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BIAS FACTORS FOR RADIATION CREEP, 

GROWTH AND SIJELLTNG 

F: A .  NICHOLS 

Materials Science Division 
Argonne National Laboratory 
9700 South Cass Avenue 
~rg&nne, Illinois 60439 

ABSTRACT 

Central to the present concepts .of the origin of the radiation-induced 

creep, growth and swelling phenomena is the relative interaction of interstitials 

and vacancies with various sinks. ~adiation-induced climb of dislocations, 

which figures in many theories of radiation creep and growth, requires the 

absorption of an excess of either vacancies' or interstitials. On the other 

hand,.radiation swelling requires the absorption of an excess of vacancies 

to effect void growth. ~hese relative preferences ' are normally expressed 



i n  t h e o r e t i c a l  models by c e r t a i n  b i a s  f a c t o r s ,  o r  c a p t u r e  e f f i c i e n c i e s ,  u s u a l l y  

assumed t o  be  cons t an t .  Severa l  a t t empt s .have  been made t o  e s t i m a t e , t h e i r  

magnitude t h e o r e t i c a l l y  b u t  a l l  a r e  seen  t o - i n v o l v e  e r r o r s  o r  p h y s i c a l l y  

u n r e a l i s t i c  assumptions. We p re sen t  h e r e  a u n i f i e d  t rea tment  i n  which t h e s e  

v a r i o u s  b i a s  f a c t o r s  a r e  es t imated  i n  a s e l f - c o n s i s t e n t  model which i n c o r p o r a t e s ,  ' 

f o r  t h e  f i r s t  t i m e ,  a l l  t+.e e s s e n t i a l  phys ics ,  i . e . ,  d e f e c t  product ion ,  i n t e r -  

, a c t i o n s  of bo th  vacancies  and i n t e r s t i t i a l s  w i th  s i n k s  and t h e  presence  of two 

, t ypes  of s i n k s .  We p re sen t  q u a n t i t a t i v e  eva lua t ions  f o r  t h e  SIPA c reep  model 
1. 
I 

l and f o r  r a d i a t i o n  swel l ing ,  and compare w i t h  previous  e s t i m a t e s  of t h e s e  
I 

I 
I phenomena. 

1. In t roduc t ion  

The phys i ca l  o r i g i n  of v a r i o u s  phenomena occu r r ing  under i r r a d i a t i o n ,  such 

. 
a s r a d i a t i o n g r o w t h , r a d i a t i o n c r e e p a n d v o i d  swe l l i ng  l i e s  i n  t h e a b s o i - p t i o n  

P . -". 
of r e l a t i v e l y  more of one type  of po in t  d e f e c t  a t  one type  of  s i n k  (and conse- 

quent ly  l e s s  of t h a t  same d e f e c t  a t  ano the r  type  of s i n k ) .  The reason  f o r  such  

p r e f e r e n t i a l  abso rp t ion  i s  g e n e r a l l y  considered t o  l i e  i n  t h e  i n t e r a c t i o n  

ene rg i e s  between p o i n t  d e f e c t s  and t h e  v a r i o u s  s i n k s .  

The mechanisms of r a d i a t i o n  growth a r e  s t i l l  n o t  c l e a r l y  e s t a b l i s h e d ,  b l t  

one c o n t r i b u t i n g  source ,  f o r  cold-worked m a t e r i a l  a t  l e a s t ,  is probably t h e  

(1)  climb of d i s l o c a t i o n s  having an a n i s o t r o p i c  d i s t r i b u t i o n  of Burgers  v e c t o r s  . 
It is cons idered  t h a t ,  due t o  i t s  l a r g e r  r e l a x a i i o n  s t r a i n ,  t h e  i n t e r s t i t i a l  i n  

meta ls  i n t e r a c t s  more s t r o n g l y  wi th  a  d i s l o c a t i o n  s t r e s s  f i e l d  than  does t h e  

j 
vacancy, and hence an  excess  of i n t e r s t i t i a l s  i s  absorbed by d i s l o c a t i o n s ,  t hus  

caus ing  t h e i r  climb. Since i n  t h e  s t e a d y  s t a t e  vacancies  and i n t e r s t i t i a l s  must 



disappear  a t  e x a c t l y  t h e  r a t e  a t  which they  a r e  produced, i t  i s  c l e a r  t h a t  

ano the r  type  of s i n k  must e x i s t  which a t t r a c t s  i n t e r s t i t i a l s  l e s s  t han  do 

d i s l o c a t i o n s .  These second s i n k s  then  absorb an excess  of vacanc ie s  equal  i n  

magnitude t o  t h e  excess  of i n t e r s t i t i a l s  absorbed a t  d i s l o c a t i o n s .  It is 

f u r t h e r  c l e a r  t h a t  vacancy i n t e r a c t i o n s  wi th  t h e  d i f f e r e n t  s i n k s  produce 

analogous e f f e c t s  s o  t h a t  t h e  o v e r a l l  n e t  e f f e c t  ( o r  b i a s )  i s  due t o . t h e  

combined, s imultaneous i n t e r a c t i v e  d i f f u s i o n  of bo th  vacancies  and i n t e r s t i t i a l s  

t o  a t  l e a s t  two types  of s i n k s .  The s i n k s  having a  sma l l e r  a t t r a c t i o n  f o r  

i n t e r s t i t i a l s  may be  d i s l o c a t i o n  mul t ipo le s ,  d i s l o c a t i o n  c e l l  w a l l s ,  sub-boundaries,  

p r e c i p i t a t e s ,  vo ids  o r  g r a i n  boundaries .  

I n  r a d i a t i o n  c reep ,  two b a s i c a l l y  d i f f e r e n t  processes  have been cons idered .  

One is  equ iva l en t  t o  t h a t  d i scussed  under r a d i a t i o n  growth b u t  where t h e  an iso-  

t r g p i c  d i s t r i b u t i o n  of Burgers v e c t o r s  is no longer  a requirement .  I n  t h i s  

concept,  t h e  d i s l o c a t i o n s  cl imb does no t  i t s e l f  produce c r e e p  s t r a i n  b u t  d i s -  

l o c a t i o n  g l i d e  fo l lowing  t h e  overcoming.of some impedance a c t u a l l y  produces t h e  

c r eep  s t r a i n .  Both i n t e r n a l  s t r e s s  f i e l d s ( 2 )  and l o c a l  o b s t a c l e s  (3)  have been 

considered by v a r i o u s  au tho r s .  A second type  o i  process  has  been proposed which 

r e q u i r e s  climb a lone  t o  produce c reep .  This  is t h e  so-ca l led  SIPA ( S t r e s s  Induced 

P r e f e r e n t i a l  ~ b s o r ~ t i o n )  model(4) and assumes t h a t  d i s l o c a t i o n s  having  d i f f e r e n t  

o r i e n t a t i o n s  of t h e i r  Burgers v e c t o r s  provide  t h e  r equ i r ed  two types  of  s i n k s .  

Thei r  asymmetric i n t e r a c t i o n s  w i t h  p o i n t  d e f e c t s  a r e  i n  t u r n  supposed t o  a r i s e  

&om t h e  shea r  p o l a r i z a b i l i t i e s  of t h e  d e f e c t s ( 5 ) -  The shea r  p o l a r i z a b i l i t y  

of a  dumb-bell i n t e r s t i t i a l  i s  assumed much l a r g e r  than  t h a t  of a .vacancy  and 

s o  t h e  SIPA e f f e c t  is  f e l t  t o  be due p r i m a r i l y  t o  i n t e r s t i t i a l s ,  w i t h  t h e  vacanc ie s  

p a r t i t i o n i n g  themselves among t h e  v a r i o u s  d i s l o c a t i o n s  i n  a r e l a t i v e l y  unbiased 

a manner. 



The void  swe l l i ng  phenomenon r e q u i r e s ,  obvious ly ,  a n e t  a b s o r p t i o n  o f  

vacanc ie s .by  voids .  This  is g e n e r a l l y  thought t o  o b t a i n  p r i m a r i l y  because , .  

of t h e  p r e f e r e n t i a l  abso rp t ion  of i n t e r s t i t i a l s  a t  d i s l o c a t i o n s ,  . . a s  d i scussed  

above. Thus d i s l p c a t i o n  climb (and poss ib ly  growth a n d l o r  c r eep )  'must 

,accompany t h e  of voids.  

The " r ea l "  s i t u a t i o n  i n  which many s i n k s  of v a r i o u s  types  (and geometr ies ) .  

a r e  s p a t i a l l y  d i s t r i b u t e d ,  each w i t h  i ts  own d i f f u s i o n a l  f i e l d s  of  bo th  vacanc ie s  

and i n t e r s t i t i a l s ,  ha s  g e n e r a l l y  been considered too. complex- t o  ana lyze  d i r e c t l y ,  

even when de fec t - s ink  i n t e r a c t i o n s  a r e  ignored. . The model g e n e r a l l y  employed 

is  one in .wh ich  t h e  concen t r a t ion  of each type  of p o i n t  d e f e c t  i s  assumed 
. . 

cons t an t  throughout.  The body and t h e i r  l o s s e s  t o  t h e  5 a r i o u s  s i n k s  a s  w e l l  

a s  t h e i r  a n n i h i l a t i o n  by recombinat ion a r e  assumed t o  occur  homogeneously.' 

The r a t e s  a t  which t h e s e  v a r i o u s  l o s s e s  occur  m u s t . t h e n  b e  e s t ima ted  by independent 

c a l c u l a t i o n s .  These invo lve  t h e  s o l u t i o n  of ,  a .boundary-value d i f f u s i o n  problem 

wher,e a n  Xndividual s i n k  of a p a r t i c u l a r  type  is  r ep resen ted  by i t s  a c t u a l  

and s i z e .  Even when def  ec  t - s ink  i n t e r a c t i o n s  and recombinat ion a r e  

ignored,  v a r i o u s  procedures  have been employed t o  "couple". the '  d i s c r e t e  s i n k  . . 

t o  t h e  surrounding medium. ~ i e d e r s i c h ' ~ )  used t h e  Wigner-Seitz c e l l  approach 

and surrounded t h e  s i n k  wi th  a s ink - f r ee  reg ion ,  w i t h i n  which p o i n t  d e f e c t s  a r e  

genera ted ,  whose o u t e r  boundary was chosen t o  g i v e  t h e  same c e l l  volume a s  t h e  

average  volume p e r  s i n k  i n  t h e  a c t u a l  medium and no f lu?  was allowed t o  c r o s s  

t h a t  o u t e r  boundary. I n  one approach, t h e , d i s c r e t e  s i n k  is  surrounded wi th  a 

I t  l o s s y '  medium", an i n f i n i t e  r eg ion  i n  which d e f e c t s  are genera ted  and a r e  l o s t  

t o  o t h e r  types  of s i n k s  a t  r a t e s  which va ry  s p a t i a l l y  and a r e  p r o p o r t i o n a l  

t o  t h e  l o c a l  d e f e c t  concent ra t ion .  B r a i l s f o r d  and ~ u l l o u ~ h ' ~ )  placed a sink- '  

f r e e  r eg ion  between t h e  d i s c r e t e  s i n k  and t h e  " lossy  medium" bu t  l a t e r  B r a i l s f o r d ,  @ 
Bullough and ~ a ~ n s ( ~ )  removed i t .  A l l  of t hese  a r e  approximat ions  and i t  is 

d i f f i c u l t  t o  s e l e c t  one appraoch over  t h e  o t h e r  though i t  seems c l e a r l y  b e s t  t o  



use  a n  i n t e r n a l l y  c o n s i s t e n t  s e t  o f  such s i n k  terms, de r ived  by equ iva l en t  

approaches. We r e c e n t l y  suggested such a  s e t .  

When de fec t - s ink  i n t e r a c t i o n s  a r e  inc luded ,  t h e  complexity i n c r e a s e s  

s i g n i f i c a n t l y .  Bullough, Eyre and P e r r i n  ( l o )  used a  s i n g l e  c y l i n d r i c a l  ~ i g n e r -  

.Se i tz  cel l  surrounding a l o n g  d i s l o c a t i o n  l i n e .  Both vacanc ie s , and  i n t e r s t i t i a l s  

were assumed t o  be  produced a t  equal  r a t e s  and t o  d i sappea r  b y  recombinat ion a t  
4 

a  r a t e * p r o p o r t i o n a l  t o  t h e  product of t h e i r  concent ra t ions .  The i n t e r s t i t i a l s  

' 
had a r a d i a l l y  symmetric, a t t r a c t i v e  i n t e r a c t i o n  wi th  t h e  d i s l o c a t i o n  and "zero- 

f lux"  boundary cond i t i ons  were imposed f o r  both d e f e c t s  a t  t h e  o u t e r  c e l l  

boundary. A s  we d i scussed  p rev ious ly  however'''', t h e i r  u s e  of on ly  one t y p e  

of s i n k  i n  a  r eg ion  a c r o s s  whose boundary no d e f e c t s  pass  r e q u i r e s  t h a t  i n  t h e  

s t eady  s t a t e  both  vacancies  and i n t e r s t i t i a l s  e n t e r  t h e  d i s l o c a t i o n  a t  p r e c i s e l y  

equa l  r a t e s .  Thus we a t t r i b u t e  t h e i r  f i n i t e  b i a s  f a c t o r  t o  'numerical  e r r o r s ,  

A;* s o  thac  ' the b i a s  f a c t o r  o f  2% which B r a i l s f o r d  and Bullough(" l a t e r  quote  a s  
. . 

being  obta ined  from t h i s  model must be considered spur ious .  

Seve ra l  a u t h o r s  (12s13) have employed a  s i n g l e  d i f f u s i o n a l  c e l l  around a  

d i s l o c a t i o n  and allowed no t  d e f e c t  product ion.  Defect  product ion  is  s imula ted  

by assuming f i x e d  d e f e c t  concen t r a t ions  a t  t he  o u t e r  boundary. With d i f f e r e n t  

i n t e r a c t i o n  f i e l d s ,  then ,  f o r  t h e  same outer-boundary concen t r a t ions ,  vacanc ie s  

and i n t e r s t i t i a l s  a r r i v e  a t  t h e  c e n t r a l  d i s l o c a t i o n  a t  d i f f e r e n t  r a t e s .  T h i s  

approach avoids  t h e  incons i s t ency  of t h e  Bu'llough, Eyre and P e r r i n  appraoch 

but  s u f f e r s  from a t  l e a s t  two c r u c i a l  problems. F i r s t ,  t h e  u se  of f i x e d  con- 

c e n t r a t i o n s  ( suppl ied  by imaginary sources  o u t s i d e  t h e  d i f f u s i o n a l  f i e l d )  i n t r o -  1 

duces a n  unknown e r r o r .  Second, i t s  use  of  on ly  one type  of s i n k  seems imp laus ib l e  
I 
! 

f o r  e s t i m a t i n i  a n  e f f e c t  which p h y s i c a l l y  demands a t  l e a s t  two types  o f  s ink .  ! 



We prev ious ly  d iscussed  i n  some d e t a i l  (11) t h e  above approaches,  a long  

w i t h  o t h e r s  (12-19) used i n  e s t i m a t i n g  b i a s  f a c t o r s  f o r  bo th  void  s w e l l i n g  and 

SIPA-creep ana lyses , . and  concluded t h a t  none had q u a n t i t a t i v e  r e l i a b i l i t y .  

We subsequent ly  presented  an  a n a l y s i s  of t h e  SIPA-creep p roces s  which inc luded  

uniform d e f e c t  product ion  and t h e  presence  of both types  of d i s l o c a t i o n  w i t h  

(20)' t h e i r  asymmetric i n t e r a c t i o n  f i e l d s  The r e s u l t i n g  c reep  r a t e  was shown 

C . '  

t o  be s i g n i f i c a n t l y  l e s s  t han  previous  e s t ima te s .  More r e c e n t l y ,  we have 

(21) 
p r e s e n t e d ' a  s i m p l i f i e d  a n a l y s i s  f o r  e s t i m a t i n g  t h e  b i a s  f a c t o r  f o r  vo id  s w e l l i n g  . 
We allowed bo th  d i s l o c a t i o n s  and vo ids  but  t o  s imp l i fy  t h e  geometry cons idered  

only  c y l i n d r i c a l  vo ids  w i th  a l e n g t h  pe r  u n i t  volume e x a c t l y  equal  t o  t h a t  of 

t h e  d i s l o c a t i o n s .  I n t e r a c t i o n  of i n t e r s t i t i a l s  w i th  d i s l o c a t i o n s  was allowed 

bu t ,  ' f o r  s i m p l i c i t y ,  i n t e r a c t i o n s  of  i n t e r s t i t i a l s  w i t h  vo ids  and of vacanc ie s  

wi th  both  d i s l o c a t i o n s  and voids  were ignored.  The b i a s  e s t ima ted  was s i g n i f i c a n t l y  

l a r g e r  than  previous  t h e o r e t i c a l  o r  "experimental" e s t ima te s .  

Our purpose h e r e  is f i r s t  t o  p r e s e n t  a  synops is  of t h e  v a r i o u s  types  of 

"b ias  f ac to r s ' '  in t roduced  by d i f f e r e n t  au tho r s .  Then we s h a l l  compare and 

c o n t r a s t  t h e  va r ious  t h e o r e t i c a l  a t t empt s  a t  quan t i fy ing  t h e  bias.. Then w e . s h a l 1  
. . 

p r e s e n t  a  u n i f i e d  a n a l y s i s  appraoch which t r e a t s  d e f e c t  product ion  and a l lows  

f o r  t h e  coupled d i f f u s i o n a l '  f low of  d e f e c t s  i n  t h e  presence  of two types  of  s i n k s  

which i n t e r a c t  d i f f e r e n t l y  w i th  t h e  p o i n t  d e f e c t s .  Bias f a c t o r s  s o  de r ived  w i l l  

be  compared wi th  previous  e s t ima te s .  F i n a l l y ,  q u a n t i t a t i v e  e s t l m a t e s  of void 

swe l l i ng  r a t e s  w i l l . b e  compared w i t h  experiment t o  b r i n g  i n t o  focus  t h e  need 

f o r  t h e  c a r e f u l 1  assessment  of e f f e c t i v e  d e f e c t  product ion r a t e ,  i . e .  

' t h e  r a t e  o£  product ion of f r e e l y  mobile d e f e c t s  which escape a n n i h i l a t i o n  

w i t h i n  t h e  damage cascade.  This  w i l l  a l s o  h i g h l i g h t  t h e  need f o r  c o n s i s t e n t  



coupl ing  between t h e  b i a s  f a c t o r s  and t h e  va r ious  s i n k  l o s s  terms,  bo th  of 

which a r e  t r e a t e d  s imul taneous ly  i n  t h e  p re sen t  approach, which a l s o  n a t u r a l l y  

s u p p l i e s  t h e  volume-fraction and mul t ip le -s ink  e f f e c t s  o t h e r  a u t h o r s  have 

at tempted t o  e s t ima te  by independent models. 

Analys is  

A s  h a s . g e n e r a l l y  been done be fo re ,  we s h a l l  i gno re  recombinat ion i n  o u r  

model, s o  t h a t  recombinat ion e f f e c t s  can only be a s se s sed  by as&ming t h e  

a p p r o p r i a t e  d e f e c t  product ion  r a t e  t o  be  reduced by t h e  recombinat ion r a t e  

which i n  t u r n  must be  es t imated  independent ly.  We s h a l l  . a l so  t r e a t  on ly  

- two t y p e s  of s i n k s ,  so t h a t  aga in  t h e  a p p r o p r i a t e  d e f e c t  product ion  rate must 

be reduced by t h e  r a t e  a t  which d e f e c t s  a r e  independent ly es t imated  t o n  be 

l o s t  t o  o t h e r  s inks .  ' T h e r e  i s  no obvious reason  why a d d i t i o n a l  types  of s i n k s  

cannot be  included d i r e c t l y  i n  t h e  model, however, and we expec t  t o  pursue 

t h i s  i n  f u t u r e  research .  

With t h e  above assumptions, conserva t ion  r e q u i r e s  

and 

where i i s  t h e  e f f e c t i v e  d e f e c t  product ion  r a t e  (assumed equal  f o r  vacanc ie s  

and i n t e r s t i t i a l s ) ;  ZI1, Z12 (ZV1, Z ) a r e  t h e  r a t i o s  of l o s s  r a t e s  of i n t e r -  
v2 

s t i t ials  (vacancies )  . to  s i n k s  of types  1 and 2 wi th  and wi thout  i n t e r a c t i o n  . - 



f i e l d s .  The Z ' s  s o  def ined  a r e  equ iva l en t  t o  Mansur's s i n k  c a p t u r e  e f f i c i e n c i e s .  

. Equations (1) and (2)  show c l e a r l y  t h a t  t h e  f o u r  Z ' s  s o  de f ined  a r e  n o t  . 

independent.  I* f a c t ,  one e a s i l y  s e e s  t h a t  . 

and 
I1 zv2 = 1 + - - I1 

zvl 0 
1; . . I2 

where t h e  1's a r e  s e t  by t h e  d e n s i t i e s  and geometr ica l  f e a t u r e s  of t h e  s i n k s .  

Thus t h e  Z ' s  f o r  each d e f e c t  a r e  r e l a t e d  through t h e  r e l a t i v e  s i n k  s t r e n g t h s .  

( 6 )  A s  shown i n  t h e  reac t ion- ra te - theory  a n a l y s i s  by Wiedersich , t h e  maximum i n  

t h e  r a t e  of any process  r e q u i r i n g  t h e  p r e f e r e n t i a l  abso rp t ion  of one type  d e f e c t  

a t  one s i n k  occu r s  when t h e  two s i n k s  involved have -equa l  s t r e n g t h s ,  i . e .  when 

0 0 
I = I For t h i s  s p e c i a l ' c a s e ,  (3)  and (4) become 
1 2' 

Z12 = 2  - ZI1 
(.Equal s i n k  s t r e n g t h s )  

and Zv2 = 2  - Zvl 
( ~ q u a l  s i n k  s t r e n g t h s )  

.S ince  t h e  l i m i t i n g  case  i s  ze ro  abso rp t ion  a t  one t y p e  s i n k ,  s ay  Z = 0,  i t  I 2  

is  c l e a r  t h a t  t h e  maximum p o s s i b l e  va lue  of t h e  Z f o r  t h e  o t h e r  s i n k ,  s a y  Z 
I1 ' 

!,' 
is  2, f o r  t h i s  symmetrical case .  The s e t  ZI1 = 2, Z12 = 0  expres ses  t h e  p h y s i c a l  

s i t u a t i o n  when a l l  t h e  i n t e r s t i t i a l s  a r e  absorbed a t  s i n k s  of t y p e  1 and none , - 
I 

a t  s i n k s  of  type  2. Thus, t h e  range of p o s s i b l e  Z-values f o r  t h i s  symmetr ical  



9 .  

c a s e  i s  0 t o  2. On t h e  o t h e r  hand, when a  l a r g e  d i f f e r e n c e  i n  s i n k  s t r e n g t h s  

e x i s t s ,  s ay  I' >> I 0 

1 2 ' Z12 can become very  i a r g e  ( smal l )  when Z is  on ly  v e r y  I1 

s l i g h t l y  less ( g r e a t e r )  than  un i ty .  Of course,  t h i s  simply r e f l e c t s  t h e  

phys i ca l  f a c t  t h a t  a  smal l  change i n  abso rp t ion  a t  a  s i n k  of ve ry  h igh  s t r e n g t h  

r e q u i r e s  a  p ropor t iona te ly  l a r g e  change i n  abso rp t ion  a t  a weak s ink .  

It has  been shown by r a t e - theo ry  ana lyses  assuming c o n s t a n t  Z ' S  t h a t  t h e  

r a t e  of a  p roces s  r e q u i r i n g  d i f f e r e n t i a l  abso rp t ion  by one s i n k  can b e  expressed 

This  combination of Z ' s  is equ iva l en t  t o  Wiedersich 's  ra te - theory  expres s ion  

( 6 )  f o r  t h e  r a t e  of void swe l l i ng  

Rate a B - a 

when only  d i s l o c a t i o n s  and vo ids  a r e  p re sen t  and where a and B d e s c r i b e  t h e  

d i f f e r e n c e i n  c a p t u r e  e f f i c 2 e n c i e s  f o r  i n t e r s t i t i a l s  and vacancies  a t  vo ids  

and a t  d i s l o c a t i o n s ,  r e s p e c t i v e l y ,  and a r e  assumed t o  be c o n s t a n t s .  An 

a l t e r n a t i v e  form of Eq. (7)  i s  sometimes g iven  

Rate a ZI1 ZV2 - Z12 ZV1 

aga in  assuming cons t an t  Z ' s .  

The b i a s  f a c t o r s  on t h e  right-hand s i d e s  of Eqs. (7)  and (9)  can e a s i l y  

be shown t o  be equal  by use  of Eqs. ( l ) , a n d  (2) .  Thus, t hey  may be  considered 



equ iva l en t  d e f i n i t i o n s  of . a : b i a s  - f a c t o r  f o r  t h e  p a r t i c u l a r  r a t e  p roces s  be ing  

analyaed.  . . 

Some au tho r s  a t t a c h  a  Z-factor t o  t h e  term f o r  i n t e r s t i t i a l  l o s s - r a t e  
. . 

t o  d i s l o c a t i o n s  and none t o  any o t h e r  l o s s  terms f o r  e i t h e r  i n t e r s t i t i a l s  

or vacancies .  . T h i s  is  equ iva l en t  t o  assuming t h a t  a l l  o t h e r  Z ' s  a r e  u n i t y ,  

b u t  a s  we saw above t h i s  i s  p h y s i c a l l y  impossible .  Such i n c o n s i s t e n c i e s ,  

however, can and do go completely unnoticed i n  a  r e a c t i o n - r a t e  theory  c a l c u l a t i o n  

where d e f e c t  conserva t ion  is  imposed on t h e  system. And i f  t h e  s i n g l e  Z-factor - 
s o  assumed is  t r e a t e d  s t r i c t l y  a s  an  empi r i ca l  f a c t o r  w i t h  no p h y s i c a l  meaning, 

w e l l  and good. However, i t  a l lows  no judgments a s  t o  what a  r ea sonab le  

va lue  would be. I f  such a n  assumption is  i n s e r t e d  i n t o  Eqs. ( 7 )  o r  (9), t h e  
. . 

r e s u l t  i s  

Rate  a Z - 1 (10) 

bu t - such  a  t rea tment  becomes i n c o n s i s t e n t  and u n r e l i a b l e  when t h e o r e t i c a l  

e s t ima te s  of t h e  e f f e c t  of i n t e r a c t i o n  f i e l d s  on t h e  d e f e c t  f l u x e s  i n t o  

d i s l o c a t i o n s  a r e  used t o  o b t a i n  Z. 

The v a r i o u s  Z-factors  d i scussed  above, t oge the r  w i t h  t h e i r  cor responding  

s i n k  s t r e n g t h s  t o  which t h e  1's of Eqs. (1)  and (2)  a r e  p r o p o r t i o n a l ,  embody 

most of t h e  phys ics  contained i n  reac t ion- ra te - theory  ana lyses  of r a d i a t i o n -  

induced r a t e  processes  and we t u r n  now t o  t h e i r  eva lua t ion .  

a.  SIPA Creep 

We p rev ious ly  presented  an  a n a l y s i s o f  t h e  SIPA c reep  model and w i l l  

on ly  g ive  a summary here.  I n  t h i s  case ,  t h e  two types  of  s i n k s  a r e  long ,  p a r a l l e l  



d i s l o c a t i o n s  whose Burgers v e c t o r s  a r e  such t h a t  an app l i ed  stress a i d s  t h e  

abso rp t ion  o f  one type  of d e f e c t  a t  one d i s l o c a t i o n  and n o t  a t  t h e  o t h e r .  The . 

i n t e r a c t i o n  f i e l d s  were those  der ived  by Bullough and  illi is'^), averaged over' 

t h e i r  a t t r a c t i v e  r eg ions  and appl ied  a s , r a d i a l l y  symmetric f i e l d s  i n  t h e  

two c y l i n d r i c a l '  r eg ions  surrounding t h e  two d i s l o c a t i o n s y  each wi th  a r a d i u s  

chosen so  t h a t  t h e  c e l l  volume was equal  t o  t h e  average volume-per u n i t  l e n g t h  

of d i s l o c a t i o n  i n  t h e  r e a l  m a t e r i a l .  The concen t r a t ions  of  each t y p e  of d e f e c t  

were r equ i r ed  t o  match a t  t h e ' o u t e r  boundary and t h e  f l u x  of e a c h . t y p e  of d e f e c t  

l eav ing  one r eg ion  was r equ i r ed  t o  e n t e r  t h e  o t h e r .  The important  i n t e r a c t i o n  

h e r e  i s  t h a t  due t o  t h e  e l a s t i c  p o l a r i z a b i l i t y  of t h e  p o i n t  d e f e c t . a n d  w e  

followed ~ u l l o u g ~  and Hayns ( I 7 )  i n  n e g l e c t i n g  t h e  vacancy i n t e r a c t i o n s .  Thus, 

f o r  t h i s  process ,  
- 

Rate  a ZI1 - Z 
I2 

where t h e  Z ' s  i n  this c a s e  a r e  d i r e c t l y  p ropor t iona l  t o  t h e  app l i ed  s t r e s s .  

For v a l u e s  t y p i c a l  of s t a i n l e s s  s t e e l s ,  we obta ined  b i a s  f a c t o r s . w h i c h  were 

weakly tempera ture  dependent ( e s p e c i a l l y  i n  t h e  range of  u s u a l  i n t e r e s t )  bu t  

somewhat dependent upon d i s l o c a t i o n  ( s ink )  dens i ty .  Typica l  r e s u l t s  a r e  shown 

i n  Fig. 1. The curve l abe l ed  "simple" assumed i n t e r s t i t i a l s  i n  each  c y l i n d r i c a l  

r eg ion  i n t e r a c t  only w i t h  t h a t  d i s l o c a t i o n ,  whereas t h e  curve l a b e l e d  "compound" 

assumed t h a t  i n  each r eg ion  t h e  i n t e r a c t i o n  e n e r g i e s  of t h e  two ne ighbor ing  

r eg ions  a r e  l i n e a r l y  a d d i t i v e .  The e f f e c t  of t h i s  s i n k  "competit ion" i s  

r e l a t i v e l y  minor even a t  ve ry  l a rge '  d i s l o c a t i o n  dens . i t i es .  For a n  app l i ed  t e n s i l e  

3 
s t r e s s  of 100 ME'a and a  d i s l o c a t i o n  d e n s i t y  of 6 x 1014 m/m , a  b i a s  f a c t o r  

I 



( z l l  
- Z12) - 0.08% was obta ined  and t h e  predic ted  c reep  r a t e s ,  a s  shown i n  

t h e  f i g u r e ,  were cons iderably  lower than  t h e  r a t e  p rev ious ly  p red ic t ed  by 

(17) - Bullough and Hayns . 
b. Dis loca t ion  - C y l i n d r i c a l  Void 

W e  r e c e n t l y  presented  (21) a model much l i k e  t h e  SIPA model above but  one 

i n  which t h e  second c y l i n d r i c a l  r eg ion  con ta ins  not  a d i s l o c a t i o n  but  a  c y l i n d r i c a l  

void.  Here t h e  major sou rce  of  t h e  i n t e r a c t i o n s  is t h e  r e l a x a t i o n  s t r a i n  

of  a  po in t  d e f e c t .  A s  a  f i r s t  approximation, we neg lec t ed  i n t e r s t i t i a l  i n t e r -  

a c t i o n s  w i t h  t h e  void  and aga in  neg lec t ed  a l l  vacancy i n t e r a c t i o n s .  Only one 

tempera ture  and one d i s l o c a t i o n  d e n s i t y  were considered and t h e  r e s u l t s  f o r  

ZID, t h e  c a p t u r e  e f f i c i e n c y  of  i n t e r s t i t i a l s  (assuming a  r e l a x a t i o n  s t r a i n  of 

u n i t y )  a t  d i s l o c a t i o n s ,  is  shown i n  Fig. 2  a s  a  func t ion  of 'void s i z e .  The 

corresponding va lues  of  Z t h e  c a p t u r e  e f f i c i e n c y  of i n t e r s t i t i a l s  a t  c a v i t i e s  
I C Y  

(voids)  were no t  r epo r t ed  bu t  .have. been obta ined  h e r e  from Eq. (3) 

and a r e  a l s o  p l o t t e d .  With t h e s e  two Z ' s ,  t h e  void-swell ing b i a s  f a c t o r  was 

a l s o  c a l c u l a t e d  from Eq. (11) and p l o t t e d  i n  Fig. 2. Thus, f o r  equal  s i n k  s t r e n g t h s  

of d i s l o c a t i o n s  and c y l i n d r i c a l  -9 vo ids  t h i s  s imple model p r e d i c t s  a  b i a s  f a c t o r  

'ID - 'IC 
= 1.14 and, f o r  a void s i n k  s t r e n g t h  g r e a t l y  exceeding t h e  d i s l o c a t i o n  

s i n k  s t r e n g t h s ,  va lues  approaching 2  a r e  pred ic ted .  This  range  corresponds t o  a  range  

i n  a s i n g l e  e f f e c t i v e  Z u s ing  Eq. '(10) from Z *  2 . 1  t o  Z - 3.  These a r e  much h ighe r  



t han  most au tho r s  assume i n  t h e i r  reac t ion- ra te - theory  models , .bu t  we d e f e r  

any more q u a n t i t a t i v e  comparisons t o  t h e  new model t o  be presented  below which 

w i l l  u t i l i z e  i n t e r a c t i o n s  of bo th  i n t e r s t i t i a l s  and vacanc ie s  w i t h  bo th  

d i s l o c a t i o n s  and s p h e r i c a l  vo ids  where both s i n k s  may be  p r e s e n t  i n  a r b i t r a r y  

d e n s i t i e s .  

c .  D i s loca t ions  and Sphe r i ca l  Voids 

Consider a  c y l i n d r i c a l  reg ion ,  of o u t e r  r a d i u s  R, con ta in ing  a  long ,  

s t r a i g h t  d i s l o c a t i o n ,  of  corr.  r a d i u s  r a t  i t s  c e n t e r .  Ignor ing  recombinat ion,  
0 ' 

w e  can  w r i t e ,  f o r  e i t h e r  typk of  d e f e c t ,  t h e  gene ra l  s o l u t i o n  t o  t h e  Poisson  

equat ion  f o r  c y l i n d r i c a l  symmetry 

where .J i s  t h e  d e f e c t  f l u x ,  A is t h e  d e f e c t  product ion  r a t e  (assumed equal  f o r  

vacancies  and i n t e r s t i t i a l s )  and b  i s  a  cons t an t .  We a l s o  assume t h e  u s u a l  
.. . 

f l u x  equat ion  

D'c J = - -  
kT v iJ 

where D '  i s  t h e  l o c a l  d e f e c t  d i f f u s i v i t y  ( a s  a f f e c t e d  perhaps by i n t e r a c t i o n  

f i e l d s ) ,  c  i s  t h e  d e f e c t  concen t r a t ion ,  u i s  i ts  chemical  p o t e n t i a l ,  k i s  

. Boltzmann's cons t an t  and T i s  a b s o l u t e  temperature.  We assume t h e  u s u a l  

Arrhenius r e l a t i o n s h i p  f o r  D" 



and express the chemical potential as . . 

where D is the defect diffusivity in the absence of interaction fields, E 
S 

G and E are its interaction energy in the saddle-point and ground-state, 
. .  . 

. . 

respectively, and C is tgie equilibrium defect concentration. Inserting 
e q . . 

Eqs. (14) and (15) into (13) gives 

. . which is easily. rewritten in the form 

For the'case of radial symmetry, Eq. (17) becomes 

-E'/~T E ~ / ~ T  
(ce ) . . .  J = - De. d r 

Equating (18) and (12) and integrating, we obtain 



where t h e  s u b s c r i p t  "D" i n d i c a t e s  t h e  d i s l o c a t i o n  c , e l l .  

Now, cons ider  a s p h e r i c a l  r eg ion  wi th  t h e  same o u t e r  r a d i u s  R, con ta in ing  

a t  i ts c e n t e r  a  void of r a d i u s  r . Assuming s p h e r i c a l  symmetry, t h e  s o l u t i o n  
v  

t o  Poisson ' s  equat ion  is  

which i n  t u r n  i s  s e t  equal  t o  Eq. (18) t o  o b t a i n ,  a f t e r  i n t e g r a t i n g ,  



where t h e  s u b s c r i p t  "C" s i g n i f i e s  t h e  void ( c a v i t y )  c e l l .  S ince  we are omi t t i ng  

recombination, vacancies  and i n t e r s t i t i a l s  a r e  independent and t h e r e  a r e  a  

t o t a l  of f o u r  ."b" c o n s t a n t s ,  one f o r  each type  of d e f e c t  i n  each  c e l l ,  and of  
, . . . . 

course  f o u r  E  func t ions  a s  we l l .  

For boundary cond i t i ons ,  w e  f i r s t  t a k e  

which r e p r e s e n t s  two cond i t i ons ,  o n e . f o r  each type  of  d e f e c t .  For a l l  i n t e r -  

a c t i o n s  of i n t e r e s t  EG + 0 f o r  l a r g e  r ,  s o  t h a t  Eqs. ( 2 2 )  b a s i c a l l y  e x p r e s s  

c o n t i n u i t y  i n  d e f e c t  concen t r a t ions  a t  t h e  o u t e r  boundarfes  of  t h e  two' types  

of  reg ions .  One may o f ' c o u r s e  add t h e  i n t e r a c t i o n  f i e l d g  of ne ighbor ing  c e l l s  

G .so t h a t  E~ = Dc i s  guaranteed i d e n t i c a l l y  bu t  e x p l i c i t  c a l c u l a t i o n s  i n  t h e  . D 

s impler  models d i scussed  i n  a .  and b. above showed t h a t  s u c h  a  re f inement  

causes only  smal l  changes ( l e s s  than  a  few per  c e n t )  i n  c a l c u l a t e d  r e s u l t s  

. . 
f o r  any reasonable  range of parameters .  Therefore,  we s h a l l  u s e  h e r e ,  f o r  

each c e l l ,  t h e  i n t e r a c t i o n  f i e l d s  which would e x i s t  i n  an  i n f i n i t e  medium 

con ta in ing  only  t h a t  s ink .  

For ou r  t h i r d  and f o u r t h  boundary cond i t i ons ,  we t a k e  

L 
2  n R p JD (R) = - 4n R N JC (R) v (23) 

f o r , e a c h  type  of d e f e c t ,  where p i s  t h e  d i s l o c a t i o n  l i n e  l eng th ;  and N is. t h e  
v 

number of vo ids  (both per u n i t  volume -- of s o l i d ) .  

Eq. (23) may be  de r ived  by w r i t i n g  t h e  two conse rva t ion  equa t ions  ( f o r  

a, each type  of d e f e c t )  f o r  t h e  two c e l l s  



4 3  2  2  and A 5 n(R -r 3, Nv = -J' ( r  ) 4nr N + Jc(R) ' 4nR N v  C v .  v  v  v  

which simply s t a t e  t h a t  a l l  d e f e c t s  genera ted  i n  each c e l l  per  u n i t  t ime must,  

i n  t h e  s t e a d y  s t a t e ,  e i t h e r  e n t e r  t h e  s i n k  i n  t h a t  c e l l  o r  d i f i u s e  o u t  of t h e  
' 

c e l l .  Adding t h e s e  toge the r ,  we o b t a i n  

2  + JD(R) 2lrRp + J (R) ' 4nR N 
C v  

.: (2 6)  ' 

where we have used t h e  i d e n t i t y  

which forms our  d e f i n i t i o n  o f '  t h e  o u t e r  r a d i u s  R of t h e  two types  of c e l l s .  

But s i n c e  p h y s i c a l l y  a l l  d e f e c t s  must be  absorbed a t  e i t h e r  t h e  d i s l o c a t i o n s  

o r  t h e  voids ,  we a l s o  have 

Equating Eqs. (26) and (28) l e a d s  d i r e c t l y  t o  our  boundary c o n d i t i o n  (23) ,  which 

c l e a r l y  is v a l i d  a l s o  f o r  thermal f l u x e s  which must o r i g i n a t e  a t  one type  of  
i 

s i n k  and be absorbed a t  t h e  o t h e r .  



\ 

The boundary condi t ions  (22) and (23) enable us t o  evaluate  bD and bC, 

and s o  obtain the f l u x e s  

r 
0 and J, = - 



for each defect in each cell. 

- -  The Z-factors are obtained from 
. . 

and analogous equations for Z 
IC' zvD and Z where the flux ratios are defined 

VC' 

with all E's present in the numerator and all E's = 0 in the denominator, 

Given the J's from Eqs. (29) and (30) we can find the swelling rate 

where we have defined swelling as the increase in volume per unit volume of 

. solid, not per unit total volume. 



S i m i l a r l y ,  t h e  average climb v e l o c i t y  of t he  d i s l o c a t i o n s  i s . g i v e n  by 

where we have taken p o s i t i v e  climb t o  correspond t o  i n t e r s t i t i a l  a b s o r p t i o n , ,  

and have taken r t o  be equal  t o  t h e  Burgers vec to r .  
0 

To e v a l u a t e  Eqs. (29) and (30) we r e q u i r e  va lues  f o r  t h e  i n t e r a c t i o n  

ene rg i e s .   ere we use  t h e  a n a l y s i s  of Bullough and  illi is'^) bu t  omit t h e  

bulk  modulus and shea r  modulus terms because they a r e  only sma l l  f r a c t i o n s  of 

t h e  "misf i t "  terms given by 

where fi is  t h e  atomic volume, p i s  t h e  shea r  m o d u l u s , . e o . i s  t h e  p o i n t  d e f e c t  

r e l a x a t i o n  s t r a i n ;  we have'assumed t h e  i n t e r a c t i o n s  i n  t h e  ground and saddle-  

po in t  con f igu ra t ions  t o  be e s s e n t i a l l y  t h e  same and have taken  th'e average  
I .  

va lue  over t h e  a t t r a c t i v e  p o r t i o n  of t h e  f i e l d . ,  The f i r s t  assumption is  

p a r t l y  j u s t i f i e d  by t h e  experimental.observation (23) t h a t  t h e  a c t i v a t i o n  

volume f o r  i n t e r s t i t i a l  motion i n  t ungs t en  i s  very  smal l . .  Ac t iva t ion  volumes 

(24) f o r  vacancy migra t ion  a r e  g e n e r a l l y  considered t o  b e  q u i t e  smal l  a l s o  . The 

second~assumpt ion  i s  known t o  g ive  very  accu ra t e  r e s u l t s  f o r  t h e  c a s e  of d i f f u s i o n  . 

(25). i n  a  d i s l o c a t i o n  f i e l d  without  d e f e c t  product ion  . 
For t h e  i n t e r a c t i o n  ene rg i e s  between p o i n t  d e f e c t s  and vo ids ,  we use  t h e  

(16) m i s f i t  t e r m  of t h e  a n a l y s i s  of Wolfer and Ashkin 



where v is  Poisson ' s  r a t i o  and 5 = r / r  . Again we have assumed e q u a l i t y  of 
v  

t h e  i n t e r a c t f o n s  i n  t h e  ground and saddle-point  con f igu ra t ions .  . 1 
!. 

. . ' 
I 

. " . .  3. Results .  ? I . . .  , 
I Before p re sen t ing  numerical  r e s u l t s ,  i t  is  u s e f u l  t o  p o i n t  ou t  some g e n e r a l  i 

c h a r a c t e r i s t i c s  of Eqs. (29) and (30), some of which a l s o  appeared i n  t h e  i 
I 

r e s u l t s  f o r  SIPA c reep  and f o r  t h e  d i s l o c a t i o n - c y l i n d r i c a l  vo id  problem. The 
/ 

i 

I f i r s t  terms of t h e  equat ions  g ive  t h e  thermal  c o n t r i b u t i o n  t o  mass- t ranspor t ,  

t hey  a r e  d i r e c t l y  p r o p o r t i o n a 1 , t o  t h e  d e f e c t  d i f f u s i v i t y  and a r e  non-zero I 

G 
I 

lkT d i f f e r  a t  t h e  two s i n k s .  I f  l o c a l  
I 

i 
only  when t h e  product of c  and e  i 

equ i l i b r ium i s  assumed, 

a t  each s i n k  and t h e  i n t e r a c t i o n  energy d isappears .  The c o n c e n t r a t i o n  c 0  
I i 
1 

may then  be w r i t t e n  

where AW is t h e  r e v e r s i b l e  work done i n  t h e  t r a n s f e r  of a  d e f e c t  a c r o s s  a  

s i n k  i n t e r f a c e  (oppos i t e  s i g n s  f o r  vacancies  and i n t e r s t i t i a l s ) .  I f  t h e r e  i s  . 
i 
t 
I 

I a n  e x t e r n a l l y  app l i ed  h y d r o s t a t i c  p re s su re ,  p, and a gas  is  p r e s e n t  i n  t h e  . 1 t 
i 



void a t  a p re s su re ,  
Pg' 

t hen  we have 

and 
AWC - f ( p g  - 2 )  

at  t h e , d i s l o c a t i o n  c o r e  and void ,  r e s p e c t i v e l y ,  where y i s  t h e  s u r f a c e  t ens ion .  

The assumption of l o c a l  equ i l i b r ium is n o t  e s s e n t i a l  bu t  g i v e s  t h e  maximum 

poss ib l e ,  "d i f fus ion-cont ro l led"  rate. A l t e r n a t i v e l y , .  concen t r a t ions  d i f f e r i n g  . .  . 

,from l o c a l e q u i l i b r i u m  might be assumed t o  s imula te  " i n t e r f a c e  control". .  Under 

thermal  cond i t i ons  ( A  = 0) t h e  c u r r e n t  of  each type  . of  . d e f e c t  l e a v i n g  one 
. , 

t y p e ' o f  s i n k  i s  e x a c t l y  equal  t o  t h e  c u r r e n t  e n t e r i n g  t h e  o t h e r ,  a s  h o l d s  f o r  

a l l  mass- t ransport  p rocesses .  This  thermal  swe l l i ng ,  o r  s i n t e r i n g  depending 

upon t h e  r e l a t i v e  magnitudes of Eqs. (38) and ( 3 9 ) ,  i n  p r i n c i p l e  i nc ludes  

c o n t r i b u t i o n s  from bo th  vacancies  ,and i n t e r s t i t i a l s  b u t ,  f o r . m e t a l s ,  t h e  

equ i l i b r ium va lue  of  i n t e r s t i t i a l  concen t r a t ion  is u s u a l l y  assumed t o  be s o  

smal l  t h a t  p r i m a r i l y  vacancies  c o n t r i b u t e .  F i n a l l y ,  w e  n o t e  t h a t  t h e  i n t e r a c t i o n  

e n e r g i e s  i n  t h e  saddle-point  a f f e c t  t h e  thermal  r a t e  through t h e  i n t e g r a l s  i n  

t h e  denominators,  and thus  Z ' s  ( thermal )  # 1 bu t  they  a r e  & e q u a l  t o  t h e  Z t s  

def ined  above f o r  t h e  radiat ion-induced components. 

The rad ia t ion- induced  p o r t i o n s  of t h e  f l u x e s  a r e  seen  t o  be  independent of 

t h e  d e f e c t  d i f f u s i v i t i e s  and d i r e c t l y  p ropor t iona l  t o  t h e  d e f e c t  product ion  r a t e .  

They a r e  a l s o  t o t a l l y  independent of t h e  boundary c o n d i t i o n s  a t  t h e  two t y p e s  

. of  s i n k s .  Hence, they  a r e  t h e  same whether "d i f fus ion  con t ro l "  ( l o c a l  equ i l i b r ium 



concen t r a t ions  a t  s i n k s )  o r  " i n t e r f a c e  con t ro l "  ( s i n k  concen t r a t ions  f i x e d  

a t  non-equilibrfam va lues )  is  assumed t o  apply.  Thus, we ques t ion  t h e  v a l i d i t y  . 

(22 '26327) . f i r  t h e s e  two c a s e s  of t h e  d i s t i n c t i o n  some a u t h o r s  have claimed . I 

us ing  r e a c t i o n - r a t e  theory  wi th  t h e  same Z ' s  app l i ed  t o  bo th  t h e  r a d i a t i o n -  

produced d e f e c t  abso rp t ion  terms and t h e  so-ca l led  thermal-emission terms. 

It is  c l e a r  from Eqs. (29) and (30) t h a t  t h e  i n t e r a c t i o n , f i e l d s  do n o t  a f f e c t  

thermal  f luxLs i n  t h e  same manner i n  which they  a f f e c t  t h e  rad ia t ion- induced  
. - 

components, so  t h a t  u s ing  t h e  same Z ' s  i s  inappropr i a t e .  This  i l l u s t r a t e s  

one of  t h e  d i f f i c u l t i e s  i n  employing an  approach such a s  r e a c t i o n - r a t e  theory  

where s ink - los s  terms and b i a s  f a c t o r s  must be supp l i ed  from independent 

(and n o t  n e c e s s a r i l y  wholly c o n s i s t e n t )  models. I n  t h e  p r e s e n t  t r ea tmen t ,  no 

such e x t e r n a l l y  c a l c u l a t e d  parameters  are requi red  s i n c e  they  a r e  i n h e r e n t  i n  

. t h e  model. 
. . 

I n  Fig.  3  we show i l l u s t r a t i v e  r e s u l t s  f o r  p red ic t ed  swe l l i ng  r a t e s  a s  a  

func t ion  o£ temperature.  We have chosen ou r  "standard" parameters  t o  be  rep- 

(22) -8 r e s e n t a t i v e  'of s t a i n l e s s  s t e e l ,  w i t h  DICI = 1 . 5 8 ~ 1 0  exp (-51,00O/T) m2- s-l, 

2 -1 
D C = exp(-33,95O/T) m * s  

-29 m-3 
= 0.126nm, Q = 1 . 2 0 ~ 1 0  , p = 8 . 6 ~ 1 0  4 

v v ro 
(28) - 2 MPa, e: = 1.4(28) ,  e o  = - 0.23 , v = 0 . 3 ,  y = 1.5 J . m . A l l  o f .  t h e  c a s e s  v 
14 3 

shown i n  Fig. 3  employ p = 6x10 m/m , t h e  s i n g l e  lower curve  wi th  a very  weak 

c a v i t y  s i n k  s t r e n g t h  ( r  = loro, N = 1 0  
v v 

l9 m-3) a n d  = lo-' dpa s-' and t h e  

- upper family of curves  wi th  a r e l a t i v e l y  h igh  c a v i t y  s i n k  s t r e n g t h  ( r  = 100ro, v  
- 6 

N = 1021 k3) and P =  10 , and dpa s-l. The rad ia t ion- induced  v 

swe l l i ng  r a t e  is  seen t o  i n c r e a s e  by about  a  f a c t o r  of two f r o m ' ~  = 100 t o  t h e  

maximum where thermally-induced c a v i t y  shr inkage  causes  a sha rp  d e c l i n e .  The 



peak swe l l i ng  i n  t h e  upper fami ly  of curves  i s  h igher  by over  f o u r  orders-of- 

magnitude even though t h e  d e f e c t  product ion  r a t e  is  only  one order-of-magnitude 

h igher .  This  r e f l e c t s  t h e  f a c t  t h a t  i n  t h e  second c a s e  t h e  two s i n k  s t r e n g t h s  

a r e  comparable, whereas i n  t h e  f i r s t  ca se  they a r e  widely d i f f e r e n t .  A s  shown 

i n  t h e  a n a l y s i s  of  ~ i e d e r s i c h ' ~ ) ,  maximum swe l l ing  r a t e  o b t a i n s  f o r  e q u a l  s i n k  

s t r e n g t h s .  This  much h ighe r  swe l l i ng  r a t e  causes t h e  peak t o  occur  a t  s i g n i f i c a n t l y  

h ighe r  temperature.  Since each c a s e  i s  f o r . f i x e d  s i n k  s t r e n g t h s ,  i t  i s  c l e a r  t h a t  

t h e  b i a s  f a c t o r  f o r  swe l l i ng  is  somewhat temperature dependent,  though f o r  t h e  

temperature range of s i g n i f i c a n t  swe l l i ng  t h e  v a r i a t i o n  i s  q u i t e  l i m i t e d .  We 
t 

p o i n t  o u t  t h a t  each of t h e s e  curves  assumes a cons t an t  " e f f e c t i v e "  2 ,  i . e .  a  

c o n s t a n t  r a t e  of formation of  d e f e c t s  -- which a re . abso rbed  a t  t h e  two types  of s i n k s  --- -- 

considered.  I f  & 2s  i n t e r p r e t e d  a s  t h e  a c t u a l  d e f e c t  product  r a t e  minus t h o s e  

absorbed a t  any o t h e r  s i n k s ,  t h e s e  curves  s t i l l  r e q u i r e  m u l t i p l i c a t i o n  by t h e  

S -parameter de f ined  by ~ i e d e r s i c h ' ~ )  a s  t h e  f r a c t i o n  of  d e f e c t s  which a r e  i n  

f a c t  absorbed a t  s i n k s .  Such a  - f a c t o r  would lower t h e  low-temperature p o r t i o n s  

of  t h e s e  curves  much more a b r u p t l y  a s  temperature dec reases  and recombinat ion 

removes e s s e n t i a l l y  a l l  d e f e c t s .  We e s t i m a t e  from Widers ich ' s  curves  t h a t  

S 5 ld2 below - 600-700K. Thus, t h e  temperature v a r i a t i o n  of b i a s  is  indeed 

minimal w i t h i n  the  swe l l i ng  regime. 

The i n c r e a s e  of t h e  temperature .of peak swel l ing  r a t e  a s  2  i n c r e a s e s ,  a long  

w i t h  a ,  broadening of t h e  temperature range of s i g n i f i c a n t  swe l l i ng ,  is c l e a r l y  

d isp layed  by t h e  upper fami ly  of curves  i n  Fig. 3. The peak s w e l l i n g  r a t e  is 

. pred ic t ed  t o  occur  f o r  t h e  assumed s ink ,  s t r u c t u r e  a t  - 800, 1100 and 1300K f o r  

I =  and lo-*, r e s p e c t i v e l y .  These t h r e e  producCion r a t e s  a r e  g e n e r a l l y  



considered t o  be roughly r e p r e s e n t a t i v e  of f a s t  r e a c t o r ,  f a s t  i o n ' a n d  e l e c t r o n  

bombardment, r e s p e c t i v e l y .  

A few c a l c u l a t i o n s  were run  under t h e  cond i t i ons  of t h e  upper fami ly  of  
. . 

-6 
curves,  bu t  f o r  2 = 10  on ly ,  t o  a s s e s s  t h e  e f f e c t s  of an  e x t e r n a l l y  a p p l i e d  

h y d r o s t a t i c  t e n s i l e  s t r e s s  and a  gas  i n  t h e  c a v i t i e s .  The d o t t e d  cu rves  show 

t h e  t r e n d  f o r  e x t e r n a l l y  app l i ed  s t r e s s  wi.th t h e  numbers on t h e - c u r v e s  i n d i c a t i n g  

t h e  magnitude of nega t ive  p r e s s u r e  ( i n  MPa) app l i ed .  A t  600K, s t r e s s e s  of - 0 . 1 ~  are 
j 
! r equ i r ed  f o r  any d i s c e r n i b l e  e f f e c t ;  a t  900K, s t r e s s e s  i n  excess  of  - 10  -3 v a r e  
I 

r equ i r ed .  The p o s s i b i l i t y  of loading  a  meta l  t o  such h igh  l e v e l s  of h y d r o s t a t i c  

I t e n s i o n  wi thout  y i e l d i n g  seems marginal ,  s o  t h a t  f o r  t h e s e  c o n d i t i o n s  s t r e s s -  

enhanced swe l l i ng  i s  u n l i k e l y  t o  be  measurable.  Gas p r e s s u r e s ,  p  , of comparable 
g  

l e v e l s  a r e  r equ i r ed  f o r  s i g n i f i c a n t  e f f e c t s  on swe l l i ng  r a t e ,  as i n d i c a t e d  i n  

t h e  f i g u r e .  

... 

4;;  he gene ra l  e f f e c t  of v a r i a t i o n s  i n  r e l a t i v e  s i n k  s t r e n g t h s  a t  T  = 600K 
. -.. 

-6 
and 2 = 10  f o r  t h e  combinations run  t o  d a t e  i s  d i sp l ayed  i n  F ig .  4. The 

peaking when void and d i s l o c a t i o n  s i n k  s t r e n g t h s  a r e  comparable i s  c l e a r l y  . . 

disp layed  us ing  t h e  s imple  s i n k  s t r e n g t h s  normally employed. I n  some c a l c u l a t i o n s  

N was v a r i e d ,  i n  o t h e r s p  and i n  s t i l l  o t h e r s  -r . However,. ve ry  l i t t l e  o v e r l a p  v v .  

i n  r e l a t i v e  s i n k  s t r e n g t h s e x i s t e d f o r  t h e  d i f f e r e n t  s e t s  of c a l c u l a t i o n s .  We 

s h a l l  d i s c u s s  below a  more p r e c i s e  func t ion  f o r  c o r r e l a t i n g  w i t h  s i n k  s t r e n g t h s  

eva lua ted  i n t e r n a l l y  from t h e  p re sen t  model. 

Pig. 5 d i s p l a y s  t h e  e f f e c t  of v a r i a t i o n s  i n  e 0  and e i ,  t h e  r e l a x a t i o n  s t r a i n s  I 

of t h e  p o i n t  d e f e c t s .  It is  of course  t h e  r e l a t i v e  v a l u e s  of t h e s e  parameters  

through t h e i r  p r o p o r t i o n a l  e f f e c t s  on t h e  i n t e r a c t i o n  e n e r g i e s  which p r i n c i p a l l y  



g i v e  r i s e  t o  t h e  void swe l l i ng  phenomenon s o  t h e  cross-over from sh r inkage  

t o  swe l l i ng  occu r s  of course  p r e c i s e l y  where e O  I exceeds e 0  (Var i a t ions .  i n  v ' 
e0 were run w i t h  e 0  I a t  i t s  "standard" va lue ,  and v i c e  ve r sa . )  The far-from- v 

l i n e a r  dependence r e f l e c t s  t h e  f a c t  t h a t  t h e  f l u x e s  invo lve  i n t e g r a l s  conta i l l ing  

exponent ia l  f a c t o r s  i n  t h e  E 's  and t h e  magnitudes, e s p e c i a l l y  of t h e  ED(s ,  can  

be  q u i t e  l a r g e ,  e s p e c i a l l y  n r a r  t h e  s i n k s  so  t h a t  a l i n e a r  expansion of t h e  

exponen t i a l s  can b e  q u i t e  inaccura te .  Only f o r  very  smal l  v a l u e s  of e; 

e0 would l i n e a r  v a r i a t i o n  be  expected. v 

4, Discussion 

We have d i sp l ayed  v a r i b u s  numerical  eva lua t ions  of t h e  s w e l l i n g  r a t e s  

p red ic t ed  by our  model. I t s c h i e f  v i r t u e  would appear t o  be  t h a t  it h a s  a l l  

p h y s i c a l  f e a t u r e s  b u i l t  i n t o  i t  which are f e l t  t o  b e  important  and t h u s  

e l i m i n a t e s  t h e  complex problems which have concerned v a r i o u s  a u t h o r s  i n  t h e i r  4:. *.:? 

a t t empt s  t o  e s t i m a t e  and r e f i n e  v a l u e s  f o r  t h e  v a r i o u s  s i n k  s t r e n g t h s  a n d z - f a c t b r s  

which must b e  i n s e r t e d  i n t o  a reac t ion- ra te - theory  model. We have d i scussed  

s e v e r a l  i n s t a n c e s  i n  which i n c o n s i s t e n c i e s  have a l s o  a r i s e n  i n  such ana lyses .  

' I t  is  informat ive ,  however, t o  r e l a t e  our  void swe l l i ng  r a t e s  h e r e  t o  t h e  

vhr ious  "b i a s  f a c t o r s "  employed i n  reac t ion- ra te - theory  ana lyses .  To do t h i s ,  

l e t  us  r e t u r n  t o  Eq. (32)  which we r e w r i t e  a s  

where IC = 4 ~ r  rV2 Nv JC f o r  bo th  tybes  of d e f e c t s .  Now conse rva t ion  of  vacanc ie s  



and interstitials independently, both with and without interaction fields, 

yields . 

since of course and ID(0) are the same for vacancies and interstitials. 

I Multiplying Eq. (40) by A while dividing the two terms by - (IiD + IIC) and 

- (Im + 1 ), respectively (both of which are equal to L by Eqs. (41) and VC -l 

(42)), we obtain 

which, after rearrangements, becomes 

Now, if we introduce the Z-factors and use Eqs. (41) and (42) to convert .the 

two.factors in the denominators to currents in the absence of interaction 

fields, we obtain 
# 



wi th  two forms of t h e  "b ias  f a c t o r "  which can be  shown t o  be  equ iva l en t  through 

Eqs. (3)  and (4).  The f i n a l  f a c t o r  i n  Eqs. (45) o r  (46) is  completely determined 

by t h e  s i n k  s t r u c t u r e  a n d e a c h  I could equa l ly  w e l l  be  r e p l a c e d b y  t h e  a p p r o p r i a t e  

s i n k  s t r e n g t h .  Thus, Eq. (46) may be regarded a s  fo rma l ly  equ iva l en t  t o  

V i e d e r s i c h l s  formula(6) except  t h a t  he assumed h i s  f a c t o r s  corresponding t o  
. 

( I D  - ZVD) and' (ZIC - Z ) t o  be c o n s t a n t s  which they  c l e a r l y  a r e  no t .  Nor 
VC 

a r e  a l l  of t h e  Z ' s  i n  Eq. ( 4 5 )  cons t an t  of  course,  a s  o f t e n  assumed i n  r eac t ion -  

' . r a t e - theo ry  models. There is t h e  p o s s i b i l i t y ,  however, t h a t  s i n c e  t h e  f i n a l  

f a c t o r  i n  t h e s e  very  symmetrical formulas is  a  f u n c t i o n  of t h e  s i n k  s t r u c u t r e  

a lone ,  t h e  b i a s  f a c t o r s  con ta in ing  the'  Z ' s  may no t  depend s t r o n g l y o n  s i n k  

s t r u c t u r e .  To s i m p l i f y  c a l c u l a t i o n s  of t h e  b i a s  f ac to r ' ,  which we d e s i g n a t e  
3 

B y  t h e  f a c t o r s  IC(0 )  + ID(0)  may be  rep laced  by i f o r  ou r  c a s e  of no recombin- 

a t i o n  (al though i f  one uses  Eqs. (45) and (46) f o r  e s t i m a t e s  i n  which recombinat ion 

is  important  t h i s  cannot be done). With t h i s  replacement then ,  Eq. (45) o r  

(46) becomes 

(No recombinat ion)  (47) 
. 

I 



Ic'(O) 
2 

4vrv NvJc(0) 
where ( )  = - C A . Q  

and 

and where JC(0) and JD(0) may be  obta ined  from Eqs. (30) and ( 2 9 )  w i t h  r = r 
v  

and r = r r e s p e c t i v e l y ,  and wi th  t h e  thermal  terms and a l l  E 'S  s e t  equa l  t o  
0 

zero.  We thus  o b t a i n  

With rearrangement,  t h f s  can be  w r i t t e n  i n  t h e  form 

and, i n  s i m i l a r  f a sh ion ,  we o b t a i n  



where t h e  phys i ca l  meaning of  t h e  S ( 0 ) ' s  a s  t h e  f r a c t i o n a l  volumes from 
, ' 

which t h e  s i n k s  d r a i n  d e f e c t s  is c l e a r l y  d isp layed .  One easy l i m i t i n g  c a s e  is  

2 3 
. . r + 0, f o r  which sC(oj. .+ 0, sD(o)  + TP(R - ro2 )  + * N = I, t h e  d i s i o c ~ t i o ~ s  v 3 . v  

absorb a l l  d e f e c t s  and of course  no swe l l i ng  occurs'. The c o e f f i c i e n t s  of R 
3 :  

2 
i n  Eq. (51) and df R i n  Eq. (52). determine t h e  l o c a t i o n  of  t h e  s u r f a c e  around 

each  t y p e  of s i n k  a c r o s s  which t h e  f l u x  i s  ze ro  i n . t h e  absence of i n t e r a c t i o n s  

and they  a r e  p l a i n l y  r e l a t e d  s t r o n g l y  t o  t h e  r e l a f i v e  s i n k  s t r e n g t h s  through 

R 
t h e  f a c t o r  N,:.r ' / p . ,  The term 2N r I n  - /p is  of course  e x a c t l y  t h e  r a t i o  

v v v v r 
o r v 

o f  s i n k  s t r e n g t h s  obta ined  from simple,  s ing le -ce l l , ca lcu la t ions .  The - 
r R 
'.. . 0 

and - f a c t o r s  d e s c r i b e  s i n k  "volume-fraction" c o r r e c t i o n s ' a n d  t h e  presence  
R 

o f  parameters  of bo th  types  of s i n k s  i n  each S(0) produces t h e  so-ca l led  

"rnultip.le-sink" c o r r e c t i o n s  d i scussed  by o t h e r  au tho r s (8 ) .  We f e e l  t h a t  s i n c e  

t h e s e  e f f e c t s  a r e  contained w i t h i n  t h e  s i n g l e  model i n  a n  i n t e r n a l l y  c o n s i s t e n t  
' , 

manner, they  a r e  probably more r e l i a b l y  descr ibed  h e r e  t han  ' i n  o t h e r  t r ea tmen t s  where 

they  a r e  es t imated  through d i f f e r e n t  models (always w i t h  approximations whose 

i n a c c u r a c i e s  a r e  d i f f i c u l t  t o  a s s e s s )  and then  in t roduced  i n t o  t h e  r eac t ion - ra t e -  

theory  model a s  "co r rec t ion  f ac to r s " .  Unfor tuna te ly , 'we  a r e  s t i l l  s u b j e c t  t o  

t h e  assumption t h a t  recombination can b e  adequately a s se s sed  s e p a r a t e l y ,  bu t  

a l l  o t h e r  models c a l c u l a t i n g  s i n k  s t r e n g t h s ,  b i a s  f a c t o r s  o r  mu l t ip l e - s ink  

I c o r r e c t i o n  f a c t o r s  invoke t h e  same assumption i n  a d d i t i o n  t o  t h e  l a c k  of  i n t e r n a l  

cons i s t ency  d iscussed  e a r l i e r .  

Values of t h e  b i a s  f a c t o r ,  B,  have been c a l c u l a t e d  from Eq. (47) f o r  t h e  

v a r i o u s  problems which we d iscussed  above and a r e  shown i n  Fig. 6 .  A l l  unmarked 



p o i n t s  a r e  f o r  T=600K, whereas numbers bes ide  p o i n t s  d e s i g n a t e  o t h e r  temperatures .  

The temperature dependence is  v e r y . s l i g h t  w i t h i n  t h e  range of s i g n i f i c a n t  void ' 

swel l ing ,  b u t  t h e r e  i s  a sys t ema t i c  v a r i a t i o n  wi th  r e l a t i v e  s i n k  s t r e n g t h s  

w i th  B - 0.53 f o r  equal  s i n k  s t r e n g t h s  (maximum swe l l ing ) .  It f a l l s  t o  v a l u e s  

of  - 0.25 f o r  t h e  dis locat ion-dominated c a s e  and r i s e s  t o  - 1 , 5  f o r  t h e  void- 

dominated case.  

These b i a s  f a c t o r s  a r e  much l a r g e r  than t h e  (Z-1) f a c t o r s  of  0 . 0 2 ,  
1 

suggested by B r a i l s f o r d  and ~ u l l o u ~ h ( ~ )  oh 0.08 deduced by Bullough, ~ y r e  

and Krishan (29)  when matching t h e i r  reac t ion- ra te - theory  p r e d i c t i o n s  w i t h  

experiment. However, t h e s e  au tho r s  employed t h e  f u l l  damage-rate p r e d i c t i o n s  

i n  t h e i r  ana lyses  and w e  b e l i e v e  t h i s  is  i n c o r r e c t .  Although t h e  a c t u a l  f r a c t i o n  

of d e f e c t s  which s u r v i v e  c lose -pa i r  a n n i h i l a t i o n  and thus  are a v a i l a b l e  t o  

d i f f u s e  t o  s i n k s '  is d i f f i c u l t  t o  a s s e s s  q u a n t i t a t i v e l y ,  i t  seems c e r t a i n  i t  

can be. s i g n i f i c a n t l y  l e s s  than  u n i t y  even f o r  e l e c t r o n  i r r a d i a t i o n  where *..;; . . 
c lose-pa i r  a n n i h i l a t i o n  t y p i c a l l y  removes (30) a s  many a s  -80% of t h e  d e f e c t s  

under p o s t - i r r a d i a t i o n  annea l ing  i n  pure metalscbut  perhaps only  -10% i n  a l l o y s ) .  

For n e u t r o n . o r  heavy ion  damage, cascade e f f e c t s  can reduce  t h e  number of 

d e f e c t s  su rv iv ing  c lose -pa i r  a n n i h i l a t i o n  even f u r t h e r .  We r e c e n t l y  concluded (20) 

t h a t  fewer than -18% of t h e  d e f e c t s  escape a  t y p i c a l  neut ron  cascade;  B lewi t t  

e t  a 1  (31) and Goldstone e t  a 1  (32) have i n t e r p r e t e d  independent exper imenta l  

mqasurements t o  mean t h a t  on ly  -1% of t h e  p o i n t  d e f e c t s  escape  a  high-energy 

. . 
cascade. It seems c l e a r  t h a t  t h e  e f f e c t i v e  produet ion r a t e s  f o r  neu t ron  damage 

can e a s i l y  be only  -0.1 of ' the TRN s tandard  c a l c u l a t i o n s .  Then i f  p rev ious  
I 

. I 
a u t h o r s  es t imated  a r equ i r ed  b i a s  of -0.06 us ing  t h e  f u l l  damage r a t e ,  a  more 

. . 



> reasonable  e s t i m a t e  would b e  B - 0.6 which i s  ve ry  c l o s e  t o  t h e  average  of our  

:es t imates .  A n - a l t e r n a t i v e  way of exp res s ing  t h e  s i t u a t i o n  i s  t h a t  ou r  e s t i m a t e s  

a r e  c o n s i s t e n t  w i th  experimental  obse rva t ions  and o u r  knowledge of c lo se -pa i r  

a n n i h i l a t i o n  whereas t h e  b i a s  va lues  of  a few percent  a r e  no t .  

F i s h e r  and White (33y3L) have p rev ious ly  suggested t h a t  t h e  l a r g e r  b i a s  f a c c o r s  

p red ic t ed  by t h e  Heald s i n g l e - c e l l  approach o f f e r  a  b e t t e r  exp lana t ion  f o r  

observed swe l l i ng  r a t e s  (when t h e  e f f e c t i v e  d e f e c t  product ion  r a t e  i s  cons idered  

as we have done here)  than  does t h e  s m a l l  b i a s  f a c t o r  proposed by Bullough and 

co-workers. We concur w i t h  t h i s  gene ra l  conclus ion ,  b u t  we cons ide r  t h a t  our  

p re sen t  b i a s  e s t i m a t e s  should be more q u a n t i t a t i v e l y  r e l i a b l e  t han  those  de r ived  

from Heald ts .model  which cons ide r s  on ly  d i s l o c a t i o n s  t o  d e r i v e  Z and ZVD, in-  
I D  

c o n s i s t e n t l y  assumes Z - 
IC - z v ~  2 1 and s imu la t e s  d e f e c t  product ion  by imaginary 

sou rces  o u t s i d e  t h e  d i s l o c a t i o n  c e l l  boundary. For example, we, f i n d  B i n c r e a s e s  

21 -3 
from -0.29 t o  -0.46 a s  N goes from -10" t o  -10 m ( r v  = 100 r ) f o r  a f i x e d  

v  0 .  
+.; . ... . 

d i s l o c a t i o n  d e n s i t y  of 6  x 1014 m/m3. The Heald model of cou r se  has  no e f f e c t  

2 1  m-3 
of void s i n k  s t r e n g t h .  Also, we f i n d  t h a t  f o r  .a f i x e d  void d e n s i t y  of  1 0  

( r  = l O O r  ) B dec reases  from -1.55 t o  -0.46 a s  t h e  d i s l o c a t i o n  d e n s i t y  i n c r e a s e s  
v  0 

from 10" t o  6  x 1014 m/m3. Heald's approach y i e l d s  v a l u e s  of B which i n c r e a s e  

over  t h e  same range  from -0.15 t o  -1.15. Thus n d t  'only .do t h e  magnitudes di.ffer 

bu t  they  va ry  i n  t h e  oppos i t e  d i r e c t i o n  a s  a t f u n c t i o n  of d i s l o c a t i o n  d e n s i t y .  

F i n a l l y ,  we compare our  r e s u l t s  w i t h  those  p red ic t ed  by Wolfer and Ashkin (13,161 

These au tho r s  c l a im  t h a t ' c a v i t i e s  a t r a c t  i n t e r s t i t i a l s  p r e f e r e n t i a l l y  more than  

do d i s l o c a t i o n s  s o  t h a t  void growth cannot '  even occur  u n l e s s  t h e  c a v i t i e s  a r e  

f i r s t  "coated" w i t h  segrega ted  s o l u t e  atoms which s e t  up a d d i t i o n a l  i n t e r a c t i o n  . , 

I 
f i e l d s  which r e p e l  t h e  i n t e r s t i t i a l  more than  t h e  vacancy. Now c e r t a i n l y  s o l u t e  

a seg rega t ion  t o  vo ids  (and o t h e r  s i n k s )  does  occur  and t h i s  phenomenon can produce 

a d d i t i o n a l  i n t e r a c t i o n  f i e l d s  w h i c h . i n  t u r n  w i l l  a1te . r  t h e  b i a s .  Indeed, such 
I 

I 

i 



e f f e c t s  could e a s i l y  be incorpora ted  i n t o  t h e . p r e s e n t  model by s p e c i f y i n g  

t h e s e  i n t e r a c t i o n  f i e l d s  i n  a d d i t i o n  t o  t h e  i n t r i n i s i c  ones used here .  How- 

ever ,  we r e j e c t  t h e i r  con ten t ion  t h a t  "clean" vo ids  w i l l '  n o t  grow i n  t h e  presence  

of "clean" d i s l o c a t i o n s .  They a r r i v e d  a t  t h i s  conclus ion  by e l i m i n a t i n g  t h e  

' f i r s t - o r d e r  m i s f i t  i n t e r a c t i o n  between a  d i s l o c a t i o n  and a  p o i n t  d e f e c t  on t h e  

b a s i s  t h a t  i t s  average over  t h e  f u l l  angular  range i s  i d e n t i c a l l y  zero .  This  i s  

c l e a r l y  i n c o n s i s t e n t ' w i t h  t h e  f a c t  t h a t ,  i n  a n a l y t i c a l  s t u d i e s  i n  t h e  absence 

of i r r a d i a t i o n ,  t h e  f u l l y  angu la r  dependent i n t e r a c t i o n  h a s  been shown (25) to 

be equ iva l en t  t o  an i n t e r a c t i o n  independent of ang le  w i t h  a  magnitude equal  t o  

t h e  a c t u a l  i n t e r a c t i o n  averaged over  only  t h e  a t t r a c t i v e  regime ( e x a c t l y  our  

assumption).  ' The p r e d i c t i o n  by Wolfer and ~ s h k i n " ~ )  of a much s t r o n g e r  e f f e c t  

of e x t e r n a l l y  app l i ed  t e n s i l e  s t r e s s e s  t han  t h a t  p red ic t ed  h e r e  a l s o  a r i s e s  

f rom. the  n e g l e c t  of t h e  m i s f i t  i n t e r a c t i o n  c o n t r i b u t i o n  t o  t h e  i n t e r a c t i o n  . . 

energy, s o  we b e l i e v e  them t o  be i n  e r r o r  on t h i s  p o i n t  a l s o .  

- ..- 
5. Summary 

We have developed an a n a l y t i c a l  approach which cons ide r s  t h e  product ion  

of p o i n t  d e f e c t s  by i r r a d i a t i o n  and t h e i r  migra t ion  t o  d i f f e r e n t  t ypes  of s i n k s  

w i t h  which they  i n t e r a c t  i n  d i f f e r i n g  ways. We have used t h i s  approac'h t o  

ana lyze  .the r e s u l t i n g  b i a s  e f f e c t s ,  o r  t h e  abso rp t ion  of r e l a t i v e l y  d i f f e r e n t  

amounts of  one type  of d e f e c t  a t  p a r t i c u l a r  s inks .  This  b i a s  e f f e c t  r e s u l t s  i n  

radiat ion-induced d i s l o c a t i o n  climb which f i g u r e s  prominently f n  c u r r e n t  concepts  

of radiat ion-induced creep ,  growth.and swel l ing .  However, a l l  p r i o r  models t o  

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

unphysical  assumptions which render  them of u n c e r t a i n  q u a n t i t a t i v e ' a c c u r a c y .  



The approach presented  h e r e  combines toge the r ,  f o r  t h e  f i r s t  t i m e ,  d e f e c t  

product ion and p a r t i t i o n i n g  among more than  one type  of s i n k  wi th  d i f f e r e n t  

i n t e r a c t i o n  f i e l d s .  We have app l i ed  i t  t o  o b t a i n  s p e c i f i c  q u a n t i t a t i v e  

e s t i m a t e s  of t h e  magnitude of SIPA c reep  and found i t s  r a t e  t o  be  s i g n i f i c a n t l y  

l e s s  than  previous  e s t i m a t e s ,  t h e  magnitude of t h e  b i a s  f a c t o r  be ing  -0.07% 

2 3 
f o r  a n  app l i ed  s t r e s s  of  10 MPa and d i s l o c a t i o r r  d e n s i t y  of  6  x 1014 m/m . 
This  v a l u e  is  weakly temperature-dependent and increases,with.increasing 

" d i s l o c a t i o n  dens i ty .  ' 

We'have a l s o  app l i ed  i t  t o  t h e  case  of d i s l o c a t i o n s  and s p h e r i c a l  v o i d s  

of  a r b i t r a r y  d e n s i t i e s .  The p r e d i c t e d  b i a s  f a c t o r  f o r  assumed v a l u e s  of 1 . 4  

and 0.23 f o r  t h e  r e l a x a t i o n  s t r a i n s ' o f  i n t e r s t i t i a l s  and vacancies ,  r e s p e c t i v e l y ,  
. . 

i s  -0.6 f o r  comparable magnitudes of t h e  d i s l o c a t i o n  and void s i n k  s t r e n g t h s ,  

f a l l s  t o  -0.26 f o r  t h e  dis locat ion-dominated c a s e  and r i s e s  t o  -1 .5  f o r  t h e  

- void-dominated case .  These magnitudes have been shown t o  be  c o n s i s t e n t  w i t h  
4. 

experimental  r e s u l t s  and ou r  p re sen t  understanding of t h e  number of p o i n t  d e f e c t s  

su rv iv ing  c lose -pa i r  a n n i h i l a t i o n  fo l lowing  t h e i r  product ion.  Previous  t h e o r e t i c a l  

e s t i m a t e s  of b i a s  f a c t o r s  of on ly  a few percent  (o r  i n  one c a s e  even n e g a t i v e  

va lues )  have been shown t o  be t h e o r e t i c a l l y  d e f i c i e n t ,  and p rev ious  e s t i m a t e s  

o f '  a few percent  deduced from experimental  r e s u l t s  employed t h e  unreasonable  

assumption t h a t  t h e  d e f e c t s  c a l c u l a t e d  t o  be produced by a model such a s  

t h e  TRN s tandard  a r e  a v a i l a b l e  f o r  long-range d i f f u s i o n .  

Es t imates  have a l s o  been made of  t h e  e f f e c t  of e x t e r n a l l y  app l i ed  s t r e s s  

and gases  

p re s su res  

i n s i d e  t h e  v o i d s  on t h e  r e s u l t i n g  swe l l i ng  and i t  was concluded t h a t  

of t h e  shea r  modulus would be requi red  f o r  s i g n i f i c a n t  e f f e c t s .  



The possibility of applying such high pressures without yielding is problem- 

'atical so that observation of stress-enhanced swelling effects seems difficult. 
. . 

. . 
if not unlikely. . 

The present model enables the calculation of'more internally consistent 

and therefore probably more accurate volume-fraction and multiple-sink correction 

factors for sink strengths than those previously available. - 

I Our model has ignored recombination, thus implying that an effective 

defect production rate-can be employed which has been corrected for losses 

due to.recombination. The latter must, in turn; be independently estimated 

1 and so we have no guarantee that errors in predicted mass-transport rates 

1 are not thereby introduced. However, the recent analysis of ~ a ~ n s ( 3 ~ )  indicates 

I 
I .that these errors are likely to be quite minor in most cases. I 
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