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in Anisotropic Materials

By

A. S a r c i : a n d  E. J. S a v in o

T he gra in  b o u n d a r y  sink s t reng ths  for intrinsic poin t  defects in an an iso tro p ic  lattice are  calculated. 
It is sh o w n  tha t  the sink s t reng th  depends  on  the g ra in  size, its shape, its m etallurg ical  sta te, and ,  for 
hexagona l  sym m etry ,  on  the a n is o tro p y  fac tor  for the diffusivity (D J D J . It a p p e a rs  to be in dependen t  
of  the vo lum e averaged  diffusivity cons tan t .  F o r  the gra in  shape  dependence ,  the Holt  an d  Ib rah im  
a n is o tro p y  fac tor  is o b ta in ed  only as a limit case.

Die S tä rk e  der  K o rn g rcn z cn sen k e  für F .igen-Punktdefckte  in einem an is o tro p e n  G i t te r  wird berechnet .  
Hs wird gezeigt, d a ß  die S enkens tä rke  von d e r  K o rn g rö ß e ,  de ren  F o rm ,  m eta l lu rg ischer  Z u s ta n d  und 
für h exagona le  Sym m etrie ,  vom  A niso t ro p ie fak to r  für d a s  D if fus ionsverm ögen ab h än g t .  Sie
scheint von der  v o lum engem it te l ten  D if fus ionskons tan te  u n a b h ä n g ig  zu sein. F ü r  die Abhängigkei t  
d e r  K o rn fo rm  wird der  A n iso t ro p ie fak to r  n ach  Floh und  Ib rah im  n u r  als Grenzfa ll  erhalten.

1. Introduction

In t r in s ic  la t t ic c  defects ,  in te rs t i t ia ls ,  a n d  v acan c ie s ,  m ig r a te  by  th e r m a l  a c t iv a t io n .  W h e n e v e r  
o n e  o f  th o se  p o in t  defec ts  r e ac h es  th e  c a p t u r e  c ro ss  se c t io n  o f  a  m o r e  s ta b le  a n d  less m o b i le  
defects ,  c i th e r  a  l inear,  tw o- ,  o r  t h r e e - d im e n s io n a l  o n e .  it m a y  be t r a p p e d .  T h is  t r a p p i n g  
p ro c e s s  g e n e ra l ly  r e d u ce s  th e  p o t e n t i a l  e n e rg y  o f  th e  c rys ta l .  A lso  the  o th e rw is e  r a n d o m  
w a lk  o f  p o in t  defec ts  is b ia sed  by  the  l o n g - r a n g e  e las t ic  field in d u c e d  by  th e  l a rg e r  defects . 
T h e  s t r e n g th  o f  th o se  defec ts  is th e re fo re  a  f u n c t io n  b o t h  o f  th e i r  c a p t u r e  c ro ss  sec t io n  for 
p o in t  defec ts  a n d  th e  b ias  fac to r .  B e ing  th e  d i s t o r t i o n  field a s so c ia te d  to  the  g ra in  b o u n d a r y  
w e a k e r  a n d  o f  s h o r t e r  r a n g e  t h a n  th e  o n e  o f  o t h e r  c ry s ta l  t o p o lo g ic a l  defects ,  like d i s lo ca t io n s ,  
p o in t  defec ts  a re  p r e s u m a b l y  o n ly  w e ak ly  b iased  to w a r d s  it. H o w e v e r ,  in f in e -g ra in ed  
p o ly c ry s ta ls ,  g ra in  b o u n d a r i e s  m a y  be the  m a in  s ink  fo r  d e te r m in in g  the  p o in t  defect  fate. 
A lso  in n o t  so  fine g ra in s ,  th e y  m a y  c o m p e te  as s in k s  w i th  o t h e r  c ry s ta l  im p e rfec t io n s .  
U n d e r  i r r a d i a t i o n  e q u a l  n u m b e r  o f  in te r s t i t ia ls  a n d  vacancie s ,  F r e n k e l  pa irs ,  a re  p r o d u c e d  
o u t s id e  t h e r m a l  e q u i l ib r iu m .  W h e n  in te r s t i t ia ls  p r o d u c e d  a t  a  g iven  g ra in  a re  p re fe ren tia l ly  
t r a p p e d  a t  o n e  o f  its g ra in  b o u n d a r ie s ,  o n e  m a y  ex p ec t  a  ne t  a d v a n c e  o f  th a t  g ra in  o v e r  
n e ig h b o u r  o n e s  (p lus  s o m e  re s id u a l  c o m p r e s s io n  field d u e  to  c o m p a t ib i l i t y  r easo n s )  a n d  
th e re fo re  a n  e x te n s io n  o f  the  sp e c im e n  in a d i r e c t io n  p e r p e n d ic u la r  to  the  b o u n d a r y  p lan e ,  
c o n v e r se ly  v a ca n c ie s  will in t r o d u c e  a  c o n t r a c t i o n  in to  t h a t  d i rec t io n .  T h is  im p l ies  t h a t  
se lective  defec t  a b s o r p t io n  a t  g ra in  b o u n d a r i e s  m a y  resu lt  in m a c r o s c o p ic  s t ra in in g .  F o r  
sp h e r ic a l  g ra in s  a n d  i s o t ro p ic  c rys ta ls ,  w h e re  th e  d iffus ion  ra te  d o c s  n o t  d e p e n d  o n  the  
defect  m ig r a t io n  d i rec t io n ,  a p re fe re n t ia l  m ig r a t io n  a n d  t r a p p i n g  o f  in te r s t i t ia ls  a t  the  
b o u n d a r y  im pl ies  a p o s i t iv e  c o n t r i b u t io n  to  the  c h a n g e  in v o lu m e  (n eg a t iv e  o n e  for
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vacancies) .  As p ro v e d  by F a i n s t e i n - P e d r a z a  et al.  [1], S a v in o  a n d  L a c ia n a  [2], a n d  H o l t  a n d  
I b r a h im  [3] for the  case  o f  p a ra l le le p ip e d  g ra in s  the  a n i s o t r o p y  in th e  sh a p e  o f  the  g ra in  
im p l ies  the  la rg es t  s ink  s t r e n g th  to  be a s so c ia te d  to  the  g ra in  b o u n d a r y  faces p e r p e n d ic u l a r  
to  th e  s h o r te s t  g ra in  axis, l iven  fo r  p u r e  m eta ls ,  d e p e n d i n g  o n  the  r e la t io n  o f  o r i e n t a t i o n  
b e tw ee n  g ra ins ,  the  b o u n d a r y  m a y  h a v e  a restr i ' - ied  c a p a c i ty  as s ink  o f  p o in t  de fec ts  (i.e. 
to  be a n o n  idea l  sink). T h is  im p l ies  t h a t  o n c e  a p o in t  defect  h a s  r e a c h e d  the  e n v i r o n m e n t  
o f  the  g ra in  face its a b s o r p t i o n  d e p e n d s  b o th  o n  the  c h e m ic a l  spec ies  o f  the  in te r s t i t ia l  a n d  
v a ca n cy  defect  a n d  o n  a l im i ted  a b s o r p t i o n  ra te  [4, 5],

T h e  d y n a m ic s  o f  th e  p o i n t  defec ts  in d u c e d  by i r r a d i a t i o n  d e te r m in e s  the  c ry s ta l  p e r m a n e n t  
s t r a in in g  rate.  T h is  m ic ro  a n d  the  a s so c ia te d  m a c r o  e v o lu t io n  o f  a  c ry s ta l  u n d e r  i r r a d i a t i o n  
a re  q u a n t i t a t i v e ly  c a lc u la te d  by m e a n s  o f  the  so -ca l led  " r a t e  t h e o r y " .  T h is  a p p r o a c h  w as  
first d e v e lo p e d  by W ie d e rs ic h  [6] a n d  l a te r  fu r th e r  d e v e lo p e d  by B ra i ls fo rd  a n d  B u l lo u g h  
[5], T h is  t h e o r y  g e n era l ly  a s su m e s  a n  a v e r a g e  i s o t r o p ic  diffusivity  a n d  the  d ifferences  b e tw ee n  
s in k s  for p o in t  defec ts  a re  d u m p e d  in to  a s ink  s t r e n g th  p a r a m e t e r  a s so c ia te d  to  e a c h  sink 
type. T h e re fo re ,  the  re le v an t  p a r a m e t e r s  for th is  th e o r y  a r e  th e  in d iv id u a l  s ink  s t r e n g th s  
w h ic h  m u s t  be c o n s i s te n t ly  c a lc u la te d .  At h igh  i r r a d i a t i o n  flux a n d  re la t ive ly  h igh  
t e m p e r a t u r e s  m o s t  m a te r i a l s  swell by n u c le a t io n  a n d  g r o w t h  o f  vo id s  |7], T h is  p h e n o m e n o n  
is m a in ly  in d u c e d  by  the  p re fe ren tia l  a t t r a c t io n  o f  in te r s t i t ia ls  t o w a r d s  d i s lo c a t io n s  w ith  
respec t  to  v acancies .  If  so, m o r e  v a ca n c ie s  r e m a in  free to  be t r a p p e d  at im p u r i t ie s  o r  o t h e r  
c ry s ta l  defec ts  (o n se t  o f  vo id  n u c le a t io n )  o r  a t  a l r e a d y  n u c le a te d  vo ids,  a l lo w in g  for th e i r  
g ro w in g .  In a n i s o t r o p ic  m a te r ia ls ,  the  n e tw o r k  d i s lo c a t io n s  m a y  h a v e  a p re fe ren tia l  
o r i e n t a t i o n  o f  th e i r  B u rg e rs  vec to rs .  T h e  a b o v e - m e n t i o n e d  p re fe re n t ia l  a t t r a c t io n  o f  
in te r s t i t ia ls  a n d  th e i r  s u b s e q u e n t  t r a p p i n g  will in d u c e  th e  c l im b in g  o f  th e  d i s lo c a t io n  a n d  
th e re fo re  a s t r a in in g  o f  th e  c ry s ta l  in the  case  the  c o r r e s p o n d i n g  v a ca n c ie s  c a n  be t r a p p e d  
at a l t e rn a t iv e  th r e e - d im e n s io n a l  s inks,  like g ra in  b o u n d a r ie s .  T h is  is the  bas is  o f  the  
i r r a d i a t i o n  g r o w th  th e o ry  for h igh ly  t e x tu r e d  c o ld  w o r k e d  Z r  [1. 8], T h e  w h o le  su b je c t  of  
g r o w th  a n d  c ree p  u n d e r  i r r a d i a t i o n  h a s  been  rev iew ed  in a rece n t  m e e t in g  a t  H ec la  Is land .  
T h e r e  [9 to  14], the  g ra in  b o u n d a r y  a p p e a r s  as the  re le v an t  s ink  fo r  c a lc u la t in g  th e  e v o lu t io n  
o f  the  defect c o n c e n t r a t i o n  in p o ly c ry s ta l s  u n d e r  i r r a d ia t io n .  H o w e v e r ,  a sy s te m a t ic  
c a l c u l a t i o n  o f  th e  g ra in  b o u n d a r y  s ink  s t r e n g th  h a s  been  re la t ive ly  n eg lec ted  in the  l i te ra tu re ,  
e spec ia l ly  for th e  case  o f  a n i s o t r o p i c  c rys ta ls .  E v en  for i s o t ro p ic  g ra in s  on ly  a very few 
c a lc u la t io n s  h a v e  been  r e p o r t e d ,  see fo r  e x a m p le  B u l lo u g h  et al. [15]. W e a lso  recently  
p e r fo rm e d  a c a lc u la t io n  fo r  severa l  s ink  s t r e n g th s  i n c lu d in g  the  g ra in  b o u n d a r y  a n d  
c o n s id e r in g  th e  diffusivity  c o n s t a n t  to  be  a n i s o t r o p i c  [16]

G e n e r a l ly  for “ ra te  t h e o r y "  the  a p p r o x i m a t i o n  o f  a h igh  d e n s i ty  o f  s in k s  w i th in  the  g ra in  
is a d o p te d  for c a lc u la t in g  the  g ra in  b o u n d a r y  s ink  s t re n g th .  T h is  im p l ies  to  c o n s id e r  t h a t  
the  b o u n d a r y  c a n  o n ly  t r a p  the  p o in t  defec ts  lo ca te d  in a n a r r o w  reg io n  n e ig h b o r e d  to  it 
w h e re  n o  a l t e rn a t iv e  s in k s  a re  p re sen t .  T h is  a p p r o a c h  w a s  first p r o p o s e d  by  B ra il s fo rd  a n d  
B u l lo u g h  [17] a n d ,  to th e  a u th o r s  k n o w le d g e ,  o n ly  cr i t ica l ly  e v a lu a t e d  by the  s a m e  a u th o r s  
in the  a b o v e - m e n t i o n e d  w o r k  [15], T h is  h igh  s ink  d e n s i ty  a p p r o x i m a t i o n  p re d ic ts  th e  s q u a r e  
o f  the  g ra in  b o u n d a r y  s ink  s t r e n g th  to  be  d i rec t ly  p r o p o r t i o n a l  to  the  s t r e n g th  o f  the  
o t h e r  s inks  (ksc) w i th in  th e  g ra in  a n d  to  th e  r a t io  o f  the  b o u n d a r y  a re a  w i th  the  g ra in  
v o lu m e .  F o r  a sp h e r ica l  g ra in  o f  d i a m e te r

i<; h =  6/cs„ • m

As sa id  a b o v e  B u l lo u g h  et al. [15] h a v e  sh o w n  in th e i r  w o r k  the  re la t ive  v a l id i ty  o f  th is  
l imit,  wh i le  S a v in o  [ 18] p e r fo r m e d  a s im ila r  n u m e r ic a l  w o r k  fo r  th e  c ase  o f  th in  films. F o r
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t h e  case  o f  p a ra l le le p ip e d  g ra in s ,  th e  s t r e n g th  for e a c h  face o f  th e  g ra in  is 1 3 th a t  in (1), 
w h e re  d f  is the  d i s t a n c e  b e tw e e n  p a ra l le l  faces. In  th o se  w o r k s  o n ly  th e  i so t ro p ic  case  o r  
o n e - d im e n s io n a l  d i f fus ion  w a s  c o n s id e re d .  A lso  G r i f f i th s  et al. [19] m e a s u r e d  recen tly  th a t  
the  g ra in  s t r e n g th  d e p e n d s  o n  the  c r y s t a l l o g ra p h ic  o r i e n ta t io n .

R e ce n t  e x p la n a t i o n s  o f  th e  e n h a n c e m e n t  o f  c re e p  u n d e r  i r r a d i a t i o n  a re  b a se d  o n  the  
in f luence  o f  the  s t re ss  field o n  the  s ink  s t r e n g th  [20 to  22], T h e  p io n e e r  w o r k s  o f  S a v in o  
[23] a n d  D e d e r ic h s  a n d  S c h r o e d e r  [24] sh o w e d  t h a t  th e  s y m m e t r y  o f  th e  p o in t  defect  a t  its 
e q u i l i b r iu m  a n d  sa d d le  p o in t  lo c a t io n  in f luences  its bias .  T h e i r  a p p r o a c h  fo r  the  d iffus ion  
u n d e r  s t re ss  h a s  been  used  p re v io u s ly  fo r  c a l c u l a t i n g  the  s ink  s t r e n g th s  o f  d is lo ca t io n s ,  
vo ids ,  a n d  g ra in  b o u n d a r i e s  u n d e r  a n  e x te rn a l ,  h o m o g e n e o u s  s tre ss  [16, 25, 26] a n d  the  effect 
o f  in te rn a l  s tre sse s  [27, 28], In th is  p a p e r  we sha l l  c a lc u la te  the  g ra in  b o u n d a r y  s ink  s t re n g th .  
A n a ly t i c a l  a n d  n u m e r ic a l  c a l c u l a t i o n s  a re  p e r fo rm e d  w i th in  a  m e a n  ce l lu la r  m o d e l  [15]. 
T h e  a n i s o t r o p y  o n  the  d iffusion ,  re la te d  to  th e  c ry s ta l  o r i e n t a t i o n ,  a n d  o n  the  g ra in  sh a p e  
is exp lic it ly  in c lu d e d  in the  c a lcu la t io n s .

2. Grain Boundary Sink Strength

As sa id  in th e  I n t r o d u c t i o n  we sha ll  c a lc u la te  th e  g ra in  b o u n d a r y  s ink  s t r e n g th  w i th in  a 
m e a n  c e l lu la r  m o d e l .  T h is  im plies  to  m o d e l  a n  i so la te d  g ra in ,  w i th  a n  in te rn a l  d i s t r ib u t io n  
o f  s in k s  fo r  p o in t  de fec ts  w i th in  it a n d  a h o m o g e n e o u s  d a m a g e  d e n s i ty  K .  T h e  in te rn a l  
s in k s  will be  c o n s id e r e d  to  be  s m e a r e d  o u t  a t  a n  effective m e d iu m  w i th in  th e  g ra in  a n d  
th e i r  s t r e n g th  fo r  p o in t  defec ts  will be  t a k e n  as  a k n o w n  p a r a m e t e r  A:sc. T h is  is re la te d  to 
th e i r  r a te  o f  a b s o r p t io n  o f  p o in t  defec ts  / sc a t  a  p o in t  r  by  the  d e f in i t io n

w h e re  <£>> is the  v o lu m e  a v e ra g e d  diffusivity  a n d  <•(/■) the  p o in t  defect c o n c e n t r a t i o n  a v e r a g e d  
in a  r e p re s e n ta t iv e  v o lu m e  e le m e n t  (R V li)  a t  the  p o in t  /• w i th in  the  g ra in  (for a  d e f in i t io n  
o f  R V E  see [29]).

T h e  p o in t  defect  d e n s i ty  will v a ry  w i th in  the  g ra in ,  t h a t  is, c is a  fu n c t io n  w ith  a  s low  
sp a c e  v a r ia t i o n  w ith  re sp ec t  to  the  d i s t a n c e  b e tw e e n  the  defect  s in k s  a t  th e  c rys ta l .  At s te a d y  
s ta te  a n d  w h e n  o n ly  a s ingle  p o in t  defect ty p e  is p re se n t  a t  th e  c ry s ta l  th is  d e n s i ty  will 
sa tisfy the  e q u a t i o n

w h e re  J  is the  defect  c u r r e n t  a t  a p o in t  r a n d  its d e p e n d e n c e  o n  c is a fu n c t io n  o f  the  c rys ta l  
a n d  defect  s y m m e t r y  w h ic h  we d iscu ss  b e lo w  for  h.c.p. s t ru c tu re s .

T h e  a v e r a g e  diffusi vity is c h o se n  h e rea f te r  a s  th e  i n v a r i a n t  o f  the  diffusi vity t e n s o r  [30],

w h e re  D''i} is th e  / - th  e ig e n v a lu e  o f  the  diffusi vity t e n s o r  in a n  u n s t r a in e d  c rys ta l .
T h e  g ra in  b o u n d a r y  s ink  s t r e n g th  k^h c a n  be c a lc u la te d  f ro m  th e  to ta l  defect  flow a t  the  

g ra in  b o u n d a r y .

1 scW =  <D > <'(/•),

V ■ J  + / sc =  K  . (2)

(3)
A

(4)
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w h e re  <c> is the  s p a c e - a v e r a g e d  p o in t  defec t  c o n c e n t r a t i o n  w i th in  the  g r a in ;  A  is th e  g ra in  
b o u n d a r y  area .

E q u a t i o n  (2) c a n  so lved  w ith  the  ideal s ink  s t r e n g th  c o n d i t i o n  a t  the  b o u n d a r y  o f  the  
g r a in ;  for a p a r a l le le p ip e d  g ra in  o f  d im e n s io n  i/ ,  x d ,  x j , .

c(Xj  =  0) =  t'0 , t(.Vj =  dj) =  c u , (5)

th is  im p l ies  t h a t  a  c o n s t a n t  c o n c e n t r a t i o n  c 0 (w h ich  m a y  be zero)  is a lw a y s  m a i n t a i n e d  at 
the  g ra in  b o u n d a r y .  A lso  a ra te  l im i ted  a p p r o a c h  m a y  be a d o p te d ,

— DVcf.Vj =  0) =  Kc ( . \ j  =  0 ) ,

-  D V d - V j  =  ( / , )  =  K c ( . X j  =  d j ) ,  ( 6 )

w h e re  dj  is a t  the  g ra in  b o u n d a r y  p e r p e n d ic u la r  to  th e  j  d i r ec t io n ,  a n d  K  is the  p o in t  defect 
t r a n s fe r  veloci ty .  D  is the  d iffusiv ity  t e n s o r ;  for th e  u n s t r a in e d  c rys ta l ,  it ag ree s  w ith  I )"  
used  before.

3. Grain Boundary Sink Strength Calculation

In the  init ial  w o r k  [23] a n d  the  fo l lo w in g  [20. 22. 24], th e  d e p e n d e n c e  o f  the  defec t  c u r re n t  
J  o n  th e  c ry s ta l  a n d  defec t  s y m m e t r y  is t h o r o u g h ly  d iscu ssed .  F o r  th e  s a k e  o f  i l lu s t r a t io n  
a n d  sim plic i ty ,  in th is  p a p e r  w e  sha l l  r e d u c e  the  g e n e ra l  e x p re s s io n  to  the  c ase  o f  h e x a g o n a l  
s y m m e t ry .  F o r  th is  p a r t i c u l a r  case.  (33) in [23] re d u c e s  to

s

=  I  
j  1

ex p
Q'

k T ,
dr,-) exp

£(»■,]

k T
<•(»•■) e x p

E(rj]

k T
(7)

w h e re  (•(»*,) a n d  c(i'j) ( E ( r{) a n d  E(rj))  a re  th e  p o in t  defect  d e n s i ty  ( fo r m a t io n  e nergy)  at 
n e ig h b o r  sites i a n d  /, re spec tive ly ,  b e in g  N  the  n u m b e r  o f  s ites j  t h a t  th e  defect  c a n  o c c u p y  
th r o u g h  a s ingle  j u m p  f rom  i in a  d i r e c t io n  ,v,( p a s s in g  a s a d d le  p o in t  site w i th  a n  e n erg y  
Q ‘J. T h e  defec t  c u r r e n t  re d u ce s  in the  c o n t i n u u m  l im it  to  the  w e l l -k n o w n  e x p re s s io n

J(r)  =  -  D(r)
i ( r )

Vr(i - )  +  V/-.'(i-) 
k T

w h ere

(XI

(9)

is the  a n i s o t r o p ic  d iffusivity  t e n s o r  a t  the  c o n t i n u u m  limit we a l r e a d y  u se d  in S ec tio n  2.
In case  o f  a c ry s ta l  b e in g  s t r a in e d  by  a field £ the  f o r m a t io n  a n d  s a d d le  p o in t  defect 

en erg ie s  for the  u n d i s to r t e d  c ry s ta l  (£ „  a n d  £ „ )  c h a n g e  in first o r d e r  [23] to

£ > ,)  =  £ 0 -  pc x »:(/•,) =  £ «  -  Ps x k(»'J ( 1 0 )

w h e re  p"' a n d  p' a re  the  re sp ec t iv e  defect d ip o le  t e n s o r  as de f ined  by  T o m é  e t  al. [31] a t  th e  
e q u i l i b r iu m  a n d  a t  th e  s a d d le  p o in t  lo ca t io n .  T h e  s t r a in  d e p e n d e n c e  o f  the  en erg ies  in (10) 
implies ,  in tu rn ,  a s t r a in  d e p e n d e n c e  o f  the  defect c u r r e n t  in (7), (S) a n d  o f  th e  diffusivity  
D in (9).

E q u a t i o n  (2) in the  c o n t i n u u m  limit o f  (X), h a s  been  so lv ed  by B u l lo u g h  et al. [15] fo r  the  
case  o f  i s o t ro p ic  d iffus ion  w i th in  a sp h e r ica l  g ra in .  F o r  the  g e n e ra l  t h re e -d im e n s io n a l  
c ase  w ith  n o n - i s o t r o p ic  diffusiv ity  c o n s t a n t  o r  a g ra in  s h a p e  d ifferen t  f ro m  the  sp h e r ica l
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o n e  n o  s im p le  a n a ly t ic a l  so lu t io n  is a v a i l a b le  [32]. A n  a p p r o x i m a t e  a n a ly t ic a l  so lu t io n  is 
d isc u sse d  be low . As p r o p o s e d  by us in a  p r e v io u s  p a p e r  [16] (2) c a n  be so lved  n u m er ica l ly  
for  th e  case  o f  a  p a ra l le le p ip e d  s h a p e  g ra in  i n c lu d in g  a n i s o t r o p i c  d iffus ion  a n d  the  effect 
o f  s t re ss  o n  th e  defect  c u r re n t .  T h i s  so lu t io n  is b a se d  o n  a finite d i fference s c h e m e  a n d  it 
will be  u sed  in w h a t  fo l low s for  so lv in g  so m e  a p p l i c a t io n s  to  h e x a g o n a l  a n i s o t r o p i c  d iffusion .

In th e  case  o f  o n e - d im e n s io n a l  d if fus ion ,  (2) c a n  be eas ily  so lv ed  fo r  the  defect 
c o n c e n t r a t io n .  I m p o s in g  th e  idea! s i nk  b o u n d a r y  c o n d i t i o n  (5) o f  z e ro  c o n c e n t r a t i o n  a t  tw o  
p o in ts  (0 a n d  d ). th e  defect  c o n c e n t r a t i o n  o n  th e  line se g m e n t  (0d)  r e su l ts  a s  [21]

K
c-(v) =

Dk<,

c o sh  k sc( x  — d/2)  

co sh  k„.dl2
(ID

In th e  th r e e - d im e n s io n a l  case, if th e  flow c u r re n t  o f  defec ts  to  a  g ra in  face in a  p a ra l le le p ip e d  
g ra in  w ere  i n d e p e n d e n t  o f  th e  effect o f  the  o t h e r  faces,  th is  flow c u r r e n t  c o u ld  be  t a k e n  as 
c o n s t a n t  o v e r  th e  w h o le  face. T h is  a p p r o a c h  p r o v id e s  a n  a p p r o x i m a t e  s o lu t io n  to  th e  
th r e e - d im e n s io n a l  p r o b le m  b a se d  o n  th e  o n e - d im e n s io n a l  so lu t io n  (11). T h e  v a lid i ty  o f  th is  
a p p r o x im a t i o n ,  for a g e n e ra l  case,  m u s t  d e p e n d  n o t  o n ly  o n  th e  size a n d  s h a p e  o f  the  g ra in  
b o u n d a r y ,  b u t  a lso  o n  th e  d e n s i ty  o f  th e  s ingle  c ry s ta l  s ink  s t r e n g th  (see I n t ro d u c t io n ) .  
F o r  th e  t h r e e - d im e n s io n a l  c ase  the  defect  a v e ra g e  c o n c e n t r a t i o n  c a n  be c o n s i s te n t ly  ta k e n  
a t  s te a d y  s ta te  as

K  =  ( k i  +  k 2eh) <£>> <c> . (12)

T h is  im p l ies  t h a t  the  to ta l  n u m b e r  o f  defec ts  b e in g  p r o d u c e d  u n d e r  i r r a d i a t i o n  a r e  a b s o r b e d  
a t  th e  a v a i l a b le  s in k s  a n d  n o  r e c o m b in a t io n  is inc lu d ed .  If o n e  def ines the  s ink  s t r e n g th  
fo r  th e  g ra in  face n o r m a l  to  th e  d i r e c t io n  j  by

k j  = tPl . (13)
J <D > <c> V

w h e re  j  =  x,  y, r  identif ies  th e  d i r e c t io n  o f  the  n o r m a l  to  th e  g ra in  face, V  is the  g ra in  
v o lu m e ,  a n d  ipj is the  defect flux i n te g r a t e d  o v e r  the  a re a  o f  th e  face, it resu lts

(2k j d j  t a n h  k ^ x 

k * = I -  2 f 1 t a n h M ' +  i t a n h ^ T  1 t a n h ^ V
k K \ d x 2 d ,  2 d : 2 J

w h e re  d x, dy, a n d  d.  a re  th e  m a in  d im e n s io n s  o f  th e  p a ra l le le p ip e d  s h a p e d  g ra in .  F o r  a 
p a r a l le le p ip e d  g ra in ,  o n e  c a n  a s s u m e  u n d e r  th is  s im plif ied  a p p r o x i m a t i o n  a n d  in o b v io u s  
n o t a t i o n

kfb = k -  +  ky  +  k : . (15)

In th e  c ase  o f  a  c u b ic  g ra in ,  a n d  in the  l imit o f  la rge  s ingle  c ry s ta l  s ink  s t r e n g th ,  for 
c o n s t a n t  g ra in  size d f ,

k scd t  -> x  ,

th e  g ra in  b o u n d a r y  s ink  s t r e n g th  c o n v e rg e s  to

k 2eb =  k scS ,  (16)
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w h e re  S  =  1 I ' i s  th e  r a t i o  b e tw e e n  g ra in  b o u n d a r y  a r e a  to  g ra in  v o lu m e .  W hile ,  o n  the  
o p p o s i t e  limit o f  la rge  g ra in  b o u n d a r y  dens i ty ,

A , A  -» 0  ,

it c o n v e rg e s  to

i - _  c 2 KPb -  *> 17|

T h e  a b o v e - d e d u c e d  a p p r o x i m a t e  s ink  s t r e n g th s  fo r  a n  idea l  s ink ,  c u b ic  g ra in ,  c an  be 
c o m p a r e d  w i th  th e  o n e s  d e d u c e d  by B u l lo u g h  et al. [15] for a n  sp h e r ica l  g ra in ,  w h e re  n o w  
dg is the  g ra in  d ia m e te r .  F o r  the  first l im it,  the  l im i t in g  s t r e n g th  is

k gb — k scS  .

It c a n  be seen  th a t  (18) a g rees  w i th  (16). F o r  the  o t h e r  l im it,  th e  s t r e n g th  is

i 2 _  5 o2 
KBb — 3 0  •

18)

(19)

H o w e v e r ,  o n e  m u s t  be  a w a r e  t h a t  th e  d ifference  b e tw e e n  (17) a n d  (19) m a y  be p a r t l y  d u e  
to  the  a p p r o x i m a t e  n a tu r e  o f  the  a n a ly t ic a l  so lu t io n  (17) for the  p a ra l le le p ip e d  g ra in .  F o r  
a set o f  n u m e r ic a l  c a l c u l a t i o n s  o f  th e  c u b ic  g ra in  ease,  a n d  a s s u m i n g  the  s a m e  b o u n d a r y  
c o n d i t i o n  (5). w e  o b t a i n e d  (see Fig. I)

k ; b =  1.3 S 2 ( 2 0 )

F o r  the  c ase  o f  b o u n d a r y  c o n d i t i o n s  (6), w i th  a  l im ited  defec t  r a te  a t  th e  g ra in  surface ,  a n d  
w i th in  th e  s a m e  a p p r o x i m a t i o n  o f  e x te n d in g  the  o n e - d im e n s io n a l  so lu t io n  to  a  th ree -  
d im e n s io n a l  p a r a l le le p ip e d  g ra in  u sed  a b o v e ,  the  s ink  s t r e n g th  o f  th e  g ra in  b o u n d a r y  n o r m a l  
to  a n  ax is  v in the  g ra in  is

k 2x ( K )  =

T  +
T 2

k s^R  s inh  ( k ^ d j

3 M S

3 A „ M
T  +

T

k ^ R  s in h  ( k ^ d j

( 2 1 )

w h e re  / =  K / D ,

a n d

R  =  1 -  —  c o th  ( k ^ d j  ,

M  =  1 +  — c o th  (kscd x) + 
k „

T 2
k ‘cR (s inh  ( k ^ d j ) 2

In the  l im it o f  very la rg e  ra te  K  -> x , th e  s t r e n g th  (21) ag ree s  w ith  the  ideal s ink  one .  
(14); while  fo r  very  sm a l l  ra te ,  (21) c o n v e rg e s  to  k 2 =  ST/3.

3.1. Stress free, ideal sink, ¡•rain boundaries

In all th is  se c t io n  we sha ll  a s s u m e  the  b o u n d a r y  c o n d i t i o n  (5). idea l  sink ,  to  be v a l id  at 
the  g ra in  b o u n d a r y .  W e  sha ll  first  test  th e  v a lid i ty  o f  th e  a p p r o x i m a t e  a n a ly t ic a l  s o lu t io n  
d e d u c e d  a b o v e ,  (15), for the  g ra in  b o u n d a r y  s ink  s t r e n g th .  T h is  will be  c o m p a r e d  w ith
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Fig. 1. I so trop ic  gra in  b o u n d a ry  sink s t reng th  /c"h as 
a  function  of  single crystal  sink s t reng th  fcsc for 
different  gra in  sizes: (1) 1 x 10 6 a n d  (2) 2 x 1 0  h m.

a p p ro x im a te  analy tica l  so lu tion ,  n u ­
merical so lu tion

th e  n u m e r ic a l  so lu t io n  [16] o b t a i n e d  by  so lv in g  the  c ase  o f  i s o t ro p ic  difTusivity. W e  p lo t  in 
Fig. 1 th e  g ra in  b o u n d a r y  s ink  s t r e n g th  v e rsus  th e  s t r e n g th  o f  the  s in k s  ins ide  th e  g ra in  
(single  c ry s ta l  sinks). It c a n  be  seen  th a t  for  th e  tw o  a p p r o x im a t i o n s  the  p re d ic t io n s  for the  
g ra in  b o u n d a r y  s in k  s t r e n g th  h a v e  th e  s a m e  t r en d .  W h ile  fo r  a  re la t ive ly  la rge  d e n s i ty  o f  
s ing le  c ry s ta l  s in k s  th e  c a l c u l a t i o n s  p re d ic t  a  l in e a r  d e p e n d e n c e  o f  the  g ra in  b o u n d a r y  sink 
s t r e n g th  w i th  th e  s ingle  c ry s ta l  s in k  s t r e n g th ,  fo r  th is  s t r e n g th  sm a l le r  t h a n  1()12 itT 2 the  
g ra in  b o u n d a r y  s t r e n g th  c o n v e rg e s  to  th e  c o n s t a n t  va lu e  o f  (17).

W ith  th e  p u r p o s e  o f  s t u d y in g  th e  in f luence  o f  the  a n i s o t r o p y  o n  the  n u m e r ic a l  so lu t io n ,  
we sha ll  first a s s u m e  a  c u b ic  g ra in  b u t  a n i s o t r o p i c  h e x a g o n a l  s y m m e t r y  in th e  defect  
difTusivity. In Fig. 2 we p lo t  th e  r a t i o  b e tw ee n  th e  a n i s o t r o p ic  g ra in  b o u n d a r y  s ink  s t r e n g th  
to  th e  i s o t ro p ic  g ra in  b o u n d a r y  s ink  s t r e n g th  ( k j j k ^ j  fo r  p o in t  de fec ts  a g a in s t  th e  r a t io  
D J D „ ( D C( DJ )  is the  difTusivity p a ra l le l  ( p e rp e n d ic u la r )  to  the  c -c ry s ta l  axis  a n d ,  fo r  the  sa k e

<24 0.6 0.8 10 1.2 1A 1.6 18 2.0 2.2 2.4
m  —

Fig. 2. A n iso t ro p ic / i so t ro p ic  gra in  b o u n d a ry  sink s t reng ths  ra t io  ( k \ J k \ w,J  vs. a n is o tro p y  fac tor  (D J D J  
for different  single crystal sink s t reng ths  (k^ )
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of i l lu s t ra t io n ,  in the  A p p e n d ix  we s u m m a r i z e  a set  o f  m e a s u r e d  v a lu e s  o f  th is  r a t io  D a D a 
for p o in t  de fec ts  in different  h.c.p.  m eta ls .  T h r e e  different  s ingle  c ry s ta l  s t r e n g th  v a lu es  a re  
used. It c a n  he seen th a t  fo r  sm a ll  a n i s o t r o p y  v a lu es  ( D J D a i  1). the  i so t r o p ic  s o lu t io n  
for th e  to ta l  s ink  s t r e n g th  is a p p r o x im a t e ly  c o r re c t  a n d  ev en  for re la t ive ly  different  D c D t 
va lues  the  r a t io  b e tw e e n  s t r e n g th s  is n e a r  one. H o w e v e r ,  th e  a n i s o t r o p y  in the  diffusivity  
d e te r m in e s  th e  ex is ten ce  o f  a d i f fe ren tia l  s ink  s t r e n g th  t o  different  faces o f  the  g ra in .  T h is  
effect is s h o w n  in Fig. 3, w h e re  we p lo t  the  s ink  s t r e n g th  for d if feren t  faces o f  the  cu b ic  
g ra in  a g a in s t  the  r a t i o  D J D a. F o r  the  p lo t  we h a v e  c o n s id e r e d  the  d i r e c t io n  v in the  c u b e  
to  ag ree  w i th  th e  c ry s ta l  d i r e c t i o n  c. T h e  re su l ts  a re  i n d e p e n d e n t  o f  the  a r e a  to  v o lu m e  ra t io .

0  7 2  3  A 5
dx / dy ---- -

Fig. 4. Par t ia l  gra in  b o u n d a r y  sink s t reng ths  ra t io  vs. 
a n is o tro p y  sha pe  fac tor  ( d j d y). D J D a =  1.13.
a n d -----------ky (y  1  c);k ;{x  1  <■),
-  -  ky (v 1 c) k 2x (.\ || c)
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Fig. 5. R a tio  between the an iso tro p ic  to  iso trop ic  to tal  a n d  par t ia l  gra in  b o u n d a ry  sink s t reng th  (k 2/ k 2J
vs. angle  between crystal a n d  gra in  axes. =  l O ' - m  \  k \  k \  . k 2/ k 2- -----------
It 2 / k 2  -  -  It 2  It2  '  J t lsy/ yis* z/ zis

H o l t  a n d  I b r a h im  p r o p o s e d  in [3], for p a ra l le le p ip e d  g ra in  sh a p e ,  a  s ink  s t r e n g th  fo r  the  
g ra in  face p e r p e n d ic u la r  to  th e  v-axis,

k ;  =  A Xfk ; b , (22)

w h e re  th e  a n i s o t r o p y  f a c to r  A xf is

■ i i  a + + ¿ )  ■ m
In t u rn ,  the  to ta l  s t r e n g th  for the  g ra in  b o u n d a r y  is

^gb =  k'x +  ky + k :  . (24)

A n  e q u iv a l e n t  c u b ic  g ra in  o f  s ide  \ / d e =  1/3(1 ¡dx 4 \ / d y +  1 d. )  has ,  w i th in  t h a t  a p p r o a c h ,  
the  s a m e  to ta l  s t r e n g th  k ; h a s  the  p a ra l le le p ip e d  o n e ;  a lso ,  it re su l ts  k f / k ]  =  dJ/ d i for  
i j  =  .v, v, z. H o w e v e r ,  in g e n e ra l  th e  a n i s o t r o p y  f a c to r  is itself a ffec ted  by the  a n i s o t r o p y  
in the  difTusivity a n d  the  s ing le  c ry s ta l  s ink  s t r e n g th  (A\c). F o r  i l lu s t r a t io n  p u r p o s e s  we p lo t  
in Fig. 4 the  c a lc u la te d  r a t io  k f / k j  for a  h e x a g o n a l  c ry s ta l  a n d  a  r a t io  D J D a =  1.13. W e 
see h o w  th is  r a t i o  for  d ifferent  s ingle  c ry s ta l  s ink  s t r e n g th s  differs f rom  the  e x p re ss io n s  
a b o v e ,  (22) a n d  (23), p r o p o s e d  by  H o l t  a n d  I b ra h im .

In all  the  e x a m p le s  a b o v e .  Fig. 1 to  4, we h a v e  c o n s id e r e d  e i th e r  i s o t ro p ic  diffusivity  o r  
a n i s o t r o p i c  o n e  w ith  h e x a g o n a l  s y m m e t r y  a n d  the  c ry s ta l  axes  p a ra l le l  to  the  g ra in  
p a ra l le le p ip e d  axes ;  fo r  d isc u s s in g  th e  effects o f  the  c ry s ta l  o r i e n t a t i o n  w i th in  the  g ra in  it 
is in te re s t in g  to  re lax  th is  l a t t e r  c o n d i t io n ,  f -o r  the  sa k e  o f  i l lu s t r a t io n  we sha ll  a s s u m e  a 
c u b ic  g ra in  w i th  h e x a g o n a l  s y m m e t r y  a n d  o n e  o f  th e  b a sa l  p la n e  axes  to  a g re e  w ith  a c u b e  
ax is  a n d  D J D. d =  1.13. W e  p lo t  in Fig. 5 the  to ta l  g ra in  s ink  s t r e n g th  a n d  the  o n e  
c o r r e s p o n d i n g  to  e ac h  face for d i f feren t  r o t a t i o n s  o f  the  g ra in  a r o u n d  the  c o m m o n  axis.

J.2 Stress free,  non-ideaI sink 

W e  sha l l  c o n s id e r  in th is  se c t io n  th e  b o u n d a r y  c o n d i t i o n  (6) o f  the  s ink  s t r e n g th  b e in g  ra te  
c o n t ro l l e d ,  h o r  th e  c a lc u la t io n  we a s s u m e  a c u b ic  g ra in  a n d  the  a b s o r p t io n  o f  p o in t  defects
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Fig. 6. Ra tio  between the rate  limited sink s t reng th  to 
the ideal gra in  b o u n d a ry  one  vs. 2 ((25)). -  l O ' - m  -.

a p p ro x im a te  analy tica l  so lu tion .  n u m e r i ­
cal so lu tion

in he re s t r ic ted  by the  last defect th e rm a l ly  a c t iv a te d  j u m p  [5, 29], t h a t  is

/ < D > \
K  = 7. (25)

w h e re  y. is a c o n s t a n t  sm a l le r  t h a n  u n i ty ,  a n d  u is a  d i s t a n c e  of th e  o r d e r  of the  la t t ice  
p a r a m e te r .  W e  p lo t  111 Fig.  6 th e  sink s t r e n g th  for the  g ra in  as a fu n c t io n  ol the  p a r a m e t e r  
7  for the  a n a ly t ic a l  e q u a t i o n  (21) a n d  n u m e r ic a l  c a lcu la t io n s .

Stressed grains
F o r  an  h o m o g e n e o u s ly  s t r a in e d  c ry s ta l  th e  diffusiv ity  t e n s o r  c a n  be e x p a n d e d  [33] as a 

fu n c t io n  o f  the  s t r a in  field ¡: as

l \ m = D'L I < / * , „ 1261
w h e re  D °  is a s e c o n d - o r d e r  t e n s o r  a n d  d kmrl is a f o u r t h - o r d e r  one .  B o th  t e n s o r s  a re  re la ted  
to the  c ry s ta l  s y m m e t r y  a n d  to  the  d iffus ing  p o in t  defect  at the  e q u i l ib r iu m  a n d  sa d d le  
p o in t  c o n f ig u ra t io n s .  F o r  c u b ic  c ry s ta ls  D e d e r ic h s  a n d  S c h r o e d e r  [24] d e v e lo p e d  a n a ly t ic a l  
e x p re s s io n s  for these  ten so rs ,  w hile  S a v in o  a n d  S m e t n i a n s k y - D e G r a n d e  [34] s t u d ie d  the  
self-defects 111 h.c.p. c rys ta ls .  In th e  case  o f  c u b ic  c ry s ta ls  the  d iffusiv ity  o f  v a ca n c ie s  a n d  
in te r s t i t ia ls  is i so t ro p ic .  H o w ev e r ,  u n d e r  the  in f luence  ol a s t r a in  field it b e c o m e s  a n i s o t ro p ic .  
F o r  e x am p le ,  in th e  case  o f  u n iax ia l  s t re ss  o f  a cu b ic  la t t ice  t h a t  s t r a in s  e last ica lly  the  la t t ice  

b \  a n  a m o u n t

1 0 0
(J

0 —  V 0 (27)
E 0 0 - 1'

t h e  d iffusiv ity  is a n i s o t r o p ic  w ith  h e x a g o n a l  s y m m e t ry .  F o r  the  sa k e  o f  i l lu s t r a t io n  we sh o w  
111 the  A p p e n d ix  th e  r a t io  o f  D c /)., r e su l t in g  for s o m e  p o in t  defect  d ip o le  t e n s o r s  fo r  the  
in te rs t i t ia l  a n d  v a c a n c y  r e p o r t e d  for c u b ic  a n d  h.c.p. la t t ices  [35. 36] in case  o f  a un iax ia l  
s tress  a p p l ie d  in a s y m m e t r y  axis  d i rec t io n .  It c a n  be sh o w n  th a t  p r o v id e d  the  c o r re c t  
a v e ra g e  d iffusivity  < I) )  =  ( / J .Z J J J . , ) 1 3 a n d  the  c o r r e s p o n d i n g  D c l ) t r a t io  a re  u sed  in (4) for
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c a l c u l a t i n g  th e  g ra in  b o u n d a r y  s ink  s t r e n g th ,  th e  c a lc u la te d  v a lues  c o in c id e  w i th  th o se  
c a lc u la te d  in p r e v io u s  se c t io n s  a n d  o n e  m a y  c o n c lu d e  th a t  th e  s t r e n g th  o n ly  d e p e n d s  on  
the  a b o v e  ra t io .  I his resu lt  w as  s o m e w h a t  o b s c u r e  in o w n  p re v io u s  p a p e r s  w h e re  we a lw ay s  
c a lc u la te d  th e  s ink  s t r e n g th  by  u s in g  th e  a v e ra g e  <D> for th e  s t ra in  free c rys ta l .  H o w ev e r ,  
o n e  sh o u ld  k e ep  in m in d  t h a t  the  a b s o r p t io n  o f  p o in t  defec ts  a t  the  g ra in  b o u n d a r y  d e p e n d s  
b o t h  o n  the  sink s t r e n g th  a n d  the  a v e ra g e  d iffusiv ity  (4).

4. D iscussion and Conclusions

In th is  p a p e r  a n d  in a  p r e v io u s  o n e  [16] we c a lc u la te d  th e  in te rs t i t ia l  a n d  v a c a n c y  sink 
s t r e n g th s  o f  g ra in  b o u n d a r ie s .  T h e  c a lc u la t io n s  a re  b a se d  o n  a p o in t  defect  d i f fus ion  m o d e l  
w h ic h  in c lu d e s  the  d isc re te  c h a r a c t e r  ol the  defect  j u m p  [23]. T h is  m o d e l  for a s tress  free 
c ry s ta l  r e d u c e s  in th e  c o n t i n u u m  l imit a p p r o a c h  to  a c lass ical  d i ffus ion  one ,  b u t  it inc ludes  
exp lic it ly  the  a n i s o t r o p y  o f  the  d i f fus ion  in a c ry s ta l  latt ice.  T h e  s ink  s t r e n g th s  a re  c a lc u la te d  
a s s u m in g  a ce l lu la r  m o d e l  fo r  the  g ra in  b o u n d a r y .  T h e  e q u a t i o n s  for th is  m o d e l  a re  d e v e lo p ed  
a b o v e  a n d  th e  n u m e r ic a l  c a lc u la t io n s  a re  p e r fo r m e d  a s s u m in g  h e x a g o n a l  s y m m e t ry .  T h e  
resu l ts  s h o w  c lear ly  th a t  the  g ra in  b o u n d a r y  s ink  s t r e n g th  d e p e n d s  o n  the  g ra in  size (see 
Fig. 1), its sh a p e  (seeFig.  4), a n d  th e  m e ta l lu rg ic a l  s t a te  o f  the  c rys ta l .  T h is  o n e  is s im u la te d  
by a s s u m in g  d ifferen t  s t r e n g th  v a lues  o f  th e  o t h e r  s in k s  (single c ry s ta l  sinks) w i th in  the 
g ra in  bes ides  the  g ra in  b o u n d a r y  (sec Fig. 1). As ex p ec te d ,  d u e  to  the  a n i s o t r o p y  o f  the  
d i ffus ion  c o n s t a n t ,  we a lso  fo u n d  th a t  g ra in  b o u n d a r y  faces d i fferen tly  o r ie n te d  w i th  respec t  
to  th e  g ra in  latt ice,  s h o w  different  p a r t i a l  s ink  s t r e n g th s  (see Fig. 5).

T h e  effect o f  a p p ly in g  s tress  to  th e  c ry s ta l  affects the  d iffusivity  v a lu es  as d isc u sse d  by 
S a v in o  et al.  [23. 34], In g e n e ra l  th is  im p l ies  a c h a n g e  o f  the  a v e ra g e  d iffus ion  v a lu e  p lus  
a n  a d d e d  a n i s o t r o p y  d e p e n d i n g  o n  the  la t t ice  s t r a in in g  d i rec t io n .  O n  the  o t h e r  h a n d ,  we 
f o u n d  th a t  th e  s ink  s t r e n g th  for th e  g r a in  b o u n d a r y  is i n d e p e n d e n t  o f  the  a v e ra g e  diffusivity 
va lue  (see d e f in i t io n  a b o v e  in Se c t io n s  2 a n d  3.3 for a n i s o t r o p i c  c rystals) .  It c a n  be said 
th a t  fo r  h.c.p. c ry s ta ls  o r  u n iax ia l ly  s t r a in e d  c u b ic  c ry s ta ls  in a g iven  d i r e c t io n  (call it c). 
D c D a d e te r m in e s  the  v a lu es  o f  the  g ra in  b o u n d a r y  sink s t r e n g th  for a  g iven  g e o m e t r ic a l  
a n d  c r y s t a l l o g ra p h ic  g ra in  o r i e n t a t i o n s .  In s t r a in e d  c rys ta ls ,  the  v a lu es  ¡ \  I) ,  a re  d e p e n d e n t ,  
at the  s a m e  t im e, o n  th e  s y m m e t r y  o f  th e  defect d ip o le  t e n s o r  at e q u i l i b r iu m  a n d  a t  the  
s a d d le  p o in t  c o n f ig u ra t io n s .

As sa id  in the  I n t r o d u c t i o n  th e  p a r t ia l  s ink  s t r e n g th s  ( the  s t r e n g th  o f  e a c h  g ra in  face) a re  
i m p o r t a n t  lo r  c a lc u la t in g  th e  s t r a in  r a te  w h e n  p re d ic t in g  r a d ia t i o n - in d u c e d  c re e p  a n d  g ro w  th. 
W e  fo u n d  a  s t r o n g  d e p e n d e n c e  o f  the  p a r t i a l  sink s t r e n g th s  o n  th e  a n i s o t r o p y  f a c to r  ( Dc, D J  
(sec Fig. 3). th e  o r i e n t a t i o n  o f  the  g ra in  axes  (see Fig. 5), the  a n i s o t r o p y  o f  th e  g ra in  sh a p e  
(see Fig.  4). a n d  the  ra te  o f  a b s o r p t io n  o f  p o in t  defec ts  a t  the  g ra in  (see Fig. 6). O n  the 
o t h e r  h a n d ,  we fo u n d  t h a t  the  a n i s o t r o p y  s h a p e  f a c to r  m a y  differ for a n i s o t r o p ic  c ry s ta ls  
f ro m  the  o n e  p r o p o s e d  by H o l t  a n d  I b ra h im .  T h is  is c lear ly  s h o w n  in Fig. 4. W e  c o n c lu d e  
th a t  o n ly  in the  l im i t in g  case  w h e n  the  d iffusivity  t e n s o r  is i s o t ro p ic  a n d  the  defect  flux is 
c o n s t a n t  o v e r  the  w h o le  a re a  o f  eac h  g ra in  face, the  s lo p e  is un i ty ,  a n d  we reg a in  th e  H o l t  
a n d  I b r a h i m  a n i s o t r o p y  facto r .
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Appendix

Anisotropy o f  diffusion constants 

In  th is  a p p e n d ix  wc sha ll  first rev iew  so m e  e x p e r im e n ta l  v a lu es  o f  the  a n i s o t r o p y  in vacan cy  
a n d  in te r s t i t ia l  d if fusivity  r e p o r t e d  in the  l i t e r a tu r e  fo r  h.c.p. la tt ices .  O u r  p u r p o s e  is n o t  
to  p r o v id e  a c o m p le te  d a t a  rev is ion ,  b u t  to  d e te r m in e  the  r a n g e  o f  p la u s ib le  v a lu es  o f  th a t  
a n i s o t r o p y  in th o se  c rys ta ls .  In a  se c o n d  p a r t  w e  a ls o  review the  v a lu es  c a l c u l a te d  for the  
c h a n g e  in the  diffusiv ity  o f  in te r s t i t ia ls  a n d  v a ca n c ie s  in c u b ic  a n d  h.c.p. c ry s ta ls  w h e n  a 
h o m o g e n e o u s  s tress  is a p p l i e d  to  the  spec im en .

D if fu s iv i t y  r e la tio n s h ip  

metal  vacanc ies

T  T m / ) .  / ) „  < a

Be 0.8 0.57 1.5847 [37]
/„, =  1350 C 0.6 0.45
T1 0.8 0.72 1.6002 ]37]
7„, =  300 C' 0.6 0.64
Ml! 0.8 0.89 1.6235 [38]
7„, =  650 C 0.6 0.85
Zn 0.8 1.96 1.8556 [37]
7„, = 4 1 9 C 0.6 4.17
Cd 0.8 1.50 1.8859 [39]
7,„ =  321 C

" I n te r s t i t ia l "  m e ta l s a lu te s

solvent S ( i l  L i t e Dc D, 71  Cl

7-Zr Co 6.79 840 1401
C r 2.59 840 [40]
Cu 2.94 840 [40]
Fc 2.80 747 to  847 (41]
Ni 3.75 747 to  847 141]

a-Ti Fe 2.6 800 [42]
C o 3.6 800 [42]
Ni 1.7 800 [42]
l> 0.66 800 [42]
M n 1.68 861 [42]

2.00 800 [42]
2.14 756 [42]
3.68 652 [42]
3.84 605 [42|

Cd Cd 2.568 356 [39]
Zn 1.532 356 [39]
Ag 3.807 356 [39]
In 0.549 356 [39]
Au 1.726 356 [39]
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M g vacancies 
103c

T  =  427 C  [35] 
D J D * )

anis. p' an d  ps
0 0.826
5 0.806

M g  self-interstitia ls T  =  427 C 
105/: D J D a*) D J D * )

[35]
D J D * )

anis. p''  a n d  p' iso trop ic  p' iso tropic  p'
0 1.132 1.132 1.132
5 1.512 1.448 1.070

C u  vacancies T =  427 C  [36]
10\: D JD .* * )

anis. pc an d  p'
0 1.000
5 0.734

C u  self-interstitia ls T =  427 C  [36]
l()\: D JD ,,**)

anis. pe a n d  p”
0 1.000
5 0.958

*) As ca lcu la ted  by using d ipole  tenso r  values 
r epo r ted  in [43].
**) As ca lcu la ted  by using d ipole  tenso r  values 
r epo r ted  in [25].
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