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4 .  ." 

. . 
A b s t r a c t  

The n e c e s s a r y  f o r ' a n y  a t o m i s t i c  s t u d i e s  i s  a  d e s c r i p t i o n  , 

of  i n t e r a t o m i c  . f o r c e s .  S i n c e  no s a t i s f a c t o r y  d e s c r i p t ' i o n  of  i n t e r a t o m i c  

f o r c e s  i n  b i n a r y  a l l o y s  c o u l d  be f o u n d ,  . t h e  f i r s t  s t a g e  o f  t h e  r e s e a r c h  

was d e v o t e d  t o  t h i s  problem. The e n e r g y  of  t h e  l a t t i c e  was w r i t t e n  a s  a  . 

sum of p a i r  i n t e r a c t i o n s  and of a  d e n s i t y  d e p e n d e n t  term. Fo r  .pure  

m e t a l s  ' t he  p a r a m e t e r s  i n  b o t h  t h e  p a i r  p o t e n t i a l  and t h e  d e n s i t y  

d e p e n d e n t ' t e r m  were  d e t e r m i n e d  s o  a s  t o  f i t  t h e  c o h e s i v e  e n e r g y . a n d  
w 

e l a s t i c  c o n s t a n t s ,  . , and s a t i s f y '  t h e  c o n d i t i o n  of  e q u ' i l i b r i u m  f o r  t h e ,  
- 

e x p e r i m e n t a l l y  known l a t t i c e  p a r a m e t e r .  The p o t e n t i a l s  and d e n s i t y  
. . 9 I . . 

i 

dependen t  t e rms  f o r  pu re  b e t a l s  w e r e . t h e n  used  i n  c o n s t r u c t i n g ' t h e  c o r -  

r e s p o n d i n g  d e s c r i p t i o n  of  i n t e r a t o m i c  i n t e r a c t i o n s  i n  a l l o y s ,  u s i n g  a  

m o d i f i e d  method of Mach l in  ( 4 , ) .  The p r i n c i p l e . m o d i f i c a t i o n s  a r e  u s e  

o f  d e n s i t y  dependemt t e r m s  and f i t t i n g  .of  t h e  e n t h a l p y  o f '  mixing..  

These  p r o c e d u r e s  a r e  d e s c r i b e d  i n  d e t a i l  i n  t h i s  r e p o r t .  

The g r a i n  boundary  s t u d i e s  were s t a r t e d  f o r  t h e . s y s t e m s  Cu-Ag, 

Cu-Bi and Au-Ag. However,' s i n c e  t h e  d e n s i t y  d e p e n d e n t  p a r t  o f  t h e  
, , 

ene rgy '  must now be t a k e n  i n t o  a c c o u n t  e x p l ~ c l ' t l ~  a subsca r i t l a1  

m o d i f i c a t i o n  of  e x i s t i n g  computer  programs f o r  g r a i n  boundary  c a l -  

c u l a . t i o n s  i s  needed .  T h i s  i s  a t  p r e s e n t  i n  p r o g r e s s  and t h u s  o n l y  

.c\le d i r e c t i o n s  o f  t h i s  work a r e  r e p o r t e d .  
. . 

A l i m i t e d  e f f o r t  'was a l s o  devo ted  t o  t h e  development  o f  a  

t .heory  o f  i n t e r g r a n u l a r  f r a c t u r e -  i n  e m b r i t t l e d  m a ' t e r i a l s .  The main 

pu rpose  i s .  t o  . e s t a b l i s h  a  relationship berween the ' ,  cul les ive  e ~ i e r g y  

and . t he  p l a s t i c  work which would e n a b l e  us  t u  u s e  the r e c e n t l y  dc-  

ve loped  t e c h n i q u e  of  measu r ing  t h e  l o c a l  s t r e s s  o f  f r a c t u r c  

f o r  d i , r e c t  s t u d i e s  of  i n t e r g r a n u l a r  c o h e s i o n .  T h i s  i s  d e s c r i b e d  i n  

more d e t a i l  1~1 ~ l ~ e  ' e r1c lqseJ  p r e p r i n t  ( r c f .  3 ) .  



1. I n t r o d u c ' t i o n  

The p r i n c i p a l  aim of t h i s  r e s e a r c h  p r o j e c t  i s  t o  c a r r y  o u t  

a t o m i s t i c  s t u d i e s  of t h e  i n f l u e n c e  of s e g r e g a t e d  i m p u r i t i e s  upon t h e  

s t r u c t u r c  a n d ' p r o p e r t i e s .  of g r a i n  boundar ies .  The , e s s e n t . i a l  p r e c u r s o r  

f o r  such s t u d i e s  i s  a  d e s c r i p t i o n  of i n t e r a t o m i c  f o r c e s  which has been 

done a lmost  e x c l u s i v e l y  by u s i n g  c e n t r a l  f o r c e  p a i r  p o t e n ' t i a l s .  I n  t h e  

c a s e  of pure  m e t a l s  a  l a r g e  number of e m p i r i c a l  and '  f i r s t  p r i n c i p l e  

r p o t e n t i a l s  w e r e ' d e ~ e l o ~ e d  i n  t h e  l a ' s t  two decades .  However, f o r  a l l o y s  
. . 
" . only  a  few a t t e m p t s  have been made, a s  a l r e a d y  mentioned i n  t h e  ' o r i g i n a l  

p r o p o s a l ,  and ,  t h e r e f o r e ,  t h e  f i r s t  s t a g e  of t h i s .  r e s e a r c h  was mainly  

devoted t o  the  c o n s t r u c t i o n  of s.uch c . en t ra1  f  o t c e  ' p o t e n t i h l s  f o r  b i n a r y  

a l l o y s  which can be uscd i n  t h e  a t o m i s t i c  s t u d i e s  of l a t t i c e  d e f e c t s .  

Th i s  work has  now. been a lmost  completed and i t  i s  d e s c r i b e d  in '  more 

d e t a i l  i n  t h i s .  r e p o r t .  

.The b a s i c  concept  of the' c a l c u l a t i o n s  of t h e  s t r u c t u r e  of g r a i n  

b o u n d a r i e s  wi th  i m p u r i t i e s  i s  s i m i l a r  t o  ,t.hat a p p l i e d  'in the  p r e v i o u s  

s t u d i - e s  of boundar ies  i n  pure  m e t a l s  ( f o r  ' a  review s e e  r e f .  1 ,  p r e p r i n t  en- 

c l o s e d ) .  However, t h e  c a l c u l a t i o n s  i n  pure m e t a l s  ,were always c a r r i e d  bu t  

a t  c o n s t a n t  t o t a l  volume .and,  t h e r e f o r e ,  t h e  volume dependent  p a r t  of the  

energy of the esse111L1y of otomc was not i ised i m p l i c i t l y .  .On t h e  o t h e r  . 

hand the  volume dependent p a r t  of t h e  energy must be i n c l u d e d  d i r e c t l y  

i n t o  the  p r e s e n t  c a l c u l a t i o n s  because i t  i s  a  f u n c t i o n  of t h e  c o n c e n t r a -  

t i o n  of t h e .  a l l o y h g  element and t h u s ,  w i l l  no t  be th.e sam'e ' a t  the  

boundary and' f a r  away from i t .  T h i s  means t h a t '  t h e  r e l a x a t i o n  
. . 

procedures  developed.  i n  t h e  s t u d i e s  of g r a i n  boundar ies  i n  pure. m e t a l s  

cannot  be used d i r e c t l y ,  but  substantial m o d i f i c a t i o n s  have to '  be made 

f i r s t .  T h i s  work . is  p r e s e n t l y  i n  p r o g r e s s .  



A l i n i t , e d  e f f o r t  was a l s o  devoted t o  t h e  development of t h e  

t h e o r y .  of i n t e r g r a n u l a r  f r a c t u r e  i n  which the  bond b reak ing  and 

d i s l o c a t i o n  emiss ion  a t  t h e  microc,rack t i p  a r e  r.egarded a s  concomitant  

proc.esscs.  I n  t h i s  t h e o r y  t h e  p l a s t i c  work, y p ,  i s  c a l c u 1 a t e d . a ~  a  

a . . f u n c t i o n  of t h e  idea.1 work t o  f r a c t u r e ,  i . e . ,  of t h e  c o h e s i v e  energy,  y  .. 

T h i s  r e s e a r c h  i s  p a r t  6 f  a  . s tudy  of t h e  micromechanisms o f ,  low 

tempera tu re  f r a c t u r e  c a r r i e d  ou t  .by t h e  p r i n c i p a l  i n v e s t i g a t o r .  However, 
. . 

t h e  above mentioned deve lopment .has  a  d i r e c t  b e a r i n g  on t h i s  p r o j e c t .  

The reason  i s ,  t h a t  r e c e n t l y  a  method f o r  measur ing t h e  l o c a l  s t r e s s  - 

, n e e d e d  f o r  t h e  i n i t i a t i o n  of  the  b r i t t l e  . f r a c t u r e  a t  a . g r a i n  boundary.  

a s  a  func t io l i  ' o f  t h e  c o n c e n t r a t i o n  of seg.regated i m p u r i t y  on t h a t  boundary 

has  been deve1:uped ( 2 )  and i f  a  r e l a t i o n s h i p  betweenYpand Y i s  e s t a b l i s h e d ,  

a  d i r e c t  neasuremen't of t h e  g r a i n  boundary cohes ion  a s  a  f u n c t i o n  of  t h e  

Pmpurit.y c o n c e n t r a t i o n  and a l s o  of o t h e r  g r a i n  boundary p a r a ~ n e t e r s  may 

be p o s s i b l e .  The s t a t e  of t h i s  deve' lopnent i s  d e s c r i b e d  i n  more d e t a i l  

i n  t h e  enc losed  p r e p r i n t  ( r e f .  3.).  

2. I n t e r a t o m i c  p o t e n t i a l s  
. . 

. . 
The co.ns t . ruct ion of t h e  p a i r  p o t e n t i a l s  has  .been c a r r i e d  ou t  semi-' 

empir . i .ca l ly  s i n c e  no f i r s t  p r i n c i p l e  c a l c u l a t i o n s  'are avai . l .able a t  prese .n t  . * 

f o r  .most o f ' t h e  m a t e r i a l s  of i n t e r e s t .  o r i g i n a l l y ,  i t  was sugges ted  t h a t  

the  p o t e n t i a l s ' d e s c r i b i n g  . i n t e r a c t i o n s  between t h e  atoms of an a l l o y  

c o n s i s t i n g  .of two e lements  A .and B would be d e r i v e d  u s i n g  a  modif ied  . 
, . 

Flachl in ' s  p rocedure  ( 4 ) .  I n  t h i s  method t h e  A-A and R-B i n t e r a c t i o n s  ( i n . '  

' t h e  form of Lenard-Jones p o t e n t i a l s )  a r e  f i r s t  f i t t e d  t o  the  c o h e s i v e  

e n e r g i e s  a id  i n  e q u i l i b r i u m  lead  t o  t h e  e x p e r i m e n t a l  l a t t i c e  pa ramete r s .  

The A-B i n t e r a c t i o n  i s  t a k e n . a s  an average  of A-A and R-B i n t e r a c t i o n s ' .  



A l l  t h r e e  i n t e r a c t i o n s  a r e  t h e n  m o d i f i e d  by t a k i n g ,  i n t o  a c c o u n t  t h e  

c h a r g e  t r a n s f e r  between t h e  a toms A and. R. However, t h e  e n e r g y  

of  t h e .  l a t t i c e  i s  e x p r e s s e d  i n  t e r m s . o f  c e n t r a l  f o r c e s  o n l y  a n d . t h u s  t h e  

. , 

e l a s t i c  c o n s t a n t s  have t o  . s a t i s f y  t h e  Cauchy r e l a t i o n s  which a r e  known n o t  

t o  be v a l i d .  F u r t h e r m o r e ,  t h e  p o t e n t i a l s  c o n s t r u c t e d  i n  t h i s  way do , n o t  

r e p r o d u c e  c o r r e c t l y  a n y  o f  t h e  e l a s t i c  c o n s t a n t s  b o t h  i n :  t h e  p u r e  

m a t e r i . a l s  and ' in t h e  a l l o y s .  A t '  t h e  same t ime  t h e  e l a s t i c  c o n s t a n t s  a r e  
e 

q u a n t i t i e s  which s h o u l d  be r e a s o n a b l y  r ep roduced  when t h e  p o t e n t i a l s  a r e  

t o  be', used  i n  d e i e c t  - s t u d i e s .  They have been measured f o r  a l l  pu re  m e t a l s  

and f o r  a  l a r g e  number of  a l l o y s ,  and a r e  t h u s  s u i t a b l e  p a r a m e t e r s  which 

c a n .  be f i t t e d  when c o n s t r u c t i n g  t h e  p o t e n . t i a l s .  Noreove r ,  i t  i s  n o t  

p h y s i c a l l y  r e a s o n a b l e  t o  assume, t h a t  t h e  c o h e s i v e  e n e r g y  c3n be e x p r e s s e d  

e n t i r e l y  i n  t e rms  of p a i r  i n t e r a c t i o n s .  On t h e  c o n t r a r y ,  t h e  ex is t i .n .g  

t h e o r i e s .  o f  c o h e s i o n  i n  b o t h  s i m p l e  ( 5 )  and  n o b l e  a n d . t r a n s i t i o n  m e t a l s  

( 6 ,  7 )  s u g g e s t  t h a t  t h e ,  c o h e s i v e  e n e r g y  i s  almos't  e n t i r e l y  d e t e r m i n e d  by 

t h e  p u r e l y  d e n s i t y  d e p e n d e n t .  t e r n  r a t h e r  t h a n  by t h e  s t r u c t u r a i l y  s e n s i t i v e  

p a i r  i n t o r a c t s i n n s .  The c o n s t r u c t i o n  of  t h e  p o t e n t i a l s  was,  t h e r e f o r e ,  

c a r r i e d  o u t  u s i n g  t h e  b a s i c  i d e a s  of t h e  M a c h l i n ' s  a p p r o a c h  ( e . g . ,  

i n c o r p o r a t i o n  of  t h e  c h a r g e  t r a n s f e r )  b u t  t a k i n g  i n t o .  a c c o u n t  t h e  above  

ment ioned  f a c t s  and u s i n g  e l a s t i c  c o n s t a n t s  and che  e ~ ~ ~ l i a l p y  ' o f  mix ing  a s  . 

a d . d i t i o n a 1  e m p i r i c a l  p a r a m e t e r s .  The p a i r  p o t e n t i a l s  were f i r s t  c o n s t r u c t e d .  

f o r  p u r e  e l e m e n t s .  The e n e r g y  p e r  a tom,  i ,  was w r i t t e n  a s :  

where 4 i s  t h e  p a i r  p o t e n t i a l '  and Uv i s  t h e  p a r t  o f  t h e  e n e r g y  which  i s  a '  



- .  
a  f u n c t i o n  of the  average  volume per  atom va. S e v e r a l  f u n c t i o n a l  forms 

f o r  .I$ were t e s t e d  'and the  most s u i t a b l e  was found, to. .be 

I $ ( r )  = a / r 4  + b r 3  + c r 2  + ' f r  + g . . ( 2 ) '  

where a ,  b ,  c ,  f ,  g  a r e  .const .ants.  The volume dependent p a r t ,  o f '  t he  
. . 

t h e  energy was w r i t t e n  a s  t h e  expansion 

0 .  
where va i s  t h e  average  volume per  a t o m ' i n  t h e  e q u i l i b r i u m .  It w a s ' t h a n  

assumed t h a t  i n  e q u i l i b r . i u n  the  , p a i r  p o t e n t i a l  does not  c o n t r i b u t e  t o  

t h e  cohes ion  and thus  t h a t ' t h e  c o h e s i v e  energy ,  E c ,  i s  d e s c r i b e d  e n t i r e l y  
. . 

0 by t h e  d e n s i t y  dependent term,' i . e . ;  Ec = U, ( v , ) .  

The p a i r  p o t e n t i a l s  were t r u n c a t e d  a t  r = r t  which u s u a l l y  l i e s  i n  be- 

tween t h i r d  and f o u r t h  n e a r e s t  n e i g h b o r s ;  f o r  r i j  = r t  i t . w a s  r e q u i r e d  t h a t  

$ ( r , ) = I $ ' ( r  t ) = a .  ' The c o e f f i c i e n t s  a ,  b ,  c ,  f ,  g ,  Uk, and U" v  were' t h e n  d e t e r -  

mined so a s  t o  s a t i s f y '  ( i )  t h e  e q u i l i b r i u m  c o n d i t i o n  . f o r  . e x p e r i m e n t a l l y  mea-. 

su red  l a t f i c e  pa ramete r ,  ( i i )  t r u n c a t i o n  c o n d i t i o n s ,  ( i i i )  r equ i rement  of 

' z e r o  c o n t r i b u t i o n . o f  I$ t o  t h e  c o h e s i v e  energy  and ( i v )  f i t  e x p e r i m e n t a l  v a l u e s  

of t h r e e  independent  e l a s t i c  c o n s t a n t s .  Thus, a l l  e l a s t i c  c o n s t a n t s  

were  f l ~ L e d  i n  t h c  cnca of  c1.ihic s t r u c t u r e s .  For hexagonal  m e t a l s  

on ly  t h r e e  of t h e  f i v e  e l a s t i c  c o n s t a n t s  were f i t t e d  but i t  was always found 

t h a t  t h e , o t h e r  c o n s t a n t s  were t h e n  w e l l  r ep roduced .  I n  t h e  c a s e  o f ' e l e m e n t s  such  

a s  B i  a n d . S b  which c r y s t a l i z e  i n  the  t r i g o n a l  s t r u c t u r e  the  cub ic  components 

of t h e  e l a s t i c  c o n s t a n t  terms were f i t t e d  a f . t e r  i t  was shown t h a t  t 0 . a  f i r s t  
. . 

app.roximation t.he non-cubic components may be n e g l q c t e d .  

When c o n s t r u c t i n g  t h e  p ~ t ' e n t i a l s  f o r  the '  a l l o y  .t'he energy per atom, 

i ,  i s  w r i t t e n  a s :  



A-B B + 2 c A c B  1 m ( r i j )  + c A <  + , c B u v  
j+i 

where CA and CB a r e  c o n c e n t r a t i o n s  of t h e  e lements  A and B ,  r e s p e c t i v e l y .  

The p o t e n t i a l s  @ A-A,  @ B - B  and @ A-B have the  same f u n c t i o n a l  form 

a s  eq..(2) b u t  
. . 

4 A-A and 8 B-B a r e  not  t h e .  same a s  i n  p u r e  metals. '  They a r k  

based  on t h e  p o t e n t i a l s  i n  p u r e  m e t a l s  b u t  modi f i ed  i n  a way' s i m i l a r  , t o  t h a t  .- 
. . used by ~ a c h 1 i . n '  ( 4 ) :  F i r s t  t h e  doncept of r e f e r e n c e  s t r u c t u r e  is  

i n t r o d u c e d ;  i . e . ,  both elernknts A and' B a r e  taken a s  posse .ss ing 
. . 

t h e  c r y s t a l  s t r u c t u r e  .of t h e  a l l o y  ( i . e . ,  f o r  example i n  t h e  .c:ase of 

Cu-Zn a l l o y ,  Zn i s  taken a s  f .c .c .  ). Next the  p o l a r  c o r r e c t i o n  due . t o  

t h e  charge  . t r a n s f e r  is  t aken  i n t o  accoun t .  The paramete 'rs  of t h e  A-A 
. . 

and B-B p o f e n t i a l s  which d e s c r i b e  . r e p u l s i o n  a r e  then  modif ied  s o  t h a t  

t h e  re f ' e rence  s t r u c t u r e  of . the  pure  e lements  i s  i n  e q u i l i b r i u m  f o r  a' 

p o l a r  c o r r e c t e d ;  n e a r e s t  ne ighbors  s e p a r a t i o n ;  t h i s  p o l a r . c o r r e c t e d ' .  

s e p a r a t i o n  i s  a s  g iven  by eq. (13)  of t h e  f i r s t  pap'er of re,f .  ( 4 ) .  

The pa ramete r s  of p o t e n t i a l  $A-B a r e  then  determined from 

t h e  f o l l o w i n g  c o n d i t i o n s :  . ( i )  The a l l o y  i s  i n  e q u i l i b r i u m  wi th  t h e  

n e a r e s t  ne ighbors  ' d i s t a n c e  e q u a l  t o  t h e '  ave rage  n e a r e s t  ne ighbors  

d i s t a n c e  of r e f e r e n c e  s t r u c t u r e s  A and B. (ii) The. p o t e n c i a l  i s  . 

t r u n d a t e d  a t  a  d i s t a n c e  e q u a l ' t o  t h e  average  of t h e  t r u n c a t i o n  r a d i i  

o f  the..  p o t e n t i a l s  @A a n d .  @.B. ( i i i )  The minimum of A - B . i n t e r a c t i o n  i s  

t h e  average  of t h e  mir i imum of A-A avd R-B i n t e r a c t i o n s .  ( i v )  The 

e x p e r i m e n t a l l y  determined e n t h a l p y  of mixing AH = E - (CA ECA + CB E ~ ~ ) , ,  

where E~~ and ECB a r e ,  t h e  c o b e s i v c  e n e r g i e s  of e l ements  A and B y  
. . 

r e s p e c . t i v e l y ,  i s  reproduced.  The.  l a s t  c o n d i t i o n  has '  not  'been 



used .  by Mach l in  ( 4 ) .  However, i t s  u s e  e n a b l e s  us t o  r e p r o d u c e  c o - i r e c t l y  ' ' .  .. 
. . 

t h e  e n t h a l p y  bf  mix ing  which  may be t h e  p a r a m e t e r  which ' p l a y s  a n  

i m p o r t a n t  r o l e  i n  t h e  c o n t r o l  of s e g r e g a t i o n .  F u r t h e r m o r e ,  t h e  o r i g i ' n a l  

p r o c e d u r e  used  . i n  r e f .  ( 4 )  would n o t  r e p r o d u c e  t h e  s i t u a t i o n  when AH > 0 .  

,The p o ' t e n t i a l s  . c o n s t r u c t e d  f o r  t h e  s y s t e m s  q f  'Cu-Ag, Au-Ag and Cu-Bi 

a r e .  shown i n  F i g s .  l a ,  2 a . a n d  3 a ,  r e s p e c t i v e l y .  The c o r r e s p o n d i n g  
. . 

c o . n c e n t r a . t i o n  dependence  of t h e  n e a r e s t  ' n e i g h b o r ' s  d i s t a n c e  D o f  t h e  , 
e l a s t i c  c o n s t a n t s  C r l ,  C1,2, and C44 and  of t h e  e n t h a l p y . o f  m'ixing A H  

(whi'ch has  been f i t t e d )  a r e  shown i n  F i g s .  l b ,  2b and 3 b ,  rg spec t ive ly ' . .  

I t  i s  s e e n  t h a t  i n  t h e  c a s e  of  Au-Ag a l l o y  ( F i g .  2 b )  t .he c a l c u l a t e d  

c o n c e n t r a t i o n  dependences  of t h e  e l a s t i c  c o n s t a n t s  and o f  D a r e  i n  

good ag reemen t  w i t h  t h e  measured  v a l u e s  (marked by +). U n f , o r t u n a t e l y ,  

no e x p e r i m e n t a l  d a t a  a r e  a v a i l a h l q  f o r  C U - A ~  and Cu-Bi. 

3. G r a i n  Boundary S t u d i e . s  

The c a l c u 1 a t i . o n  of  t h e  s t r u c t u r e  of g r a i n  b o u n d a r i e s  w i t h  i m p u r i ' t i e s  
. . 

'have been ' s t a r t e d  f o r  t h e  s y s t e m s  ~ u ' w i k h  Ag and B i  a s  i m p u r i t i e s ,  

Au .w i th  Ag a s  a n  i m p u r i t y  and A g w i t h  Au a s  an  i m p u r i t y .  The scheme f o r .  t h e  ' 

c a n s t r u c t i o n  of t h e  p o t e n t i a l s  c a n ,  of c o u r s e ,  be used f .o r  a n y  m e t a l l i c  
. . 

b i n a r y  a l l o y s  b u t  t h e s e  t h r e e  s y s t e y s  were  chose1.1 f o r  t h e  b e g i n n i n g  

f o r  t h e  f o l l o w i n g  r e a s o n s :  (i) The Cu and B i  a toms have  v e r y  d i f f e r e n t  . 

s i z e s  and s e g r e g a t i o n  of B i  i n  Cu and' a s s o c i a t e d  e m b r i t t l e m e n t  a r e  w e l l  

- e s t a b l i s h e d .  (8 - ,  13).  . On . t he  o t h e r  hand Au and Ag have  v e r y  s i m i l a r  s i z e s  

and i t  i s  p o s s i b l e  t h a t  s e g r e g a t i o n  w i l l  have  l i t t l e  i n f l u e n c e  on  t h e  

. . 
. g r a i n  .boundary  s t r u c t u r e .  The sys t em Cu-Ag may be. i n  between t h e  two ex-  

t r emes .  Hence,  u s i n g  t h e s e  t h r e e  . a l l o y  s y s t e m s  we a r e  a b l e  t o . i n v e s t i g a t e  a  



r ange  of d i f f e r e n t  b e h a v i o r s  e a c h  of which  may be c h ~ r a c t e r i s t : i c  f o r  

a  c l a s s  of a l l o y s .  

. ( i i )  A number of  e x p e r i m e n t a l  s t u d i e s  o f  t h e  s e g r e ' g a t i o n  of  B i  i n  C u  

have  been made (8 - 1 3 )  and r e c e n t l y  a l s o  e l e c t r o n  m i c r o s c o p i c ' s t u d i c s  

o f  t h e  g r a i n  b o u n d a r i e s  i n  t h i s  a l l o y  have  been per formed ( 1 4 ,  ' 15) .  

 hi^ g i v e s  a n  o p p o r t u n i t y  f o r  compar ing  t h e  c a l c u l a t i o ~ s  w i t h  ' e x p e r i m e n t s .  

S i m i l a r l y ,  t h e .  e f f e c t  'of s e g r e g a t i o n  on t h e  g r a i n  boundary  e n e r g y  i n  

Ag-Au a l l o y s  have  been s t u d i e d '  ( 1 6 )  and a t  p r e s e n t  t h e  e f f e c t  of  s k g r e g a t i o n  

on t h e  g r a i n  boundary  s t r u c t u r e . i n  Au-& a l l o y s '  i s  b e i n g  i n v e s t i g a t e d , u s i n g  
. . 

X-ray topography  and e l e c t r o n  mic roscopy  by P r o f .  S. S a s s  a t  C o r n e l l  U n i v e r s i t y .  

A s  men t ioned  i n  t h e  I n t r o d u c t i o n ,  t h e  computer  programs which have  been '  

used i n  t h e  s t u d i e . s  of g r a i n  b o u n d a r i e s  i n  pu re  m e t a l s  r e q u i r e  s u b s t a n t i a l  

. m o d i f i c a t i o n s  b e f o r e  t h e y  can  be used  i n  t h e  p r e s e n t  work. The main 
. . 

r e a s o n  i s  t h a t  i t  i s  n e c e s s a r y  t o  . c o n s i d e r  e x p l ' i c i t l y  t h e  d e n s i t y  

d e p e n d e n t  p a r t  o f  t h e  e n e r g y  which ha's n o t  been.  a p p r e c i a t e d  b e f o r e  

t h i s  i n v e s t i g a t i o n  was s t a r t e d .  I n  t h e  p r e v i o u s  c a s e  t h e  r e l a x a t i o n  

was c a r . r i e d  o u t  wlch r e s p e c t  to t h c  l o c a l  a t o m i c  p o s i t i o n s  ' and t h e  

r e l a t i v e  d i s p l a c e m e n t s  of t h e  two g r a i n s .  A S  e x p l a i n e d  i n  r e f .  (1)  t h i s  

c a l c u l a t i o n  c o u l d  be c a r r i e d  o u t  k e e p i n g  t h e  t o t a l  volume of t h e  re.1axe.d 

b l o c k  c o n s t a n t .  I n  t h e  p r e s e n t  s t u d y ,  however,  t h e  r e l a x a t i o n  must be' 

c a r r i e d  o u t  n o t  o n l y  w i t h  r e s p e c t  t o  t h e  l o c a l  a t o m i c  p o s i t i o n s  

and g r a i n  d i s p l a c e m e n t s  but  a l s o  w i t h  r e s p e c t .  t o  l o c a l  a v e r a g e  a t o m i c  

' vo lume  which w i l l  v a r y  w i t h  s e p a r a t i o n  f r o m  t h e  boundary.  IA t h i ~  c a s e  

e x p a n s i o n  o r ,  c u ~ ~ ~ r a c t i o n  of t h e  re laxed  -b lock  must be a l l o w e d ,  A t  t h e .  , 

same t i m e  dependence  of b o t h  t h e  p a i r  p o t e n t i a l s  and t h e  volume dependen t  

p a r t  of t h e  e n e r g y  on t h e  l o c a l  c v r l c e n t r a t i o n  of t h e  a l l o y ' i n g  e l e m e n t  



h a s  t o  be t a k e n  i n t o  a c c o u n t .  T h i s  means t h a t  @ and U, w i l l  a g a i n  

v a r y  w i t h  s e p a r a t i o n  from t h e  g r a i n  boun'dary. ' The i n c o r p o r a t i o n  

of  t h e s e  f e a t u r e s  i n t o  t h e  r e l a x a t i o n  program 'is c a r r i e d  o u t  a t  

p r e s e n t .  We e x p e c t  t h a t  t h i s  deve lopment  w i l l  be comple t ed  i n  

t h e  n e a r  f u t u r e  and p r e l i m i n a r y  s t u d i e s  u s i n g  t h e  above  ment ioned  

p o t e n t i a l s  w i l l  be made w i t h i n  t h e  n e x t  f o u r  months.  . . 
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Fig .  l a  , F u l l  l i n e s :  Cu-Cu and Ag-Ag p o t r l r t i a l s  i n  p u r e  m e t a l s .  
Dot ted  l i n e s :  Cu-Ag p o t e n t i a l s  f u r  t h e e  d i f f e r e n t  . 
c o n c e n t r a t  i o n s .  o f  Ag i n  Cu. 



Fig,  l b  . c a l c u l a t e d  dependence of  e ' l a s t i c  c o n s t a n t s  ( C ~ I ,  C12, C4.4), 
n e a ' r e s t  n e i g h b o r s  s p a c i n g  ( D )  and en tha lpy '  o f  mixing AH on 
c d n c e n ~ r a t  i o n  is C U - ~ g  a ~ . l o y ,  x e x p e r i m e n t a l  v a l u e s .  



F i g .  2a  F u l l  l i n e s :  Au-Au snd Ag-Ag p o t e n t i a l s  i n  p u r e  me ta l s ' .  
Dot ted  l i n e s :  Au-Ag p o t e n t i a l ?  f o r  t h r e e  d ' i f f e r e n t  
c o n c e n t r a t . i o n s  of  Ag i n  Au. 

. . 



Fig., 2b C a l c u l a t e d  dependenc'e of e l a s t i c  c o n s t a n t s  (Cll, C12, C 4 4 ) ,  
n e a r e s t  ne ighbor  s p a c i n g  ( D )  and  en thh lpy  o f  m i x i n g  AH on 
c o n c e n t r a t  i o n  i n  Au-Ag . x  e x p e r i m e n t a l  v a l u e s .  



F i g .  3 a  . F u l l  l i n e s  Cu-Cu and R i - B i  p o t e n t i a l s  i n  p u r e  m.etals .  
Dot ted  l i n e s :  ' Cu-Bi p o t e n t i a l s  f o r  t h r e e ' d i f f e r e r i t  
c o n c e n t r a t i o n s  'ol: Bi i n  Cu. 



% CONCENTRATION 

F i g  3b C a l c u l a t e d  dependence of e l a s t i c  c o n s t a n t s  (TI;, C12, C44), 
nearest ne ighbor  s p a c i n g  (Dl and e n t h a l p y  o f  mlxing AH o;i 
c o n c e n t r a t i o n ' i n  Cu-Bi a l l o y .  x  e x p e r i m e n t a l  v a l u e s .  




