o n s h i p  

To o b t a i n  t h e  va lues  of t h e  func t ion  a t  o t h e r  va lues  of t ,  one may 

N-1 BikT(-y-) k + l  

a f ( - a  an xi) = k& 

The inve r se  t ransforms of c ' ( y ,  s ) ,  $(y,  s ) ,  z ( s )  and z ' ( s )  could be  computed 

by t h e  above numerical  scheme. The fo l lowing  topo log ica l  r e l a t i o n s h i p s  given 

by Levine and MacCallum were used t o  c a l c u l a t e  0, h and E from t h e  mean g r a i n  

s i z e ,  R and t h e  grainboundary width,  8 .  

l-r 26 
(J = -  A = -  and E =a a '  21 

The grainboundary d i f f u s i v i t i e s  were taken from t h e  measurements of Calder ,  e t  

( 1 4 )  and t h e  bu lk  d i f f u s i v i t i e s  from Aust in  and Elleman. 

2.1.2.2. Bulk Dif fus ion  Model 

One-dimensional bu lk  d i f f u s i o n  i n  a s l a b  s a t i s f y i n g  t h e  i n i t i a l  and boundary 

cond i t ions  given by equat ions ( 7 )  and (8) r e s u l t s  i n  a concen t r a t ion  p r o f i l e  

C ( Y , t )  given by, 

The r e l e a s e  r a t e  from the  e x i t  f a c e  a t  y =r!  i s  given by 

43 2 2  
R ( t )  = p  [1 + 2 c (-1ln exp(- ngDt.)! 

L n =1 
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2 . 1 . 2 . 3 .  Conputa t ions  1 Resul t s  

t i o n  i n  t h e  s o l i d  i s  c o n t r o l l e d  by t h e  t r i t i u m  

Using t h e  models presented  i n  t h e  previous s e c t i o n s ,  t r i t i u m  concen t r a t ion  

and r e l e a s e  r a t e s  due t o  grainboundary and c l a s s i c a l  bu lk  d i f f u s i o n  i n  t h i n  

s t a i n l e s s  s teel .  s l a b s  a t  var ious  temperatures were computed. The bulk d i f f u s i o n  

i n  t h e  g r a i n s .  

C o e f f i c i e n t  and the  grainboundary d i f f u s i o n  c o e f f i c i e n t  were c a l c u l a t e d  from t h e  

r a t e  equat ions  given by Aus t in  and Elleman ( I 4 )  and by Calder ,  e t  a l . ,  (I7) respec-  

i n t o  t h e  g r a i n s  us ing  equat ion (14). Curve 

t i v e l y .  Ca lcu la t ions  were made f o r  s l a b  th icknesses  of  0.0254 c m  and 0.0445 crn 

c r e p r e s e n t s  t he  r e l e a s e  r a t e  p red ic t ed  

(c ladding  th i ckness  of t h e  Fas t  Flux T e s t  F a c i l i t y ) .  

50 and a grainboundary width of  5 O A  were assumed. 

An average g r a i n  s i z e  of  

F igu re  1 shows t h e  t r i t i u m  concen t r a t ion  p r o f i l e s  i n  a s t a i n l e s s  s t e e l  s l a b  

o f  th ickness  0.0445 c m  a t  5OO0C ( t y p i c a l  c l add ing  temperature  of LMFBR f u e l  

p i n s ) .  The s o l i d  l i n e s  were t h e  r e s u l t s  of computations us ing  equat ions  (9)  and 

(12) and t h e  dashed curves were computed from equat ion (22 ) .  The grainboundary 

d i f f u s i o n  model p r e d i c t s  a much quicker  bui ldup of  t r i t i u m  i n  t h e  s l a b  than  does 

t h e  bu lk  d i f f u s i o n  model. 

concen t r a t ion  of t r i t i u m  i n  t h e  grainboundaries  and t h e  second term r e p r e s e n t s  

t h e  concen t r a t ion  accumulated i n  the  g r a i n s .  

The f i r s t  term i n  equat ion  (12) r e p r e s e n t s  t h e  t o t a l  

Sepa ra t e  computation of  t h e s e  two 

terms revea led  t h a t  t h e  amount of  t r i t i u m  r e t a i n e d  i n  t h e  gra inboundar ies  i s  

about  f i v e  o rde r s  of magnitude sma l l e r  than t h e  amount i n  t h e  g r a i n s .  Th i s  imp l i e s  

t h e  l a t t i c e  from the  grainboundary d i f f u s i o n  model i s  t h e  same as  t h a t  from t h e  



2 1  

1050°C a t  a p re s su re  of 4 x Torr .  The 

t r e a t e d  samples was 5 0 p .  Samples wi th  t h r e e  

c l a s s i c a l  bu lk  d i f f u s i o n  model. However, t he  r e l e a s e  r a t e  through the  gra in-  

boundaries  i s  about  55 times g r e a t e r  than through the  l a t t i c e .  Furthermore,  t h e  

grainboundary model p r e d i c t s  extremely r ap id  e q u i l i b r a t i o n  of t he  t r i t i u m  permea- 

t i o n  i n  t h e  s l a b .  However, t h e  permeation experiments repor ted  i n  t h e  l i t e r a t u r e  

average  g r a i n  s i z e  of t h e  h e a t  

d i f f e r e n t  (unpol ished)  s u r f a c e  

a r e  c o n s i s t e n t  wi th  t h e  lower bu lk  d i f f u s i o n  c o e f f i c i e n t s  and do no t  show t h e  

s h o r t  e q u i l i b r a t i o n  times p red ic t ed  by t h e  grainboundary model. 

Thus, t h e  ques t ion  a r i s e s  a s  t o  why one i s  a b l e  t o  observe f a s t  d i f f u s i o n  

through grainboundaries  i n  s e c t i o n i n g  experFments b u t  a t  t h e  same time, n o t  be  

a b l e  t o  observe grainboundary e f f e c t s  i n  permeation s t u d i e s .  Severa l  reasons may 

be pos tu l a t ed  f o r  t h i s  discrepancy.  For example, i t  i s  p o s s i b l e  t h a t  t h e  so lu-  

b i l i t y  l i m i t  f o r  hydrogen i n  grainboundaries  i s  much less than t h a t  i n  the  l a t t i c e ,  

so  t h a t  p r e c i p i t a t i o n  may occur  i n  the  grainboundaries  and impede the  t r a n s p o r t  

v i a  grainboundaries .  Furthermore,  i f  s u r f a c e  e f f e c t s  c o n t r o l  t h e  deso rp t ion  of 

hydrogen near  t h e  su r face ,  t h e  r e l e a s e  r a t e  could be  s i g n i f i c a n t l y  reduced. I n  

o rde r  t o  ga in  i n s i g h t  i n t o  p o s s i b l e  mechanisms t h a t  i n h i b i t  grainboundary t r a n s -  

p o r t ,  au toradiographic  examination was c a r r i e d  ou t  i n  s t a i n l e s s  s t e e l  specimens 

c h a r a c t e r i s t i c s  were s tud ied :  unpol ished,  

which had been charged wi th  t r i t i u m .  These experiments a r e  d iscussed  i n  t h e  

e l ec t ropo l i shed  and e l e c t r o p o l i s h e d  

fo l lowing  s e c t i o n .  

2 .1 .2 .4 .  Autoradiography 

2.1.2.4.1. Techniques 

Type 304L s t a i n l e s s  s t e e l  f o i l s  (supplded by Hamilton P r e c i s i o n  Metals)  

5 m i l s  t h i c k  and c u t  t o  x %" s i z e  were s t , r a i n  annealed f o r  two hours a t  
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a 50% IIN03 - 50% H 0 a t  ambient room temperature  us ing  1-5 v o l t s  f o r  10-15 

seconds.  A l l  samples were washed w e l l  i n  deionized water  and e t h y l  a l c o h o l .  

T r i t i um charg ing  was c a r r i e d  ou t  by e i t h e r  exposing t h e  samples a t  room 

temperature  f o r  about  10 days i n  a g l a s s  chamber con ta in ing  about  0.5 C i  of 3H gas 

o r  by r e c o i l  i n j e c t i o n  through neutron t ransmuta t ion  of  ‘Li i n  a 

placed on con tac t  wi th  one s i d e  o f  t h e  f o i l  sample. 

t r i t i u m  a t  t h e  s u r f a c e  of t h e  r e c o i l  i n j e c t e d  samples was es t imated  t o  be  3 x 10 

atoms/cm . 

2 

6 L i  CO b l anke t  2 3  

The concen t r a t ion  of  t h e  
16  

3 

The t r i t i a t e d  specimens were washed, d r i e d  and mounted on microscope s l i d e s .  

Kodak AR-10 s t r i p p i n g  f i l m  which has  a 5 p l a y e r  of emulsion i n  a 10 p g e l a t i n  

base  was used f o r  autoradiography.  The mean diameter  of t h e  AgBr g ra ins  was 0 .2  pm 

which could g ive  an  o v e r a l l  r e s o l u t i o n  of  2 .5  p. 

were f l o a t e d  on water  w i th  t h e  emulsion s i d e  downward and then picked up ca re -  

f u l l y  on t h e  s t a i n l e s s  s t e e l  sample i n  a manner t o  a s s u r e  good emulsion c o n t a c t  

w i t h  t h e  specimen. 

abso rp t ion  charged samples,  wh i l e  f o r  r e c o i l  i n j e c t e d  samples,  t h e  exposure t ime 

was 100 hours .  

Small s e c t i o n s  of t he  emulsion 

Exposure t imes ranging from 0.5 t o  10 hours were used f o r  t h e  

A f t e r  development, t h e  emulsions were s t r i p p e d  from t h e  specimen, f l o a t e d  

on wa te r  and picked up on glass s l i d e s  f o r  microscopic  obse rva t ions .  

2 .1 .2 .4 .2.  T r i t i um Segregat ion a t  Defects  

T r i t i u m  d i s t r i b u t i o n s  on t h e  s u r f a c e s  of t h e  specimens were h igh ly  non- 

uniform; t r i t i u m  appeared t o  seg rega te  a t  c r y s t a l l o g r a p h i c  d e f e c t  s t r u c t u r e s  such 

a s  second phases,  twin and grainboundaries  and a t  non-meta l l ic  i n c l u s i o n s .  Typica l  

r e s u l t s  a r e  shown i n  Figures  3 ,  4 ,  and 5 .  y igure  3 i s  a s t r i p p e d  au toradiograph  

from a n  unpol ished specimen whi l e  t he  corresponding micrograph of approximately 

t h e  same reg ion  of t h e  metal  s u r f a c e  i s  shown i n  F igure  4.  

t o  seg rega te  a t  d e f e c t  S t r u c t u r e s  v i s i b l e  i n  t h e  rad iographs .  

bands and o t h e r  second phases probably were formed from s t o r i n g  t h e  t r i t i u m  charged 

I 

The t r i t i u m  i s  observed 

The m a r t e n s i t i c  
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(18) s u r f a c e s  as observed by Aust in ,  e t  a l .  
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specimens i n  l i q u i d  n i t rogen .  Such spontaneous phase t ransformat ions  have bcen 

r epor t ed  by Reed. (22) The randomly d i s t r i b u t e d  dark  spo t s  seen  i n  F igure  3 a r e  

presumably due t o  t r i t i u m  concen t r a t ion  a t  aon-me ta l l i c  i n c l u s i o n s  i n  s t a i n l e s s  

s tee l .  F igure  5 i s  a s t r i p p e d  au toradiograph  from an  e l ec t ropo l i shed  and etched 

specimen showing t r i t i u m  seg rega t ion  a t  twin boundaries.  The twinned 

reg ions  gene ra l ly  contained a h ighe r  concen t r a t ion  of t r i t i u m  than the  g r a i n s  

surround ing  them. 

I n  samples wi th  abso rp t ion  charged t r i t i u m ,  l a r g e  concen t r a t ions  of t r i t i u m  

i n  i r r e g u l a r  p a t t e r n s  covering many g r a i n s  were v i s i b l e  on au toradiographs .  

F igu re  6 shows one such patch on a n  e l ec t ropo l i shed  and etched specimen. 

h e a t  t rea tments  of  t h e  sample a t  up t o  185 C did n o t  remove t h i s  f e a t u r e  and 

Repeated 

0 

e l e c t r o n  microprobe a n a l y s i s  of t h i s  reg ion  d id  no t  show any s i g n i f i c a n t  d i f f e r e n c e s  

i n  composition. I t  i s  presumed t o  be  h igh ly  oxid ized  reg ions  which t r a p  t r i t i u m .  

Such reg ions  have been observed by Roy (23) on the  s u r f a c e  of ox id ized  Z i rca loy  
1 .  

specimens. 

Recoi l  i n j e c t e d  specimens showed autoradiographs  w i t h  uniform d i s t r i b u t i o n s  

except  a t  second phase formations u n t i l  h e a t  t rea tment  o r  long d u r a t i o n  annea l  

a t  room temperature  when grainboundaries  were v i s i b l e .  This  i s  t o  be  expected 

s i n c e  t h e  recoi led t r i t i u m  e n t e r s  t h e  l a t t i c e  uniformly and t h e r e f o r e  gra in-  

boundary - l a t t i ce  c o n t r a s t  on radiographs w i l l  be  v i s i b l e  only a f t e r  some d i f f u s i o n  
I 

of  t h e  t r i t i u m  has  occurred.  1 
A l l  of  t h e  above f e a t u r e s  demonstrate  t r app ing  of  t r i t i u m  a t  s u r f a c e  o r  b u l k  

2.1.2.4.3. Grainboundary Dif fus ion  
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i n  t h e  oxide f i lms  which occur  a t  t h e  s u r f a c e  

t h i s  s e c t i o n  imply r ap id  d i f f u s i o n  a long  t h e  
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s i n c e  the e a r l i e r  obse rva t ions  i n  

grainboundaries  i n  bulk .  

F igure  7 .  The t r i t i u m  presumably moved r a p i d l y  a long  the  grainboundaries  and 

became t rapped a t  t h e  grainboundary s i t e s  by bulk  d i f f u s i o n .  

radiographs of t h e  same s u r f a c e  taken over a span of s e v e r a l  weeks showed t h e  

same d i s t r i b u t i o n  of t r i t i u m  a t  t h e  gra inboundar ies .  

Repeated au to-  

T r i t i um was r e c o i l e d  i n t o  only one s i d e  of t h e  specimens i n  t h e  r e c o i l  

i n j e c t i o n  experiments.  However, autoradiographs of t h e  back faces  fol lowing 

h e a t i n g  a t  1 8 5 O C  f o r  two hours showed cons ide rab le  t r i t i u m  t r app ing  on t h e  back 

face .  F igu re  8 shows one such autoradiograph from a n  e l ec t ropo l i shed  and etched 

specimen. The p r e c i p i t a t i o n  a t  t h e  grainboundaries  on t h e  s u r f a c e  even a t  low 

concen t r a t ions  may be  explained by near -sur face  t rapping .  The r equ i r ed  r a t e  

o f  t r a n s p o r t  f o r  t r i t i u m  t o  appear  a t  t h e  back f a c e  exceeded t h e  va lues  

p red ic t ed  by 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 s  and implied r ap id  d i f f u s i o n  a long  

grainboundaries  . 
Heat t rea tment  and subsequent coo l ing  increased  t h e  p r e c i p i t a t i o n  of t r i t i u m  

a long  grainboundaries .  

and etched specimen. 

i s  a radiograph of  t h e  same reg ion  of  t h e  specimen a f t e r  i t  had been heated a t  

1 8 5 O C  f o r  two hours .  

F igure  9 shows a s t r i p p e d  au toradiograph  from a pol i shed  

The grainboundaries  a r e  n o t  c l e a r l y  d i s c e r n i b l e .  F igure  10 

The grainboundaries  a r e  now c l e a r l y  v i s i b l e .  

Grainboundaries near the  su r face  therefore  appa ren t ly  a c t  a s  t r i t i u m  s inks 
I 

Figure  11 i s  a n  autoradiograph of a specimen which had been etched p r i o r  t o  

t r i t i u m  exposure and shows low t r i t i u m  concen t r a t ions  a t  g ra inboundar ies .  This  

behavior  was c o n s i s t e n t l y  observed wi th  specimens t r e a t e d  i n  t h i s  f a sh ion .  The 

abse  ice of t r i t i u m  i s  c o n s i s t e n t  wi th  r ap id  d i f f u s i o n  a long  grainboundaries  b u t  

i t  i s  n o t  c l e a r  why t h e  etched specimens exh ib i t ed  l i t t l e  s u r f a c e  t r app ing  a t  
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d i f f u s i o n  a long  grainboundaries .  There a r e  
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s e v e r a l  p o s s i b l e  explana t ions  f o r  

grainboundaries  wh i l e  t h e  unetched specimens showed high grainboundary concen- 

t r a t i o n s .  

Autoradiographs of specimens which had been e l ec t ropo l i shed  b u t  n o t  e tched 

gave no i n d i c a t i o n  of grainboundaries .  The s u r f a c e  concen t r a t ion  of t r i t i u m  a s  

observed from autoradiographs  was gene ra l ly  much lower on unetched samples than  

on etched samples. The reason f o r  t h i s  behavior  i s  n o t  c l e a r .  

I n  p re sen t ing  t h e  above r e s u l t s ,  it has  been assumed t h a t  l o c a l i z e d  darkening 

on t h e  au toradiographs  r ep resen ted  high l o c a l  concen t r a t ions  of t r i t i u m .  Louthan, 

e t  al. (24)  have poin ted  ou t  t h a t  such v a r i a t i o n s  i n  darkening could a l s o  be  due t o  

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

seen t h e  same r e l a t i v e  darkening between reg ions  when autoradiography was repea ted  

on the  same specimens a f t e r  as long as t h r e e  months fol lowing t r i t i u m  charging.  

Th i s  makes i t  u n l i k e l y  t h a t  t h e  observed l o c a l  v a r i a t i o n s  i n  o p t i c a l  d e n s i t y  were 

due t o  h igh  d i f f u s i v i t i e s .  

I n  ou r  s tudy  we have 

t h i s  anomaly which appear  c o n s i s t e n t  w i t h  tqe autoradiography experiments.  

The permeation of  t r i t i u m  through s t a i d l e s s  s t ee l  could be  c o n t r o l l e d  by 
I 

t r app ing  on the  s u r f a c e s  of t h e  specimen. Tjhere i s  some evidence f o r  s u r f a c e  

t r app ing  i n  t h e  autoradiographs and i n  the  ea r l i e r  work of Aus t in ,  e t  a l .  (18) 

The p e r s i s t a n c e  of  h igh  concent ra t ionsof  t r i t i u m . a t  grainboundaries  on t h e  s u r f a c e  
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grainboundary model. The t o t a l  t r i t i u m  i n  
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t h e  sample i s  c ( y , t ) d t  + 7 $ ( y , t ) d t ,  

even a f t e r  repea ted  h e a t  t rea tments  i n d i c a t e s  t h a t  t h e  t r i t i u m  a t  t h e  s u r f a c e  was 

t rapped.  Furthermore,  f o r  t h e  abso rp t ion  charged specimens, t h e  e l e c t r o p o l i s h e d  
I 

f o i l s  had t o  be etched p r i o r  t o  charging to 'make grainboundaries  v i s i b l e  on au to -  

radiographs which impl ies  t h a t  a s u r f a c e  l a y e r  a t  t h e  grainboundaries  had t o  be  

removed be fo re  gaseous t r i t i u m  would e n t e r  t h e  boundaries  i n  s u f f i c i e n t l y  h igh  

concen t r a t ions  t o  be  observed. I n  t h e  case lo f  r e c o i l  i n j e c t e d  specimens, s u r f a c e  

t r app ing  was observed both  a t  t h e  f r o n t  and t h e  back f aces  w i t h i n  t h e  g ra in -  

boundaries .  

I 

Another explana t ion  f o r  t he  discrepancy may be  t h a t  i n  permeation experiments,  

t h e  source  term f o r  t h e  exposed grainboundaries  i s  less than t h a t  a t  t h e  exposed 

g r a i n s ,  poss ib ly  because of lower hydrogen s o l u b i l i t y  i n  t h e  grainboundaries  a s  

compared t o  t h a t  i n  t h e  g ra ins .  The model o f  Levine and MacCallum assumes a 

cons t an t  uniform concen t r a t ion  everywhere on t h e  f r o n t  f a c e  and t h e r e f o r e  i t  

would show l a r g e  c o n t r i b u t i o n s  t o  permeation from rap id  grainboundary t r a n s p o r t .  

The grainboundary d i f f u s i o n  experiments by Calder ,  e t  a l .  (17) showed t h a t  about  

3.6% of  t h e  t o t a l  t r i t i u m  was a s s o c i a t e d  w i t h  grainboundary d i f f u s i o n .  Therefore ,  

an upper l i m i t  o f  t h e  r a t i o  of equ i l ib r ium grainboundary concen t r a t ion  t o  t h e  

equ i l ib r ium l a t t i c e  concen t r a t ion  may be  obta ined  from C a l d e r ' s  da t a  and from 

the ca lculated concentration p r o f i l e s  in the  grainboundary and bulk d i f fus ion  

models. 
I 

.The amount of t r i t i u m  i n  t h e  graindoundary d i f f u s i o n  component i s  

I $(y, t )dy ,  where y = t h e  r a t i o  of equ i l ib r ium concen t r a t ion  i n  t h e  boundary t o  

and gra inboundar ies .  I f  one uses  t h i s  reduced grainboundary concen t r a t ion ,  t h e  
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s u r f a c e  i n  l a r g e  patches which a r e  
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be l i eved  t o  correspond wi th  oxide  

r a t i o  of equi l ibr ium r e l e a s e  r a t e  through the  boundaries  t o  t h a t  through t h e  

l a t t i c e  a t  5OO0C, 57OoC and 698OC i s  found t o  be  2.05, 1.7 and 1.2 r e s p e c t i v e l y .  

The corresponding va lues  assuming no d i f f e r e n c e  i n  equ i l ib r ium concen t r a t ion  

between t h e  grainboundaries  and t h e  l a t t i c e  a r e  55, 42,  and 32. Thus i t  appears  

t h a t  low s o l u b i l i t y  of t r i t i u m  i n  t h e  grainboundaries  could exp la in  t h e  absence 

of a s i g n i f i c a n t  grainboundary c o n t r i b u t i o n  lto hydrogen permeation of  s t a i n l e s s  

s tee l .  

The fo l lowing  conclusions a r e  drawn from t h e  grainboundary d i f f u s i o n  work: 

1. The i d e a l i z e d  model of grainboundary d i f f u s i o n  used i n  t h i s  s tudy  

overes t imates  t h e  a c t u a l  movement of t r i t i u m  a long  gra inboundar ies .  

The grainboundary d i f f u s i o n  model p r e d i c t s  a much ea r l i e r  r e l e a s e  of 

t r i t i u m  from t h e  back f ace  than  thd  p red ic t ed  by bu lk  d i f f u s i o n  model. 

It a l s o  p r e d i c t s  equi l ibr ium r e l e a s e  r a t e s  through gra inboundar ies  

t h a t  a r e  30-60 times g r e a t e r  than  t h a t  p red ic t ed  by bu lk  d i f f u s i o n  

between 5OO0C and 70OoC. 

While autoradiography of  t r i t i u m  talgged s t a i n l e s s  s t e e l  f o i l s  show 

t h a t  grainboundaries  a r e  indeed r a p i d  d i f f u s i o n  pa ths ,  t h e i r  con- 

2. 

3. 

2.2. T r i t i u m  Transpor t  i n  Zircaloy-2.  

2.2.1. Summary of P r i o r  Yea r ' s  Work 

No new s t u d i e s  on Z i rca loy  were undertaken du r ing  t h e  l a s t  renewal per iod  

of  t h i s  c o n t r a c t .  
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L i t e r a t u r e  da t a  f o r  bu lk  d i f f u s i o n  c o e f ~ f i c i e n t s  of hydrogen i n  Z i r ca loy  

d i f f e r e d  over  4-10 o rde r s  of magnitude i n  thle temperature  range  50°C-400°C. It  

was be l i eved  t h a t  a reason f o r  t h i s  disagreement between t h e  r e s u l t s  o f  va r ious  

methods of measurement might have been surfa 'ce  e f f e c t s  which could i n h i b i t  bo th  

t h e  abso rp t ion  of  hydrogen i n t o  t h e  bulk  and1 the  r e l e a s e  of hydrogen from t h e  

bulk .  Reco i l - in j ec t ion ,  a s  i n  t h e  case  of s ~ t a i n l e s s  s t e e l  s t u d i e s ,  appeared t o  

be  a p o s s i b l e  way t o  in t roduce  t r i t i u m  i n t o  t h e  bu lk  reg ion  wi thout  be ing  a f f e c t e d  

I 

, 

by s u r f a c e  e f f e c t s .  

The Zircaloy-2 samples were prepared i n  a s imi la r  manner t o  t h e  s t a i n l e s s  

s teel  samples descr ibed  e a r l i e r .  

t r i t i u m  concen t r a t ion  p r o f i l e s  could b e  made by removing t h i n  s e c t i o n s  by chemical 

p o l i s h i n g  and a s say ing  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 .  

D i f fus ion  annea ls  were performed e i t h e r  u s ing  a n  o i l  b a t h  o r  u s ing  a molten t i n  

It was found t h a t  r ep roduc ib le  measurements of  

ba th .  During t h e  annea l ing ,  i t  was p o s s i b l e  t o  monitor t h e  release r a t e  of 

t r i t i u m  from t h e  samples by flowing P-10 gas around the specimen and then  through 

a p ropor t iona l  counter .  The experimental  methods and t h e  r e s u l t s  a r e  d iscussed  

by Aus t in ,  e t  a l .  (18) 

The concen t r a t ion  p r o f i l e s  o f  d i f fus ion-annea led  specimens c o n s i s t e d  of two 

components: 

by a b u l k  d i f f u s i o n  region.  No s i g n i f i c a n t  Lrainboundary component was observed. 

The bulk  d i f f u s i o n  component was c o n s i s t e n t  w i th  c l a s s i c a l  one-region d i f f u s i o n  

model and y i e lded  bulk  d i f f u s i o n  c o e f f i c i e n t s  given by t h e  express ion  

a h igh  concen t r a t ion  on t h e  s u r f a c e  w i t h i n  a 1-3 p r eg ion  followed 

I 

i n  t h e  temperature  range -78OC t o  204OC. Thbse va lues  a r e  i n  c l o s e  agreement 
I 

w i t h  t h e  measurements repor ted  by Kearns and a r e  w e l l  above t h e  va lues  

obta ined  from experiments where s u r f a c e  e f f e c t s  could have been s i g n i f i c a n t .  
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The s u r f a c e  reg ion  d i f f u s i o n  c o e f f i c i e n t s  were obta ined  by a n a l y s i s  of  t h e  
I 

t r i t i u m  r e l e a s e  k i n e t i c s  da t a  us ing  t h e  two-lregion d i f f u s i o n  model (18) a s  i n  t h e  

I case  of  s t a i n l e s s  s t ee l  da t a .  The r e s u l t i n g  apparent  d i f f u s i o n  c o e f f i c i e n t s  gave 

t h e  Arrhenius  r e l a t i o n  , 

2 - 
D ( c m  - s e c  = 0.12 x exp('-5.5 kCal/RT) 

~ 

i n  t h e  temperature  range 25OC t o  411OC. These va lues  a r e  lower 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 seven t o  e i g h t  o rde r s  of magnitude and were found t o  

b e  t h e  r a t e - l i m i t i n g  parameters f o r  t r i t i u m  'evolution from t h e  specimens. It  i s  

be l i eved  t h a t  t h e  low r e l e a s e  r a t e  from t h e  s u r f a c e  l a y e r s  of Z i r ca loy  i s  due t o  

oxides  of  z i rconium t h a t  form r e a d i l y  upon exposure t o  a i r .  

T r i t i u m  t r a n s p o r t  through Z r O  s u r f a c e  f i lms  was s t u d i e d  f u r t h e r  by forming 

oxide  l a y e r s  on Zi rca loy-2  specimens by c o n t r o l l e d  ox ida t ion  i n  oxygen a t  200 Tor r  

2 

and s tudying  t h e  k i n e t i c s  of r e l e a s e  of  r e c o i l - i n j e c t e d  t r i t i u m  from t h e s e  specimens.  

In s p i t e  of long-term d i f f u s i o n  annea ls  a t  up t o  600 C ,  t h e r e  was l i t t l e  break- 
0 

through r e l e a s e  from t h e  bulk  reg ion  through the  oxide l a y e r  (a l though based on 

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  given by equat ion  (25) breakthrough 

r e l e a s e  would have been expected) .  The t o t a l  t r i t i u m  r e l e a s e d  i n  t h e s e  experiments 

came from what had been o r i g i n a l l y  r e c o i l e d  i n t o  t h e  oxide  l a y e r .  Thus i t  appears  

t h a 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  given by e q d t i o n  (25) may b e  upper l i m i t s  f o r  

t h e  va lues  t h a t  c o n t r o l  t r i t i u m  permeation through oxide  f i lms  on Z i rca loy .  

I 

2.3. Tr i t ium i n  L igh t  Water Reactors  

It is  of i n t e r e s t , t o  cons ider  t h e  imp l i ca t ions  o f  t h e  d i f f u s i o n  r e s u l t s  d i s -  

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

t h e  q u a n t i t y  of i n t e r e s t  i s  t h e  amount of t r i t i u m  i n  t h e  primary coo lan t .  L igh t  

water r e a c t o r  p l a n t s  keep t h i s  concen t r a t ion  w i t h i n  reasonable  l i m i t s  by f r equen t ly  

From t h e  s t andpo in t  o f  environmental  s a f e t y ,  

r e p l a c i n g  a p o r t i o n  of  t h e  primary system water w i t h  f r e s h  water .  There have 
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generated i n  t h e  U02 f u e l  would be  expected 
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t o  d i f f u s e  ou t  of t h e  f u e l  and i n  

been e f f o r t s  by r e a c t o r  manufacturers (26) t o  c o r r e l a t e  t h e  observed primary system 

t r i t i u m  a c t i v i t y  t o  the  a c t i v i t y  due t o  boron and l i t h i u m  r e a c t i o n s  i n  the  primary 

water  and a s s i g n  t h e  d i f f e r e n c e  between these  t o  r e l e a s e  of t r i t i u m  from f u e l  

p ins  and burnable  poison p ins .  I n  gene ra l ,  t he  r e s u l t s  show t h a t  most of t h e  

t r i t i u m  i n  s t a i n l e s s  s t e e l  c l a d  p ins  i s  r e l eased .  Such programs f o r  fo l lowing  

t r i t i u m  i n  power r e a c t o r s  do n o t ,  however, p r e d i c t  t h e  time-dependent r e l e a s e  

r a t e  from t h e  p ins .  

1% of the  t r i t i u m  generated i n  a yea r  would 

t h e  Zi rca loy  has o u t s i d e  l a y e r s  on e i t h e r  

d i f f e r e n c e  between s t a i n l e s s  s t e e l  and Z i rca loy  

2.3.1. Summary of  P r i o r  Year ' s  Work 

be  expected t o  e n t e r  t h e  coo lan t  i f  

s i d e  which a r e  2 p t h i c k .  This  

c ladding  occurs  because of  t h e  

A t r i t i u m  r e l e a s e  model t h a t  included s u r f a c e  e f f e c t s  i n  c ladding  was formulated 

i n  order  t o  check whether t h e  b a s i c  t r i t i u m  d i f f u s i o n  da ta  would p r e d i c t  r e l e a s e  

r a t e s  from f u e l  p ins  which a r e  c o n s i s t e n t  wi th  observa t ions  i n  p re s su r i zed  water  

r e a c t o r s .  The model assumed a c y l i n d r i c a l  f u e l  rod gene ra t ing  a cons t an t  power 

wi th  a l l  of t h e  t r i t i u m  d i f f u s i n g  c l a s s i c a l l y  w i t h i n  t h e  f u e l ;  t h e  t r i t i u m  atoms 

r e l e a s e d  from the  f u e l  were assumed t o  d i s s o l v e  i n t o  t h e  c ladding  s u r f a c e  and 

d i f f u s e  c l a s s i c a l l y  through an  inne r  s u r f a c e  l a y e r  and a bulk  reg ion  and an o u t e r  

s u r f a c e  l a y e r  w i th  d i f f u s i o n  c o e f f i c i e n t s  i n  each reg ion  given by equat ions  (24) 

and (25) was assumed. The model and t h e  p red ic t ed  r e l e a s e  r a t e s  f o r  f u e l s  p ins  of 

(27) PWR and BWR types a r e  d iscussed  by Abraham, e t  a l .  

s t a i n l e s s  s t e e l  c l a d  f u e l  p ins ,  a lmost  a l l  of  t h i s  t r i t i u m  would permeate through 

the  c ladding  i n t o  t h e  coolan t  water .  However, i n  Z i r ca loy  c l a d  p ins  l e s s  than 



I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

c 

b 
I 

The comparison showed t h a t  about 50% of t h e  observed a c t i v i t y  r e s u l t e d  from the  

0.5% of  t h e  t r i t i u m  from the  f u e l  p ins  a lone  

t h i s  d i f f e r e n c e .  

t r i t i u m  a c t i v i t y  i n  t h e  primary system of p re s su r i zed  water  r e a c t o r s  i s  be ing  

would be s u f f i c i e n t  t o  account  f o r  

compiled c u r r e n t l y .  The code c a l c u l a t e s  product ion r a t e s  of t r i t i u m  i n  a l l  t y p e s  
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of  sources  w i t h i n  a PWR and computes r e l e a s e  rates from t h e  va r ious  sources  i n t o  

the  primary coolan t .  

make-up r a t e s ,  i t  c a l c u l a t e s  t h e  time-dependent t r i t i u m  a c t i v i t y  i n  t h e  coo lan t .  

The p r e d i c t i o n s  from t h i s  code w i l l  b e  compared a g a i n s t  ex tens ive  da t a  from 

Based on t h e s e  r e l e a s e  r a t e s  and t h e  coo lan t  let-down and 

t h e  H .  B.  Robinson 8 2  nuc lea r  p l a n t  and paramet r ic  s t u d i e s  w i l l  b e  conducted t o  

e s t a b l i s h  t h e  s e n s i t i v i t y  of  t h e  r e s u l t s  t o  parameters t h a t  a r e  most u n c e r t a i n  

i n  t h e  model. 

Argonne Code Center  f o r  genera l  use.  

It i s  expected t h a t  t h i s  code can b e  made a v a i l a b l e  from t h e  
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3.  TRITIUM DIFFUSION I N  FUSION REACTORS 

3.1 .  Tr i t ium Transpor t  i n  Niobium 

Niobium and niobium a l l o y s  a r e  p r i m e  candida tes  f o r  u se  as  a s t r u c t u r a l  

m a t e r i a l  i n  C T R ' s .  

a v a r i e t y  of  methods (32) i n d i c a t e  t h a t  i n  t h e  temperature  range  of  ope ra t ing  

CTR's (50OoC - 1000 C ) ,  t h e s e  d i f f u s i o n  c o e f f i c i e n t s  a r e  n e a r l y  a s  h igh  as f o r  

l i q u i d s .  Because of t h e  p o s s i b l e  problems t h i s  might i n t roduce  i n  CTR b l a n k e t s ,  

i t  was f e l t  t han  a n  i n v e s t i g a t i o n  of r a t e - l i m i t i n g  s t e p s  i n  t h e  r e l e a s e  of  t r i t i u m  

from niobium i s  important .  

Measurements of hydrogen d i f f u s i o n  c o e f f i c i e n t s  i n  niobium by 

0 

3.1.1. Summary of  P r i o r  Year ' s  Work 

C y l i n d r i c a l  specimens of niobium were recoi l -doped w i t h  t r i t i u m  up t o  a 

maximum t r i t i u m  concen t r a t ion  of 0.005 ppm by weight .  It was v e r i f i e d  by e l e c t r o -  

p o l i s h i n g  1-2 p s e c t i o n s  t h a t  t h e  concent ra , t ion  p r o f i l e s  i n  t h e  bulk  reg ion  a t  

room temperature  was c o n s i s t e n t  w i th  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 s  quoted by 

Hickman. (33) Large concen t r a t ion  o f  t r i t i u m  was observed i n  a 1 -2  p s u r f a c e  

l a y e r  of  t h e  samples,  i n d i c a t i n g  t h a t  s u r f a c e  t r app ing  of  t r i t i u m .  

Release r a t e  of t r i t i u m  from t h e  r e c o i l - i n j e c t e d  specimens was monitored. 

Below 600 C t h e  t o t a l  r e l e a s e  of  t r i t i u m  over  a 4- t o  5-day per iod  was no more 

than  about  3% of  t h e  t o t a l  t r i t i u m  i n  t h e  sample. The apparent  d i f f u s i o n  co- 

e f f i c i e n t s  f o r  r e l e a s e  of t r i t i u m  from s u r f a c e  l a y e r  a s  determined from t h i s  

d a t a  were seven t o  t e n  o rde r s  of magnitude lower than  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 s  

i n  t h e  temperature  range 6OO0C t o  900°C. 

0 

I 

Above 6OO0C, i t  w a s  p o s s i b l e  t o  observe t r i t i u m  from the  bu lk  r eg ion  per-  

meating through t h e  s u r f a c e  l a y e r s .  This  rellease through t h e  s u r f a c e  f i l m  could 

b e  analyzed accord ing  t o  two d i f f e r e n t  models. I f  one hypothesized t h a t  t h i s  

release was occur ing  f r e e l y  only through cracks  i n  t h e  s u r f a c e  f i l m ,  based on t h e  

model of  I n t h o f f  and Zimen, ( 3 4 )  one could c a l c u l a t e  t h e  e f f e c t i v e  f r a c t i o n a l  

~ 
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e i t h e r  e l ec t ropo l i shed  t o  remove any s u r f a c e  
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s u r f a c e  a r e a s  through which t h e  t r i t i u m  r e l e a s e  occurred.  These f r a c t i o n a l  s u r f a c e  

f i lms  o r  e l e c t r o p o l i s h e d  and hea ted  

- 3  a r e a s  ranged from 10 a t  6OO0C t o  10-1 a t  900°C. It was a l s o  p o s s i b l e  t o  ana lyze  

t h e  t r i t i u m  r e l e a s e  da t a  us ing  mass - t r ans fe r  model i n  which c a s e  one assumes t h a t  

t h e  f l u x  a t  t h e  s u r f a c e  i s  p ropor t iona l  t o  the  s u r f a c e  concen t r a t ion  of t r i t i u m .  

From such a model, t h e  mass- t ransfer  c o e f f i c i e n t  could be  determined a t  va r ious  

temperatures .  While the  mass- t ransfer  model could f i t  t h e  experimental  r e s u l t s  

reasonably w e l l ,  i t  was n o t  c o n s i s t e n t  w i th  t h e  obse rva t ion  t h a t  t he  b u i l d  up of 

t r i t i u m  a t  t h e  s u r f a c e  occurs  over  a depth of 1-3 pn and i s  no t  s t r i c t l y  a s u r f a c e  

e f f e c t .  

(35) A l l  of t h e s e  r e s u l t s  f o r  niobium a r e  d iscussed  by Pennington, e t  a l .  

It was c l e a r  t h a t  t h e  s u r f a c e  l a y e r s  on niobium a c t  a s  very s t r o n g  b a r r i e r s  t o  

r e l e a s e  of t r i t i u m  and t h a t  r e l e a s e  r a t e s  c a l c u l a t e d  us ing  only bu lk  d i f f u s i o n  

c o e f f i c i e n t s  would g ross ly  overes t imate  t h e  t r u e  r e l e a s e .  However, t h e  s u r f a c e  

f i l m  c h a r a c t e r i s t i c s ,  t h e i r  s t a b i l i t y  i n  a s t r o n g l y  reducing environment (such 

a s  i n  c o n t a c t  wi th  l i t h i u m  i n  CTR's) and t h e  model t h a t  a p p r o p r i a t e l y  desc r ibes  

d i f f u s i o n  through t h e s e  f i lms  were unc lea r  from t h i s  work. Therefore ,  i t  was 

decided t o  pursue f u r t h e r  i n v e s t i g a t i o n  on t r i t i u m  d i f f u s i o n  through niobium 

s u r f a c e  f i lms .  

from t h e  s u r f a c e  was measured a s  a func t ion  of t i m e .  by mixing. t h e  t r i t i u m  w i t h  
I 

P-10 count ing  gas and flowing through a propbr t iona l  counter .  

were heated through a s e r i e s  of temperatures t o  e s t a b l i s h  r e l e a s e  r a t e s  a t  each 

temperature  wh i l e  o t h e r  samples were heated only a t  a s i n g l e  temperature  (denoted 

a s  a " f resh"  sample i n  the  t e x t ) .  The maximum i n i t i a l  t r i t i u m  concen t r a t ion  i n  

t h e  specimens was approximately 0.005 ppm H3 , b y  weight .  

Some specimens 
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D i r e c t  measurements of t r i t i u m  p r o f i l e s  were made i n  some specimens through 

removal of s u r f a c e  l a y e r s  by e l e c t r o p o l i s h i n g  followed by measurement of t h e  con- 

t a ined  t r i t i u m .  D e t a i l s  of t h i s  experimental  technique have been descr ibed  

(35) e a r l i e r .  

Oxide f i l m  th icknesses  were measured by d i r e c t  obse rva t ion  w i t h  a n  o p t i c a l  

microscope, Auger spectroscopy,  o r  i n d i r e c t l y  through anomalies i n  t r i t i u m  r e l e a s e  

k i n e t i c s .  For d i r e c t  observa t ion ,  niobium f o i l  samples were coa ted  w i t h  n i c k e l  

l a y e r s  approximately 0.001. inch t h i c k  fo l lowing  a s tandard  procedure describ-ed 

by t h e  Buehler Corporat ion.(36)  The f o i l s  were mounted i n  l u c i t e  w i t h  one edge 

exposed and pol i shed  o r  po l i shed  and etched f o r  obse rva t ion .  The method was not  

p a r t i c u l a r l y  success fu l  and o f t e n  y ie lded  oxide f i l m  th i cknesses  which were a t  

va r i ance  wi th  t h e  o t h e r  techniques.  The Auger spectroscopy s t u d i e s  were performed 

a t  NASA Langley and a t  t h e  Phys ica l  E l e c t r o n i c  I n d u s t r i e s ,  I n c . ,  Minneapol is ,  

Minnesota.  Compositional depth p r o f i l e s  of va r ious  elements p re sen t  on t h e  sur -  

f a c e  were obta ined  by " spu t t e r ing"  away t h e  s u r f a c e  a t  a predetermined r a t e  and 

determining concen t r a t ion  p rogres s ive ly .  

I n  o r d e r  t o  determine i f  s u r f a c e  oxide f i lms  on niobium can be  maintained i n  

t h e  presence of  l i t h i u m  on t h e  s u r f a c e ,  r e l e a s e  experiments were run by wrapping 

specimens w i t h  l i t h i u m  r ibbon and h e a t i n g .  A P-10-hydrogen gas purge was used t o  

sweep r e l e a s e  t r i t i u m  i n t o  t h e  p ropor t iona l  coun te r .  
I 

Some o x i d a t i o n  of l i t h i u m  

occurred dur ing  h e a t i n g  b u t  t h e  r ibbon remained i n  c o n t a c t  w i th  t h e  niobium sur -  

f ace .  T r i t i um i n  t h e  l i t h i u m  was determined by d i s s o l u t i o n  of  t h e  l i t h i u m  i n  

water followed by l i q u i d  s c i n t i l l a t i o n  count ing  of t h e  n e u t r a l i z e d  s o l u t i o n .  

3.1.2.2. Resu l t s  and Discussion 

3.1.2.2.1. Di f fus ion  i n  Bulk Niobium 

An .es t ima te  of  t he  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  w i t h i n  niobium a t  room 

temperature  was obta ined  by t h r e e  techniques.  
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Tr i t ium p r o f i l e s  were measured t o  a depth of approximately 50 p, i n  t h r e e  

niobium specimens by e l e c t r o p o l i s h i n g  l a y e r s  from t h e  i n j e c t i o n  f a c e  soon a f t e r  

t r i t i u m  i n j e c t i o n .  Following a high t r i t i u m  concen t r a t ion  i n  t h e  f i r s t  1-2 pn, 

t h e  concen t r a t ion  p r o f i l e s  appeared t o  be n e a r l y  f l a t  even though d i f f u s i o n  times 

were only 1 t o  2 hours a t  20-40°C. These p r o f i l e s  were found t o  be i n  gene ra l  

agreement wi th  the  p r o f i l e  p red ic t ed  by Hickman's equat ion  (F igu re  13) b u t  no t  

t h e  express ion  proposed by Ogurtani  (F igure  1 3 ) .  

i n i t i a l  r e c o i l  concen t r a t ion  d i s t r i b u t i o n  have been presented  by DiCola and 

The d i f f u s i o n  s o l u t i o n s  f o r  an  

Matzke ( I 3 )  , and p r o f i l e s  f o r  s p e c i f i c  va lues  of D t  were presented  i n  a n  e a r l i e r  

pub 1 i c a  t ion .  (35)  The measured g rad ien t s  a r e  q u i t e  small  and h ighe r  d i f f u s i o n  

c o e f f i c i e n t s  would produce even f l a t t e r  p r o f i l e s  so  t h e  c a l c u l a t e d  va lue  of D 

shown by po in t  a i n  F igure  13 i s  regarded a s  a lower l i m i t .  

I n  the  second method, t r i t i u m  was i n j e c t e d  i n t o  one f a c e  of a 0.010 inch 

t h i c k  f o i l  and s e c t i o n s  were removed from t h e  back f a c e  f o r  t r i t i u m  measurement. 
. .  

This  v a r i a t i o n  of t h e  preceding method was c a r r i e d  o u t  s i n c e  Westlake (37) observed 

t h a t  e l e c t r o p o l i s h i n g  could f o r c e  hydrogen i n t o  vanadium specimens and produce 

anomalously f l a t  p r o f i l e s .  Po l i sh ing  from t h e  back f a c e  would prevent  anomalously 

h igh  D ' s  by t h i s  process .  The annea l ing  time was 1.5 hours a t  room temperature  

and the observed tritium profile w a s  essentially flat. It was possible to esti- 

mate the lower l i m i t  of  t h e  d i f f u s i o n  c o e f f i c i e n t  r equ i r ed  t o  produce a n  e s s e n t i a l l y  

uniform d i s t r i b u t i o n  a t  t he  back f a c e  and t h i s  va lue  i s  shown a s  p o i n t  b i n  

F igu re  13.  

In  t h e  t h i r d  method, t h e  r a t e  of ' l a t e r a l '  d i f f u s i o n  of t r i t i u m  w i t h i n  a 

specimen was measured. 

f o i l  was coa ted  wi th  L i  CO and i r r a d i a t e d .  Levels  of  t r i t i u m  were determined 

subsequent ly  i n  s u r f a c e  l a y e r s  on both  the  f r o n t  and back f aces  of t h e  un in jec t ed  

h a l f  of t h e  sample a s  a func t ion  of ag ing  time. 

t o  o b t a i n  a n  e s t ima te  of t h e  r a t e  of ' l a t e r a l '  r e d i s t r i b u t i o n  of t r i t i u m  a s  a 

Approximately one-half  of t h e  i n j e c t i o n  f a c e  of a niobium 

2 3  

From these  va lues  i t  was p o s s i b l e  
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func t ion  of time. Using a s o l u t i o n  presented  by Crank (38)  (eq.  217) a lower l i m i t  

d i f f u s i o n  c o e f f i c i e n t  va lue  was c a l c u l a t e d  from these  measurements and i s  shown 

a s  p o i n t  c i n  F igure  13. Since a l l  t h r e e  methods y i e lded  d i f f u s i o n  c o e f f i c i e n t s  

reasonably c o n s i s t e n t  wi th  Hickman's va lues ,  i t  appears  t h a t  t h e  t r i t i u m  i s  

d i f f u s i n g  r a p i d l y  w i t h i n  t h e  specimens and t h e  f l a t  p r o f i l e s  ob ta ined  by t h e  f i r s t  

method a r e  no t  a n  anomaly produced by t h e  po l i sh ing  method. 

3.1.2.2.2. Tr i t ium Release Resu l t s  

T r i t i um r e l e a s e  r a t e s  from niobium were s i g n i f i c a n t l y  lower than  t h e  r a t e s  

p red ic t ed  from 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  repor ted  by Hickman. ( 3 3 )  

6OO0C t h e  d i s p a r i t y  was extremely pronounced. 

Below 

The t o t a l  t r i t i u m  re l eased  over  

0 . a four - to- f ive-day  per iod was l e s s  than 10% a t  temperatures  up t o  500 C whereas 

bulk  d i f f u s i o n  c o e f f i c i e n t s  would imply e s s e n t i a l l y  complete r e l e a s e  a f t e r  one 

second a t  room temperature .  

.F igure  14 shows a s e t  o f  experimental  r e l e a s e  f r a c t i o n  vs t 

wi th  a curve  which shows t h e  p red ic t ed  r e l e a s e  f r a c t i o n s  a t  25 C from t h e  repor ted  

' bu lk '  d i f f u s i o n  c o e f f i c i e n t  va lue .  (33) 

over  t h e  very low r e l e a s e  f r a c t i o n s  measured. 

ob ta ined  from samples which were preoxidized a t  200 C f o r  1 hour i n  a i r  p r i o r  

t o  t r i t i u m  implanta t ion .  

from samples which were no t  sub jec t ed  t o  any a d d i t i o n a l  t rea tment  fo l lowing  

5 curves a long  

0 

3i A l i n e a r  dependence w i t h  t w a s  observed 

The da ta  f o r  4OO0C and 5OO0C were 

0 

The d a t a  f o r  temperatures  25OC and 2OO0C were obta ined  

annea 1 ing  . 
Figure  15 shows t r i t i u m  r e l e a s e  curves a t  h ighe r  temperatures  and r e l e a s e  

f f r a c t i o n s .  The (t) dependence observed f o r  low r e l e a s e  f r a c t i o n s  disappeared 

and t h e  f r a c t i o n  was l i n e a r  wi th  time f o r  a l l  t h e  temperatures  up t o  r e l e a s e  

f r a c t i o n s  of 0.4 o r  0.5. The da ta  a t  900°C show a decrease  i n  r e l e a s e  r a t e  wi th  

t ime b u t  t h e  decrease  was most apparent  above f = 0.5 where t h e  d e p l e t i o n  of t h e  

t r i t i u m  i n  t h e  specimen would be  expected t o  show such a n  e f f e c t .  A c a l c u l a t e d  
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curve a t  3OO0C der ived  from bulk  d i f f u s i o n  c o e f f i c i e n t s  i s  included i n  F igure  15 

t o  i l l u s t r a t e  t he  d i s p a r i t y  between observed and p red ic t ed  r e l e a s e  f r a c t i o n s .  

I f  t h e  t r i t i u m  r e l e a s e  r a t e  decreased i n  propor t ion  t o  t h e  average  concen- 

t r a t i o n  of t r i t i u m  remaining i n  t h e  specimen, t he  f r a c t i o n a l  r e l e a s e  curve  would 

be  of t he  form: 

- k t  f ( t )  = 1 - e 

where 

k = a cons t an t  

A p l o t  of l n ( 1  - f )  versus  t would then  g ive  a s t r a i g h t  l i n e  f o r  a l l  r e l e a s e  

f r a c t i o n s .  

Up t o  r e l e a s e  f r a c t i o n s  of approximately 0.9, l i n e a r  behavior  was obta ined .  No 

da ta  above r e l e a s e  f r a c t i o n s  of 0.9 were included a s  t h e r e  was some u n c e r t a i n t y  

F igure  16 shows t h e  h ighe r  temperature  da t a  p l o t t e d  i n  t h i s  fash ion .  

a s s o c i a t e d  w i t h  t h e  de te rmina t ion  of t o t a l  t r i t i u m  i n  t h e  specimens which 

accentua ted  t h e  e r r o r  i n  (1 - f )  a t  h igh  f r a c t i o n s .  

F igures  14, 15, and 16  i l l u s t r a t e  a r e l e a s e  p a t t e r n  i n  which t h e  t r i t i u m  

r e l e a s e  f r a c t i o n  i s  p ropor t iona l  t o  t 

a t  a n  e s s e n t i a l l y  cons t an t  r e l e a s e  r a t e  which decreases  i n  p ropor t ion  t o  t h e  

t o t a l  t r i t i u m  remaining i n  t h e  specimen. 

s ing le - r eg ion  bulk  d i f f u s i o n  s o l u t i o n  bu t  can be  explained by s u r f a c e  c o n t r o l l e d  

r e l e a s e  a s  might r e s u l t  from t h e  presence of a s u r f a c e  oxide  f i lm .  

s e c t i o n  d e s c r i b e s  one model which can be  used t o  r e p r e s e n t  t h e  experimental  

% f o r  very  low f r a c t i o n s  and then  s t a b i l i z e s  

This  p a t t e r n  i s  n o t  c o n s i s t e n t  w i t h  a 

The fo l lowing  

r e s u l t s  . 

3.1.2.2.3. T r i t i um Release Model 

A l l  of t h e  experimental  r e s u l t s  can b e  q u a l i t a t i v e l y  explained on t h e  b a s i s  

of c l a s s i c a l  d i f f u s i o n  i n  niobium c y l i n d e r s  w i th  a 1-2 pn t h i c k  s u r f a c e  r eg ion  

t h a t  c o n t r o l s  t h e  t r i t i u m  r e l e a s e  r a t e .  Th i s  model i s  dep ic t ed  schemat i ca l ly  i n  
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Figure  1 7 .  T r i t i um concen t r a t ions  i n  t h e  two reg ions  a r e  descr ibed  by the  equat ions  

(27b) D2V 2 C 2 ( r ,  t) = - x2 O C r C a  a t  9 

Region 11: 

wi th  t h e  boundary and i n i t i a l  cond i t ions ,  

t > O  

C1(r70) = C o [ l  - - b - r l  b - R  f 

c 2 ( r , 0 )  = Co[l - - b - r l  b - R  7 

t > O  

a s r s b  

R s r s a  

O s r  s R  

(33) 

(34) 

where D1 = t h e  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  r eg ion  and D 

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

= t h e  bulk  2 

The i n i t i a l  cond i t ions  assume t h a t  t h e  r e c o i l e d  t r i t i u m  i s  d i s t r i b u t e d  l i n e a r l y  

w i t h  a s u r f a c e  concen t r a t ion  C a t  r = b and ze ro  concen t r a t ion  a t  r = R. The 

q u a n t i t y  (b - R) i s  t h e  r e c o i l  range o f . t r i t i u m  i n  niobium. 

b u t i o n  i s  shown t o  be  a p p r o p r i a t e  f o r  recoi l - implanted  d i f f u s a n t  atoms by DiCola 

and Matzke. 

0 

This  i n i t i a l  d i s t r i -  

(13) 
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The above s e t  of equat ions can be solved by e igenfunct ion  expansion method a s  

o u t l i n e d  by Oz i s ik  (39) b u t  numerical  computation us ing  t h i s  s o l u t i o n  i s  gene ra l ly  

i n e f f i c i e n t .  Furthermore,  a two-region s l a b  approximation f o r  t h e  c y l i n d e r  would 

be  s u f f i c i e n t l y  a c c u r a t e  s i n c e  t h e  r ad lus  of t he  niobium samples i s  about  0.25". 

I n  t h i s  c a s e  t h e  th ickness  of  t h e  s l a b  w i l l  b e  equal  t o  t h e  r ad ius  ' b '  of t h e  

c y l i n d e r  and a l l  o f  t h e  equat ions (26)-(34) w i t h  independent v a r i a b l e  ' r '  changed 

to  x would apply.  

f i n i t e - d i f f e r e n c e  approximations.  A second-order c o r r e c t  f i n i t e - d i f f e r e n c e  ana log  

was used t o  compute t h e  concen t r a t ion  p r o f i l e  as a func t ion  of reduced t ime 

v a r i a b l e  T = Dlt / (b  - a)2  f o r  t h e  fo l lowing  va lues  o f  t h e  reduced parameters :  

Such a s e t  o f  equat ions  was solved numer ica l ly  us ing  s tandard  

4 3 = 10 , (b - R ) / ( b  - a)  = 21, and b / ( b  - a) = 6.35 x 10 . Figure  18 shows 

t h e  concen t r a t ion  p r o f i l e  f o r  f i v e  d i f f e r e n t  va lues  of  7.  A f t e r  a s u f f i c i e n t l y  

long t i m e ,  t h e  concen t r a t ion  p r o f i l e  i n  t h e  bu lk  r eg ion  becomes e s s s e n t i a l l y  uni-  

form and t h e  p r o f i l e  i n  t h e  s u r f a c e  l a y e r  i s  n e a r l y  l i n e a r .  The r e l e a s e  r a t e  f o r  

D2/D1 

t h i s  case must b e  approximately constai i t  w i th  t i m e  u n t i l  t h e  bulk  concen t r a t ion  

becomes dep le t ed  and t h e  g rad ien t  a c r o s s  the  s u r f a c e  l a y e r  g e t s  smal le r .  

From t h e  f i n i t e - d i f f e r e n c e  program, i t  was p o s s i b l e  t o  c a l c u l a t e  t h e  f r a c -  

t i o n a l  r e l e a s e  a s  a func t ion  o f  reduced time 7, us ing  F i c k ' s  f i r s t  law. F igure  

-2 3 1 9  shows the r e s u l t s  f o r  10 < 7 <.2 x 10 . T h e  s u r f a c e  f i l m  i n i t i a l l y  contained 

about  10% of t h e  t o t a l  t r i t i u m .  The 5 6 %  r e l e a s e  obta ined  up t o  7 = 2 i s  p r i m a r i l y  

r e l e a s e  of t h i s  t r i t i u m  p resen t  i n i t i a l l y  i n  t h e  s u r f a c e  l a y e r .  For T > 10 , t h e  3 

r e l e a s e  r a t e  appears  t o  be  e s s e n t i a l l y  cons t an t  implying t h a t  a quas i - s teady  

s t a t e  has  been reached. 

assumed i n  t h i s  c a l c u l a t i o n ,  t h e  s t e a d y - r e l e a s e  r a t e  would be  reached a t  smaller 

va lues  of T than 10 . A f t e r  t h i s  quas i - s teady  s t a t e  has  been reached,  t h e  

r e l e a s e  r a t e  i s  c o n t r o l l e d  by the  g r a d i e n t  of  t h e  concen t r a t ion  i n  t h e  s u r f a c e  

r e g i m  which i s  -C2/(b - a ) ,  i . e . ,  

For s u r f a c e  l a y e r s  t h a t  a r e  t h i n n e r  than  t h e  1 pm 

3 
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(35) 

where h i s  t h e  mass t r a n s f e r  c o e f f i c i e n t  a t  t h e  s u r f a c e  of t h e  bulk  reg ion  and 

h = Dl/(b - a ) .  

The above formulat ion impl ies  t h a t  a t  long t imes t h e  r e l e a s e  f r a c t i o n s  

may be computed from a one-region model w i th  a mass t r a n s f e r  boundary cond i t ion .  

Using t h e  same n o t a t i o n s  a s  i n  t h e  case  of t h e  two-region s l a b  model, t h e  

equ iva len t  one-region s l a b  model i s  represented  by 

2 a c2(x , t )  ac2 - -- O < x < a  
2 a t  ' ax D2 

hC2 = 0, ac2 
D2 ax - x = o  

t > O  

t > O  

(37) 

The s o l u t i o n  t o  t h i s  problem i s  e a s i l y  obta ined  by t h e  i n t e g r a l  t ransform tech- 

n ique  d iscussed  by O ~ i s i k ( ~ ' )  and t h e  f r a c t i o n a l  r e l e a s e  a s  a func t ion  of  t ime 

i s  given by 
3 

wher'e p a r e  c a l c u l a t e d  from m 

h 
f3 t an@ a = -  

D2 m 
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( 4 3 )  

( 4 4 )  

The do t t ed  l i n e  i n  F igure  1 9  r ep resen t s  t h e  r e s u l t s  of  t h i s  model f o r  t h e  

range 10' < T < l o 4 .  

mately 5 .5% a s  shown by t h e  two-region model) has  been added t o  t h e  va lues  obta ined  

from t h e  above one-region model, s i n c e  t h e  l a t t e r  does n o t  t a k e  t h a t  i n t o  account .  

The two-region model r e s u l t s  and the  one-region model r e s u l t s  appear  t o  converge 

f o r  T of t h e  o r d e r  of 5 x 10 . Unfor tuna te ly ,  t h e  f i n i t e - d i f f e r e n c e  computations 

could n o t  be  extended beyond 7 = 2 x 10 

The i n i t i a l  amount r e l e a s e d  from t h e  s u r f a c e  f i l m  (approxi-  

3 

3 because of  computat ional  r e s t r i c t i o n s .  

F igu re  1 9  a l s o  shows t h e  f i t  of r e s u l t s  p red ic t ed  by t h e  model of DiCola and 

Matzke ( I 3 )  accord ing  t o  which t h e  i n i t i a l  f r a c t i o n a l  r e l e a s e  i s  given by 

f ( t )  = -  4 e  
R 'v 

( 4 5 )  

It i s  c l e a r  t h a t  t h e  i n i t i a l  r e l e a s e  from t h e  oxide  f i l m  i n  t h e  two-region model 

e s s e n t i a l l y  co inc ides  wi th  t h e  r e l e a s e  c a l c u l a t e d  by t h e  above equat ion  ( 4 5 ) .  

A f u r t h e r  s i m p l i f i c a t i o n  can b e  m a d e  for computing re lease ra tes  a t  long  

t i m e s  by ignor ing  t h e  d i f f u s i o n a l  r e s i s t a n c e  w i t h i n  t h e  bulk .  S ince  t h e  su r -  

f a c e  f i l m  r e s i s t a n c e  i s  s e v e r a l  o r d e r s  of  magnitude h ighe r  than t h e  bulk  d i f f u s i o n a l  
,. 

r e s i s t a n c e ,  t h i s  seems j u s t i f i a b l e .  I n  t h a t  case t h e  r e l e a s e  r a t e  would decrease  

i n  p ropor t ion  t o  t h e  average concen t r a t ion  of tritium remaining i n  t h e  specimen, 

i .e . ,  

dC2 v - = -h-A.C2 d t  

where v and A a r e  t h e  sample volume and s u r f a c e  a r e a  r e s p e c t i v e l y .  

can  b e  r e w r i t t e n  as  

This  equat ion  



4 3  

where f i s  t h e  f r a c t i o n  r e l eased .  The s o l u t i o n  t o  t h i s  problem has been given 

e a r l i e r  by equat ion  (25) .  I n  t h i s  c a s e  

hA k =- 
V ( 4 3 )  

The r e s u l t s  u s ing  t h i s  formula [equat ion  ( 2 6 ) l  a r e  shown a s  c i r c l e d  p o i n t s  on 

F igure  19. The long t i m e  r e l e a s e  i s  w e l l  r epresented  by t h i s  s imple express ion .  

Furthermore,  a s  po in ted  ou t  e a r l i e r ,  l n ( 1  - f )  i s  a l i n e a r  func t ion  of t ime which 

ag rees  wi th  t h e  experimental  observa t ions  i n  t h e  temperature  range 600 C-900 C 

(Figure 16 ) .  For k t  << 1, f ( t )  x k t  which shows that: a t  r e l a t i v e l y  s h o r t  t imes,  

t h e  f r a c t i o n a l  r e l e a s e  i s  p ropor t iona l  t o  time (F igu re  15).  

0 0 

1 Log h va lues  a r e  p l o t t e d  versus  T f o r  each i n d i v i d u a l  sample i n  F igu re  20. 

The l i n e s  connect r e s u l t s  f o r  i d e n t i c a l  samples. For a l l  t h e  samples a d i s t i n c t  

b reak  i s  observed i n  t h e  p l o t s  a t  about  6OO0C. Below t h i s  p o i n t ,  t h e  a c t i v a t i o n  

energy c h a r a c t e r i z i n g  a l ea s t - squa res  f i t  t o  t h e  da t a  was 5.3 kCal/gm mole. The 

0 
a c t i v a t i o n  energy va lues  f o r  t h e  l ea s t - squa res  f i t  ob ta ined  above 600 C was 23.2 

kCal/gm mole. 

The l e a s t - s q u a r e s ,  b e s t - f i t  va lues  of h from Figure  20 a r e  given by: 

-6 
h(cm sec-l) = 6.39 x 8*69  ''-6 exp[-(5260 f 1170 C a l ) / R T ]  

, - 3.69 x 10 

2OO0C r; T < 6OO0C ( 4 9 )  

h(cm sec-l) = 0.277 ::::: exp[-(23180 f 2150 Cal)/RT] , 

6OO0C < T s 900°C (50) 

The sample t o  sample v a r i a t i o n  i n  t h e  h va lues  i n  F igu re  20 a r e  cons iderable .  

S ince  h = Dl/(b - a)  where b - a i s  t h e  th i ckness  of  t he  s u r f a c e  f i lm ,  t h e  most 

p l a u s i b l e  explana t ion  seems t o  be  a change i n  s u r f a c e  f i l m  th i ckness  va lues .  

two of t h e  samples a n  unexpected decrease  i n  t h e  r e l e a s e  r a t e  was observed when 

For 
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hea ted  from 3OO0C t o  4OO0C (F igure  20).  

( thus  a change i n  b - 3) i s  be l i eved  t o  be  r e spons ib l e .  

Accidenta l  o x i d a t i o n  of t h e  s u r f a c e  

3.1.2.2.4. Temperature Cycl ing 

Specimens were heated through va r ious  temperature  cyc le s  and t h e  t r i t i u m  

r e l e a s e  r a t e s  measured a t  each temperature .  

t r i t i u m  r e l e a s e  rates a t  a given temperature  could be  inf luenced  by t h e  specimen- 

These experiments showed t h a t  

temperature  h i s t o r y ,  presumably as  a r e s u l t  o f  changes i n  the  s u r f a c e  f i lms  

dur ing  hea t ing .  

0 T r i t i u m  r e l e a s e  r a t e s  a t  temperatures  above 600 C were una f fec t ed  by c y c l i n g  

specimens t o  lower o r  h ighe r  temperatures ,  

21A where t h e  6OO0C and 7OO0C r e l e a s e  curves f o r  a sample hea ted  through t h e  

sequence 400 C ,  6 O O 0 C ,  7OO0C (marked I) ;  4 0 0 ° C ,  6 O O 0 C ,  7OO0C (marked 11) a r e  

Th i s  f a c t  i s  i l l u s t r a t e d  i n  F igu re  

0 

p l o t t e d .  

unchnged f o r  t he  two 6 O O 0 C ,  and t h e  two 7OO0C h e a t i n g s .  

t h a t  a sample could be  cycled through any temperature  sequence between 1 0 0 ° C  and 

500 C without  changing t h e  r e l e a s e  r a t e  a t  any given temperature .  

The t r i t i u m  r e l e a s e  p r o p e r t i e s  of  t h e  s u r f a c e  f i l m  were appa ren t ly  

It was s i m i l a r l y  observed 

0 
Figure  21B 

0 shows t h e  r e s u l t s  from a t y p i c a l  experiment w i t h  a h e a t i n g  sequence 300 C ,  4 O O 0 C ,  

5OO0C (marked I ) ;  4 O O 0 C ,  3OO0C (marked 11). 

temperature  (< 500 C) r e l e a s e  ra tes  disappeared i f  t h e  tempera ture  exceeded 

6OO0C dur ing  a cyc le .  

t h e  second h e a t i n g  (marked a s  11) was v i r t u a l l y  ze ro .  

t r i t i u m  r e l e a s e d  was f a r  below t h e  t o t a l  conta ined  i n  t h e  specimen so t h e  r e s u l t  

r e f l e c t s  changes i n  t h e  p r o p e r t i e s  of t h e  s u r f a c e  f i l m  r a t h e r  than  t r i t i u m  

However, t h e  r e p r o d u c i b i l i t y  of  low 
0 

0 For example, i n  F igu re  21A t h e  r e l e a s e  r a t e  a t  400 C dur ing  

The t o t a l  f r a c t i o n  o f  

dep le t ion .  

Thermally s t r e s s i n g  a specimen produced changes i n  t h e  s u r f a c e  f i lm .  A 

0 specimen g iv ing  low t r i t i u m  r e l e a s e  r a t e s  a t  400 C fo l lowing  h e a t i n g  t o  temperatures  

> 600 C ,  would aga in  begin r e l e a s i n g  t r i t i u m  when t h e  sample was suddenly cooled 0 
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0 t o  room temperature  o r  lower and heated back t o  400 C.  

shows t h e  new r e l e a s e  r a t e  a t  400 C a f t e r  sudden coo l ing  t o  room temperature  f o r  

a sample i n i t i a l l y  g iv ing  no r e l e a s e  a t  4OO0C (marked I ) .  

Curve I1 i n  F igure  21C 

0 

When a sample con ta in ing  t r i t i u m  was e l e c t r o p o l i s h e d  t o  remove 4-5 p of 

metal  from the  s u r f a c e ,  r e l e a s e  r a t e s  a t  a l l  temperatures reached va lues  h ighe r  

than those  obta ined  f o r  a f r e s h l y  implanted annealed sample. The behavior  des- 

c r ibed  above dur ing  temperature  c y c l i n g  could then a g a i n  be  reproduced. 

A p o s s i b l e  explana t ion  f o r  t h i s  behavior  i s  t h e  e x i s t e n c e  of channels ,  c r acks ,  

o r  o t h e r  d e f e c t s  i n  t h e  s u r f a c e  f i l m  which c o n t r o l  t r i t i u m  r e l e a s e  a t  temperatures  

below 6OO0C f o r  t h e  annealed and f r e s h l y  implanted samples. 

energy observed f o r  t r i t i u m  r e l e a s e  below 600 C (F igu re  20) suppor ts  t h i s  i n t e r -  

The l o w  a c t i v a t i o n  

0 

p r e t a t i o n .  The a c t i v a t i o n  energy i n  t h i s  temperature  reg ion  i s  c l o s e  t o  t h e  

va lues  r epor t ed  f o r  bu lk  d i f f u s i o n  of hydrogen i n  This  would b e  

observed i f  t h e  t r i t i u m  r e l e a s e  a t  low temperatures  was c o n t r o l l e d  by bulk  

d i f f u s i o n  wh i l e  t he  e f f e c t i v e  sample s u r f a c e  a r e a  was cons t r a ined  t o  some low 

va lue  by a network of c racks .  Strehlow and Savage(")have proposed a s i m i l a r  

model t o  e x p l a i n  t h e i r  hydrogen permeation r e s u l t s  f o r  ox id ized  s t e e l  specimens. 

Exposure t o  h igh  temperature  (> 60OoC) presumable r e s u l t s  i n  ' h e a l i n g '  of t h e s e  

c racks  and t h e  t r i t i u m  r e l e a s e  i s  then  c o n t r o l l e d  by d i f f u s i o n  o r  s o l u b i l i t y  of  

t h e  t r i t i u m  i n  t h e  oxide f i lm.  Oxygen d i f f u s i o n  r a t e s  i n  niobium become s i g n i -  

f i c a n t  above 6OO0C which could promote c rack  hea l ing .  This  i n t e r p r e t a t i o n  i s  

c o n s i s t e n t  w i t h  the  cyc l ing  resu l t s .  

3.1.2.2.5. Film Thickness E f f e c t s  

The t r i t i u m  re l eased  from specimens a t  room temperature  gave i n i t i a l l y  

% l i n e a r  f versus  t p l o t s  which then  dropped t o  a n e g l i g i b l e  r e l e a s e  r a t e  a t  very 

low r e l e a s e  f r a c t i o n s .  

o f  a one-region d i f f u s i o n  s o l u t i o n  which has the.  fo l lowing  form f o r  a r e c o i l -  

i n j e c t e d  s l a b :  

A r e l e a s e  f r a c t i o n  l i n e a r  in '  ( t ime)% i s  c h a r a c t e r i s t i c  
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where 

R = t r i t i u m  r e c o i l  range (cm) 

D = d i f f u s i o n  c o e f f i c i e n t  (cm / sec )  

t = annea l ing  time (seconds) 

2 

From Figure  19,  i t  i s  apparent  t h a t  t h e  r e l e a s e  drops s i g n i f i c a n t l y  when 50% 

of  t h e  t r i t i u m  i n  t h e  oxide  f i l m  i s  r e l e a s e d  ( t h e  remaining 50% d i f f u s e s  i n t o  

tlie me ta l ) .  

r a t e  a t  low temperatures  was assumed t o  correspond wi th  50% of t h e  i n i t i a l  t r i t i u m  

i n  t h e  oxide  and t h e  oxide  th i ckness  was c a l c u l a t e d  accord ingly .  

The r e l e a s e  f r a c t i o n  a s s o c i a t e d  wi th  a r a p i d l y  dec reas ing  r e l e a s e  

Fi lm th i cknesses  c a l c u l a t e d  by t h i s  approach a r e  s u b j e c t  t o  a number of 

assumptions and u n c e r t a i n t i e s ,  n o t  t h e  l e a s t  of which i s  t h e  assumption t h a t  a 

s p e c i f i c  f i l m  th i ckness  exis ts .  

show a n  oxygen g r a d i e n t  i n  t h e  specimen s u r f a c e  l a y e r s  b u t  n o t  a d i s c o n t i n u i t y  

which could mark a metal-oxide i n t e r f a c e  (F igure  22) .  The f i l m  th i ckness  c a l -  

c u l a t e d  above i d e n t i f i e s  only a s u r f a c e  l a y e r  from which t r i t i u m  r e l e a s e  i s  r a p i d  

and which may o r  may n o t  correspond t o  a phys i ca l  ox ide  b a r r i e r  on t h e  specimen 

su r face .  The th i cknesses  c a l c u l a t e d  a r e  be l i eved  t o  r e p r e s e n t  lower l i m i t s  s i n c e  

Oxygen p r o f i l e s  taken w i t h  a n  Auger spec t rometer  

some t r i t i u m  r e l e a s e  occurred dur ing  i r r a d i a t i o n  (be l i eved  t o  be less than 15%) 

and some smal l  a d d i t i o n a l  amount of t r i t i u m  could be  removed from t h e  s u r f a c e  

l a y e r s  by h e a t i n g  above room temperature .  

The f i l m  th icknesses  c a l c u l a t e d  from t h e  room temperature  r e l e a s e  s t u d i e s  

were used a s  'b -a '  t o  o b t a i n  va lues  of D 

s i n c e  h =- 

s e n t  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s  f o r  t r i t i u m  t r a n s p o r t  through t h e  s u r f a c e  

f i l m  as represented  by equat ion  (35). I t  should be  noted t h a t  t h e  spread  i n  

r e s u l t s  i s  cons iderably  diminished from t h a t  presented  i n  F igure  20 which sugges t s  

from t h e  p l o t  of In h i n  F igu re  20. 1 
These D 's a r e  p l o t t e d  i n  F igu re  23 as  i n  Dthru vs 1 /T  and repre-  Dl 

1 b-a * 
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t h a t  t r i t i u m  release r a t e  decreases  wi th  i n c r e a s i n g  oxide  th ickness  over  t h e  

measured range of f i l m  th ickness  from - 200A0 t o  3000A0. 

given by : 

Values of D a r e  t hru 

-11 4-2.51 x lo-'' -11 exp[-(6060 f 320 Cal)/RT] 2 -1 
-1.96 x 10 (cm s e c  ) = 9.02 x 10 D t h r u  

2OO0C 2 T C 6OO0C (52) 

- 6  
(cm 2 s e c  -1 ) = 2.59 x +0089 ''-6 expc-(23630 f 600 Cal)/RT] Dth ru  -0.66 x 10 

6OO0C < T < 900°C (53) 

The a c t i v a t i o n  energy i n  equat ion  (52) d i f f e r s  s l i g h t l y  from t h a t  i n  equat ion  (49) 

because s e v e r a l  specimens wi th  t h i c k  oxide f i lms  were n o t  used i n  t h e  l e a s t -  

squares  c a l c u l a t i o n  o f  D The D ' s  i d e n t i f i e d  a s  D i n  F igu re  23 r e p r e s e n t  t h ru .  S 

d i f f u s i o n  c o e f f i c i e n t s  f o r  r e l e a s e  of t r i t i u m  from t h e  s u r f a c e  f i l m  and were c a l -  

c u l a i e d  from t h e  i n i t i a l  s lope  of  t h e  r e l e a s e  curves  and equati.on (51) .  These 

va lues  a r e  r ep resen ted  by: 

2 -1 D (cm sec ) = 1.38 x lomL5 exp(-1300 Cal/RT) 
S 

--, 

(54) 

It w a s  p o s s i b l e  t o  measure t h e s e  l o w  va lues  of D wi thout  s i g n i f i c a n t  i n t e r -  
S 

f e rence  from t r i t i u m  d i f f u s i n g  through t h e  f i l m  because t h e  t r i t i u m  i n  t h e  bulk  

metal was uniformly d i spe r sed  p r i o r  t o  t h e  r e l e a s e  experiment whereas t h e  s u r f a c e  

f i l m  t r i t i u m  remained concent ra ted  nea r  t h e  su r face .  T r i t i um release r a t e s  from 

t h e  s u r f a c e  f i l m  t h e r e f o r e  exceeded t h e  r e l e a s e  r a t e s  through t h e  f i l m  dur ing  t h e  

i n i t i a l  s t a g e s  of an  experiment even though t h e ' d i f f u s i o n  c o e f f i c i e n t s  f o r  t r a n s -  

p o r t  through t h e  f i l m  were much l a r g e r  than t h e  su r face - l aye r  D's. 

The obse rva t ion  of d i f f e r e n t  ox ide  d i f f u s i o n  c o e f f i c i e n t s  f o r  t he  t r i t i u m  

i n i t i a l l y  a t  r e s t  i n  t h e  oxide (Ds) and the  t r i t i u m  d i f f u s i n g  through the  oxide  

from t h e  s u b s t r a t e  (Dthru) is a t  va r i ance  wi th  t h e  model i n  Sec t ion  C which 
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assumes a s i n g l e  d i f f u s i o n  c o e f f i c i e n t  ( D  ) f o r  t r a n s p o r t  through the  s u r f a c e  

f i lm .  

t r i t i u m  w i t h i n  t h e  s u r f a c e  f i lm  c r y s t a l l i t e s  could be lower than t h e  d i f f u s i o n  

r a t e  between t h e  c r y s t a l l i t e s .  Also the  model assumes t h a t  t h e  t r i t i u m  concentra-  

t i o n  i s  continuous ac ross  t h e  oxide-metal  i n t e r f a c e  which i s  no t  n e c e s s a r i l y  t r u e  

i n  t h e  r e a l  ca se .  A p a r t i t i o n  c o e f f i c i e n t  o t h e r  than u n i t y  would produce d i f f e r e n t  

apparent  d i f f u s i o n  c o e f f i c i e n t s  f o r  t r a n s p o r t  through t h e  f i l m  and r e l e a s e  from 

t h e  f i lm .  

1 

This  d i f f e r e n c e  is  no t  unexpected phys ica l ly  s i n c e  the  d i f f u s i o n  r a t e  of 

Because of t h e  d i f f i c u l t i e s  i n  determining an  e f f e c t i v e  oxide f i l m  th i ckness  

and t h e  a c t u a l  t r i t i u m  concen t r a t ion  i n  t h e  oxide a t  t h e  i n t e r f a c e ,  t he  q u a n t i t y  

h i n  equat ions  (49) and (50) and i n  F igure  20 i s  a l e s s  ambiguous r e p r e s e n t a t i o n  

of t h e  e f f e c t  of oxide s u r f a c e  f i lms  than the  va lues  D expressed i n  equat ions  (52) 

and ( 5 3 ) .  

Thick oxide  f i lms  tended t o  spa11 from the  metal  s u r f a c e  and were no more 

e f f e c t i v e  than th inne r  f i lms  i n  r e t a r d i n g  t r i t i u m .  The t r i t i u m  r e l e a s e  r a t e s  

from the  oxide were complex and appeared t o  r ep resen t  s e v e r a l  d i f f e r e n t  r e l e a s e  

ra tes .  

F igure  24 which i l l u s t r a t e s  t h e  s e v e r a l  components t o  t h e  r e l e a s e  curve.  

r e s u l t s  suggest  t h a t  i t  i s  t h i n ,  adherent  oxide f i lms  of s e v e r a l  hundred t o  s e v e r a l  

A t y p i c a l  r e l e a s e  curve from a h igh ly  oxidized specimen i s  shown i n  

The 

thousand Angstroms th ickness  which a r e  most e f f e c t i v e  i n  r e t a r d i n g  t r i t i u m  r e l e a s e .  

Oxide f i l m  th icknesses  from Auger s p e c t r a  were est imated by a r b i t r a r i l y  

assuming t h a t  t he  f i l m  terminated when oxygen concen t r a t ions  dropped t o  20% of 

t h e  s u r f a c e  concen t r a t ion  (F igure  2 2 ) .  Auger spectroscopy,  d i r e c t  observa t ion  

and su r face - f i lm  t r i t i u m  r e l e a s e  showed t h e  same t r ends  f o r  f i l m  th ickness  changes 

from specimen t o  specimen b u t  agreement between t h e  a b s o l u t e  va lues  was poor. 

Table  3.1 p resen t s  measured th icknesses  f o r  t h e  t h r e e  methods f o r  d i f f e r e n t  

specimen t rea tments .  

The r e s u l t s  show t h a t  i t  was p o s s i b l e  t o  modify t r i t i u m  r e l e a s e  r a t e s  

somewhat by c o n t r o l l i n g  specimen ox ida t ion  b u t  i t  was no t  p o s s i b l e  t o  o b t a i n  



Table 3.1 .  Sample Film Thicknesses A s  Determined By Various Methods 

Te  c hn i qu e s Sample Pre t rea tment :  Sample P re t r ea tmen t :  Sample Pre t rea tment :  Sample Pre t rea tment  : 
Em p 1 o y e d A s  annealed A s  annealed and A s  annea led ,  gxposed Oxidized i n  a i r  

e l e c t r o p o l i s h e d  t o  He a t  ~ 7 0 0  C and 
cooled t o  room temper- 
a t u r e  

(1 hour a t  400' C) 

Su r face  f i l m  
r e l e a s e  method 

Auger Analysis 

D i r e c t  Observa t ion  

1730 f 760 A' 

183 f 125 A' 

10,000 A' 

, 

282 f 52 A' 

32.5 f 3.5 A" 

2500 - 5000 A' 

Not determinable  

27.5 f 3.5 A' 

6,000 Ao 

180 A' 

20,000 A' 
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s u f f i c i e n t l y  c l e a n  su r faces  by e l e c t r o p o l i s h i n g  o r  vacuum annea l ing  t o  s i g n i f i c a n t l y  

increa  s e t r i t i u m  r e?ea s e .  

3.1.2.2.6. E f f e c t s  of Reducing Atmospheres 

A t t e m p t s  were made t o  lower the  oxygen p o t e n t i a l  dur ing  t r i t i u m  r e l e a s e  by 

adding hydrogen t o  t h e  flow gas o r  wrapping specimens wi th  l i t h i u m  metal  r ibbon.  

The purpose was t o  determine i f  t h e  s u r f a c e  oxide f i l m  could he  s u f f i c i e n t l y  

a l t e r e d  by t h e  reducing environment t o  i n c r e a s e  t r i t i u m  r e l e a s e  r a t e s  from t h e  

specimens. 

Heat ing i n  22% H2, 78% P-10 (mixture  of 10% methane i n  Argon) gave t r i t i u m  

0 r e l e a s e  f r a c t i o n s  below 500 C which were unchanged from e a r l i e r  va lues  b u t  

r e l e a s e  f r a c t i o n s  a t  700 C and 800 C were increased  d rama t i ca l ly  and were con- 

s i s t e n t  w i th  the  r e l e a s e  f r a c t i o n s  expected f o r  bu lk  d i f f u s i o n  c o n t r o l l e d  r e l e a s e .  

Experiments between 500 C and 700 C showed a t r a n s i t i o n a l  behavior  and gave 

r e l e a s e  f r a c t i o n s  h ighe r  than those  observed wi th  a P-10 gas flow b u t  lower than 

t h e  values  p red ic t ed  from bu lk  d i f f u s i o n  c o e f f i c i e n t s .  

i nc reased  s t e a d i l y  wi th  t ime and reached a maximum value  15 t o  1 6  hours  a f t e r  

t h e  i n i t i a l  hea t ing ,  implying k i n e t i c  e f f e c t s  on f i l m  removal. 

0 0 

0 0 

The r e l e a s e  r a t e  a t  5OO0C 

Lithium metal  i s  more reducing than  hydrogen and would main ta in  a lower 

oxygen p o t e n t i a l  than  hydrogen a t  equi l ibr ium.  

4OO0C, and 5OO0C i n  t h e  presence of l i t h i u m  metal  and hydrogen P-10 gas flow 

gave t r i t i u m  r e l e a s e  f r a c t i o n s  which were increased  s u b s t a n t i a l l y  from t h e  va lues  

obta ined  wi th  hydrogen only ,  showing f u r t h e r  d e s t r u c t i o n  of t h e  oxide  f i lm .  

Release experiments a t  2OO0C, 

The experimental  r e l e a s e  r e s u l t s  a r e  presented  i n  F igu re  25 a s  a semilog 

p l o t  o f  t r i t i u m  f r a c t i o n a l  r e l e a s e  r a t e  (R) ve r sus  (Temperature)-'. 

I n  t h e  low temperature hydrogen experiments where r e l e a s e  was s t i l l  con- 

t r o l l e d  by the  s u r f a c e  f i l m  the  r e l e a s e  r a t e  i s  p ropor t iona l  t o  Dl/(b-a) ( o r  

Dthru) and t r i t i u m  concen t r a t ion ,  a s  given i n  equat ion  (35) .  more a p p r o p r i a t e l y  '(b-aT 
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The r e l e a s e  r a t e s  were observed t o  drop slowly a s  bulk  concen t r a t ions  decreased 

and i t  i s  the  i n i t i a l  r e l e a s e  r a t e s  which have been t abu la t ed  i n  t h e  f i g u r e .  The 

da ta  band shown i n  F igure  25 i n d i c a t e s  t h e  i n i t i a l  r e l e a s e  r a t e s  ob ta ined  from 

t h e  da t a  i n  F igure  20 which were obta ined  w i t h  a P-10 gas flow. It i s  apparent  

t h a t  r e l e a s e  r e s u l t s  below 500 C were unchanged by H2 flow b u t  were s i g n i f i c a n t l y  

increased  by t h e  a d d i t i o n  of l i t h ium.  

0 

The pronounced inc rease  i n  r e l e a s e  r a t e  a t  h ighe r  temperatures  was be l i eved  

t o  r e f l e c t  removal of t he  oxide  f i lm .  The r e l e a s e  r a t e  f o r  a uniform d i s t r i b u t i o n  

of d i f f u s i n g  gas i s  s t r o n g l y  t ime dependent wi th  R dropping a s  t f o r  s h o r t  t ime 

per iods .  The r e l e a s e  r a t e  t abu la t ed  i s  t h e r e f o r e  a n  average  va lue  f o r  t h e  f i r s t  

-% 

1 t o  5 minutes of h e a t i n g  and a s i m i l a r  average was taken f o r  t h e  upper do t t ed  

curve which p resen t s  t h e  p red ic t ed  r e l e a s e  r a t e s  determined 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 s  proposed by H i ~ k m a n ' ~ ~ ) .  The use  of an  averaged r e l e a s e  r a t e  f o r  

t h e  h igh  temperature  da ta  i s  no t  a completely s a t i s f a c t o r y  method of p r e s e n t a t i o n  

bu t  i s  one way of  r e p r e s e n t i n g  t h e  t r a n s i t i o n  from bu lk -con t ro l l ed  t o  f i lm-con t ro l l ed  

r e l e a s e  on a s i n g l e  p l o t .  

F igu re  26  shows t h a t  t h e  h igh  temperature  t r i t i u m  r e l e a s e  i n  hydrogen was 

c o n s i s t e n t  wi th  publ ished d i f f u s i o n  c o e f f i c i e n t s  and one-region bu lk  d i f f u s i o n  

a t  a l l  r e l e a s e  f r a c t i o n s .  A l l  da t a  po in t s  c o n s i s t e n t  w i t h  these  D ' s  w i l l .  l i e  

on t h e  heavy b l ack  l i n e  s i n c e  t h e  bulk  d i f f u s i o n  D's were used i n  t h e  c a l c u l a t i o n  

of  t h e  a b s c i s s a  va lues  ( s e e  Crank ( 3 8 ) ) . '  Agreement of  t h e  800°C and 900°C da ta  

i s  e x c e l l e n t ,  t h e  7OO0C r e s u l t s  l i e  somewhat below t h e  l i n e ,  and t h e  500°C da ta  

begin t o  show a s i g n i f i c a n t  s u r f a c e  f i l m  e f f e c t .  

The s t a b i l i t y  of t he  s u r f a c e  oxide  f i l m  i n  hydrogen a t  temperatures  below 

500 C may be  due t o  t r a c e  mois ture  i m p u r i t i e s  i n  t h e  hydrogen. F ive  d i f f e r e n t  

types of oxides  can form on t h e  niobium sample: (41) two suboxides-  NbOx and 

NbOZ, t h e  exac t  composition f o r  which a r e  n o t  known, and t h e  t h r e e  oxides  - NbO, 

Nb 0 

0 

( o r  Nb02) and Nb205. Thermodynamic da ta  f o r  t h e  suboxides a r e  u n a v a i l a b l e  
2 4  
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so  the  fo l lowing  d i scuss ion  i s  l imi t ed  t o  t h e  t h r e e  known oxides .  The oxide 

r educ t ion  r e a c t i o n  i n  H may be  w r i t t e n :  2 

(l/y)NbOy (l/y>;Nb f (1 /2>02 

K2 
H2 + (1/2)02 2 H20 

( 5 5 )  

( 5 6 )  

where K and K a r e  t h e  equi l ibr ium cons tan t s .  1 2 

Assuming the  s o l i d s  have an a c t i v i t y  of u n i t y ,  t h e  product K1K2 g ives  t h e  

equ i l ib r ium p res su re  of water  vapor d iv ided  by t h e  p re s su re  of hydrogen, 

P(H20)/p(H2). 

ox ides  us ing  va lues  of K and K The presence of  a s  l i t t l e  a s  

.01 ppm H 0 a s  a n  impuri ty  i n  t h e  hydrogen i s  seen t o  be  s u f f i c i e n t  t o  s t a b i l i z e  

a l l  oxides  a t  temperatures  below approximately 450 C .  

a l l  oxides  a r e  reduced even i f  t h e  mois ture  concen t r a t ion  i s  allowed t o  go a s  

This  r a t i o  i s  p l o t t e d  i n  F igure  27 f o r  t h e  t h r e e  known niobium 

from Schick.(42)  1 2 

2 
0 A l t e r n a t i v e l y ,  a t  8OO0C 

high a s  1 ppm. I n  s p i t e  of e f f o r t s  t o  reduce mois ture  concen t r a t ions  by cold- 

t r app ing ,  i t  seemed u n l i k e l y  t h a t  values  below .01  ppm were obta ined  wi th  t h e  

equipment used and t h e  apparent  s t a b i l i t y  of t h e  oxide  f i l m  below 500 C can be 

explained by the  presence of  a small amount of mois ture  i n  t h e  flow gas.  This  

i n t e r p r e t a t i o n  i s  supported by t h e  experiments w i th  l i t h i u m  which can main ta in  

0 

a much lower equ i l ib r ium oxygen p o t e n t i a l  than  hydrogen and which exh ib i t ed  

h ighe r  t r i t i u m  r e l e a s e  r a t e s .  

were lower than  t h e  va lues  expected i f  t h e  oxide had been completely removed. 

However, pos t -hea t ing  a n a l y s i s  of  t h e  1 thium metal  showed s u f f i c i e n t  t r i t i u m  i n  

t h e  l i t h i u m  f o r  t h e  specimen r e l e a s e  t o  have occurred a t  r a t e s  c h a r a c t e r i s t i c  of  

t h e  metal  wi th  no s u r f a c e  oxide.  The l i t h i u m  metal  r e s u l t s  i n  F igu re  26  should 

t h e r e f o r e  be regarded a s  lower l i m i t s .  

The t r i t i u m  r e l e a s e  r a t e s  i n  t h e  presence of l i t h i u m  

I n  view of t he  d i f f i c u l t y  i n  main ta in ing  known, low oxygen p o t e n t i a l s  i n  

flow systems, no f u r t h e r  experiments were c a r r i e d  ou t  on f i l m  s t a b i l i t y .  From 
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t h e  e a r l i e r  r e s u l t s ,  i t  seems reasonable  t o  i n f e r  t h a t  no oxide  f i l m  e f f e c t s  on 

t r i t i u m  r e l e a s e  from niobium w i l l  be observed i f  t h e  oxygen p o t e n t i a l  can be 

maintained a t  a va lue  below t h e  equi l ibr ium p o t e n t i a l  f o r  t h e  known oxides .  

An apparent  e f f e c t  o f  ox ide  f i lms  and oxygen p o t e n t i a l s  i s  ev ident  i n  t h e  

l i t e r a t u r e  on hydrogen permeation of niobium. 

S t e i  gerwa 1 d , ( 4 3 )  St ickney ,  (44) and by Rudd, Vose, and Johnson. (45) 

c o e f f i c i e n t  da t a  r epor t ed  f o r  t h e  temperature  ranges between - 400°C-750°C show 

a s t r o n g  temperature  dependence wi th  a n  apparent  a c t i v a t i o n  energy of - 51 kCal/gm 

mole. However, above 700 C-750 C ,  t he  a c t i v a t i o n  energy c h a r a c t e r i z i n g  the  

Resu l t s  have been r epor t ed  by 

The pe rmeab i l i t y  

0 0 

permeabi l i ty  d a t a ,  (43945) f a l l s  t o  - 3 kCal/gm mole. 

m e a b i l i t y  da t a  r epor t ed  by Steigerwald ( 4 3 )  and Rudd, Vose, and Johnson (45) a long  

w i t h  t h e  da t a  i n  t h e  p re sen t  s tudy  from F igure  25. The change observed w i t h  

temperature  i s  s i m i l a r  f o r  t he  two s e t s  of  da t a .  The pe rmeab i l i t y  d a t a ,  t h e r e f o r e ,  

appears  t o  r e f l e c t  an  oxide f i l m  e f f e c t  w i t h i n  t h e  temperature  range - 50OoC-75O0C. 

Figure  28 shows t h e  per-  

Any experiment c a r r i e d  ou t  wi th  commercially pure hydrogen ( -  1 ppm H20) would 

n o t  remove t h e  s u r f a c e  oxides  i n  t h i s  temperature  range and would be suspec t .  

3.1.2.3. Conclusions 

1. The s e v e r a l  d i f f u s i o n  c o e f f i c i e n t s  es t imated  f o r  t r i t i u m  i n  bulk  niobium 

by s e c t i o n i n g  experiments a r e  c o n s i s t e n t  w i th  t h e  Arrhenius  r e l a t i o n s h i p  proposed 

by Hickman. 

2. T r i t i u m  r e l e a s e  from niobium specimens i n  nonreducing atmospheres i s  

c o n t r o l l e d  by the  s u r f a c e  oxide  f i lm .  A two-region d i f f u s i o n  model which assumes 

lower 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  l a y e r s  than  i n  bulk  can  f i t  t h e  

experimental  r e s u l t s .  

3.  Tr i t ium r e l e a s e  r a t e s  from t h e  niobium specimens which had been e l e  tr 

pol i shed ,  s t o r e d  i n  a room atmosphere, and i n j e c t e d  wi th  t r i t i u m  a r e  g iven  by: 

R =- d f  = -  hA (1 - f )  
d t  v (57) 
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where 

-6 
h(cm sec-') = 6.39 x T:::; i i - 6  exp[-(5260 & 1170 Cal)/RT] , 

2OO0C 5 T < 6OO0C (58) 

h(cm sec - l )  = 0.277+:::5: exp[-(23180 f 2150 Cal)/RT] , 

6OO0C < T 5 900°C (59) 

The u n c e r t a i n t y  i n  t h e  above express ions  inc ludes  t h e  v a r i a t i o n  which was observed 

f o r  specimens wi th  d i F f e r e n t  oxide f i l m  th i cknesses .  

4. Tr i t ium r e l e a s e  above 6OO0C i s  cha rac t e r i zed  by a d i f f e r e n t  a c t i v a t i o n  

energy than  r e l e a s e  a t  lower temperatures .  

through cracks  o r  d e f e c t s  i n  t h e  oxide f i l m  below 6OO0C wi th  t r a n s p o r t  through 

a n  i n t a c t  f i l m  a t  h ighe r  temperatures .  Subjec t ing  specimens t o  s t r e s s  i nc reased  

t r i t i u m  r e l e a s e  r a t e s  below 600 C ,  presumably through the  i n t r o d u c t i o n  of  f i l m  

Tr i t i um r e l e a s e  appears  t o  occur  

0 

d e f e c t s .  

5. T r i t i um r e l e a s e  f r a c t i o n s  a t  s h o r t  h e a t i n g  t imes were p ropor t iona l  t o  

t 2  and a r e  a t t r i b u t e d  t o  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  f i lms .  Release f r a c t i o n s  

a t  longer  t imes were due t o  t r i t i u m  t r a n s p o r t  through t h e  s u r f a c e  f i lms  and were 

p ropor t iona l  t o  t ,  t h e  r e l e a s e  r a t e  even tua l ly  dropping i n  p ropor t ion  t o  t h e  

bulk  t r i t i u m  concen t r a t ion  w i t h i n  t h e  specimen. 

3. 

6. Inc reas ing  t h e  oxide f i l m  th ickness  decreased t r i t i u m  r e l e a s e  r a t e s  

0 over  a l i m i t e d  th ickness  range (200 A t o  3000°A), t h e  maximum reduc t ion  be ing  a 

f a c t o r  of ten.  The D's f o r  t r i t i u m  d i f f u s i o n  through t h e  oxide  f i l m  a r e  given 

by : 

2 (cm sec - l )  = 9.02 x exp[-6060 Cal/RT] , Dthru  

2OO0C i; T < 6OO0C (60) 
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(cm2sec-') = 2.59 x exp[-23630 Cal/RT] , Dthru  

6OO0C < T 5 900°C (61)  

when f i l m  th i ckness  i s  c a l c u l a t e d  from t h e  i n i t i a l  t r i t i u m  r e l e a s e  f r a c t i o n .  

The 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  i n i t i a l l y  a t  r e s t  i n  t h e  s u r f a c e  

oxide  i s  given by: 

D = 1.38 x exp(-1300 Cal/RT) , 200°C s T s 5OO0C (62) 
S 

7.  The ox ide  f i lms  could be  removed w i t h  a reducing hydrogen atmosphere 

t o  g ive  t r i t i u m  r e l e a s e  c o n s i s t e n t  w i th  bulk  d i f f u s i o n  c o e f f i c i e n t s  a t  temperature  

above 70OoC. 

i n  p e r s i s t e n c e  of  ox ide  s u r f a c e  f i l m  e f f e c t s  below t h i s  temperature .  

Problems i n  ob ta in ing  a s u f f i c i e n t l y  low oxygen p o t e n t i a l  r e s u l t e d  

8. Apparent anomalies i n  permeation r e s u l t s  c i t e d  i n  t h e  l i t e r a t u r e  appear  

t o  b e  exp la inab le  i n  terms of oxide  s u r f a c e  f i l m  e f f e c t s  and t h e  r e s u l t s  e x h i b i t  

t h e  same genera l  t r ends  a s  t h e  p re sen t  s tudy .  

3.2. T r i t i um i n  Fusion Reactor  Blankets  

Two p o t e n t i a l  problems wi th  f u s i o n  r e a c t o r s  concern t h e  p o s s i b l e  d i f f u s i o n  

release of t r i t i u m  t o  t h e  environment and t h e  p o s s i b l e  bu i ldup  of u n d e s i r a b l y  

l a r g e  t r i t i u m  inven to r i e s  w i t h i n  s t r u c t u r a l  components. Many meta ls  have a 

r e l a t i v e l y  h igh  hydrogen permeabi l i ty  so  d i f f u s i o n  r e l e a s e  must b e  considered 

f o r  t h e  r e a c t o r  b l anke t ,  recovery,  and i n j e c t i o n  systems. Acceptable  t r i t i u m  

r e l e a s e  ra tes  t o  t h e  environment have been es t imated  as about  3 C i / d ,  (46 )  and a 

t y p i c a l  p l a n t  inventory may be  107-10 8 C i  so  t h e  a l lowab le  f r a c t i o n a l  r e l e a s e  

r a t e  i s  q u i t e  low. Also,  s i n c e  t h e  t r i t i u m  worth i s  h igh ,  i t  w i l l  b e  h igh ly  

d e s i r a b l e  t o  main ta in  t h e  inventory  of d i s so lved  t r i t i u m  i n  t h e  system as low a s  

pos s i b  1 e. 

Ca lcu la t ions  of  t r i t i u m  permeation r a t e s  o r  i n v e n t o r i e s  a r e  s p e c u l a t i v e  a t  

b e s t  s i n c e  t h e r e  a r e  many u n c e r t a i n t i e s  i n  t h e  t r i t i u m  t r a n s p o r t  p rocess  and t h e  
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system designs a r e  i n  a n  e a r l y  s t age .  Never the less ,  i t  i s  u s e f u l  t o  eva lua te  

t r i t i u m  r e l e a s e  r a t e s  from re fe rence  systems a s  a guide t o  e s t a b l i s h i n g  t h e  

I 
I 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
1 
1 

i 
i 

c r i t i c a l  system parameters and approximate values  f o r  t r i t i u m  d i s t r i b u t i o n s .  

The p resen t  s e c t i o n  g ives  r e s u l t s  f o r  c a l c u l a t e d  equi l ibr ium t r i t i u m  permeation 

r a t e s  and i n v e n t o r i e s  f o r  t he  r e a c t o r  b l anke t  of t h e  Los Alamos Theta-Pinch fus ion  

r e a c t o r .  (47 '48)  

c a l c u l a t i o n s .  S t eady- s t a t e  condi t ions  were assumed s o  t h e  va lues  presented  repre-  

s e n t  upper l i m i t s .  The purpose of t h e  s tudy  was t o  a s s e s s  t h e  s t e a d y - s t a t e  t r a n s -  

p o r t  r a t e  of t r i t i u m  t o  d i f f e r e n t  reg ions  o f  t h e  b l anke t  and t o  determine the  

e f f e c t  o f  d i f f e r e n t  system parameters i n  in f luenc ing  t h e  t r i t i u m  concen t r a t ion  

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

Th i s  r e a c t o r  was s e l e c t e d  simply a s  a r e f e r e n c e  system f o r  t he  

3 . 2 . 1 .  The Model 

3 . 2 . 1 . 1 .  Equi l ibr ium Di f fus ion  

. T h e  r e a c t o r  b l anke t  was assumed t o  be  approximated by a s e r i e s  of concen t r i c  

c y l i n d e r s  wi th  uniform m a t e r i a l s  and thermal p r o p e r t i e s .  The temperature  w i t h i n  

each r eg ion  was assumed cons t an t  t o  a l low a cons t an t  va lue  f o r  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 .  

by s t e p  temperature  changes a t  t h e  i n t e r f a c e  between reg ions .  

Temperature g r a d i e n t s  w i t h i n  t h e  b l anke t  were accommodated 

The t i m e  independent,  F i c k ' s  Law d i f f u s i o n  equat ion  f o r  m u l t i p l e  reg ions  

assuming l i n e a r  t r i t i u m  t r app ing  r a t e  i s  given by: 

t h  = 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  i reg ion  
Di 

t h  C i ( r )  = p o s i t i o n  dependent t r i t i u m  concen t r a t ion  i n  t h e  i 

ai 

si 

reg ion  

t h  = t rapping  c o e f f i c i e n t  f o r  t he  i reg ion  (assumed cons t an t  f o r  

a given reg ion)  

= t r i t i u m  source  term f o r  t h e  ith reg ion  (assumed cons t an t  over  

t h a t  region)  
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Solu t ions  t o  t h i s  equat ion have been programmed f o r  a r e a c t o r  b l anke t  involv ing  

n reg ions ,  s u b j e c t  t o  the  l i m i t a t i o n s  descr ibed .  

The t r app ing  c o e f f i c i e n t s  a r e  intended t o  r ep resen t  hydrogen p r e c i p i t a t i o n  

a t  d e f e c t s  w i t h i n  a reg ion  o r  chemical combination. There i s  no p resen t  sound 

b a s i s  f o r  a s s i g n i n g  va lues  t o  t h e s e  c o e f f i c i e n t s  so they  were included only t o  

-p rov ide  maximum f l e x i b i l i t y  t o  t h e  model and t o  a l low assessment  of t h e  e f f e c t  o f  

a r b i t r a r y  va lues  of a on t h e  r e s u l t s .  

T r i t i um source  terms occur f o r  t h e  bery l l ium l a y e r ,  t h e  n a t u r a l  l i t h i u m  

coo lan t ,  and t h e  enr iched  l i t h i u m  breeding  l aye r s .  T r i t i um d i f f u s i n g  from t h e  

plasma was accommodated by spec i fy ing  a given t r i t i u m  concen t r a t ion  a t  t h e  plasma- 

f i r s t  w a l l  i n t e r f a c e .  Values of s .  were e i t h e r  ob ta ined  d i r e c t l y  from Los Alamos 

des ign  r e p o r t s  on t h e  the ta -p inch  concept 

t h e  average neut ron  f luxes  r epor t ed .  (47-49) 

uniformly d i s t r i b u t e d  i n  any given region.  

t h e  coo lan t  i n  a given reg ion  was a l s o  assumed t o  be  uniform over  t h e  e n t i r e  reg ion  

s u r f a c e .  

1 

o r  e l s e  were c a l c u l a t e d  from (47 9 4 8 )  

A t r i t i u m  source  was assumed t o  b e  

The t r i t i u m  p a r t i a l  p re s su re  above 

Tr i t i um d i f f u s i o n  c o e f f i c i e n t s  were determined from l i t e r a t u r e  va lues  of 

hydrogen d i f f u s i o n  c o e f f i c i e n t s  o r  by e x t r a p o l a t i o n  of r e s u l t s  f o r  s i m i l a r  systems 

when da ta  were unavai lab le .  ( 3 3 ’  3595,0-52)  

employed f o r  t h e  p r i n c i p a l  m a t e r i a l s  i n  t h e  b l anke t  a r e  t abu la t ed  i n  Table  3 . 2 .  

The s o l u b i l i t i e s  and d i f f u s i o n  c o e f f i c i e n t s  

The sequence of  m a t e r i a l s  i n  t h e  b l anke t  and t h e i r  approximate dimensions 

were taken d i r e c t l y  from Los Alamos des ign  r e p o r t s  f o r  t h e  Reference Theta Pinch 

Reactor .  (47 )  

reg ions  i n  moving from t h e  plasma t o  t h e  o u t e r  s h i e l d  (F igure  29 ) .  It  qu ick ly  

became apparent  t h a t  most of t hese  l a y e r s  d i d  n o t  i n f luence  t h e  t r i t i u m  d i s t r i -  

bu t ions  and t h a t  s i x  o r  seven c r i t i c a l  l a y e r s  were c o n t r o l l i n g .  Most c a l c u l a t i o n s  

werc pcrformed us ing  j u s t  t h e  c r i t i c a l  reg ions  a f t e r  f i r s t  v e r i f y i n g  f o r  represen-  

t a t i v e  cases t h a t  t h e  r e s u l t s  were i d e n t i c a l  t o  those  obta ined  us ing  a l l  r eg ions .  

A r e p r e s e n t a t i o n  of  t h e  b l anke t  l a y e r s  shows as  many a s  34 s e p a r a t e  
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1 Table 3.2.  Di f fus ion  and S o l u b i l i t y  Data 

M a t e r i a l  

A1203 
(upper va lue )  

*l2'3 
(most probable 
va lue )  

A1203 
(lower va lue )  

N i o  b i uin 

Beryllium 

Copper 

2 
DO 

(cm2/secl 

1.82 x 

0.183 

2 1.08 x 10 

5.77 

2.95 

1.32 x 

#D 

(Kcal/mole) 

21.0 

34.8 

63.3 

3.0 

4.42 

11.3 

0 
S 

(S tdcc l  
mo 1 eJa tm) 

4 1.32 x 10 

4 1.32 x 10 

4 1.32 x 10 

0.956 

1.40 x 4 

5.20 x 

S 
8 

(Kcal/mole) 

-35.1 

-35.1 

-35.1 

8.44 

33 

8.70 

The express ions  f o r  the  d i f f u s i o n  c o e f f i c i e n t ,  D ,  and s o l u b i l i t y ,  S a r e  D = D 1 

exp(dD/RT) ,  S = S exp(Os/RT) where R = t he  u n i v e r s a l  gas cons t an t .  0 
0 

Graham's Law i s  used t o  convert  d a t a  given fo r  hydrogen f o r  a p p l i c a t i o n  t o  t r i t i u m .  2 
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Two temperature  d i s t r i b u t i o n s  were considered.  One assumed a "conventional" 

low temperature  Li-Na-steam system whi l e  t h e  second was based upon a high- 

temperature  advanced system wi th  a potassium topping cyc le .  The r a d i i  f o r  t he  

c r i t i c a l  reg ions  and t h e  assumed regior.  temperatures  f o r  t h e  two concepts  a r e  

l i s t e d  i n  Table  3 . 3 .  

Tr i t ium d i f f u s i o n  through t h e  g r a p h i t e  moderator i s  h i g h l y  unce r t a in ,  b u t  

cons ider ing  i t s  po ros i ty ,  ins tan taneous  t r i t i u m  r e d i s t r i b u t i o n  i n  t h i s  reg ion  was 

assumed. The c a l c u l a t e d  uniform t r i t i u m  d i s t r i b u t i o n  w i t h i n  t h e  g r a p h i t e  was 

included i n  t h e  inventory  ca l cu lac ions .  

Severa l  boundary condi t ions  a t  t h e  r eg ion  in . te r faces  a r e  poss ib l e .  The 

expected cond i t ion  i s  t h a t  t h e  s u r f a c e  t r i t i u m  concen t r a t ions  would be  i n  equ i l ib r ium 

wi th  t h e  vapor phase and t h e  t r i t i u m  concen t r a t ion  d i s t r i b u t i o n  a c r o s s  t h e  i n t e r -  

f a c e  would simply equal  t h e  inve r se  r a t i o  of  t he  S i e v e r t ' s  Law c o n s t a n t s .  In 

t h i s  ca se ,  a t  an  i n t e r f a c e  a t  r = a  between t h e  i and t h e  ( i  + 1) reg ions ,  

Values of (3 f o r  t he  materials and temperatures  used were c a l c u l a t e d  from 
i 

t h e  p r e s s u r e - s o l u b i l i t y  equat ions i n  Table  3.2. 

c e n t r a t i o n  ac ross  an  i n t e r f a c e  (6 = 1) might be a b e t t e r  approximation f o r  some 

The s p e c i a l  c a s e  of uniform con- 

boundaries  and was the  usua l  assumption employed when p a r t i t i o n  da ta  were unavai l -  

a b l e .  A t h i r d ,  bu t  l i t t l e  used boundary cond i t ion ,  assumed t h a t  t h e  concen t r a t ion  

d i f f e r e n c e  a c r o s s  an  i n t e r f a c e  was p ropor t iona l  t o  t h e  f l u x .  That i s ,  
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Table 3.3. Temperature Es t imates  f o r  the Reference Theta-Pinch Reactor Core 

Region 
T i t l e  

F i r s t  Wall 

B e r  y 1 1 ium 

3 Ca 

Cooling 

Stagnant  
Lithium 

Magn e t 
Cooling 

Outer Radius (cm) 

50.0 
(0.03 cm th i ck )  

50.1 

53.2 

55.7 

55.8 

67.7 
(0.1 cm th i ck )  

62.73 

67.83 

82.57 

82 .67  

82.7 

82.8 

0.6 
(0 .1  cm th i ck )  

88.95 

89.5 
(0.05 cm th i ck )  

0 0 Tempe a t u r e  K Tempe a t u r e  K 5 
LTP Case 

1 €ITP Case 

1390 800 

1360 

1320 

1500 

1350 

1320 

1420 

1500 

1500 

1500 

1520 

1450 

1400 

770 

7 30 

900 

7 60 

7 60 

830 

920 

920 

920 

940 

870 

7 80 

1340 7 60 

8004 5204 

HTP = High Temperature P l a n t  

LTP = Low Temperature P l a n t  

Temperature i n  t h e  i nne r  g r a p h i t e  reg ion  a r e  considered the  same 

These r ep resen t  an e s t ima te  based upon the  assumption t h a t  t he  implosion c o i l  
temperatures  w i l l  be the  same as f o r  t he  compression c o i l .  

1 

2 

3 

4 
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Such a boundary cond i t ion  might apply  when a n  oxide f i l m  was p resen t  on one 

s u r f a c e  and t r a n s p o r t  was c o n t r o l l e d  by permeation through t h e  f i lm.  F i c k ' s  f i r s t  

l a w  of  d i f f u s i o n  f o r  a s l a b  i s  

ac  
ax where @ i s  t he  f l u x  of d i f f u s i n g  atoms a t  t h e  p lane  where - i s  measured. 

d i f f e r e n c e  i n  t r i t i u m  concen t r a t ion  between e i t h e r  s i d e  of  a s u r f a c e  f i l m  of th ick-  

nes s  AX would be  given by 

The 

. which i s  i d e n t i c a l  t o  the  boundary cond i t ion  i n  equat ion  ( 6 6 )  when h = (T) , 
The parameter "h" i n  equat ion  ( 6 6 )  may t h e r e f o r e  be viewed a s  analagous t o  a 

f i l m  th i ckness  d iv ided  by a 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  i n  t h e  s u r f a c e  f i lm.  

i i 

, The remaining boundary cond i t ion  which was always used w i t h  t h e  above t h r e e  

op t ions  s p e c i f i e d  c o n t i n u i t y  of f l u x  a t  each i n t e r f a c e :  

A n a l y t i c a l  s o l u t i o n s  t o  equat ion  ( 6 3 )  f o r  t h e  t h r e e  types of i n t e r f a c e  con- 

d i t i o n s  were programmed t o  provide va lues  of t r i t i u m  f l u x  a t  each i n t e r f a c e  and 

t r i t i u m  inventory  i n  each reg ion  f o r  s e l e c t e d  va lues  of  D i, a i ,  Si, Bi ( o r  hi) 

f o r  N concen t r i c  reg ions  ( n  < 10). These c a l c u l a t i o n s  were performed s e p a r a t e l y  

f o r  each composite reg ion  separa ted  by s i n k s .  . 

Figure  30 represents '  a p a r t i a l  c r o s s  s e c t i o n  of t h e  'RTPR (Reference Theta 

Pinch Reactor) co re  a s  s i m p l i f i e d  f o r  t h e  mathematical  a n a l y s i s .  

3.2.1.2. E q u i l i b r a t i o n  Times 

The equ i l ib r ium d i f f u s i o n  s o l u t i o n  may g r o s s l y  ove res t ima te  t h e  a c t u a l  

t r i t i u m  r e l e a s e  r a t e  i f  t he  t ime t o  a t t a i n  equi l ibr ium g r e a t l y  exceeds t h e  
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pro jec t ed  l i f e  of  t h e  r e a c t o r .  

t ime dependent s o l u t i o n s  f o r  mul t i - reg ion  d i f f u s i o n  problems become excess ive ly  

complex. However, i t  i s  d e s i r a b l e  t o  have some measure of  t he  t ime r equ i r ed  t o  

a t t a i n  approximate d i f f u s i o n  equi l ibr ium as a guide  t o  t h e  amount of conservat ism 

inhe ren t  i n  t h e  s t e a d y - s t a t e  s o l u t i o n s .  

Equi l ibr ium cond i t ions  have been used because 

A gas d i f f u s i n g  through a s l a b  w i l l  approach a cons t an t  r e l e a s e  r a t e  w i t h  

t i m e  i f  t h e  concen t r a t ion  of gas a t  t h e  e n t e r i n g  f a c e  i s  maintained cons t an t .  A 

p l o t  of  t o t a l  r e l e a s e d  gas versus  t i m e  w i l l  l i n e a r l y  e x t r a p o l a t e  t o  a p o s i t i v e  

t ime va lue  i d e n t i f i e d  as a "breakthrough" o r  r ' lag" t ime which marks a t ime a t  which 

t h e  d i f f u s i n g  gas begins  t o  be r e l e a s e d  a t  t h e  exi t  f a c e  i n  s i g n i f i c a n t  q u a n t i t i e s .  

Ash, e t  a l .  

m u l t i p l e  l a y e r s  f o r  s l a b ,  c y l i n d r i c a l ,  and s p h e r i c a l  geometr ies .  These express ions  

involve  computat ional  problems f o r  l a r g e  numbers of r eg ions  b u t  they  a r e  s a t i s -  

f a c t o r i l y  approximated by t h e  one-region s o l u t i o n  i f  t h e r e  exis ts  one reg ion  f o r  

which X /D[(thickness) ( d i f f u s i o n  c o e f f i c i e n t ) ]  s i g n i f i c a n t l y  exceeds t h e  comparable 

va lue  f o r  any o t h e r  reg ion .  The one-region l a g  t ime f o r  a c y l i n d e r  i s  given by: 

have der ived  genera l  express ions  f o r  t h e  d i f f u s i o n  l a g  t ime i n  (53) 

2 2 

R 
= [R1 2 2  4- R ) I n  - R1 - (R: - Ro)]/4D 2 In  - 1 

0 RO 
0 R 

where R and R a r e  r e s p e c t i v e l y  t h e  o u t s i d e  and i n s i d e  c y l i n d e r  r a d i i  f o r  t h e  1 0 

,e r eg ion  and 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  reg ion .  

were c a l c u l a t e d  f o r  each reg ion  i n  t h e  system a s  a rough guide t o  t h e  t i m e  r equ i r ed  

f o r  t r i t i u m  t o  reach each s i n k  i n  t h e  system. 

Values o f  t 

3 . 2 . 2 .  Resu l t s  

A s e r i e s  of s tandard  cond i t ions  were adopted a s  r e f e r e n c e  when t h e  e f f e c t  of 

any given parameter was be ing  i n v e s t i g a t e d .  

f o r  a l l  reg ions  and the  va lues  f o r  t he  most probable  d i f f u s i o n  c o e f f i c i e n t s  f o r  

These s tandard  cond i t ions  assumed 0 = 1 i 

A 1  0 i n  Table  3 . 2 .  

wall was assumed t o  be  10 

The t r i t i u m  p a r t i a l  p re s su re  on t h e  plasma s i d e  of  t h e  f i r s t :  2 3  
- 2  t o r r  based upon the  des ign  c o n d i t i o n  of 45 mtorr 
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n e u t r a l  gas p re s su re  ( S O X  D, 50% T) f o r  2 /3  of  t he  c y c l e  and 10 mtor r  f o r  t h e  

remaining 1 / 3  of t he  cyc le .  (47) 

The t r i t i u m  product ion r a t e s  i n  t h e  s t agnan t  l i t h i u m  and i n  t h e  be ry l l i um 

-11 -3 -1 -13 -3 -1 b lanke t  were taken  a s  1.67 x 10 moles c m  s e c  and 8.89 x 10 moles c m  sec 

r e s p e c t i v e l y .  

of 484 moles of t r i t i u m  p e r  day (12,000 Mw thermal power) and t h e  breeding  r a t i o s  

and reg ion  volumes o u t l i n e d  by Dudziak. ( 4 )  

flowing l i t h i u m  coo lan t  was taken a s  10-l '  atmospheres based upon c a l c u l a t i o n s  by 

Maroni (54 )  r e l a t e d  t o  t r i t i u m  e x t r a c t i o n .  When t r i t i u m  product ion  r a t e s  were t h e  

de f ined  primary q u a n t i t i e s ,  concen t r a t ions  were obta ined  by equat ing  t o t a l  t r i t i u m  

product ion i n  a r eg ion  t o  t h e  t r i t i u m  f luence  from the  reg ion .  When vapor 

p re s su res  were s p e c i f i e d ,  S i e v e r t ' s  Law r e l a t i o n s h i p s  were used t o  c a l c u l a t e  su r -  

f a c e  t r i t i u m  concen t r a t ions .  Both t h e  h igh  temperature  and low temperature  op t ions  

i n  Table  3.3 were considered a s  s tandard  and c a l c u l a t i o n  were gene ra l ly  conducted 

These numbers were based upon a proposed t r i t i u m  consumption r a t e  

The t r i t i u m  vapor p re s su re  i n  t h e  

f o r  each opt ion .  

A t y p i c a l  p l o t  of t h e  equ i l ib r ium t r i t i u m  concen t r a t ions  f o r  high and low 

temperature  cyc le s  i s  presented  i n  F igure  31. 

3.2.2.1. I n s u l a t o r  E f f e c t s  

The alumina i n s u l a t o r  exer ted  a s i g n i f i c a n t  e f f e c t  on t r i t i u m  t r a n s p o r t  

because of  t h e  low pos tu l a t ed  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  i n  A 1  0 F igure  2 3' 

32 p resen t s  t h e  t r i t i u m  f l u x  i n  Cur i e s /y r  from t h e  plasma t o  t h e  f i r s t  w a l l ,  

i n t o  t h e  inne r  coolan t  channel from t h e  s t a t i c  l i t h i u m ,  and i n t o  t h e  magnet coo lan t  

channels  f o r  t h e  assumed h igh ,  low and "most probable" express ion  f o r  t h e  alumina 

d i f f u s i o n  c o e f f i c i e n t s .  The c a l c u l a t e d  f l u x  v a r i e s  by s e v e r a l  o rde r s  of magnitude 

over  t h e  range of p o s s i b l e  D ' s .  

could c o n s t i t u t e  LL p o s s i b l e  path f o r  t h e  r e l e a s e  of t r i t i u m  t o  t h e  environment. 

It i s  noteworthy t h a t  t h e  t r i t i u m  f l u x  t o  t h e  magnet coo lan t  channels  can be  

s i g n i f i c a n t  (2  x 10 C i /y r  f o r  t h e  wors t  c a s e  t abu la t ed  i n  F igu re  32). 

T r i t i um r e l e a s e  t o  t h e  magnet coo l ing  channel  

5 
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have repor ted  pre l iminary  r e s u l t s  f o r  t r i t i u m  d i f f u s i o n  (55) Fowler, e t  a l .  

c o e f f i c i e n t s  i n  A 1  0 as  well as o t h e r  ceramic m a t e r i a l s  of p o t e n t i a l  i n t e r e s t  t o  

t h e  fus ion  program - Y 2 0 3 ,  BeO, S i c ,  and p y r o l y t i c  carbon. T r i t i um was i n j e c t e d  

i n t o  specimens and t h e  d i f f u s i o n  c o e f f i c i e n t s  measured from t h e  time r a t e  of  

t r i t i u m  r e l e a s e  dur ing  hea t ing .  The d i f f u s i o n  c o e f f i c i e n t s  f o r  bo th  s i n g l e  

c r y s t a l  and s i n t e r e d  A 1  0 

2 3  

specimens were c l o s e r  t o  t h e  va lues  represented  by 2 3  

r a t h e r  than  D i n  Table  3.2. Below 7OO0C, t h e  measured D ' s  D 

were even lower than  t h e  assumed express ion  f o r  D so  t h e  i n s u l a t o r  would be  

expected t o  e x e r t  a major i n f luence  on t r i t i u m  permeation. 

f o r  o t h e r  ceramic m a t e r i a l s  have a l s o  been observed t o  be  q u i t e  low s o  t h e  i n s u l a t o r  

may c o n t r o l  t r i t i u m  t r a n s p o r t ,  i r r e g a r d l e s s  of t h e  p a r t i c u l a r  m a t e r i a l  s e l e c t e d .  

(low) (most probable)  

(low) 
Di f fus ion  c o e f f i c i e n t s  

It i s  a l s o  o f  i n t e r e s t  t h a t  t h e  t r i t i u m  leakage r a t e  ou t  of t h e  plasma 

becomes a t  l e a s t  a v i s i b l e  f r a c t i o n  of  t h e  t o t a l  f u e l i n g  r a t e  f o r  some cond i t ions .  

For  t h e  h igh  temperature  p l a n t  and high d i f f u s i o n  c o e f f i c i e n t s  f o r  alumina, t he  

leakage becomes 4 x 10 7 
C i / y r  o r  about  .l% of  t h e  f u e l i n g  r a t e .  

Use of t h e  8 .  boundary cond i t ion  der ived  from S i e v e r t ' s  Law c o e f f i c i e n t s  
1 

produces l i t t l e  change i n  t r i t i u m  f l u x  from t h e  plasma f o r  t h e  h igh  temperature  

p l a n t  b u t  r e s u l t s  i n  cons iderably  lowered va lues  f o r  t h e  t r i t i u m  r e l e a s e  t o  t h e  

magnet coo l ing  channels and t h e  t r i , t i u m  flux from t h e  plasma for t h e  l o w  tempera- 

t u r e  p l a n t  ( i tems 1 and 7 i n  Table  3 . 4 ) .  

3.2.2.2. E f f e c t  of  Oxide Films 

Chandra, e t  a l .  (58) have r epor t ed  t h a t  t r i t i u m  ' r e l e a s e  from niobium under 

i n e r t  atmospheres i s  c o n t r o l l e d  by oxide  f i l m s  on t h e  specimen s u r f a c e s  which 

s i g n i f i c a n t l y  lower t r i t i u m  r e l e a s e  r a t e s .  The va lues  of  @/X) [equat ions  ( 4 9 )  

and ( 5 0 ) ]  determined from t h e s e  s t u d i e s  were used a s  va lues  of  "h" f o r  t h e  f i l m  

c o n t r o l l e d  boundary cond i t ion  i n  t h e  p re sen t  s tudy  t o  s imula t e  the  e f f e c t  of ox ide  

f i lms  on t h e  niobium components.. The f i lms  produced some change i n  permeation 

r a t e s  ( i tems 11 and 12 i n  Table  3 . 4 )  p r i n c i p a l l y  a n  increased  t r i t i u m  r e l e a s e  t o  
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t h e  flowing l i t h i u m  and the  magnet coo lan t  a s  a consequence of s l i g h t l y  increased  

equ i l ib r ium t r i t i u m  p res su res  i n  t h e  s t a t i c  l i th ium.  

S e l e c t i v e l y  a l lowing  t h e  oxide f i lm  t o  occur  on only  c e r t a i n  niobium s u r f a c e s  

produced pronounced changes i n  t r i t i u m  flow p a t t e r n s  and i n v e n t o r i e s .  For example, 

making t h e  u n l i k e l y  assumption t h a t  t he  oxide  f i lm  occurred only on t h e  niobium 

faces  ad jacen t  t o  t h e  s t agnan t  l i t h i u m  r e s u l t e d  i n  i n c r e a s e s  of s e v e r a l  o r d e r s  

of  magnitude i n  t h e  t r i t i u m  permeation r a t e  t o  t h e  f lowing coo lan t  and magnet 

coo l ing  channels  (items 13 and 14 i n  Table  3 . 4 )  p lus  a n  i n c r e a s e  of about  a 

f a c t o r  of 10 i n  t h e  t o t a l  t r i t i u m  inventory .  The niobium s u r f a c e  f i lms  have no t  

been observed t o  p e r s i s t  i n  t h e  p re sen t  o f  l i t h i u m  (56) which i s  c o n s i s t e n t  w i th  

thermodynamic cons ide ra t ions .  I t  i s  n o t  apparent  t h a t  oxygen p o t e n t i a l s  w i l l  be  

s u f f i c i e n t l y  h igh  anywhere i n  t h e  b l anke t  reg ion  t o  s u s t a i n  oxide  f i lms .  Never- 

t h e l e s s ,  t h e  resul ts  show t h a t  ox ide  f i l m s  could p lay  a s i g n i f i c a n t  r o l e  i n  con- 

t r o l l i n g  t r i t i u m  flow and i n v e n t o r i e s  i f  cond i t ions  favored t h e i r  formation.  

Oxide f i lms  o r  o t h e r  non-metal l ic  b a r r i e r s  may even be  used t o  advantage t o  re -  

s t r i c t  t r i t i u m  permeation t o  c e r t a i n  po r t ions  of t h e  system. 

3 . 2 . 2 . 3 .  T r i t i u m  I n v e n t o r i e s  

The t o t a l  t r i t i u m  inventory  i n  t h e  b l anke t  ranged from s l i g h t l y  over  600 

grams t o  as much as  7300 grams f o r  t h e  d i f f e r e n t  cond i t ions  i n v e s t i g a t e d .  The 

inventory  c a l c u l a t i o n  w a s  confined t o  t h e  f ixed  s t r u c t u r a l  components and excluded 

t r i t i u m  i n  t h e  s t a t i c  o r  f lowing l i t h ium.  Over 90% of t h e  t r i t i u m  i n  each c a s e  

r e s i d e d  i n  t h e  bery l l ium l a y e r .  While d i f f e r e n c e s  could be  obta ined  f o r  t h e  

t r i t i u m  i n  t h e  A 1  0 o r  Nb l a y e r s ,  t h e s e  d i f f e r e n c e s  were n o t  s i g n i f i c a n t  when 

compared wi th  the  t o t a l  t r i t i u m  i n  t h e  b l anke t .  

t r i t i u m  i n v e n t o r i e s  f o r  some of  t h e  cond i t ions  eva lua ted .  An inventory  o f  7 kg 

r e p r e s e n t s  a r a t h e r  s u b s t a n t i a l  investment i n  unused f u e l .  The inventory  could 

2 3  
Table  3 . 4  presen t s  t y p i c a l  

l i k e l y  b e  lowered by f a b r i c a t i n g  t h e  bery' l l ium l a y e r  i n  a manner t o  a l low more 

r a p i d  r e l e a s e  and recovery of t h e  t ransmuta t ion  produced t r i t i u m .  



Table 3 ,4 .  Calculated Tritium Permeation Rates and Lag Times 

First Wall 
To Plasma 

Beryllium To Stagnant Li To 
Coolant Inner Coolant Channel 

R = l  

-1 .6 x l b 3  7 60 2.5 x 10 .63 3 .3  1 9 7  
7 

.25 5.4 x 10 3.8 x l G 4  2.5 x 10 7 

2.5 x 16' .076 2.5 x 10 .63 2 .6  x l b 2  .019 
7 

2.9 x 10 ' 7 . 6  x 1b6 2.5 x 10 .25 3.5 x 10 1.1 1 5 ~  7 

To Magnet 
Cooling Channel 

4 (Ci/yr> tl (Yr) 

6,5 x 183 3.2 x 10 6 

300 28 

390 54 

1 . 6  x 10 .048 

6 b o  >10 yrs 

6 2.5 x lij3 >1O y r s  

6 
- 0  >1@ yrs 



Table 3.4. Continued 

Run No. Condi t ions 

9 

10 

11 

1 2  

1 3  

14  

F i r s t  Wall 
To Plasma 

Beryllium To Stagnant  L i  To To Magne 
Coolant I n n e r  Coolant Channel Cooling Channel 

Remarks @ (Ci/yr)  tl (y r )  

1 5  5.4 1ij4 

3.4 lo7 5.0 1ij7 

Oxide - 2.7 x lo6  7.6 x 186 
Fi lm ' 

On Nb 

Oxide 3.1 lo7  5.1 1 5 ~  
n. 
P i i m  
On Nb 

Oxide- - 157 .076 
Lithium 
Side  Only 

7 2.5 x 10 

7 2.5 x 10 

7 2.5 x 10 

7 2.5 x 10 

7 2.5 x 10 

7 Oxide- -1.03 x lo4 3.8 x l E 4  2.5 x 10 
Lithium 
Side  Only 

(1) HTP = Hig.. Temperature P l a n t  
LTr - Low Temperature P l a n t  
D(-), ( low); D ( O ) ,  (Most Probably) ;  D(+), (High) Value for A1203D 
0 = 1  
B = Ri  7 

j P o s s i b l e  Boundary Condit ions Described i n  Text a = h  

.63 

1.1 lijg 

.25 

1.1 1ij9 

.63 

. 6 3  

@ (Ci/yr> tl ( y r >  @ ( c i / y r >  tl (yr> 

5.0 1.0 1ij4 -0 54 

3 . 5  x lo6 3.2 x lc6 2 . 6  x l G 3  .048 

6.1 x 10 1.1 1tj9 374 28 

5.3 x lo8 3.2 x 1ij6 2.2 x 10 .048 

6 >10 6 y r s  1 . 9  x 10 1.0 x lb4  0.34 

6 1.8 x 10 ' .019 2.0 x l o4  >IO y r s  
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The t r i t i u m  concen t r a t ion  i n  t h e  bery l l ium r e s u l t i n g  from t ransmuta t ion  

exceeds t h e  one atmosphere s o l u b i l i t y  l i m i t  i n  a ma t t e r  of s e v e r a l  days. Ex- 

pressed  ano the r  way, t h e  t r i t i u m  overpressure  r equ i r ed  t o  main ta in  t h e  t r i t i u m  

i n  s o l u t i o n  i n  t h e  bery l l ium a t  equ i l ib r ium i s  of t h e  o rde r  of 70 t o  500 atmospheres.  

It does no t  seem reasonable  t h a t  hydrogen p a r t i a l  p re s su res  of  t h i s  magnitude 

could be  s u s t a i n e d  so i t  i s  l i k e l y  t h a t  t r i t i u m  would p r e c i p i t a t e  a s  bubbles  i n  

t h e  bery l l ium.  The be ry l l i um l a y e r  can be  subdivided i n t o  t h r e e  reg ions  cons is t i .ng  

of two s u r f a c e  reg ions  where t h e  t r i t i u m  s o l u b i l i t y  i s  no t  exceeded and one c e n t r a l  

r eg ion  con ta in ing  a c o n s t a n t  concen t r a t ion  of d i f f u s i n g  t r i t i u m  maintained a t  t h e  

s o l u b i l i t y  l i m i t .  The t r i t i u m  p r e c i p i t a t i o n  r a t e  i n  t h e  c e n t r a l  reg ion  can then  

be  determined from t h e  d i f f e r e n c e  between the  t o t a l  sou rce  s t r e n g t h  and t h e  sum 

o f  t h e  flow r a t e s  through t h e  o u t e r  l a y e r s .  I f  a n  a c c e p t a b l e  hydrogen p a r t i a l  

p re s su re  above t h e  be ry l l i um can be  es tab ' l i shed  from a knowledge of  t h e  phys ica l  

system, t h i s  va lue  can b e  used t o  e s t a b l i s h  a hydrogen s o l u b i l i t y  and a n  e q u i l i -  

brium hydrogen p r e c i p i t a t i o n  r a t e  i n  t h e  be ry l l i um can then  be  determined. 

3.2 .2 .4 .  Lag Times 

Four t r a n s p o r t  pa ths  f o r  t r i t i u m  i n  t h e  b l anke t  would appear  t o  b e  of  

g r e a t e s t  i n t e r e s t .  These involve  t r i t i u m  t r a n s f e r  between t h e  plasma and t h e  

coo lan t ,  t h e  be ry l l i um and t h e  coo lan t ,  t h e  g r a p h i t e  and t h e  coo lan t ,  and t h e  

s t a t i c  l i t h i u m  and t h e  magnetic coo lan t  channels .  Ca lcu la t ed  va lues  of  t h e  l a g  

t ime f o r  t r i t i u m  breakthrough a long  t h e s e  pa ths  a r e  included i n  Table  3 . 5 .  Lag 

t imes f o r  t r i t i u m  t r a n s p o r t  t o  t h e  magnet coo l ing  channels  exceed t h e  r e a c t o r  l i f e  

i n  a lmost  every case. The t r i t i u m  re leas t i  r a t e s  c a l c u l a t e d  f o r  t h e  magnet coo l ing  

channels  a r e  t h e r e f o r e  upper' l i m i t s  and time dependent d i f f u s i o n  s o l u t i o n s  may 

w e l l  p r o j e c t  cons iderably  lower t r i t i u m  r e l e a s e  r a t e s  over  t h e  r e a c t o r  l i f e .  

The l a g  t imes f o r  t h e  o t h e r  t r a n s p o r t  p rocesses  a r e  s u f f i c i e n t l y  low t h a t  e q u i l i -  

brium d i f f u s i o n  s o l u t i o n s  would appear  t o  provide a s a t i s f a c t o r y  approximation t o  

the t r a n s p o r t  process .  



m m ~ r n m m  

Table  3.5. Ca lcu la t ed  Tr i t i um Inventory 

Run No.  

1 

2 

3 

4 

5 

6 

7 

8 

Condi t ions  

LTP 
D (0) 
(3'1 

Remarks 

2.7 

2.8 

6.9 

2.6 

3.8 

2.8 

6.8  

1 .4  

2.3 

1.2  

2.4 

.79 

8 x lom7 2.5 

8 x lom3 .8 

Iriven t o r y  

Be 

(g) 

1641 

- 

624 

1641 

624 

1641 

624 

1641 

1624 

Graph i t e  A l l  
M a t e r i a l s  

6.3) ( t o t a l )  (g) 

62 

43  

62 

5.6 

62 

43 

i 7 i o  

673. 

1712 

633 

1710 

669 

1 1644 

0.1 625 
o\ 
*D 



U = = D ~ D = = =  - -  
Table 3.5. Continued 

.Run No. 

9 

10 

11 

12 

13 

14 

Condit ions 

LTP 
D (+> 
*i 

HTP 
D (+) 

a i  
HTP 
D ( 0 )  
$=1 

HTP 
D (+I 
8=1 

LTP 
D (+> 
p= 1 

Remarks 

Oxide 
Film 
On Nb 

Oxide 
Fi Im 
On Nb 

Oxide- 
Li thium 
Side Only 

Oxide- 
Li thium 
Side Only 

8 x 

9 

3.5 

3.4 

351 

357 

Inventory  

Nb B e  Graphi te  A l l  
Materials 

( 8 )  ( T o t a l )  (8) ( 9 )  - ( g )  - 
2.6 1638 lX 1641 

1 .4  

1.7 

2.0 

105 

104 

624 0.1 

627 54 

627 54 

2450 3220 

2450 4450 

626 

690 

687 

6120 

7360 
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3.2.2.5. General 

The plasma, flowing l i t h ium,  o r  s t a t i c  l i t h i u m  can be e i t h e r  sources  o r  s i n k s  

f o r  t r i t i u m .  The l i t h i u m  w i l l  always be a t r i t i i l m  source  i n  a func t ion ing  r e a c t o r  

b u t ,  depending upon t h e  e f f i c i e n c y  of  t h e  s e p a r a t i o n  system, may appear  t o  b e  a 

s i n k  i n  t h e  b l anke t  i n  t h a t  t r i t i u m  can d i f f u s e  i n t o  the  l i t h i u m  from ad jacen t  

sources  such as t h e  be ry l l i um l a y e r .  The d i r e c t i o n s  o f  flow w i l l  b e  c o n t r o l l e d  

by t h e  s e l e c t i o n  of t r i t i u m  p a r t i a l  p re s su res  o r  concen t r a t ions  i n  t h e  va r ious  

sources .  Beryl l ium always was a t r i t i u m  source  f o r  t h e  parameters  i n v e s t i g a t e d  

whereas t h e  magnet coo l ing  channels  were always a s ink .  No t r i t i u m  t r a n s p o r t  

through t h e  b i o l o g i c a l  s h i e l d  could be  cal-culated s i n c e  no t r i t i u m  w a s  assumed 

t o  pass  t h e  magnet coo l ing  channels .  

The plasma switches from a source  t o  a s i n k  as t h e  t r i t i u m  p a r t i a l  p r e s s u r e  

above t h e  f i r s t  w a l l  i s  decreased.  Table  3 . 6  shows r e s u l t s  f o r  s i x  cases  i n  which 

t h e  plasma t r i t i u m  p a r t i a l  p re s su re  ranges from 10 t o  t o r r .  The t r i t i u m  

f lux '  through t h e  f i r s t  w a l l  v a r i e s  from 4 . 2  x lo7 Ci /y r  o u t  of t h e  plasma t o  

1.5 x 10 

- 2  

6 
Ci /y r  i n t o  t h e  plasma f o r  t h e  cond i t ions  picked. 

It should b e  recognized t h a t  t h e  assumption of  a cons t an t  t r i t i u m  p a r t i a l  

p re s su re  above t h e  f i r s t  w a l l  may n o t  be  ii s a t i s f a c t o r y  approximation. 

central  cavi ty  w i l l  be purged a f t e r  each pu l se  t o  remove i m p u r i t i e s  so t r i t i u m  

concen t r a t ions  w i l l  change r a p i d l y .  Also, e n e r g e t i c  t r i t i u m  atoms escaping t h e  

plasma and coming t o  r e s t  i n  t h e  f i r s t  w a l l  c o n s t i t u t e  a n  a d d i t i o n a l  t r i t i u m  

The 

source.  

The e n e r g e t i c  p a r t i c l e  f l u x  of t o t a l  changed p a r t i c l e s  a t  t h e  f i r s t  w a l l  

i s  expected t o  be  approximately cm-2s;ec-1 whereas t h e  above t r i t i u m  permeation 

- 2  - 2  
f luxes  correspond t o  fewer than 100 t r i t i u m  atoms cm s e c  . Since  t r i t i u m  atoms 

w i l l  c o n s t i t u t e  a n  apprec i ab le  f r a c t i o n  of t h e  t o t a l  charged p a r t i c l e  f l u x  a t  

t h e  f i r s t  w a l l ,  t h i s  f l u x  would appear  t o  c o n s t i t u t e  t h e  p r i n c i p a l  t r i t i u m  source  

from t h e  plasma. 
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Table 3 . 6 .  E f f e c t  of Plasma Side P a r t i a l  Pressure  Var i a t ion  

T2 P a r t i a l  

Pressure  
(Torr) 

10- 

10- 

10- 

10- 

10- * 

10- 

- Permeation t o  the Plasma 

Permeation Rate Permeation Rate 
( C i / y r )  (C i / y r  ) 

CASE : HTP : D (0) : B=l - CASE: HTP:D(t) : P . = l  

7 

6 

3.43 x 10 

1 .72  x 10 

-1.54 x 10 

6 

5 

-1.25 x 10 

2.70 x 10 

1.35 x 10 

6 5 

s c  
CASE: HTP:D(O) :B=Rsc CASE: HTP:D(+) : n=R 

6 2.88 x 10 7 4.20 x 10 

6 

5 

4.20 x 10 

4.16 x 10 

5 

4 

2.87 x 10 

2.85 x 10 

CASE : LTP : D (+) :.!3=1 

4 
-9.09 x 10 

s c  
CASE : LTP : D (+) : a=R 

14.5 

1.43 

0.14 

4 

4 

-9.09 x 10 

-9.09 x 10 
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The t r i t i u m  f l u x  t o  t h e  magnet coo l ing  channcl i s  a s t r o n g  func t ion  of t h e  

assumed temperature  a t  t h e  channel.  F igure  33 shows how t h e  c a l c u l a t e d  t r i t i u m  

f l u x  v a r i e s  f o r  d i f f e r e n t  assumed va lues  f o r  temperature .  

3 . 2 . 3 .  Conclusions 

1. Ceramic materials,  such a s  t h e  i n s u l a t o r  r equ i r ed  f o r  t h e  the t a -p inch  

concept ,  can s t r o n g l y  in f luence  p ro jec t ed  t r i t i u m  i n v e n t o r i e s  and t r a n s p o r t  r a t e s  

i n  a f u s i o n  r e a c t o r  b l anke t .  

2. The l a r g e  v a r i a t i o n  i n  t r i t i u m  inventory  ( g r e a t e r  than  a f a c t o r  of 10) 

r e s u l t i n g  f o r  s e l e c t e d  parameters i n  t h e  b l anke t  sugges ts  t h a t  a c t u a l  t r i t i u m  

i n v e n t o r i e s  a r e  s u b j e c t  t o  cons ide rab le  unce r t a in ty .  

3.  The s t a b i l i z a t i o n  of oxide  s u r f a c e  f i lms  on meta l  comporients by h igh  

oxygen p o t e n t i a l s  could s t r o n g l y  in f luence  t r i t i u m  d i s t r i b u t i o n s  w i t h i n  t h e  

b l anke t .  

' 4 .  The l a g  t i m e  f o r  d i f f u s i o n a l  t r i t i u m  t r a n s p o r t  through t h e  b l anke t  l a y e r s  

t o  a p o i n t  of  p o t e n t i a l  r e l e a s e  t o  t h e  environment ( t h e  magnet coo l ing  channels)  

i s  g e n e r a l l y  g r e a t e r  than t h e  a n t i c i p a t e d  r e a c t o r  l i f e .  However, t h e  s imple  

geometry employed does n o t  a l low assessment of more r e a l i s t i c  d i f f u s i o n  r e l e a s e  

pa ths  which might e x i s t  i n  a cons t ruc t ed  r e a c t o r .  

5. P ro jec t ed  t r i t i u m  l e v e l s  i n  a be ry l l i um metal b l anke t  exceed t h e  so lu -  

b i l i t y  l i m i t  which could r e s u l t  i n  t r i t i u m  p r e c i p i t a t i o n  w i t h i n  t h e  metal .  

6. T r i t i um f low both  i n t o  a n d ' o u t  of  t h e  plasma i s  obta ined  f o r  t h e  d i f f e r e n t  

b l a n k e t  cond i t ions  considered.  
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Figure 5. Stripped autoradiograph (3 hrs exposure; 750X) 

Figure 6. Autoradiograph of electropolished and etched specimen 
(3 hrs exposure; 180X) 



Figure 7. Stripped autoradiograph from etched specimen showing 
denuded grain boundaries (9 hrs exposure; SlOX) 

Figure 8. Stripped autoradiograph from etched specimen showing 
tritium precipitation along the edges of grain 
boundaries (9 hrs exposure; SlOX) 
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Figure 9. Stripped autoradiograph from an electrpolished and 
etched sample (7% hrs exposure; 750X) 

Figure 10. Autoradiograph from the same region of the specimen 
as in Figure 9 but heated at 185OC for 2 hrs 
(4-day exposure; 750X) 



I 

1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

b 

Figure  11. St r ipped  autoradiograph from an e l ec t ropo l i shed  and 
etched speciman when su r face  l a y e r  had been removed. 
(Arrows i n d i c a t e  a r t i f a c t s ;  36 h r s  exposure; 750X) 

Figure  12.  S t r ipped  autoradiograph from back f ace  of  a tritium 
r e c o i l  i n j e c t e d  specimen ( e l ec t ropo l i shed  and etched)  
(100 h r s  exposure; 750X) 
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I. SUGGESTIONS F O R  FUTURE WORK 

A l a r g e  amount of t r i t i u m  d i f f u s i o n  da ta  t h a t  i s  p e r t i n e n t  t o  computing 

t r i t i u m  d i s t r i b u t i o n s  i n  f i s s i o n  r e a c t o r s  has  been determined dur ing  t h e  cour se  

of  t h i s  c o n t r a c t .  However, i n  a t tempt ing  t o  a p p l y  t h e s e  da ta  t o  f i s s i o n  r e a c t o r  

systems, s e v e r a l  blocks of missing informat ion  could be i d e n t i f i e d .  

Among a l l  o f  t h e  sources  of t r i t i u m  t h a t  c o n t r i b u t e  t o  a c t i v i t y  i n  t h e  

coo lan t ,  i t  appears  t h a t  t h e  t r i t i u m  r e l e a s e  from boron con ta in ing  burnable  poisons 

i s  a very  s i g n i f i c a n t  source .  These poison rods c u r r e n t l y  consis t :  of e i t h e r  

b o r o s i l i c a t e  g l a s s  o r  boron c a r b i d e  (B C) rods  encased i n  s t a i n l e s s  s t e e l  tubes .  4 
To our  knowledge t h e r e  i s  l i t t l e  b a s i c  da t a  f o r  hydrogen d i f f u s i o n  i n  B C .  It 

would seem d e s i r a b l e  t o  make t r i t i u m  d i f f u s i o n  measurements i n  B C .  

4 

4 
There i s  l i t t l e  information on t r i t i u m  p a r t i t i o n  r e l a t i o n s h i p s  between f u e l  

p e l l e t s  and t h e  i n n e r  s u r f a c e  of t h e  c l add ing .  I n  t h e  t r i t i u m  model mentioned 

i n  Sec t ion  2.3.2, we have assumed t h a t  all o f  t h e  t r i t i u m  r e l e a s e d  from t h e  f u e l  

s u r f a c e  immediately produces a cons t an t  d i s t r i b u t i o n  a t  t h e  fue l - c l ad  i n t e r f a c e ,  

b u t  i t  i s  not  c l e a r  t h a t  t h i s  i s  accep tab le .  An i n v e s t i g a t i o n  of t r i t i u m  p a r t i -  

t i o n  a t  ceramic-metal  i n t e r f a c e s  would a l s o  be of  i n t e r e s t  t o  c o n t r o l l e d  thermo- 

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

Of t h e  t r i t i u m  t h a t  b u i l d s  up i n  t h e  primary coo lan t  system, i t  i s  u n c e r t a i n  

how and what f r a c t i o n  o f  t h i s  t r i t i u m  r e d i s t r i b u t e s  i t s e l f  i n  t h e  res t  of t h e  

r e a c t o r  p l a n t .  It i s  known t h a t  t r i t i u m  l e v e l s  i n  t h e  r e a c t o r  b u i l d i n g  a i r  can 

b u i l d  up t o  s u f f i c i e n t  concen t r a t ions  t o  be  of concern i n  maintenance work. 

Bas ic  t r i t i u m  diffus . ion da ta  i s  l ack ing  f o r  f u s i o n  r e a c t o r  m a t e r i a l s  and 

p a r t i c u l a r l y  f o r  ceramics .  Furthermore,  it i s  apparent  t h a t  hydrogen d i f f u s i o n  

i n  ceramics i s  s t r o n g l y  dependent on t r a c e  impur i ty  concen t r a t ions ,  Some s t u d i e s  

on ceramics a r e  c u r r e n t l y  underway a t  our  l a b o r a t o r i e s .  
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11. STUDENTS SUPPORTED 

One of t h e  l e s s  t a n g i b l e  r e s u l t s  of  t h i s  c o n t r a c t  has  been t h e  l a r g e  number 

of graduate  s tuden t s  who were f i n a n c i a l l y  supported and t r a i n e d  by t h i s  program 

and c u r r e n t l y  occupy 

Rare Gas Dif fus ion:  

Name - 
Ronald Christman 

Danny LaBelle  

Lu the r  D .  Mears 

La r r y  Jordan  

James C a r t e r  

Andres Sy Ong 
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John A u s t i n  

Richard Calder  

J o e l  Cehn 

Char les  C r a f t  
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P. M. Abraham 

Mark Mintz 

Dipankar Chandra 

James A l l e n  

1 
~~ 

r e spons ib l e  p o s i t i o n s  w i t h i n  t h e  n u c l e a r  i n d u s t r y .  

Degree 

Ph.D. 

B.S.  

M.S. & 
Ph.D. 

B.S. 

M.S. 

Ph.D. 

M.S. 

M.S. 

M.S. 

Thes is  

Yes 

No 

Yes 

No. 

Yes 

Yes 

Yes 

Yes 

Yes 

Curren t  Employme t - 
Head, P r i v a t e  Consul t ing  Firm 

General Atomic Company 

Bechte l  Corpora t ion  

TVA 

I n s t i t u t e  de  Engenhavia de  
M i l i t a r ,  Rio de  J a n e i r o  

Oak Ridge Na t iona l  Laboratory - 

U .  S. Army 

Ph.D. 

M.S. 

M. S. 

M.S. 

M.S. 

P ro f .  
Degree 

M.S. 

M.S. 

M.S. 

Pos t  
Doctora l  

M.S. 

Y e s  

Yes 

N o  

No 

Yes 

No 

Yes 

Yes 

Yes 

- 

Yes 

ERDA 

Texas U t i l i t i e s  

Commonwealth Edison 

Los Alamos S c i e n t i f i c  Laboratory 

Babcock & Wilcox 

U. S .  Navy 

Combus t i o n  Engineer ing 

Duke Power Company, N .  C .  

General  Atomic Company 

Brookhaven Na t iona 1 Laboratory 

ERDA 



1x1.  F'URLICATIONS RESULTING FROM CONTRACT 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 

b 
I,, Rare Gas D i f f u s i o n  

Papers  : 
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i n  C s I  - The Use of F i s s i o n  Recoi l  Doping Technique," J o u r .  Amer. Ceram. 
SOC., 5 l ,  560-564 (1968).  
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(1967). 

3. T .  S. Elleman, C .  R .  Fox, and L .  D.  Mears, " Inf luence  of  Defec ts  on 
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4 .  T .  S.  Elleman and A .  Sy Ong, "Surface E f f e c t s  on Di f fus ion  Release  of 
Rare Gases," Phys. S t a t .  Sol .  ( a ) ,  2 (1970).  

5. A .  Sy Ong and T .  S .  Elleman, "Effect  of  Trapping on t h e  Release  of Recoi l  
I n j e c t e d  Gases from S o l i d s , "  Nucl. Instr .  & Meth., 86, 117-125 (1970). 
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6 .  L.  D. Mears and T .  S .  Elleman, "Rare Gas Di f fus ion  i n  A l k a l i  Metal  
I o d i d e s , "  Phys. S t a t .  S o l .  ( a ) ,  1, 509-521 (1971).  
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(1972). 
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Papers  : 
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S .  Elleman, "Diffusion of  T r i t i um i n  A u s t e n i t i c  
Jou r .  Nucl. Mat. , 43, 119 (1972). 

2. T .  S .  Elleman, J .  H .  Aus t in ,  and K. Verghese, "Trit ium Di f fus ion  i n  
Zi rca loy-2  and S t a i n l e s s  S t e e l s , "  Trans.  A m e r .  N u c l .  SOC. ,  2, (1) 
229 (1972). 
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3. J. H. Aus t in ,  T .  S .  Elleman, and I(. Verghese, "Surface E f f e c t s  on t h e  
D i f f u s i o n  of T r i t i um i n  304-Sta in less  S t e e l  and Zircaloy-2,  'I J o u r .  Nucl. 
Mat., 48, 307-316 (1973). 

4. C .  W .  Pennington, K .  Verghese, and T .  S. Elleman, "Tri t ium Release  from 
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(1974) . 
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3. P. M. Abraham, e t  a l . ,  USAEC Report  0R0-3508-8 (1972) .  

4. P. M. Abraham, e t  a l . ,  USAEC Report 0R0-3508-9 (1973) .  

Papers  i n  Prepara t ion :  
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Diffus ion of Gases in S o l i d s  -- 
P r a c t i c a l  B e n e f i t s  

I 

The f i n a l  r e p o r t  on Cont rac t  AT-(40-1)-350S d i s c u s s e s  t h e  t e c h n i c a l  

accomplishments o f  t h e  r e sea rch .  There e x i s t s  a d d i t i o n a l  evidence t h a t  t h e  

work produced p rac t i ca l  b e n e f i t s  which j u s t i f y  i t s  conduct.  T h i s  a t tachment  

summarizes some o f  t h e s e  i tems. 

1. The r a r e  gas t r app ing  s t u d i e s  helped t o  i d e n t i f y  t h e  importance of  

d e f e c t s  i n  c o n t r o l l i n g  r a r e  gas r e l e a s e  from s o l i d s .  Th i s  work 

a l o n g  w i t h  a number of o t h e r  s t u d i e s  a t  o t h e r  l a b o r a t o r i e s ,  have 

formed t h e  b a s i s  f o r  t h e  c u r r e n t  unders tanding  of r a r e  gas  r e l e a s e  

r a t e s  from r e a c t o r  f u e l s .  

The r e s u l t s  of t h e  xenon d i f f u s i o n  s t u d i e s  i n  a l k a l i  meta l  h a l i d e s  

were used  as  suppor t ing  evidence f o r  r a r e  gas d i f f u s i o n  models 

2. 
6 .  

developed a t  o t h e r  l a b o r a t o r i e s  (1-3). The r e s u l t s  f o r  CsI l e d  t o  

a s p e c i a l  c o n s i d e r a t i o n  of  d i f f u s i o n  models f o r  b . c . c .  a l k a l i  h a l i d e s  (3)  , 

3.  It was i n d i c a t e d  t o  us t h a t  t h e  r epor t ed  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 s  

i n  a u s t e n i t i c  s t e e l s  were used as t h e  b a s i s  f o r  c a l c u l a t i o n  of  

d i f f u s i o n a l  tritium re lease  f r q m  FFTF fuel elerneats. 

R e p r e s e n t a t i v e s  from Westinghouse and B & W mainta iaed  c o n t a c t  on 4. 

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

own work i n  t h i s  a r e a .  

5 .  Nine teen  p u b l i c a t i o n s  i n  r e f e r r e d  jouzxa l s  r e s u l t e d  f r o n  t h e  r e sea rch .  

6. Four t een  g radua te  s t u d e n t s  rece ived  p r i n c i p a l  suppor t  fron t he  con- 

t r ac t  p r i o r  t o  r e c e i v i n g  g radua te  degrees .  I n  a number o f  rhese 

cases,  g r a d u a t e  scudy appeared nof  t o  hzve be.;n p o s s i b l e  !:ithour 

che cont r . ic t  suppor t .  

employcd fn some p h s c  o f  t h e  a t o n i c  energy f i e l d .  

;,lost r > t :  t h e s e  grcl't1tintt.s a r e  c u r r e n t l y  

R nunibcr o f  



I 
a d d i t i o n a l  s t u d e n t s  working i n  t h e  c o n t r a c t  a r e a  r ece ived  p a r t i a l  

r a s s i s t a n c e  from the  c o n t r a c t .  P l a r g e r  number of s t u d e n t s  t han  b 
those  ind ica t ed  a c t u a l l y  conducted t h e i r  r e s e a r c h  i n  t h e  c o n t r a c t  

s u b j e c t  a r e a  as  unsupported s t u d e n t s .  The funded group se rved  a s  

a nucleus  t o  a t t r a c t  a d d i t i o n a l  unsupported s t u d e n t s .  

I 
I 

7. I 

I . 8. 

I 
I 9. 

I 

I 
D .. io. 

The f a c u l t y  s a l a r i e s  charged t o  t h e  c o n t r a c t  were r e tu rned  t o  t h e  

u n i v e r s i t y  as r e l e a s e  time funds.  These moneys const i tuted a p r i n -  

c i p a l  source  of suppor t  f o r  t he  teaching  a s s i s t a n t s  needed f o r  t h e  

conduct o f , o u r  educa t iona l  program. 

The c o n t r a c t  produced c o l l a b o r a t i v e  e f f o r t s  among s e v e r a l  d e p a r t -  

ment f a c u l t y  mechers and product ive  r e sea rch  i n  o t h e r  a r e a s  which 

might  n o t  o therwise  have occurred.  

A collaborative program w i t h  Caro l ina  Power and L i g h t  Company t o  

develop t r i t i u m  r e l e a s e  models f o r  t h e i r  power r e a c t o r s  has  developed 

a .  

as a d i r e c t  consequence o f  t h e  funded r e sea rch .  

A c u r r e n t  c o n t r a c t  w i th  t h e  CTR Div i s ion  of  ERDA t o  s t u d y  t r i t i u m  

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

has  been a d i r e c t  r e s u l t  o f  t h e  s k i l l s  and i n t e r e s t s  developed under  

the supported research .  

I t h i n k  i t  i s  not  too s t r o n g  a s t a t emen t  t o  n o t e  t h a t  t h e  e x i s t e n c e  of =he 
I 

. e n t i r e  graduate  program i n  nuc lea r  eng inee r ing  a t  our u n i v e r s i t y  i s  ve ry  s t r o n s l y  

dependent upor, t h e  e x i s t e n c e  of r e sea rch  c o n t r a c t s  such a s  t h e  program c i t e d .  

I .  
.I 
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