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.THE EFFECTS OF IMPURITY TRAPPING ON 
IRRADIATION-INDUCED SWELLING AND CREEP 

I.. K. Mansur and M .  H ,  Yoo 

ABSTRACT 

A general theory of  the e f fec ts  of p o i n t  de fec t  t rapp ing  
on radiat ion- induced swe l l i ng  and creep deformation ra tes  i s  
developed. The e f f e c t s  on the  f r a c t i o n  of defects recombining, 
and on vo id  nuc lea t ion ,  v o i d  growth and creep due t o  the  
separate processes of d i s l o c a t i o n  c l imb-g l i de  and d i s l o c a t i o n  
c l  imb ( t h e  so-cal l ed  S l  PA mechanism) a re  studied.  Trapping 
o f  vacancies o r  i n t e r s t i t i a l s  increases t o t a l  recombinat ion 
and decreases the  ra tes  of deformation processes. For f i x e d  
t rapp ing  parameters, t he  reduct ion  i s  l a r g e s t  f o r  v o i d  nuclea- 
t i o n ,  less f o r  v o i d  growth and creep due t o  d i s l o c a t i o n  c l imb-  
g l i d e ,  and l e a s t  f o r  creep due t o  d i s l o c a t i o n  c l imb.  With t h i s  
formation, the  e f f e c t s  o f  t r app ing  a t  m u l t i p l e  vacancy and 
i n t e r s t i t i a l  t raps  and o f  s p a t i a l  and temporal v a r i a t i o n  i n  
t r a p  concentrat ions may be determined. A l t e r n a t i v e  p i c t u r e s  
f o r  v iewing p o i n t  defect t rapp ing  i n  terms o f  e f f e c t i v e  re -  
combination and d i f f u s i o n  c o e f f i c i e n t s  a r e  der ived.  I t  i s  
shown t h a t  prev ious d e r i v a t i o n s  o f  these c o e f f i c i e n t s  a r e  i n -  
co r rec t .  A r igorous  exp lanat ion  i s  g iven o f  t he  well-known 
numerical r e s u l t  t h a t  i n t e r s t i t i a l  t rapp ing  i s  s i g n i f i c a n t  o n l y  
i f  the  b ind ing  energy exceeds the  d i f f e r e n c e  between the  
vacancy and i n t e r s t i t i a l  m ig ra t i on  energies, w h i l e  vacancy 
t rapp ing  i s  s i g n i f i c a n t  even a t  smal l  b ind ing  energies.  Cor- 
rec t i ons  which become necessary a t  so lu te ' concen t ra t i ons  above 
about 0.1% a r e  described. Numerical r e s u l t s  f o r  a wide range 
o f  ma te r i a l  and i r r a d i a t i o n  parameters a r e  presented. 

1 .  INTRODUCTION 

The e a r l i e s t  experimental s tud ies  t o  d iscover  the c h a r a c t e r i s t i c s  

o f  i r rad ia t i on - i nduced  vo id  s w e l l i n g  revealed t h a t  impur i t y  and a l l o y  

add i t i ons  i n  a metal s t r o n g l y  a f f e c t  i t s  p ropens i ty  t o  swe l l .  I t  was 

soon hypothesized t h a t  t rapp ing  o f  p o i n t  de fec ts  by so lu tes  cou ld  

increase the f r a c t i o n  o f  vacancies and i n t e r s t i t i a l s  undergoing mutual 

recombinat ion and thus reduce the  f r a c t i o n  f l o w i n g  t o  voids [ I ] .  The 



development o f  t h i s  concept has been t h e  sub jec t  o f  several recent  

papers 12451.  Somewhat l a t e r  the conceptual 1 y  separate e f f e c t s  of  changes 

i n  v o i d  capture e f f i c i e n c i e s  f o r  p o i n t  de fec ts  and t h e  consequent changes 

i n  s w e l l i n g  due t o  s o l u t e  segregat ion a t  these s inks  were s tud ied  [7,81. 

Both modes o f  i .mpuri ty a c t i o n  a r e  now known t o  be important.  

Towards the  long-range goal o f  i nco rpo ra t i ng  both modes of impur i t y  

a c t i o n  i n t o  a u n i f i e d  p i c t u r e ,  the  purpose o f  the  present paper i s  t o  

develop a comprehensive theory  t o  descr ibe  t h e  e f f e c t s  o f  s o l u t e  t rapp ing  

upon rad ia t ion- induced deformation processes. Der i va t i ons  a r e  g iven 

together  w i t h  r e s u l t s  based upon computations us ing parameter ranges o f  

i n t e r e s t .  

Sec t ion  2 descr ibes the  fo rmula t ion  o f  t he  problem. Included are  

a l t e r n a t i v e  p i c t u r e s  f o r  v iewing t h e  e f f e c t s  of  p o i n t  de fec t  t rapp ing  

us ing  e f f e c t i v e  d i f f u s i o n  and recombinat ion coe f f - i c i en ts .  Correct ions 

t o  the  theory  which become necessary a t  h igher  s o l u t e  concentrat  ions a re  

described. Resul ts  f o r  wide ranges of temperature, dose ra te ,  dose, 

s o l u t e  content  and s o l u t e  b ind ing  energy a r e  presented i n  Sect ion 3. I n  

Sect ion  4 t he  paper concludes w i t h  a summary and d iscuss ion  o f  imp l ica-  

t i o n s  f o r  experimental  work w i t h  suggest ions f o r  f u r t h e r  development. 

2 .  THEORY 

The equat ions desc r ib ing  conservat ion o f  f r e e  p o i n t  de fec ts  [9 ]  

must be genera l i zed t o  inc lude p o i n t  de fec t  t rapping.  Th i s  i s  accomplished 

by t h e  s t r a i g h t f o r w a r d  l o g i c  o f  s u b t r a c t i n g  and adding terms corresponding 

t o  t rapp ing  and recombinat ion a t  t raps,  and re lease o f  p o i n t  de fec ts  from 

t raps .  A d d i t i o n a l  equat ions desc r ib ing  conservat ion o f  t he  new e n t i t i e s ,  

t rapped defec ts ,  a re  a1 so requ i  red. 



2.1 General Rate Equations 

The general system o f  equations governing p o i n t  de fec t  conservat ion 

i s  g iven below. 

Free Vacancies 

0 

Free l n t e r s t i t i a l s  

a c i  o ic i  
- = v-  (DivCi  + - VU.) + Gi +  IT^: c;, - R C i C v  - C i  

kT I R 
' K a c ; e  a t  

I n  the  above equations, t he  summations extend over the  A = 1,2, . . . , P 

types o f  t raps.  S i m i l a r l y ,  the  f o l l o w i n g  equations apply t o  each o f  the  

R = 1,2, ..., p types of t raps.  

Traps (concentrat ion i n  general a func t i on  o f  p o s i t i o n  and time) 

Trapped Vacancies 



Trapped l n t e r s t i  t i a l s  

The l e f t -hand  s ides o f  a l l  these equat ions represent  t he  t ime ra tes  

o f  change o f  t he  corresponding concentrat ion.  The f i r s t  terms in.Eqs. (1) 

and (2) descr ibe  d i f f u s i o n  and d r i f t  o f  f r e e  p o i n t  de fec ts  due t o  the  

presence o f  d i s c r e t e  s i n k s  such as f r e e  surfaces, the  G's descr ibe produc- 

t i o n  of  p o i n t  de fec ts  by r a d i a t i o n  and thermal emission from s inks ,  and 

t h e  terms i n  .r-l descr ibe  re lease o f  p o i n t  defects .from t rabs .  The 

remaining f o u r  terms i n  Eqs. (1) and (2) descr ibe  p o i n t  de fec t  losses 
. . . . 

due t o  recombinat ion w i t h  opposi te f r e e  defects,  oppos i te  trapped 

defec ts ,  t r app ing  a t  i m p u r i t i e s - a n d  absorp t ion  a t  s inks .  Equations (4) 

and (5)  descr ibe conservat ion of  trapped defec ts  generated by t rapp ing  

reac t i ons  a t  i m p u r i t i e s  and l o s t  through re lease due t o  detrapping and 

by recombinat ion w i t h  oppos i te  f ree  defects.  
. , 

Subscr ip ts  i and v  denote i n t e r s t i t i a l s  and vacancies. C .  
I ," 

denotes t h e  concent ra t ion  of f ree  i n t e r s t i t i a l s ,  vacancies. These equa- 

t i o n s  a l l o w  f o r  t rapp ing  o f  both i n t e r s t i t i a l s  and vacancies a t  

m u l t i p l e  t raps .  Thus, f o r  example, ' f a  denotes the  popu la t ion  o f  

trapped i n t e r s t i t i a l s  a t  t r a p  type 2, t he  concent ra t ion  o f  which 

t 
i s  denoted by CR. An obvious analog n o t a t i o n  i s  used f o r  vacancies. 

R = 4nro illi + U ) denotes t h e  recomb i n a t  ion c o e f f i c i e n t  of f r e e  vacancies 
v  

w i t h  f r e e  i n t e r s t i t i a l s ,  where r o  i s  t he  rad ius  o f  recombinat ion volume 

and D denotes d i f f u s i o n  c o e f f i c i e n t .  Symbols of  t h e  type R ig  = 4nr.  D 
1 2  v  

Or R V a  
= 4 n r  D denote the  recombinat ion c o e f f i c i e n t  o f  f r e e  vacancies 

vR i 

w i t h  trapped i n t e r s t i t i a l s  a t  t r a p  type R,  and f ree  i n t e r s t i t i a l s  w i t h  



trapped vacancies a t  t r a p  type R, respect ive ly ; .  r and rvR denote the i R 

corresponding r a d i i  o f  t he  recombination volumes. , T h e  mean t ime a defec t  

i s  trapped a t  t r a p  type P i s  denoted by T~~ = (b2/D0) exp [ (E:~ + Em) / k ~ ]  
9! a 

where a denotes. i o r  v, D O  i s  the ,  pre-exponential  o f  t he  d i f f u s i o n  coef- 
a 

b. f i c i e n t  [Da = D i e x p ( f ~ / k ~ ) ] ,  b i s  the  order  o f  an atomic d is tance,  EaR 

i s  the  b ind ing energy o f  t he  p o i n t  de fec t  a t  the  R-th type t rap ,  E: i s  

the p o i n t  defect migra t ion  energy, k i s  Boltzmann's constant;  and T i s  

absolute temperature. We ob ta in  the  pre-exponential ,  b2/Dl, by r e a l i z i n g  

t h a t  when E: + 0 then r approaches the t ime fo r  an o rd ina ry  d i f f u s i o n  

step, b/(D/b). rvR = 4nr' D and K = 4nr; PDi denote capture coef - 
vR v i R 

f i c i e n t s  s i m i l a r  t o  recombination c o e f f i c i e n t s .  These descr ibe capture 

of a f r e e  vacancy and o f  a f r e e  i n t e r s t i t i a l ,  respec t i ve l y ,  a t  t r a p  type R .  

r' and r f R  are t h e  capture r a d i i  o f  t he  t r a p  type R f o r  the  p o i n t  defects. 
vR 

I n  the  terms o f  t h e  type conta in ing  K~~ the  concentrat ion d i f f e rence  

t (cQ - CGR - cfR) appears. Th is  accounts f o r  t he  fac t  t h a t  the  f r a c t i o n  

t c;,/c, + C i a  
t 

/CR t raps  o f  type R a re  a l ready occupied by vacancies and 

i n t e r s t i t i a l s  and hence not  a v a i l a b l e  as t raps  f o r  f ree  defec ts .  This ' 

fea tu re  a l s o  accounts f o r  t he  f a c t  t h a t  a g iven t r a p  may have a b ind ing 

energy f o r  both vacancies and i n t e r s t i t i a l s  bu t  would not  t r a p  both simul- 

taneously, s ince when one i s  trapped the  s i t e  i s  then a recombination 

center.  K i s  t he  r a t e  per de fec t  f o r  absorpt ion a t  a l l  i n t e r n a l  s inks 
a 

such as voids, d i s loca t ions ,  d i s l o c a t i o n  loops, e t c .  ( e  K a = IK;, 
j 

where j represents each i n d i v i d u a l  type sink) . 
We solve Eqs. (1) through (5) f o r  the  f r e e  vacancy and i n t e r s t i t i a l  

concentrat ions, C v  and C.,  by methods t o  be discussed l a t e r .  Once having 
I 

these, the  vo id  nuc leat ion  and growth ra tes  and the  i r r a d i a t i o n  creep 



r a t e  may be determined by u s i n g  t he  r e l a t i o n s h i p s  summarized below. 

F i r s t ,  however, we d e s c r i b e  a l t e r n a t i v e  p i c t u r e s  f o r  v i ew ing  t he  e f f e c t s  

o f  t r a p p i n g  i n  t h e  f o l l o w i n g  t h r e e  sec t i ons .  

For  s i m p l i c i t y  we i g n o r e  s p a t i a l  and t ime  d e r i v a t i v e s  i n  Eqs. (1) 

th rough  (5 ) ,  cor responding t o  a  quas i -s teady s t a t e  f a r  f rom d i s c r e t e  

s i n k s ,  and cons ider  o n l y  one vacancy and one i n t e r s t i t i a l  t r a p .  

Equat ions  ( 1 ) , (2 )  , (4) , and (5) become 

C v ~ v ( ~ t  - C 0  - ~ f )  - T;~c* - C . R  C0 = 0  , v  v  I v v  (8) 

t 
C i ~ i  (C - C; - c;) - TY'C; - CvRiC; = 0  . 

I (9 

2.2 A1 t e r n a t i v e  Form 

I f we add Eq. (9) t o  (7) ' and  Eq. (8) t o  (6), we o b t a i n  

C.  - c i  ( R C ~  + R c * )  - K ~ C ~  - c R.C: - o , 
I v  V V I  I 

G - C (RC. + Ricf) - KvCv - C . R  C* = 0  . v  v I I v v  

These equat ions  d e s c r i b e  conse rva t i on  o f  t h e  t o t a l  ( f r e e . p l u s  trapped) 

popu la t i ons  of  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 .  Smidt and 

Sprague [21, t a k i n g  C; = 0  s i n c e  they d i d  n o t  cons ider  t rapped i n t e r -  

s t i t i a l ~ ,  used t h e  e q u i v a l e n t  o f  Eqs. ( l o ) ,  ( l l ) ,  and (8) t o  s tudy t h e  

e f f e c t s  o f  vacancy t r a p p i n g  on v o i d  n u c l e a t i o n .  



2.3 E f f e c t i v e  Recombination Coe f f i c ien t  

S u b s t i t u t i n g  i n t o  Eqs. (10) and (11) the  expressions f o r  C i  i n  

terms o f  C and C; i n  terms o f  C given by Eqs. (8) and (9) , we ob ta in  
v 

where 

R~~ = R + (ct - C; - c f )  v v v  + 

1 + -r C.,R 1 + -r.C R 
V I V  ~ v i  

Equations (12) and (13) are  i d e n t i c a l  t o  the  conservat ion equations 

w i t h  no p o i n t  de fec t  t rapp ing [g],  except t h a t  R~~ now appears ra the r  

than R." Th i s  e f f e c t i v e  c o e f f i c i e n t ,  however, i s  a funct- ion o f  the  f ree  

and trapped p o i n t  defect populat ions and thus. we have a t  best  o n l y  i n t r o -  

duced a s i m p l i f i c a t i o n  over Eqs. (6) through (9) i n  our mental p i c t u r e  

but  no t  i n  the mathematical so lu t i on .  Th is  type o f  s i m p l i f i c a t i o t i  ha; 

po in ted o u t  by Koehler [4] and ~ k e m o t b  e t  a l .  [5 ]  i n  t h e i r  treatments 

of t rapp ing a t  immobile t raps.  However, t h e i r  e f f e c t i v e  recombination 

c o e f f i c i e n t  expressions corresponding t o  our Eq. (14) are  i nco r rec t .  

Th is  stems from t h e i r  neglect  o f  t he  l a s t  terms i n  our Eqs. (8) and ( g ) ,  

though they inc lude them i n  t h e i r  f r e e  defec t  equations corresponding t o  

our Eqs. (6) and (7) [ c f .  Eq. (29) i n  r e f .  4 and Eq. (8) i n  r e f .  51. , 

I n  F ig .  1 t h e  r a t i o  o f  t he  e f f e c t i v e  recombination c o e f f i c i e n t  

g iven by Eq. (14) t o  t h a t  g iven i n  re f .  5 i s  p l o t t e d  fo r  i n t e r s t i t i a l  

.L 

" o f  course the  f ree  defe t concentrat ions,  C i  and Cv,  a re  a l s o  ? d i f f e r e n t .  Thus the  r a t i o  Re /R a lone does not  measure the  increase 
i n  the  number o f  defects recarnbin.ing i n  the  ma t r i x .  
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F i g .  1 .  The r a t i o  o f  t h e  c o r r e c t  e f f e c t i v e  'recombination c o e f f i -  
c i e n t  w i t h  i n t e r s t i t i a l  t r app ing  t o ' t h a t  obta ined by neg lec t i ng  the  
recombinat ion o f  trapped i n t e r s t i t i a l s  w i t h  f r e e  vacancies versus 
temperature. 

t rapp ing .  I t  can be seen t h a t  when t rapp ing  i s  important r e f s .  4 and 5 

s i g n i f i c a n t l y  overest imate the  e f f e c t i v e  recombinat ion c o e f f i c i e n t .  

2.4 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  

I n  a s i m i l a r  s p i r i t  we may v i s u a l i z e  an e f f e c t i v e  d i f f u s i o n  coef- 

f i c i e n t .  Here t h e  d i f f u s i v i t y  o f  the e n t i r e  popu la t ion  o f  defects,  

t rapped p lus  f ree ,  i s  charac ter ized by an 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 ,  

De f ,  a l though o n l y  f ree  de fec ts  a re  moving and these w i t h  the usual 

d i f f u s i v i t y ,  D. o r  Dv. Then, by d e f i n i t i o n ,  
I 

D.C. = (ci + c ; )  , 
I I I 

and 



Using these equat ions together  w i t h  Eqs. (8) and (9) g ives  

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 .  p i c t u r e  was invoked by S c h i l l i n g  

and Schroeder [ 3 ] .  However, t h e i r  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  a re  

i nco r rec t  and correspond t o  rep lac ing  the  terms i n  parentheses a t  the  

end o f  Eqs. (16a) and (16b), w i t h  u n i t y .  As i n  r e f s .  4 and 5, t h i s  again 

amounts t o  neg lec t i ng  recombinat ion between f r e e  de fec ts  and the  oppos i te  

trapped defects, t he  t h i  r d  terms i n  Eqs. (8) and (9) , the  trapped defec t  

conservat ion equat ions. 

I n  F ig.  2 the  r a t i o  o f  t he  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  given 

i n  re f .  3 t o  t h a t  g iven by Eq. (16a) i s  p l o t t e d .  C l e a r l y  when t rapp ing  

i s  important t he  prev ious r e s u l t s  s i g n i f i c a n t l y  underest imate the  e f fec-  

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 .  

2.5 Asymmetry i n  E f f e c t s  o f  I n t e r s t i t i a l  and Vacancy Trapping 

I n  r e s u l t s  t o  be presented l a t e r  i t  i s  found t h a t  vacancy t rapp ing  

w i t h  b ind ing  energies o f  t he  order  o f  0.1 eV i s  e f f e c t i v e  i n  reducing 

swe l l ing ,  but  t h a t  i n t e r s t i t i a l  t r app ing  i s  e f f e c t i v e  o n l y  when the 

b ind ing  energy i s  g rea ter  than the  d i f fe rence between vacancy and i n t e r -  

s t l t t a l  m ig ra t i on  energies, ~ 1 . 2  eV f o r  n i c k e l  us ing  the  parameters we 

have adopted. Th is  r e s u l t  may be a n t i c i p a t e d  by the  f o l l o w i n g  argument 

based on 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 .  Considering o n l y  i n t e r s t i t i a l  
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F ig .  2. The r a t i o  o f  t h e  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  o f  i n t e r -  
s t i t i a l ~  w i t h  i n t e r s t i t i a l  t r app ing  obta ined by neg lec t i ng  recombina- 
t i o n  o f  trapped i n t e r s t i t i a l s  w i t h  f r e e  vacancies t o  the co r rec 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  versus temperature. 

t rapp ing  (rv = r; = C O  = 
v 0) and adding Eq. (9) t o  (7 )  , Eqs. (6) through 

(9) become s i mp 1 y 

G i  - R C i C v  - C R.CO - K.C. = 0 ; v l i  I I 
(17) 

By d e f i n i t i o n  R = hnro(D. + Dv) and R, = 4nr,Dv. For s i m p l i c i t y  take 
I 

ro % r I f  r o  # r. the  conclus ion s t i l l  app l i es  though the exact form 1 * I 

o f  t he  equat ions changes s l i g h t l y .  Equations (17) and (18)' can then be 

r e w r i t t e n  



o r  us ing d e f i n i t i o n  (15a) 

where 

Gi and Gv a re  the  generat ion ra tes  of f ree  defects, bu t  t h i s  i s  n e g l i g i -  

b l y  d i f f e r e n t  from the generat ion r a t e  of t o t a l  defects f o r  s o l u t e  

concentrat ions %0.1% (see our  l a t e r  discuss ion  o f  h igher order  e f fec ts ) .  

S i m i l a r l y ,  the  s ink  loss r a t e  terms o f  t he  form KiCi descr ibe losses o f  

t o t a l  ( f r e e  p lus trapped) defects t o  the  s inks s ince we have assumed 

t h a t  the  trapped defects a re  immobile. Thus, Eqs. (21) and (22) a r e  the  

co r rec t  expressions f o r  conservat ion o f  the  t o t a l  i n t e r s t i t i a l  and 

vacancy populat ions. These a re  s i m i l a r  t o  the  conservat ion equations 

w i  t h  no t raps  [g] , except t h a t  R e  replaces R o r  equ iva len t l y  D ' ~  replaces 
I 

D. i n  those equations. Thus, any r e s u l t  based on the  fo rmula t ion  w i t h  
I 

no t rapp ing w i l l  be co r rec t  i n  the  presence o f  i n t e r s t i t i a l  t rapp ing i f  

e f the  d i f f u s i o n  coe f f i c i en t  f o r  i n t e r s t i t i a l s ,  Di,  i s  now replaced w i t h  D l  . 
However, from Eq. (16a) we see t h a t  D y f  i s  approximately p ropor t i ona l  t o  

b m b  
Di exp ( f i / k ~ )  = D ?  exp[- (E; + E;)/~T]. Thus, unless Ei  + E. approaches 

1 I 

E:, we may replace D v  w i t h  zero i n  Eq. (23 ) .  Th is  r e s u l t s  i n  no e f fec t  

o f  i n t e r s t i t i a l  t rapp ing and j u s t i f i e s  our previous mention o f  t he  

e f f e c t  of i n t e r s t i t i a l  t rapp ing on temperature s h i f t  w i t h  dose r a t e  

i n  terms o f  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  [ y ] .  This i s  because when 

e f 
we can neg lec t  Dv i n  comparison t o  D , then cancels ou t  of t he  i 

express ions f o r  vo id  format ion and temperature sh I ft [91. 



2.6 Swelling and Creep 

Based on the extension of classical nucleation theory to an irradia- 

tion environment developed by Katz and Wiedersich [lo] and by Russell [ll], 

we may derive the fol lowing expressions [8'l 

zV (LID c [ 113 

v v v 
AG (n) = - kT 1 Rn ,I ; 04) 

q,=l ( + 1) [Z;(L + 1)Dici + Z~(~+I)D~C:(L) 

In these equations AG(~) is the free energy of formation of a vacancy 

cluster containing n vacancies and M is the nucleation rate ( i  .e., the 

number per unit time of vacancy clusters that grow past the critical size). 

Z! denotes the capture efficiency for intersti tials or vacancies of a 
I 9'' 

void containing n vacancies. 

The growth of voids or interstitial dislocation loops is described 

by the net flux of vacancies or interstitials. The expressions may be 

written as fol lows [9] 

where r and r are the void and. loop radii, and .Q denotes atomic~volume. v L 
. . 

c:(rV) = C: exp 



i s  the  thermal e q u i l i b r i u m  vacancy concent ra t ion  near a  vo id  o f  rad ius  

r w i t h  a  su r face . f ree  energy y  and con ta in ing  a  gas a t  pressure p. v 

e  c:(rL) = C v  exp - (yf + E ~ )  a 2 / k ~ J  I 
i s  the  thermal e q u i l i b r i u m  vacancy concent ra t ion  near an i n t e r s t i t i a l  

loop o f  rad ius  rL, where y  i s  t he  s tack ing  f a u l t  energy, EL t he  e l a s t i c  f 

energy, and a, denotes, a  l a t t i c e  dimens ion.  

f 
i s  the bu l k  thermal vacancy concent ra t ion  where S: and E a re  the  entropy v  

and energy o f  vacancy formation. 

There a r e  a  number o f  proposed mechanisms f o r  . i r r a d i a t i o n  creep. 

Two mechanisms g i v i n g  order-of-magnitude agreement w i t h  experimental  data' 

have received more de ta i  l ed  a t t e n t  i on  recen t l y .  s ince  these two mechanisms 

may a c t  simultaneously and show d i f f e r e n t  dependences on parameters o f  

i n t e r e s t ,  we s h a l l  i n v e s t i g a t e  the  e f f e c t s  o f  impur i t y  t rapp ing  on both. 

Stress- induced pre fer red  absorp t ion  (S I P A )  [12-141 r e s u l t s  f rom the  induced 

inhomogeneity i n t e r a c t i o n  between a  p o i n t  de fec t  and a  d i s l o c a t i o n .  This  

i n t e r a c t i o n  v a r i e s  w i t h  the  o r i e n t a t i o n  o f  t h e  d i s l o c a t i o n  Burgers 

vec tor  w i t h  respect t o  the  app l i ed  s t ress  direct ioni '  and r e s u l t s  i n  a  

greater  f l u x  o f  p o i n t  defects t o  those d i s l o c a t i o n s  having Burgers vec- 

t o r s  near p a r a l l e l  t o  the  s t ress  d i r e c t i o n .  This  can be expressed i n  

terms o f  the  f r e e  de fec t  concentrat  ions C i  and C v  as [ I 5 1  

J; 
. For c l a r i t y ,  we consider  o n l y  s imple t e n s i l e  s t resses i n  t h i s  

paper. 



d 
where t i s  the s t r a i n ' r a t e ,  L i s  the  d i s l o c a t i o n  dens i ty ,  and AZ.  o r  AZ  

d  
I v  

denotes t h e  d i f f e r e n c e  between the  capture e f f i c i e n c i e s  f o r  p o i n t  de fec ts  

o f  d i s l o c a t i o n s  w i t h  Burgers vectors p a r a l l e l  and perpendicular  t o  the  

a p p l i e d  s t ress  d i r e c t i o n  and can be approximated by 

where v i s  Poisson's r a t i o ,  Rd = ( n ~ ) - l / ~ ,  v i s  the  shear modulus, b  

t h e  Burgers vec tor ,  AV t he  r e l a x a t i o n  volume, E the  app l i ed  s t r a i n  

equals a/E where a i s  t h e  app l i ed  s t ress  and E i s  Young's modulus. V 

i s  t he  e f f e c t i v e  i n c l u s i o n  volume o f  t he  defect and' 

where Ap i s  the d i f f e r e n c e  i n  shear moduli of the  m a t r i x  and the ef fec-  

t i v e  modulus o f  t h e  p o i n t  de fec t .  

The c l  imb-gl i de  mechanism f o r  i r r a d i a t i o n  creep [ I s ,  161 may be 

superposed on t h e  S l P A  c o n t r i b u t i o n .  Th is  mechanism would operate on l y  

i f  the re  were o the r  s inks  such as voids i n  a d d i t i o n  t o  the  c l imb ing  d i s -  

l o c a t i o n s  t o  a l l o w  an asymmetrical p a r t i t i o n i n g  o f  p o i n t  de fec ts  between 

types o f  s inks .  The excess 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  would 

then enable them t o  c l imb pasr  an ohstac le  whish would othcrwisc. have 

a l lowed o n l y  a  l i m i t e d  bowing out  i n  the  s l i p  plane. The creep r a t e  by 

t h i s  mechanism i s  descr ibed by 



d where the  Z a re  average d i s l o c a t i o n  capture e f f i c i e n c i e s  f o r  p o i n t  

defects.  Note t h a t  the c l imb-g l i de  creep r a t e  i s  p ropo r t i ona l  t o  the  

v o i d  growth r a t e  s ince  the ne t  excess o f  vacancies going t o  voids [ ~ q .  ( 2 6 ) l  

must j u s t  equal the  ne t  excess o f  i n t e r s t i t i a l s  going t o  d i s l o c a t i o n s  

[ ~ q .  (33 ) l  i f  these a r e  the  o n l y  s inks.  

To complete the  p i c t u r e  we must inc lude d i f f u s i o n a l  creep which w i l l  

be important a t  h igh  temperatures and r e s u l t s  from the  d i f f e r e n t  p robab i l -  

i t i e s  o f  emission o f  vacancies from d i s l o c a t i o n s  o r i e n t e d  para1 l e l  and 

perpendicular  t o  t he  app l i ed  s t ress  a x i s .  

2.7 High So lu te  Concentrat ions 

As the s o l u t e  concent ra t ion  exceeds the  order  o f  0.1%, Eqs. (1) 

through (5) o r  (6) through (9) become o n l y  approximate, w i t h  t h e  degree 

of approximation becoming worse as the  s o l u t e  concent ra t ion  i s  increased. 

To i 1 l u s t r a t e ,  we w r i t e  the  form t o  whlch Eq. (8) reduces I n  t h e  absence 

of r a d i a t i o n  

e ' 
where C v  i s  the  thermal vacancy popu la t ion  trapped on vacancy t raps  and 

ce  i s  the  f r e e  thermal vacancy populat ion.  However, i t  i s  poss ib le  t o  
v 

independently determine the  c o r r e c t  r a t i o  o f  trapped t o  f r e e  vacancies 

from equi 1 i b r i um s t a t i s t i c s  [17]. 



For f c c  metals,  

and 

f b c = 12 c t  exp(s v /k) exp(4,,/k) exp I 
f f 

- I c ( I  - C ) ]  exp (sV/k) exp (-€;/kT) . v (37) 

f f 
Here S and E a r e  the  entropy and energy o f  f r e e  vacancy format ion,  E b 

v  v  v  

i s the  vacancy b i n d i n g  ene rgy  t o  the  t rap ,  and S: i s  the  change i n 

entropy due t o  b ind ing .  I k i-s obvious from Eq. ( 3 6 )  t h a t  c:'<< C t  i f  

Eb 6 0.5 eV, i .e . ,  even w i t h  a ra the r  h igh  vacancy b ind ing  energy, s ince  
v 

E: i s  :I eV i n  n i c k e l  and o the r  metals o f  i n t e r e s t .  Under t h i s  condi -  

t i o n  Eq. (35) may be w r i t t e n  

L . .  
v  

b 
and we take the r a t i o  o f  Eqs. (36) t o  (37). assuming SV/k << 1 .  

Comparing the  c o r r e c t  expression (39) t o  the approximate expression 

b2 (38) and r e c a l l  i ng t h a t  r = - exp (E: + E:) /kT and uv = 4nr D O  
v  

D O  I 1 v v 
exp(-E:/kT) we may es tab l  i s h  thXt (38) i s  equ iva len t  t o  (39) (12 R 

= 4nrvb2) except t h a t  t he  f a c t o r  (1  - 12 C t  R) i s  miss ing from Eq. (38).  

t 
Thus, i f  C R c 0.1%, then E q i  (381 ,  OF as a eonsequence, th=  sets o f  

Eqs. (1) through (5) o r  (6) through (91, a r e  inaccurate by approximately 

1%. By i n c l u d i n g  t h i s  a d d i t i o n a l  f a c t o r  f o r  s i t e  exc lus ion,  we could 

extend the  range o f  v a l i d i t y  o f  the  t rapp ing  model t o  cover several  

percent  s o l u t e  i f  no a d d i t i o n a l  co r rec t i ons  were necessary. 



Recently,  however, Bra i  1 s f o r d  and Bul lough [ 6 ]  have found t h a t  

e f f e c t i v e l y  the t rapp ing  rad ius  r o r : r  must be cor rec ted  upward fo r  
v  R i R 

h igher  s o l u t e  concentrat ion by a f a c t o r  (1 + k ' r ) .  Th is  m u l t i p l e - s i n k  o r  

c o r r e l a t i o n  c o r r e c t i o n  would r e s u l t  from the  i n te r fe rence  o f  t he  d i f f u -  

s ion  f i e l d s  o f  t he  t raps ,  i f  such t raps  were d i f f u s i o n  c o n t r o l l e d .  We 

may approximate k 'by  f o r  vacancy t rapp ing  on one type o f  t rap .  

t 
Taking r i  % 10-~ /cm and C % 1 0 ~ ~ / c m ~ ,  the  c o r r e c t i o n  f a c t o r  i s  approxi -  

mately 1.03. Th is  c o r r e c t i o n  i s  l a rge r  than the  s i t e  exc lus ion  cor rec-  

t i o n  discussed above a l though o f  the same order  o f  magnitude. 

2.8 Methods o f  So lu t i on  

Numerical methods have been employed t o  so lve  f o r  t he  concentrat ions 

of  p o i n t  defects us ing  Eqs. (6) through (9) o r  t h e i r  corresponding gener- 

a l  i zed  forms, Eqs. (1) through (5). Then, from Eqs. (24) through (34) 

t he  vo id  s w e l l i n g  and i r r a d i a t i o n  creep behavior a r e  determined. 

For s tudying the  e f f e c t s  o f  vacancy and i n t e r s t i t i a l  t r app ing  

separate ly ,  t he  se t  o f  Eqs. (6) through (9) reduces t o  th ree  simp1 i f  ied 

equations. These can be combined t o  y i e l d  a cub ic  equat ion f o r  C i  o r  C v .  

For 'vacancy t rapp ing  f o r  example (ri = r; = C: I = 0) he o b t a i n  

Where C;/Ct << 1 ,  t he  d i f fe rence (Ct  - c;) i n  Eq. (40) can be 

t approximated ,by C . Under these cond i t i ons  Eq. (40) can be solved i t e r a -  

t i v e l y  f o r  C.  us ing  Newton's method. Once having C . ,  then C v  and C' can be 
I I v  



t 
obta ined f rom Eqs. (8) and (7 ) .  F igure  3 shows C;/C < c  1 f o r  t y p i c a l  

reac to r  and ion bombardment cond i t ions .  
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Fig .  3. The f r a c t i o n  o f  t raps  occupied f o r  vacancy t rapp ing  a t  
t y p i c a l  charged p a r t i c l e  and f a s t  reac tor  dose ra tes  and temperatures 
versus b ind ing  energy. Under these cond i t ions ,  the f r a c t i o n  o f  t raps  
occupied i s  small even a t  h igh  vacancy b ind ing  energies. 

More powerful numerical  methods have been used t o  solve the more 

general s e t  of conserva t ion  equat ions [ ( I )  through ( 5 ) ]  by extending the 

numerical  method developed e a r l i e r  [181. These techniques a r e  o f  p a r t i c -  

u l a r  advantage when the  surfaces of  a t h i n  f o i l  o r  ion  bombardment spec- 

imen must be taken i n t o  account, when the e f fec ts  o f  m u l t i p l e  vacancy 

and/or i n t e r s t i t i a l  t r aps  a r e  t o  be considered o r  when the f r a c t i o n  o f  

occupied t raps  i s  no t  n e g l i g i b l e .  The general method i s  described 

e l  sewhere [ 191. 

The cumulat ive v o i d  s w e l l i n g  and creep s t r a i n  may be determined 

by numerical  i n t e g r a t i o n  accomplished by computing the C ' s  (as,above),  



computing the corresponding deformation rates, allowing the microstruc- 

ture to change at these rates for a short time increment, and then re- 

computing the C's in response to the new microstructure and so on. 

3. RESULTS 

The effects of point defect trapping uti 1 izing two measures of 

interest will be presented. These are the effects upon the fraction of 

point defects undergoing recombination in the bulk, and ultimately upon 

void nucleation and growth and irradiation creep. For the results dis- 

cussed in this section, the parameters used are nominally those for 

nickel. In the cases considered, the largest vacancy binding energy is 

0.5 eV and the largest interstitial binding energy is 1.7 eV. The 

results for these energies and for no trapping form an envelope which 

is expected to give reasonable upper and lower limits for the possible 

effects of point defect trapping. Table I gives the parameter values 

used in all of the calculations unless stated otherwise on the figures 

or in the figure captions. The values of the remaining parameters neces- 

sary for these calculations are given on the figures. 

Figures 4, 5, and 6 show the fraction of defects recombining in 

the matrix, i.e., not being removed at sinks, as functions of tempera- 

ture, dose rate, and solute concentration. In Fig. 4, the results for 

two different sink strengths, 10l0 cm-2 and 5 x 1011 a.re shown 

corresponding roughly to pure nickel and cold-worked stainless steel at 

moderate doses. In addition to illustrating the effects of point defect 

trapping these curves also show that even at low reactor dose rates, 

point defect recombination would be important for pure nickel. Figure 5 

shows the effects of trapping on point defect recombination with dose rate 



TABLE I 

Parameter Values Used i n  Obta in ing  Resul ts  Given i n  the Results Section. 
A d d i t i o n a l  parameters requ i red  and any changes i n  the  parameters o f  t h i s  
t a b l e  a r e  i nd i ca ted  on t h e  f i gu res  themselves. 

Parameter Va 1 ue 

Sink s t rength ,  ~ m ' ~  5 x l 0 l 0  

Vacancy d i f f u s i v i  t y ,  cm2/s 1,. 4 x 1 o - ~  exp (-1 .38  e V / k ~ )  

I n t e r s t i t i a l  d i f f u s i v i t y ,  cm2/s 8 x 1 0 ' ~  e x p ( 4 . 1 5  e V / k ~ )  

D i s l o c a t i o n - i n t e r s t i t i a l  preference, 1 . 1 / 1  

Generat ion ra te ,  dpa/s 1 o - ~  

Impur i t y  concentrat ion,  atom/atom 1 0 ' ~  

E q u i l i b r i u m  vacancy concent ra t ion ,  cmm3 0.91 x exp( l .5 )  

exp (-1 . 4  eV/kT) 

Surface f ree  energy, ergs/cm2* 700 

In jected/generated i n t e r s t i t i a l s  4 x lo'& 

.L 

 h he v o i d  nuc lea t i on  r a t e  i s  s e n s i t i v e  t o  the  value of  the  surface 

f r e e  energy. For values s i g n i f i c a n t l y  h igher  than 700 ergs/cm2 t'he 

nuc lea t i on  r a t e  obta ined i s  t oo  low t o  reproduce the  1014 t o  1015 

voids/cm3 usual l y  observed i n  ion  bombardment experiments. I t i s  

be l i eved  t h a t  such low surface energies a re  p h y s i c a l l y  more r e a l i s t i c  

as discussed i n  r e f .  8. 
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F i g .  4. The f r a c t i o n  o f  de fec t s  recombining versus temperature 
( i . e . ,  n o t  absorbed a t  s inks )  w i t h  no p o i n t  d e f e c t  t r a p p i n g  and w i t h  
e i t h e r  vacancy t r app ing  w i t h  E; = 0.5 eV o r  i n t e r s t i t i a l  t r a p p i n g  w i t h  

b  E i  = 1.7 eV. Two d i f f e r e n t  s i n k  s t r eng ths  a r e  cons idered,  5  x 1011 
corresponding t o  heavi  l y  cold-worked m a t e r i a l  and 1 0 l 0  ~ m ' ~  correspond- 
i n g  t o  annealed m a t e r i a l  a f t e r  moderate r a d i a t i o n  dose. 
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DOSE RATE ( dpo /set) 

F i g .  5. The f r a c t i o n  o f  de fec ts  recombining versus dose r a t e  w i t h  
b  no t r a p p i n g  and w i t h  e i t h e r  vacancy t r a p p i n g  a t  Ev = 0.5 eV o r  i n t e r s t i -  

b  t i a l  t r a p p i n g  a t  E i  = 1.7 eV. For a  g iven  temperature,  a t  h i ghe r  dose 
r a t e s  t he  d i f f e r e n c e  i n  t h e  f r a c t i o n  recombining w i t h  and w i t h o u t  t r a p p i n g  
becomes sma l l e r  s i n c e  n e a r l y  a l l  recombine even w i t h o u t  t r a p p i n g  a t  h i gh  
dose r a t e .  



ORNL-DWG 77-45743 
1.0 

0 
1 0 - ~  lo-5 1 o - ~  I o - ~  

SOLUTE CONCENTRATION (otoms/atom) 

I _  F i g .  6. F r a c t i o n  recombining versus s o l u t e  concent ra t ion  w i t h  no b  
t r a p p i n g  and w i t h  e i t h e r  vacancy t rapp ing  a t  E v  = 0.5 eV o r  i n t e r s t i t i a l  
t r a p p i n g  a t  1.7 eV. Resul ts  f o r  bo th  t y p i c a l  charged p a r t i c l e  and f a s t  
reac to r  dose ra tes  and temperatures a r e  given. Trapping becomes e f f e c -  
t i v e  a t  smal ler  s o l u t e  concentrat ions and produces a  l a r g e r  increase i n  
t h e . f r a c t i o n  recombining a t  reac to r  cond i t ions .  

f o r  a  temperature o f  600°C and s i n k  s t rengths  o f  5  x 10 l0  cm'*. Above 

~3 x 1 0 ' ~  dpa/s, . p o i n t  de fec t  recombinat ion i s  the  dominant mode o f  loss 

even w i t h o u t  p o i n t  de fec t  t rapping.  The e f f e c t  o f  p o i n t  de fec t  t rapp ing  

i s , t o  increase t h i s  f u r t h e r .  F igure  6 shows t h a t  t he  change i n  f r a c t i o n  

recombining w i t h  increas ing  s o l u t e  concentrat  ion  i s  more a t  

r e a c t o r  cond i t i ons  than a t  charged p a r t i c l e  cond i t i ons .  

F igures 7, 8, and 9 d i s p l a y  the  e f fec ts  o f  p o i n t  defect t rapp ing  

on v o i d  nuc lea t ion ,  v o i d  growth and t h e  d i s l o c a t i o n  c l  imb (!$!PA) mecha- 

nism o f  i r r a d i a t i o n  creep. The r e s u l t s  a r e  shown i n  F ig .  7 f o r  the  f ree  

energy o f  vo id  nuc lea t ion ,  w i t h  t h e  corresponding nucl 'eat ion ra tes  g iven 

i n  t h e  f i g u r e  caption., F igure  8  g ives the  r e s u l t s  f o r  v o i d  growth. The 
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F i g .  7. The e f f e c t  o f  i m p u r i t y  t r a p p i n g  on t he  f r e e  energy of  v o i d  
nuc lea t i on .  Upper curves a r e  f o r  vacancy t r a p p i n g  and lower curves f o r  
i n t e r s t i t i a l  t r app ing .  The n u c l e a t i o n  r a t e s  c a l c u l a t e d  f rom t h e  curves 
a r e  g i ven  below ( i n  n u c l e i  pe r  second) as a  f u n c t i o n  o f  b i n d i n g  energy 
i n  eV: 

= 0, 1.5 x  10'2, ib = 0.3, 2.2 x  l o l l ,  
Vacancy t r app ing :  

= 0.4, 6  x  lo9 ,  Eb = 0.5, 1.8 x l o 6 ;  

= 1.25, 1.4 x  1012, E b =  1.4, 8x10 ' ' ,  
I n t e r s t i t i a l  t r a w i w : [ : b =  1.6, 2 , g X  109, E b =  1.7, 3.5' 105.  

b  

I n  a  t y p i c a l  i o n  bombardment exper iment,  vo ids  w i l l  n o t  be observab le  
below n u c l e a t i o n  r a t e s  o f  %10 l0  s'l. 
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Fig .  8. The e f f e c t  o'f impur i t y  t rapp ing  on vo id  growth ra tes .  
Upper curves a r e  f o r  vacancy t rapp ing  and lower curves f o r  i n t e r s t i t i a l  
t rapp ing .  The parameters used here a re  g iven i n  Table 1 except t h a t  the 
d i s l o c a t i o n  i n t e r s t i t i a l  preference i s  taken as 1.01/1. This  r e f l e c t s  
t h e  f a c t  t h a t  v o i d  growth takes p lace a t  h igher  doses than vo id  nuclea- 
t i o n  where d i s l o c a t i o n  d e n s l t l e s  are  genera l l y  i n  network rather. L l~an  
loops, and thus t h e  d i s l o c a t i o n  i n t e r s t i t i a l  preference i s  expected t o  
be lower. 
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Fig .  9. Ra t i o  o f  d i s l o c a t i o n  c l imb creep r a t e  w i t h  vacancy ' t rapp ing  
w i t h  E = 0.5 eV t o  t h a t  w i thou t  t rapp ing  versus s o l u t e  concent ra t ion  f o r  
t y p i c a l  f a s t  reac to r  cond i t ions .  Even a t  t h i s  h igh  b ind ing  energy the 
d i s l o c a t i o n  c l imb creep r a t e  i s  o n l y  reduced by a  f a c t o r  o f  2 a t  t he  
h ighest  s o l u t e  concentrat ion.  Table 2 gives the  values of the  o the r  
parameters used i n  t h i s  computation. 

TABLE 2 

Parameter Values Used i n  Obta in ing Resul ts  Shown i n  F igure  9 

Parameter Value 

Stress , dyne/cm2 

S hea r modu l us, dyne/cm2 

Poisson's  r a t i o  

Burger 's  vec tor ,  cm 



upper s e t  o f  curves i n  each f i g u r e  d i sp lays  the  e f f e c t s  o f  vacancy 

t r a p p i n g  w i t h  t h e  lower s e t  fo r  i n t e r s t i t i a l  t rapp ing .  

Both i n t e r s t i t i a l  and vacancy t rapp ing  can be seen t o  produce 

s t rong  reduct ions  i n  swe l l i ng .  To produce the  same reduct ion  i n  nuclea- 

t i o n  o r  growth r a t e ,  t he  b i n d i n g  energy requ i red  fo r  the  vacancy i s  much 

l ess  than t h a t  f o r  t he  i n t e r s t i t i a l .  Indeed, t o  show a s i g n i f i c a n t  

e f f e c t  t h e  i n t e r s t i t i a l  b ind ing  energy must exceed the  d i f fe rence i n  

m i g r a t i o n  energies between the  vacancy and i n t e r s t i t i a l ,  1.23 eV i n  these 

c a l c u l a t i o n s .  .The bas i s  of  t h i s  e f f e c t  i s  der ived i n  Sect ion 2.5. 

Trapping reduces bo th  the  v o i d  nuc lea t i on  and growth ra tes ,  w i t h  

the  reduc t i on  i n  nuc lea t i on  r a t e  by f a r  exceeding the  reduct ion  i n  growth 

r a t e  f o r  a g iven b i n d i n g  energy. The nuc lea t i on  r a t e  i s  decreased w i t h  

increases i n  b ind ing  energy due t o  increases i n  bo th  the  s i z e  and free 

energy o f  t h e  c r i t i c a l  nucleus. 

F igu re  9 shows t h a t  t h e  reduct ion  i n  the  d i s l o c a t i o n  c l imb  creep 

r a t e  increases w i t h  increas ing  s o l u t e  concent ra t ion  f o r  vacancy t rapp ing  

under reac to r  i r r a d i a t i o n  cond i t ions .  Th is  i s  e n t i r e l y  due t o  the  reduc- 

d 
t i o n  i n  f r e e  i n t e r s t i t i a l  concent ra t ion  s ince  AZv i n  E q .  (31) vanishes 

w i t h  the  parameter values used here. The phys ica l  meaning here i s  t h a t  

t h e r e  i s  no p re fe r red  absorp t ion  o f  vacancies regardless of t h e  o r i e n t a -  

t i o n  o f  t h e ' d i s l o c a t i o n  Burgers vec to r  w i t h  respect t o  t he  s t ress  a x i s  

us ing  the  parameters o f  Table 2. Thus, t h e  creep r a t e  i s  d i r e c t l y  propor- 

t i o n a l  t o  t he  f r e e  i n t e r s t i t i a l  popu la t ion  and hence less  s e n s i t i v e  t o  

t r a p p i n g  than i s  i r r a d i a t i o n  s w e l l i n g  which depends on both  f r e e  i n t e r -  

s t i t i a l  and vacancy concentrat ions.  Wi th o the r  parameter values there  

might  a l s o  be a p r e f e r r e d  absorp t ion  o f  vacancies, though t o  a smal l e r  



extent  than f o r  i n t e r s t i t i a l s .  The c l  imb-gl i de  creep ra te ,  Eq .  (32) ,  i s  

d i r e c t l y  p ropo r t i ona l  t o  t he  vo id  growth ra te .  I t s  p ropo r t i ona te  reduc- 

t i o n  w i t h  t rapp ing  fo l l ows  t h a t  shown i n  F ig.  8 and thus a  separate 

f i g u r e  f o r  i t  need not  be included. 

The foregoing has i l l u s t r a t e d  the  e f f e c t s  t o  be expected based upon 

t rapp ing  a t  a  s i n g l e  type o f  t r a p  as func t i ons  o f  temperature, dose r a t e ,  

s o l u t e  concent ra t ion  and b ind ing  energy. With these concepts we now 

t u r n  t o  more cornplex s i t u a t i o n s .  Consider f i r s t  the  i n f i n i t e  medium 

con ta in ing  t raps  f o r  both vacancies and i n t e r s t i t i a l s .  F igures 10 and 1 1  

show the  p red i c ted  swe l l i ng  as functi,ons o f  dose and. s o l u t e  concen'trat ion, 

respec t i ve l y ,  f o r  n i c k e l  us ing  the  parameters g iven i n  Table I and on t h e  

f i gu res .  The r e s u l t s  a re  shown f o r  combined i n t e r s t i t i a l  and vacancy 

t rapp ing  as w e l l  as f o r  i n t e r s t i t i a l  o r  vacancy t rapp ing .  For t he  b ind-  

i ng  energies i l l u s t r a t e d ,  which correspond t o  moderately s t rong t rapp ing ,  

i t  i s  found t h a t  the  combined t rapp ing  leads t o  less  reduct ion  i n  s w e l l i n g  

than would be expected by t a k i n g  the  products of t he  f r a c t i o n a l  swel l  ings 

I 1 
--- qb=~,bs o I 

----- / - q b = O ,  E ,b=0.3ev  / -  
--- E,b=t.sev. E,!=o / 
- E , ~ S  4.5eV. E,!= 0 .3eV 

/ 
/ - - 

T = 5OO0C / 
DOSE = 4Odpo / 
DOSE RATE = ! o - ~  dpo/s, 

/ 
- 

Fig .  10. The s w e l l i n g  versus dose 
f o r  no t rapp ing ,  vacancy t rapp ing ,  i n t e r -  
s t i t i a l  t rapp ing ,  and combined vacancy 
and i n t e r s t i t i a l  t rapp ing .  NV denotes 
the  number o f  vo ids ( i n i t i a l  s i z e  lob)  
and NL denotes the number o f  loops 
( i n i t ~ a l  s i z e  lob) .  I n  F igs .  10, 1 1 ,  
and 12 we use the  parameter values 

v = 6 x 1013 cme3, NL = 1 x 1013 ~ r n - ~ ,  L = 5 x l o 9  cmm2, and 
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P = 500°C  - 
DOSE = lOdpa 

DOSE RATE = f0-= dpa/s 

Fig .  1 1 .  The s w e l l i n g  a t  
10 dpa versus s o l u t e  concentra- 
t i o n ,  f o r  no t rapp ing ,  vacancy 
t rapp ing ,  i n t e r s t i t i a l  t rapp ing ,  
and combined vacancy and i n t e r -  
s t i t i a l  t rapp ing .  

1 I I 1 1 1  1 1 1  I r 1 1 1  I I I I I ]  

2 . 5  r o - ~  2 5 r o - ~  
SOLUTE CONCENTRATION ( atoms/atom 

f o r  t h e  cases of  separate vacancy and i n t ' e r s t i  t i a l  t rapp ing .  ' ~ o w e l e r ,  f o r  

cases o f  weak t rapp ing ,  e.g., Eb = 0.1 and Eb = 1.3 (not  shown), i t  has 
v  i 

been found tha t  t h e  f r a c t i o n a l  swel l  ing  f o r  the  combined case approxi -  

mate ly  equals the  products o f  the f r a c t i o n a l  swe l l ings  f o r  separate 

vacancy and i n t e r s t i t i a l  t rapp ing .  By f r a c t i o n a l  swe l l i ng ,  we mean the  

r a t i o  o f  s w e l l i n g  w i t h  t rapp ing  t o  swe l l i ng  w i t h  no t rapp ing .  Th is  

r e s u l t  i s  expected i n t u i t i v e l y  s ince  f o r  weak t rapp ing  the  e n t i r e  reduc- 

t i o n  i n  s w e l l i n g  i s  q u i t e  smal l ,  and so each t r a p  i s  ope ra t i ng  on a  sys- 

tem which i s  o n l y  s l i g h t l y  d i f f e r e n t  from the  system w i t h  no t raps  and 

w i l l  reduce s w e l l i n g  by roughly t h e  same f r a c t i o n  as i f  no o the r  t raps  

were present .  

Consider now the case of heavy-inn hornhardrncnt where the ion  i s  

chemica l ly  d i f f e r e n t  from t h e  specimen. I f  there  i s  a  b ind ing  energy 

between t h e  implanted i o n  and vacancies o r  i n t e r s t i t i a l s ,  t h i s  w i l l  

represent  a  case o f  s p a t i a l l y  and temporal ly  dependent t r a p  dens i ty .  I n  

a d d i t i o n ,  t he  p o i n t  de fec t  generat ion p r o f i l e  i s  s p a t i a l l y  dependent. 



Figure  12 shows the  ca l cu la ted  swe l l i ng  as func t ions  o f  dose and p o s i t i o n  

f o r  t h i s  case. The defect generat ion and i o n  i n j e c t i o n  p r o f i l e s  a r e  

shown i n  the  top  p a r t  of t he  f i gu re ;  the  middle and bottom p o r t i o n s  of  

t h e  f i g u r e  show the  s w e l l i n g . a t  10 and 100 dpa, respec t i ve l y ,  f o r  no 

t rapping,  t rapp ing  w i t h  a  constant  and uni form d i s t r i b u t i o n  o f  t raps  and 

f o r  t rapp ing  by the  i n j e c t e d  ions. As expected, the  s w e l l i n g  peak w i t h  

i n j e c t e d  t raps  i s  moved toward the  surface where ' there  a r e  no i n j e c t e d  

t raps,  w h i l e  the o the r  s w e l l i n g  curves peak near the  p o i n t  de fec t  

p roduct ion  peak. O f  course t h e  parameters chosen a r e  o n l y  f o r  i 1 l u s t r a -  

t i o n .  In  p a r t i c u l a r ,  the i n j e c t e d  i on  p r o f i l e  i s  i d e n t i c a l  t o  t h a t  f o r  

4 MeV ~ i++  i n  n i c k e l .  However, t he  r e s u l t  t h a t  t he  swe l l  i n g  peak may s h i f t  

s u b s t a n t i a l l y  from the  p o i n t  de fec t  p roduct ion  peak should be taken i n t o  

account when bombarding w i t h  d i s s i m i l a r  ions. We add p a r e n t h e t i c a l l y  t h a t  

0 0 . 2  0.4 0.6 0.8 1.0 1.2 f.4 1.6 
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P@ 8 F ig .  12. Ca lcu la ted  
s w e l l i n g  as a  f u n c t i o n  of  pos i -  

- 0 . 5  v!k t i o n  f o r  two d i f f e r e n t  doses, 
f o r  no t rapp ing ,  t rapp ing  w i t h  

o constant  and un i fo rm t r a p  d i s -  
I I I I I I I - .  ae 10 dpo AT x = 0 . 7 ~ m  t r i b u t i o n ,  and f o r  t rapp ing  on 

- i 'n jec ted  ions. The so l  i d  curves 
i n  the middle and bottom po r t i ons  

- o f  the  f i g u r e  g i v e  the  swe l l i ng  
f o r  no t rapp ing ,  the dashed- - do t ted  curves g i v e  the  s w e l l i n g  

I f o r  un i fo rm s o l u t e  concent ra t ion  
a t  10'3 apa and the  dashed 
curves fo r .  inhomogeneous s o l u t e  
depos i t ion.. The upper p o r t  ion  

- shows the  energy and i n j e c t e d  

ion  d i s t r i b u t i o n s .  



a s i m i l a r .  s h i f t i n g  of the  peak i n  s w e l l i n g  may occur even when bombarding 

w i t h  specimen metal ions based on the  i n j e c t i o n  of these ions as e x t r a  

i n t e r s t i t i a l s .  The basis.  o.f t h i s  e f f e c t  i s  der ived i n  r e f .  20 and the 

s p a t i a l l y  dependent c a l c u l a t i o n  g iven i n  r e f .  19. For c l a r i t y ,  t he  s o l i d  

curves i n  t h e  middle and bottom por t ions.  of F ig .  12'do. no t  inc lude the 

e f f e c t  o f  i n j e c t e d  self- i .ons.:  . . 

4 .  SUMMARY A N D  DISCUSSION 

A general. theory  o f  p o i n t  de fec t  t rapp ing ,and i t s  e f f e c t  on v o i d  

fo rmat ion  and i r r a d i a t i o n  creep has been developed. Th i s  theory encompasses 

bo th  vacancy and i n t e r s t i t i a l  t rapp ing  a t  a m u l t i p l i c i t y  o f  t raps  and the 

e f f e c t s ~ o f  p o i n t  de fec t  t rapp ing  on v o i d  nuc lea t ion ,  v o i d  growth, and 

i r r a d i a t i o n  creep. The equat ions a l s o  e x p l i c i t y  inc lude s p a t i a l  inhomoge- 

n e i t y  and t ime dependence. The r e l a t i o n s h i p  t o  e a r l i e r  work i n  t h i s  

f i e l d  i s  reviewed where necessary. The s i g n i f i c a n c e  o f  h igher  o rder  cor-  

r e c t i o n s  a r e  discussed. I n  p a r t i c u l a r  the c o r r e c t i o n  due t o  exc lus ion  

o f  s i t e s  near t raps  t o  f r e e  vacancies becomes important when the  t r a p  

concen t ra t i on  i s  o f  the  order  o f  1%. The t raps  a r e  described by t h e i r  

concent ra t ion ,  t rapp ing  rad ius ,  capture rad ius  f o r  a f ree  defect when 

the  oppos i te  t y p e d e f e c t  i s  trapped, and by t h e i r  b ind ing  energy f o r  p o i n t  

de fec ts .  By vary ing  these parameters, e i t h e r  s o l u t e  atoms, s o l u t e  atom 

c l u s t e r s ,  o r  p r e c i p i t a t e s  may be inc luded as t raps  [6,21]; 

Trapping can be viewed i'n terms o f .  e f f e c t i v e  recombinat ion 

o r  d i f f u s i o n  coef f  i c ien ' ts .  The c o r r e c t  expressions f o r  these e f f e c t i v e  

c o e f f i c i e n t s  a r e  given. The general r e s u l t  t h a t  vacancy t rapp ing  i s  



3 1 

e f f e c t i v e  i n  reducing swel. l ing.and creep a t  r e l a t , i v e l y  smal l  b ind ing  

energies bu t  t h a t  i n t e r s t i t i a l  t rapp ing  i s  o n l y  e f f e c t i v e  i f  the  b lnd ing  

energy exceeds approximately the  d i f f e r e n c e  i n  the  f r e e  vacancy and i n t e r -  

s t i t i a l  m ig ra t i on  energies can be understood i n  terms o f - e f f e c t i v e  d i f f u -  

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

P o i n t  de fec t  t rapp ing  increases the f r a c t i o n  o f  de fec ts  recombining 

i n  the m a t r i x  a t  t he  expense o f  those d i f f u s i n g  t o  s inks  and thereby 

decreases the  concent ra t ion  o f  f r e e  p o i n t  defects.  O f  t he  th ree  processes 

considered .- v o i d  nuc lea t ion ,  vo id  growth, and i r r a d i a t i o n  creep - t rap -  

p ing  i s  p red i c ted  t o  be most e f f e c t i v e  i n  decreasing the  v o i d  nuc lea t i on  

ra te ;  r e l a t i v e l y  low concentrat ions and b ind ing  energies o f  t raps  decreas- 

i n g  the nuc lea t i on  r a t e  by a t  l e a s t  several orders o f  magnitude. The* 

next  l a rges t  e f f e c t  o f  t rapp ing  i s  on v o i d  growth r a t e  and t o  e x a c t l y  

t he  same degree on the c l imb-g l i de  creep ra te .  The smal les t  e f f e c t  i s  

on the S l P A  d i s l o c a t i o n  c l imb mechanism o f  i r r a d i a t i o n  creep. The e f f e c t s  

p red i c ted  a re  i l l u s t r a t e d  p r i m a r i l y  as func t i ons  o f  b ind ing  energy, t r a p  

concentrat ion,  temperature, and dose r a t e  f o r  parameter ranges o f  i n t e r e s t .  

Imp l i ca t i ons  f o r  p lann ing  o f  f u t u r e  experiments and i n t e r p r e t i n g  

experimental  r e s u l t s  a re  s i g n i f i c a n t .  C e r t a i n l y  t he  well-known q u a l i t a -  

t i v e  r e l a t i o n  between increas ing  s o l u t e  content and reduct ion  i n  s w e l l i n g  

i s  confirmed. For more exact t e s t i n g  of  the theory,  we need more 

d e t a i l e d  experiments w i t h  c a r e f u l l y  c o n t r o l l e d  add i t i ons  o f  g iven so lu tes  

a t  several l eve l s  and of so lu tes  w i t h  v a r i a t i o n  i n  b ind ing  energy. 

From Figs.  6 and 1 1  we see, f o r  example, t h a t  p o i n t  de fec t  t rapp ing  

even w i t h  reasonably l a rge  b ind ing  energies i s  expected t o  have l i t t l e  

e f fec t  i f  the  s o l u t e  concentrat ions a re  below about 10 ppm. Thus, i f  



t h e  e f f e c t  o f  i m p u r i t i e s  a t  t h i s  l eve l  i s  found exper imental ly  t o  be 

s i g n i f i c a n t  the i m p l i c a t i o n  i s  tha t . .po in t  de fec t  t rapp ing i s  no t  the 

opera t i ve  mechanism there.  Use must be. made o f  t he  resu l  t s  o f  more 

fundamental work t o  determine b ind ing energies. ' W i t h  regard t o  creep, 

the  theory p r e d i c t s  less s e n s i t i v i t y  t o  s o l u t e  content ,  a  t rend which 

i s  q u a l i t a t i v e l y  borne ou t  by experiment s ince many g r e a t l y  d i f f e r e n t  

a1 l oys  do not  have .w ide ly  d ivergent  creep ra tes  [22].  The pred ic ted 

l i m i t e d  s e n s i t i v i t y  o f  creep r e s u l t s  t o  t rapp ing c a l l s  f o r  e l e n ' g r e a t e r  

care i n  p lanning experiments o f  t h i s  type. 
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