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INTRODUCTION

D ur ing  i n t e r d i f f u s i o n  in b i n a r y  m e t a l l i c  coup les  w h ich  fo rm  sub­

s t i t u t i o n a l  a l l o y s ,  one o f  the m e ta ls  e x h i b i t s  a h ig h e r  r a t e  o f  d i f f u ­

s io n  than the o t h e r .  No e x c e p t io n s  to  these unequal  d i f f u s i o n  r a te s  

has been r e p o r t e d ,  and the vacancy mechanism o f  d i f f u s i o n  is  dominant  

in  FCC a l l o y s . *  These unequal  r a te s  g i v e  r i s e  to  mass f l o w  ac ross  the 

c o u p le  in  the d i r e c t i o n  o f  the s l o w e r - d i f f u s i n g  m e ta l ,  w i t h  vacancy 

f l e w  and marker m i g r a t i o n  in the o p p o s i t e  d i r e c t i o n .  The mass f l o w

and marker  s h i f t i n g  phenomena t o g e t h e r  a re  known as the K i r k e n d a l l  

2
e f f e c t .  P o r o s i t y  u s u a l l y  deve lops  in  the s id e  o f  the f a s t e r - d i f f u s ­

ing  e lemen t  because the vacancy f l o w  i n t o  t h a t  s id e  s u p e r s a tu r a t e s  the 

l a t t i c e  w i t h  v a c a n c ie s .2>3-6  in s te a d  o f  p r e c i p i t a t i n g  a t  po res ,  some 

o f  the excess vacan c ies  in  the l a t t i c e  a re  a n n i h i l a t e d  a t  i n t e r n a l  

s i n k s  such as d i s l o c a t i o n s ,  g r a i n  b o u n d a r ie s ,  e t c . ^ ’ ^ Th is  causes

the  l a t t i c e  t o  c o n t r a c t ,  t h e re b y  p l a c i n g  the f a s t - d i f f u s i n g  s id e  o f  

the  c oup le  in  t e n s io n .  The o p p o s i t e  s id e  o f  the  c oup le  is  u n d e r s a t ­

u r a te d  in  vacanc ies  because o f  a g a in  in  mass. Thus, t h i s  s id e  o f  the 

c oup le  tends to  expand by c r e a t i n g  l a t t i c e  s i t e s ,  t h e re b y  p l a c i n g  the 

s id e  o f  the s l o w e r - d i f f u s i n g  e lement  under com press ion .  C o nsequ en t ly ,  

when chemica l  s t r e s s e s  due to  n o n e q u i1b r ium  vacancy c o n c e n t r a t i o n s  a re  

r e l i e v e d  by a n n i h i l a t i n g  o r  c r e a t i n g  l a t t i c e  s i t e s ,  the r e s u l t a n t  

volume changes can d ev e lop  s t r e s s e s  in  the i n t e r d i f f u s i o n  z o n e .6 " 8  

S t re s s e s  due t o  volume changes w h ich  a r i s e  f rom  l a t t i c e  parameter  

d i f f e r e n c e s  (a tom ic  m i s f i t )  a l s o  can be induced d u r i n g  i n t e r d i f f u -



s i o n .  6 ,9~26 These amount t o  o n l y  a smal l  f r a c t i o n  o f  the s t r e s s e s  

caused by the presence o f  vacancy g r a d i e n t s  in  common FCC-meta l

coup les  such as Cu /Zn ,  ^ , 9 . 1 0 . 1 2 qu/ h i ,8  and A g / A u , ^  b u t  can be v e ry

16“ 26la rg e  in  v e r y  h i g h - m i s f i t  systems such as doped s e m ic o n d u c to rs .

D i f f u s i o n - i n d u c e d  s t r e s s e s  a re  t h re e -d im e n s io n a l  a t  t h e i r  i n c e p t i o n ,  

b u t  the component p a r a l l e l  t o  the d i f f u s i o n  d i r e c t i o n  is  commonly 

though t  t o  r e l a x  t o  a neg1i g i b 1y -sm a11 v a lu e .  Th is  c o n c lu s i o n  i s  based 

on the assum pt ion  t h a t  the c oup le  m a t e r i a l  can e l a s t i c a l l y  c o n t r a c t  o r  

expand f r e e l y  in  the d i f f u s i o n  d i r e c t i o n . ^ ^  8 . 1 0 . 1 2  However,  the 

c oup le  mass is  we lded i n t o  an i n t e g r a l  body w h ich  is  no t  f r e e  t o  con­

t r a c t  o r  expand in  d i r e c t i o n s  p e r p e n d i c u l a r  t o  d i f f u s i o n .  T h e re fo r e ,  

the tw o -d im e n s io n a l  s t r e s s e s  in  these d i r e c t i o n s  are  no t  r e l i e v e d  by 

mass f l o w .  A p l a n a r  v ie w  o f  d i f f u s  io n - in d u c e d  s t r e s s e s ,  marker  s h i f t ­

i n g ,  and p o r o s i t y  a re  d e p ic t e d  s c h e m a t i c a l l y  in  F i g .  1(a) f o r  a t y p i c a l  

b u l k y  K i r k e n d a l l  c o u p le  compr ised  o f  h y p o t h e t i c a l  m e ta ls ,  A and B.

The v a s t  m a j o r i t y  o f  i n v e s t i g a t i o n s  o f  chem ica l  d i f f u s i o n  have i n ­

v o lv e d  s o l i d / s o l i d  b u k l y  coup les  hav ing  d imens ions  on the o r d e r  o f  mm 

o r  cm. In the few cases where s o l i d / v a p o r ^ * ' ^  o r  s o l i d / s o l i d ^  coup les  

were made v e ry  t h i n  in  the d i r e c t i o n  o f  d i f f u s i o n ,  o v e r a l l  bend ing  o f  

the coup les  o c c u r re d  as d e p i c t e d  in  F i g .  1 ( b ) .  (The s id e  r i c h e s t  in 

the f a s t e r - d i f f u s i n g  e lement  a lways forms the i n n e r ,  concave s u r f a c e ) .  

Two mechanisms have been proposed t o  e x p l a i n  bend ing .  Barnes^  and
1 C.

Que isse r  a t t r i b u t e d  bend ing  o f  t h e i r  s o l i d / v a p o r  coup les  t o  d i f f u ­

s io n - i n d u c e d  s t r e s s e s .  Barnes a t t r i b u t e d  these s t r e s s e s  in  h i s  Cu/Ni 

coup les  t o  vacanc ies  and a tom ic  m i s f i t  (m o s t l y  v a c a n c ie s ) ,  whereas 

Que isse r  a t t r i b u t e d  them to  m i s f i t  a lone  in h i s  ( h i g h - m i s f i t )  S i /B
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Fig. 1. Schematic cross sections of hypothetical A /B  Kirkendall couples.



27c o u p le s .  As a second bend ing  mechanism, L iu  and Powel l  suggested 

t h a t  d i s l o c a t i o n  c l im b  p a r a l l e l  t o  the d i f f u s i o n  d i r e c t i o n  c o u ld  have 

c o n t r i b u t e d  t o  bend ing  o f  t h e i r  Ag/Au c o u p le s .  The c l im b  would  occu r  

t o  accomodate mass f l o w  ac ross  the i n t e r d i f f u s i o n  zone. They a l s o  

noted t h a t  b e n d -p ro d u c in g  c l i m b  would  no t  c o n t r i b u t e  t o  marker  s h i f t ­

in g .  However,  n o th in g  was known abou t  marker s h i f t i n g  in  t h i n - s h e e t  

c o u p le s  t o  t e s t  t h i s  p o s s i b i l i t y .  In f a c t ,  l i t t l e  e l s e  was known 

about  bend ing  coup les  e xcep t  t h a t  s u b s t r u c t u r e  formed in  t h e m . ^ ’ ^ ’ ^  

In c o n t r a s t  t o  the scan t  knowledge o f  t h i n ,  bend ing  c o u p le s ,  much was 

known o f  b u l k y ,  nonbend ing c o u p le s .  Bu lky  coup les  have e x h i b i t e d  

marker s h i f t i n g  and p o r o s i t y ,  and v a r i o u s  s t r e s s - i n d u c e d  p l a s t i c  de­

f o r m a t i o n  phenomena o c c u r  in  the i n t e r d i f f u s i o n  zone.  These a re  the

6 12 28 29
d e s t r u c t i o n  o f  the o r i g i n a l  c r y s t a 11 i n i t y , ’ ’ ’ the g e n e r a t i o n  o f

d i s l o c a t i o n s  o r  s u b s t r u c t u r e , 3 , 1 6 - 2 6 , 2 8  r e c r y s t a l  1 i z a t i o n , ^ >

^  s u r f a c e  de fo rm a t  i o n ^ ’ ^  and i n t e r n a l  c r a c k in g ,9 > 3 0 ,3 1  D i f f u s i o n -

8 10induced s t r e s s e s  a l s o  have been s a id  t o  c r e a t e  o r  a i d  p o r o s i t y  

f o r m a t i o n .  I n f o r m a t i o n  c o n c e rn in g  these same phenomena in  t h i n - s h e e t  

coup les  is  sought  here t o  d e s c r ib e  and unders tand  b e t t e r  the r o l e  o f  

d i f f u s i o n - i n d u c e d  s t r e s s e s  and p l a s t i c  d e fo r m a t i o n  in  K i r k e n d a l l  

c o u p le s ,  e s p e c i a l l y  w i t h  rega rd  t o  bend ing .  A l s o ,  such i n f o r m a t i o n  

would  h o p e f u l l y  be u s e f u l  t o  the r e c e n t  t e c h n o lo g y  o f  d i f f u s i o n  bond­

ing  o f  e n g in e e r i n g  components,  e s p e c i a l l y  w i t h  rega rd  t o  t h i n - s h e e t

32l a m in a te  com pos i tes .

The Ag-Au system was s e l e c te d  f o r  s tudy  in the p re s e n t  w o rk  p r i -

15 33 3Um a r i l y  because i t  d i s p l a y s  e x t r e m e l y  l i t t l e  a tom ic  mismatch ’ ’

o r  volume c h a n g e ^  upon m ix in g ,  as i n d i c a t e d  in  Tab le  1. Th is  essen-



5.

Tab le 1. A tom ic  m i s f i t  in  some FCC b i n a r y  a l l o y s .

B i na ry  % Atomi c M i s f i t 8

25°C

Ag-Aud 0 .18

C u -N id 2 .54

Au-Pdd *♦•71

Ag-Pdd 4 .9 0

Cu-Pd 7 .35

N i -P d d 9 .89

Au-Cu 12.05

Ag-Cu 12.24

Au-Ni 14.59

Ag-Ni 14.78

720°Cc

0.5*+

aA tom ic  m i s f i t  is  c a l c u l a t e d  f rom  the  tom ic  r a d i i  o f  the b i n a r y  com­
pon e n ts ,  A and B, a c c o r d i n g  to  | r/\ -  r  b f

<r A + r B>/ 2
^ a to m ic  r a d i i  f rom  Pearson^ .
c a to m ic  r a d i i  f rom h ig h - t e m p e r a t u r e  l a t t i c e  parameters  de te rm ined  by 
War I i m o n t ” . The v e r y  sm a l l  a tom ic  m i s f i t  in  Ag-Au is  a d d i t i o n a l l y  
s uppo r ted  by the maximum change in  volume be ing  o n l y  0.63% upon fo rm ­
ing  homogeneous s o l i d  s o l u t i o n s  a t  600°C, and n e a r l y  z e r o  f o r  l i q u i d
s o l u t i o n i n g 3 5 .

B in a r y  phase diagrams-5 show comple te  mutual  s o l u b i l i t y  w i t h  no 
o r d e r i n g  o r  i m i s c i b i 1 i t y  a t  tem pera tu res  g e n e r a l l y  employed in  d i f f u ­
s io n  e x p e r im e n ts .



t i a l l y  e l i m i n a t e s  the c o m p l i c a t i n g  f a c t o r  o f  a tom ic  m i s f i t  s t r e s s e s  

in  the i n t e r d i f f u s i o n  zone. Thus, p r a c t i c a l l y  a l l  d i f f u s i o n - i n d u c e d  

s t r e s s e s  in  Ag/Au coup les  can be a t t r i b u t e d  t o  n o n e q u i l i b r i u m  vacancy 

c o n c e n t r a t i o n s  c re a te d  by the unequal  d i f f u s i o n  r a te s  o f  Ag and Au 

(°Ag 2 .5  DflU in  t h e i r  a l l o y  a t  7 5 0 ° C ' ) . A l s o ,  the Ag-Au system is  

s i n g le - p h a s e  FCC w i t h  com p le te  mutua l  s o l u b i l i t y , ^ > 3 6  a nd the u n i v a l ­

e n t  Ag and Au a re  immediate n e ig h b o rs  in  Group IB o f  the p e r i o d i c  

t a b l e .  F u r th e rm o re ,  Ag-Au d i f f u s i o n  k i n e t i c s  a re  w e l l - e s t a b l i s h e d , ^ ® -  

^5 and a r e l i a b l e  method f o r  d e t e r m in i n g  the sys tem 's  c o m p o s i t i o n  

g r a d i e n t  by e l e c t r o n  m ic rop robe  X - r a y  a n a l y s i s  i s  known.

* T h i s  c o n s t i t u t e s  a s i g n i f i c a n t l y  la rg e  (b u t  not  the l a r g e s t )  K i r k e n -  
d a l l  e f f e c t  r e l a t i v e  to  o t h e r  FCC K i r k e n d a l l  systems^?.  However, 
o t h e r  b i n a r y  systems have moderate to  l a r g e  a tom ic  m i s f i t s ,  as seen 
in  Table I .



LITERATURE SURVEY

The K i r k e n d a l l  e f f e c t  in  s u b s t i t u t i o n a l  b i n a r y  a l l o y s  was f i r s t

2
.d e s c r ib e d  by Smige lskas and K i r k e n d a l l .  They found t h a t  molybedenum 

marker  w i r e s  p laced  a t  the  o r i g i n a l  j o i n  o f  t h e i r  Cu /b rass  coup les  

s h i f t e d  p a r a b o l i c a l l y  toward the b rass  s id e  d u r i n g  d i f f u s i o n  (marker  

s h i f t  = c o n s ta n t  VTTme, o r  Xm = k t i )  , i n d i c a t i n g  t h a t  Zn d i f f u s e d  more 

r a p i d l y  in  a lpha  b rass  than d i d  Cu. Volume d i f f e r e n c e s  due t o  l a t t i c e  

parameter  changes d u r i n g  a l l o y i n g  accounted o n l y  f o r  o n e - f i f t h  o f  the 

s h i f t .  Etch p i t t i n g  s u s c e p t i b i l i t y  on the b rass  s id e  o f  the coup le  

i n t e r f a c e  was i n t e r p r e t e d  as a decrease in  b rass  d e n s i t y ,  wh ich  sup­

p o r t e d  t h e i r  c o n t e n t i o n  t h a t  Zn was le a v in g  the b rass  s id e  f a s t e r  than 

i t  was b e in g  rep laced  by the  incoming Cu. S m o lu c h o w s k i ^  s t a te d  t h a t  

the above expe r im en t  c o n v i n c i n g l y  i n d i c a t e d  t h a t ,  in  a d d i t i o n  t o  the 

two k in d s  o f  atoms, a t h i r d  c o n s t i t u e n t ,  v a c a n c ie s ,  was moving d u r i n g  

d i f f u s i o n .  C. S. S m i t h ' '  d i scussed  the n e c e s s i t y  o f  v o id s  due t o  the 

ne t  mass loss  on the b rass  s i d e ;  he a l s o  p o s t u l a t e d  t h a t  l a t t i c e  p a r ­

ameter  s t r a i n s  in  the i n t e r d i f f u s i o n  zone c ou ld  r e s u l t  in  ex tended 

l a t t i c e  d i s l o c a t i o n s ,  s l i p ,  and m ic r o s c a le  f i s s u r i n g .  S m i t h , ' '  M e h l , ^  

and D a r k e n ^  conc luded t h a t  Smige lskas and K i r k e n d a l l ' s  r e s u l t s  r e ­

q u i r e d  t h a t  i n d i v i d u a l  d i f f u s i o n  c o e f f i c i e n t s  be ass igned  t o  each o f  

the  two d i f f u s i n g  atom s p e c ie s .  S h o r t l y  a f t e r w a r d ,  Darken-*® d e r i v e d  

e x p re s s io n s  f o r  the i n t r i n s i c  c o e f f i c i e n t s  in  h i s  a n a l y s i s  o f  the 

K i r k e n d a l l  e f f e c t ,  and in c lu d e d  phenomenolog ica l  r e l a t i o n s h i p s  be­

tween the v a r i o u s  d i f f u s i o n  c o e f f i c i e n t s  ( t r a c e r ,  i n t r i n s i c ,  and



ch e m ic a l )  and marker v e l o c i t y .  Based on the assumpt ions  o f  (1)  con­

s t a n t  c ro s s  s e c t i o n  a rea  p e r p e n d i c u l a r  t o  the d i f f u s i o n  f l o w ,  (2) 

c o n s t a n t  mo la r  volume th ro u g h o u t  the c o u p le ,  and (3) no p o r o s i t y ,  

Darken showed t h a t

D = D/\Nb + Db Na "  * 1

-v D in  / j
D i = Di (1 + d V T O ] )  i = A o r  B 2

. E) Na
vm = (da "  db) a i r  = 2x * '  * 3

, where

D = chem ica l  i n t e r d i f f u s i o n  c o e f f i c i e n t  in a b i n a r y  A/B c o u p le ,  as 

de te rm ined  by the Bol tzman-Matano m e th o d .5 K 5 2

Dj = i n t r i n s i c  d i f f u s i o n  c o e f f i c i e n t  o f  A o r  B in  a l l o y  A+B.

ic
Dj *® r a d i o a c t i v e  t r a c e r  d i f f u s i o n  c o e f f i c i e n t  o f  A o r  B in a chem­

i c a l l y  homogeneous a l l o y  A+B.

Nj = mole f r a c t i o n  o f  A o r  B.

Y-t = thermodynamic a c t i v i t y  c o e f f i c i e n t  o f  A o r  B in  a l l o y  A+B.

vm = marker v e l o c i t y .

Xm = marker s h i f t  w h ic h  occu rs  d u r i n g  i s o th e rm a l  d i f f u s i o n  t im e ,  t .

D na
= s lope  o f  the c o n c e n t r a t i o n - p e n e t r a t i o n  cu rve  a t  the marker 

p la n e .

Th is  t re a tm e n t  r e q u i r e s  t h a t  the vacancy c o n c e n t r a t i o n  t o  be the 

e q u i l i b r i u m  v a lu e  a t  a l l  p o i n t s  in  the d i f f u s i o n  zone. D a rk en 's  

Eqn. 3 im p l ie s  t h a t  a l l  o f  the mass f l o w  w h ich  o c c u r re d  in  the c oup le  

i s  g iven  by the volume o f  m a t e r i a l  th rough  w h ich  the  markers  moved.

I t  i s  seen in  F i g .  1(a) t h a t  t h i s  volume is  g iven  by the marker  s h i f t

m u l t i p l i e d  by the c oup le  area normal t o  d i r e c t i o n  o f  marker  s h i f t i n g .



A t ' l e r  d e r i v i n g  the above e x p r e s s io n s ,  Darken showed t h a t  Eqns. 1 and 

3 d e s c r ib e d  reas on ab ly  w e l l  the K i r k e n d a l l  b e h a v io r  w h ich  was e x p e r i -  

m e n t a l l y  observed in  a marker s h i f t i n g  s tudy  o f  Cu-<?< b ra s s ,  and 

t h a t  Eqns. 1 and 2 d e s c r i b e d ,  w i t h i n  e x p e r im e n ta l  e r r o r ,  the d i f f u s i o n  

b e h a v io r  o f  the Ag-Au system38 as de te rm ined  f rom t r a c e r  d i f f u s i o n  

e x p e r im e n ts .  A v e ry  e x t e n s i v e  t r a c e r  d i f f u s i o n  s tudy  by Reyno lds ,  

Averbach ,  and C o h e n ^  showed t h a t  D a rk e n 1 s r e l a t i o n s h i p s  between 

t r a c e r  d i f f u s i v i t y  and thermodynamic a c t i v i t y ,  g iven  by Eqns. 1 and 2,  

d e s c r ib e  w e l l  the Au-Ni  system.

However, problems have been met in  a p p l y i n g  d i r e c t ,f marker  s h i f t ­

ing  r e s u l t s  t o  (D a rk e n 's )  Eqns. 1 and 3 ,  one o f  the problems be ing  

e r r a t i c ,  nonun i fo rm  marker s h i f t i n g .  W h i le  marker  d i s t r i b u t i o n s  

w i t h i n  i n d i v i d u a l  coup les  wh ich  c o n t a i n  s e v e ra l  markers  a re  no t  ge n e r ­

a l l y  r e p o r t e d ,  r a d i a t i o n  i n t e n s i t y  d i s t r i b u t i o n s  o f  t r a c e r  o x id e  

markers  in  Ag/Au coup les  i n d i c a t e  t h a t  the markers  in  any g iv e n  c oup le  

a re  s c a t t e r e d  over  a d i s t a n c e  comparab le  t o  t h e i r  "computed av e ra g e "  

marker  s h i f t . ^ ’ ^  I t  is  more common to  r e p o r t  o n l y  the computed 

average marker  s h i f t  f o r  each c o u p le .  When a s e r i e s  o f  l i k e  coup les  is  

d i f f u s e d  i s o t h e r m a l l y  f o r  v a r i o u s  t im e s ,  the average marker  s h i f t s  o f  

many o f  the coup les  d e v ia t e  f rom the average p a r a b o l i c  s h i f t i n g  r a te  

o f  the s e r i e s .  W hi le  these d e v i a t i o n s  somet imes amount t o  o n l y  a few 

p e r c e n t ' , ' ^ ’ '*^ they a re  o f t e n  s i g n i f i c a n t l y  h i g h e r ,  and can be up to  t  

25%3>55 ancj + 50%3. Reyno lds e t  a l . 3 0  f ouncj marker s h i f t i n g  t o  be too 

i n c o n s i s t e n t  t o  d e s c r ib e  the K i r k e n d a l l  e f f e c t  in  t h e i r  Au /N i c o u p le s .

*A " d i r e c t "  marker s h i f t  is  the d i f f e r e n c e  between the marker p o s i t i o n s  
measured d i r e c t l y  f rom the coup le  b e fo r e  and a f t e r  d i f f u s i o n .



10.

"3
Da S i l v a  and Hehl showed l h a l  d i r e c t  marker  s h i f t i n g  measurements in 

t h e i r  v a r i o u s  FCC coup les  was a "most  u n r e l i a b l e "  means o f  measur ing  

the K i r k e n d a l l  e f f e c t .  I n s te a d ,  they  took  the Matano p lane  t o  be the 

p r e d i f f u s i o n  p o s i t i o n  o f  the m arke rs ,  emp loy ing  g r a p h i c a l  a rea  measure­

ments f rom  c o n c e n t r a t i o n - p e n e t r a t i o n  cu rves  t o  d e te rm in e  the Matano

p lane  ( t h i s  i s  known as t h e " i n d i r e c t "  measure o f  marker s h i f t i n g ) .

56H a r t l e y  e t  a l . e x p e r ie n c e d  s i m i l a r  d i f f i c u l t i e s  in BCC c o u p le s ,  o f t e n  

o b t a i n i n g  n e g a t i v e  v a lu e s  f o r  the chem ica l  d i f f u s i o n  c o e f f i c i e n t s  when 

u s in g  d i r e c t  marker s h i f t i n g  r e s u l t s  a c c o rd in g  t o  (D a rk e n 's )  Eqns. 1 

and 3- Kohn e t  a l . - ^  per fo rmed a c a r e f u l  expe r im e n t  t o  t e s t  the  K i r k ­

e n d a l l  e f f e c t  in the Fe-Ni and Fe-Co systems by compar ing r e s u l t s  

o b t a i n e d  f rom bo th  t r a c e r  and marker  methods.  They showed t h a t  the 

K i r k e n d a l l  e f f e c t  p r e d i c t e d  by t h e o r y  i s  2-3 t im es  s m a l l e r  than t h a t  

a c t u a l l y  d i s p la y e d  by marker  s h i f t i n g  ( th e  t h e o ry  in c lu d e d  bo th  D a rk e n 's  

equations and Mann ing 's  m o d i f i c a t i o n  o f  D a rken 's  e q u a t i o n s ,  w h ich  

in c o r p o r a t e s  the vacancy w ind  e f f e c t ) .  Da11witz57 a l s o  found a s e r i o u s  

d isag reem ent  between the t h e o r e t i c a l  K i r k e n d a l l  e f f e c t  and t h a t  c a l c u ­

l a t e d  f rom ( w i r e )  marker s h i f t i n g  d a ta  in  Ag/Au c o u p le s .  P a r t  o f  the 

d i s c re p a n c y  between t h e o r y  and e x p e r im e n t  was b e l i e v e d  due t o  some o f  

the markers  l y i n g  w i t h i n  pores^7 and s p u r io u s  marker  s h i f t i n g  caused 

by p l a s t i c  d e fo r m a t i o n  phenomena in the d i f f u s i o n  zone, such as the

d e s t r u c t i o n  o f  o r i g i n a l  c r y s t a l  1 i n i t y ,  p o l y g o n i z a t i o n , and r e c r y s t a l l i -  

3 53 56z a t i o n .  ’ ’ These p l a s t i c  d e fo r m a t i o n  phenomena and some o t h e r  f e a ­

t u re s  o f  K i r k e n d a l l  coup les  are  p resen ted  be lcw .

An e a r l y ,  s y s te m a t i c  v e r i f i c a t i o n  o f  the K i r k e n d a l l  e f f e c t  was 

per fo rmed by da S i l v a  and Mehl^ .  They v a r i e d  s e v e ra l  f a b r i c a t i o n  and
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d i f f u s i o n  param eters  in  o r d e r  to  a s c e r t a i n  t h a t  the K i r k e n d a l l  e f f e c t  

was r e a l  and n o t  a consequence o f  the p r o p e r t i e s  o f  the m a rk e rs ,  imper ­

f e c t  j o i n i n g ,  p r e - e x i s t i n g  p o r o s i t y ,  d e g a s s in g ,  o r  v o l a t i l e  mass 

t r a n s f e r .  To t h i s  end, they  v a r i e d  d i f f u s i o n  te m p e ra tu re s ,  heat  t r e a t ­

ing a tmospheres ,  c o u p le  f a b r i c a t i o n  te c h n iq u e s ,  c oup le  d im e n s io n s ,  mar­

ker  m a t e r i a l s ,  and marker  g eo m e t r ies  in  s e v e ra l  b i n a r y  a l l o y  sys tems,  

Cu-Zn, C u - A l , Cu-Sn, Cu -N i ,  Cu-Au, and Ag-Au. D e s p i te  r e l a t i v e l y  

l a rg e  s c a t t e r  in  marker  s h i f t i n g  d a ta  e x h i b i t e d  w i t h i n  any g iv e n  a l l o y  

sys tem,  t h e i r  e x p e r im e n ts  e s s e n t i a l l y  c o n f i rm e d  the p a r a b o l i c  marker  

s h i f t i n g  b e h a v io r  in  K i r k e n d a 11- t y p e  c o u p le s .  The r a t e  c o n s t a n t s ,
JL

k ,  in  Xm = k t 2 depended s t r o n g l y  on the m e ta ls  and a l l o y s  f rom  w h ich  

the  cou p le s  were made, as expec ted  f rom  D a rken 's  a n a l y s i s ,  Eqn. 3,  

where D/\ -  D5 wou ld  v a r y  acco rd  1 ng t o  the b i n a r y  system.  The marker  

m o t io n  was a lways  in  the  d i r e c t i o n  o f  d i f f u s i o n  f l o w .  Markers  p laced  

t o  d e t e c t  l a t e r a l  s h i f t i n g  ( p e r p e n d i c u l a r  t o  the d i f f u s i o n  f l o w )  

r e v e a le d  t h a t  no such s h i f t i n g  r e s u l t e d  f rom the  mass f l o w  e f f e c t .  

F u r th e rm o re ,  the l a t e r a l  marke rs  s h i f t e d  o n l y  o n e - t e n t h  o f  the amount 

p r e d i c t e d  f rom  changes in  the l a t t i c e  parameter  w h ic h  o c c u r re d  upon 

a l l o y i n g  in  the i n t e r d i f f u s i o n  zone. Thus, da S i l v a  and Mehl conc luded  

t h a t  changes in  c oup le  d im en s ion s  w h ic h  o c c u r re d  d u r i n g  d i f f u s i o n  were 

l i m i t e d  to  the  d i r e c t i o n  o f  d i f f u s i o n  f l o w .

Da S i l v a  and M e h l ' s  c o u p le s  were made f rom  round s la b s  w h ich  were 

e i t h e r  6 o r  12 m m - th ic k  in  the d i f f u s i o n  d i r e c t i o n .  G ra in  s i z e s  were 

v a r i e d  in  some o f  these c o u p le s .  On the b a s i s  t h a t  marker  s h i f t i n g  was 

independent  o f  s la b  t h i c k n e s s  and g r a i n  s i z e ,  they conc luded  t h a t  

n e i t h e r  the sample s u r fa c e s  no r  g r a i n  b o u n d a r ie s  were a c t i n g  as p r i -
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mary sources  o r  s in k s  f o r  vacanc ies  and,  t h e r e f o r e ,  the ne t  vacancy 

f l u x e s  were o c c u r r i n g  w i t h i n  the g r a i n s  o f  the d i f f u s i o n  zone. Th is
rQ

was in c o n t r a s t  t o  an e a r l i e r  s u g g e s t i o n  by S e i t z  t h a t  g r a i n  boundar ­

ies  and coup le  s u r fa c e s  c o u ld  be sources  and s in k s  f o r  p o i n t  d e f e c t s  

d u r i n g  the d i f f u s i o n  p ro c e s s .  Da S i l v a  and Mehl found p o r o s i t y  in  the 

d i f f u s i o n  zone in  some o f  t h e i r  c o u p le s .  I t  was a lways lo c a te d  on the 

s id e  r i c h e s t  in  the f a s t e r  d i f f u s i n g  e lem en t .  They noted t h a t  p o r o s i t y  

in  Cu-Zn coup les  was g r e a t e s t  near the  markers  and was lo c a te d  a t  some 

o f  the markers  i n  the Cu-Zn and Cu-Al c o u p le s .  The m u l t i g r a i n  boundary  

w h ich  formed a lo n g  the o r i g i n a l  j o i n  d u r i n g  w e ld i n g  was observed to  

m ig r a te  w i t h  the m arke rs ,  and was i n t e r p r e t e d  as g r a i n  g row th  wh ich

p o s s i b l y  r e s u l t e d  f rom s t r a i n  accompanying d i f f u s i o n .
3

Da S i l v a  and Mehl r a t i o n a l i z e d  the e x i s t e n c e  o f  marker s h i f t i n g ,  

p o r o s i t y ,  and d im e n s io n a l  changes by em p loy ing  the vacancy mechanism 

o f  d i f f u s i o n .  T h e i r  s e l e c t i o n  o f  the  vacancy mechanism was based, in  

p a r t ,  on the argument by Sei tz-*® t h a t  d i f f u s i o n  by d i r e c t  atom i n t e r ­

change c o u ld  no t  accoun t  f o r  marker  s h i f t i n g ;  n e i t h e r  c o u ld  Z e n e r ' s ^  

c o o p e r a t i v e  r i n g  r o t a t i o n  mechanism. Da S i l v a  and Mehl proposed t h a t  

n o n e q u i l i b r i u m  vacancy c o n c e n t r a t i o n s  w i t h i n  the d i f f u s i o n  zone on 

e i t h e r  s id e  o f  the c o u p le  cou ld  be e l i m i n a t e d  by fo rm in g  edge d i s l o c a ­

t i o n s .  They suggested t h a t  these d i s l o c a t i o n s  c o u ld  be formed on the 

porous (excess vacancy)  s id e  by vacanc ies  occup y ing  fo rm e r  atom s i t e s  

a long  a l a t t i c e  row w h ic h  was p e r p e n d i c u l a r  t o  the d i f f u s i o n  f l o w .  

I n t e r s t i t i a l s  wou ld  a l i g n  a c c o r d i n g l y  on the nonporous s id e  to  fo rm 

d i s l o c a t i o n s  o f  o p p o s i t e  s i g n .  Edge d i s l o c a t i o n s  formed in t h i s  man­

ner would  r e s u l t  in  the d e s t r u c t i o n  o f  l a t t i c e  s i t e s  on one s id e  o f
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the c oup le  and the c r e a t i o n  o f  l a t t i c e  s i t e s  on the  o p p o s i t e  s i d e .  .

As the m a t r i x  r e la x e s  in  a d i r e c t i o n  p a r a l l e l  t o  the d i f f u s i o n  f l o w  

in o r d e r  t o  accomodate the above p roc es s ,  markers  would be d i s p la c e d  in 

a d i r e c t i o n  p a r a l l e l  t o  the  d i f f u s i o n  f l o w .  The a u th o r s  f e l t  t h a t  

m a t r i x  r e l a x a t i o n ,  wh ich  was due t o  the f o r m a t i o n  o f  e i t h e r  d i s l o c a ­

t i o n s  o r  po res ,  was u n i n h i b i t e d  in the  d i r e c t i o n  o f  d i f f u s i o n .  The

la c k  o f  s i m i l a r  r e l a x a t i o n  in the l a t e r a l  d i r e c t i o n  was presumed to  be
*

due t o  " . . . t h e  e l a s t i c  r e s t r a i n t  o f  the c o u p le  as a whole t h a t  r e s t r i c t s  

c o n t r a c t i o n  to  the p la c e  p e r p e n d i c u la r  t o  ( the)  d i r e c t i o n  o f  d i f f u s i o n  

f l o w . "  M o t t ^ ,  in an a n a l y s i s  o f  vacancy f o r m a t i o n  a t  e'dge d i s l o c a ­

t i o n  j o g s ,  supp o r ted  da S i l v a  and M e h l ' s  e x p l a n a t i o n  o f  p o i n t  d e f e c t  

c o n d ens a t io n  a lo n g  edge d i s l o c a t i o n s .  A l s o ,  he a t t r i b u t e d  p o r o s i t y  

to  the  d i r e c t  c o n d e n s a t io n  o f  vacan c ies  i n t o  m acroscop ic  h o le s .

S h o r t l y  f o l l o w i n g  the e a r l y  w o rk  on the  K i r k e n d a l l  e f f e c t  by

9 SOSmige lskas and K i r k e n d a l l ^  and Darken , the vacancy mechanism o f  d i f ­

f u s i o n  was t r e a t e d  from the  s t a n d p o in t  o f  k i n e t i c  t h e o r y ^ *  61 ,62^ antj

f\0c e r t a i n  c o r re s p o n d in g  agreements  w i t h  Darken"s  r e s u l t s  were shown°^.

A c o n d i t i o n  r e q u i r e d  t o  c o r r e l a t e  the vacancy d i f f u s i o n  mechanism 

w i t h  D a rken 's  a n a l y s i s  was t h a t  vacan c ies  are  m a in ta in e d  in  lo c a l  

thermal e q u i l i b r i u m .  G ra in  bounda r ies  and d i s l o c a t i o n s ,  a c t i n g  as 

sources  o r  s in k s  f o r  v a c a n c ie s ,  were to  h e lp  m a in t a i n  the r e q u i r e d  

e q u i l i b r i u m ^ .  Bardeen and H e r r i n g ?  > 6 3  i n c o r p o r a te d  the above conce p ts  

in  t h e i r  t r e a tm e n t  o f  vacan c ies  in  K i r k e n d a l l  c o u p le s .  Of p a r t i c u l a r  

i n t e r e s t  here i s  t h e i r  t r e a tm e n t  o f  edge d i s l o c a t i o n s  o p e r a t i n g  as 

sources o r  s in k s  f o r  v a c a n c ie s  when in  the  presence o f  a thermodyna­

mic chem ica l  p o t e n t i a l ,  / j v , due t o  n o n e q u i l i b r i u m  vacancy c o n c e n t r a -
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t i o n s .  They d e r i v e d  the  r e l a t i o n s h i p  

/Jv = kT l n ( n v / n e )

, where nv , n® = a c t u a l  and e q u i l i b r i u m  number o f  v a c a n c ie s ,  r e s ­

p e c t i v e l y ,  in  the d i f f u s i o n  zone. They nex t  adopted S h o c k l e y ' s ^  sug­

g e s t i o n  t h a t  end -p inned  edge d i s l o c a t i o n s  c o u ld  fo rm a c l i m b i n g  ana log  

o f  the Frank-Read s o u rc e ,  and thus c o u ld  o p e ra te  as c o n t in u o u s  sources  

o r  s in k s  f o r  v a c a n c ie s .  Bardeen and H e r r in g  then c a l c u l a t e d  t h a t  vac ­

a n c ie s  c o u ld  e x e r t  a chemica l  s t r e s s  on d i s l o c a t i o n s  a c c o r d i n g  t o

^ c h  ~ / V ^ o

, where -fl-0 = a tom ic  volume. E q ua t ing  the chemica l  s t r e s s  t o  t h a t

r e q u i r e d  f o r  " b o w - o u t "  o p e r a t i o n  o f  a c l i m b i n g  d i s l o c a t i o n ,  they  found 

t h a t  a mere 1% s u p e r s a t u r a t i o n ,  S, ( o r  u n d e r s a t u r a t i o n )  o f  vacan c ies  

c o u ld  o p e ra te  a r e g e n e r a t i v e  c l i m b i n g  d i s l o c a t i o n  sou rce ,  where

Thus, the chem ica l  p o t e n t i a l  o f  vacanc ies  c o u ld  be m a in ta in e d  v e r y  

near t h e i r  e q u i l i b r i u m  v a lu e  d u r i n g  K i r k e n d a l l  d i f f u s i o n  by c l i m b i n g  

d i s l o c a t i o n s  w h ich  a c t  as v e ry  e f f e c t i v e  sources o r  s i n k s .  Bardeen and 

H e r r i n g ^  a l s o  noted t h a t  the la c k  o f  l a t e r a l  d imens ion  changes in 

da S i l v a  and M e h l ’ s^ Cu /b rass  coup les  i n d i c a t e d  a p r e f e r e n t i a l  g row th  

o f  p lanes  o r i e n t e d  p e r p e n d i c u la r  to  the d i f f u s i o n  f l o w .  To e x p l a i n  

t h i s ,  they  proposed t h a t  p r e f e r e n t i a l  g row th  occu rs  f o r  d i s l o c a t i o n  

r i n g s  w h ich  l i e  in  p lanes  p e r p e n d i c u la r  t o  the d i f f u s i o n  f l o w ,  these 

p lanes  be ing  in  the r a p id  d i f f u s i o n  zone where th e r e  i s  an unba lance  o f  

v a c a n c ie s .  D i s l o c a t i o n  r i n g s  o r i e n t e d  p a r a l l e l  t o  the d i f f u s i o n  f l o w  

c ou ld  a l s o  se rve  as s in k s  o r  s ou rc es ,  bu t  these  wou ld  grew o u t  o f  the
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r e g io n  o f  vacancy unba lance and wou ld  e v e n t u a l l y  become d i s f a v o r e d .

The c o n t in u e d  o p e r a t i o n  o f  the  B a rd e e n -H e r r in g  (B-H) source 

r e q u i r e s  t h a t  the c l i m b i n g  edge d i s l o c a t i o n  be p inned a t  i t s  ends, 

such as by screw d i s l o c a t i o n s .  In a d d i t i o n  t o  pure edge d i s l o c a t i o n s ,  

mixed d i s l o c a t i o n s  can c l im b  under  chem ica l  s t r e s s e s  c re a te d  by vac ­

ancy s u p e r s a t u r a t i o n s  (osm o t ic  f o r c e s ) ;  h e l i c a l  d i s l o c a t i o n s  a re  formed

in  t h i s  m a n n e r . ^  S p i r a l  d i s l o c a t i o n s  can be s i m i l a r l y  formed by p i n -

66n in g  o n l y  one end o f  a c l i m b i n g  edge d i s l o c a t i o n .  A l l  o f  these

c l im b  mechanisms can o p e ra te  under the same s u p e r s a t u r a t i o n  o f  ^  1% .

In TEM ( t r a n s m is s i o n  e l e c t r o n  m ic ro s c o p y )  s t u d i e s ,  B-H s o u r c e s ^  and

h e l i c a l  d i s l o c a t i o n s ^  have been observed  in  quenched meta l  a l l o y s

h a v in g  l a rg e  vacancy s u p e r s a t u r a t i o n s , and chem ica l  s t r e s s e s  deve loped

26d u r i n g  d i f f u s i o n  have o p e ra te d  B-H sources  in  Au-doped S i .  However, 

B-H sources  were  n o t  found in Ag/Au^? o r  C u / b r a s s ^  c o u p le s .

The v e r y  e a r l y  ex p e r im e n ts  on the K i r k e n d a l l  e f f e c t ^ ’ ^ r e s u l t e d  

in  some m e t a l l o g r a p h i c  ev idence  o f  s t r e s s  in the  d i f f u s i o n  zone ( s l i g h t  

g r a i n  boundary  m o t i o n ,  d i s t o r t e d  marker p o s i t i o n s ) .  In a s tu d y  o f  the 

K i r k e n d a l l  e f f e c t ,  Barnes^  o b ta in e d  c o n v in c i n g  e v idenc e  o f  h ig h  s t r e s ­

ses and p l a s t i c  d e f o r m a t i o n  in the d i f f u s i o n  zone by em p loy ing  m e ta l -  

l o g r a p h i c  and X - r a y  d i f f r a c t i o n  te c h n iq u e s .  Twin bou nda r ie s  in  the 

d i f f u s i o n  zone o f  h i s  Cu/Ni coup les  (Dgu > D N j )  were observed t o  be 

c u r v e d ,  and some u n i d e n t i f i e d  b ou nda r ie s  appeared as weak ghost  bound­

a r i e s .  These boundary  o b s e r v a t i o n s  in  the  d i f f u s i o n  zone were taken 

as e v id e n c e  o f  l o c a l i z e d ,  v i o l e n t  d i s t o r t i o n .  M ic ro fo c u s s e d  back

" 'G ene ra l ized  t re a tm e n ts  o f  the osm o t ic  f o r c e s  produced by vacanc ies  on 
d i s 1‘oca t  ions can be found  in  t e x t s  by H i r t h  and L o t h e 6 8  and Weertman 
and Weertman^7.



1 6 .

r e f l e c t i o n  Laue X - r a y  pho tog raphs  re v e a le d ,  v i a  spo t  s p l i t t i n g ,  p o l y -  

g o n i z a t i o n  ( s u b s t r u c t u r e )  in  the  same zones,  the a n g le  between each 

po lygon  b e in g  about  2 ° .  The same X - r a y  te c h n iq u e  was l a t e r  used by

nO
B o lk  t o  show t h a t  s u b s t r u c t u r e  formed in  h i s  A u /P t  c o u p le s .

Barnes^  a l s o  i n v e s t i g a t e d  marker s h i f t i n g  and p o r o s i t y  in  h i s  

Cu/Ni c o u p le s ,  em p loy ing  as markers  the sma l l  i n c l u s i o n s  w h ich  e x i s t e d  

n a t u r a l l y  a t  the o r i g i n a l  j o i n ;  t h i s  i s  o f t e n  r e f e r r e d  to  as " w e ld -  

ing  d e b r i s " . "  By m o n i t o r i n g  the d e n s i t y  and e x t e r n a l  d imens ions  o f  

h i s  c o u p le s ,  he observed  t h a t  the Cu/Ni cou p le s  underwent s w e l l i n g ,  

p r i n c i p a l l y  in  the d i r e c t i o n  o f  d i f f u s i o n  f l o w .  He a l s o  observed 

s w e l l i n g  in  C u / o f  - b r a s s  coup les  by p l a c i n g  tu n g s te n  w i r e  markers  in  

the Cu m a t e r i a l  w h ic h  was o u t s i d e  the  i n t e r d i f f u s i o n  zone, then com­

p a r i n g  t h e i r  s h i f t i n g  w i t h  those w h ic h  were p la c e d  a t  the o r i g i n a l  

j o i n .  S w e l l i n g  was i n d i c a t e d  by the  o u t e r  markers  s h i f t i n g  in  a d i r ­

e c t i o n  o p p o s i t e  o f  the K i r k e n d a l l  m a rk e rs .  He a t t r i b u t e d  the  s w e l l i n g  

in  b o th  t y pes  o f  coup les  t o  v o i d  g row th  w h ich  deve loped f rom the con­

d e n s a t i o n  o f  excess v a c a n c ie s .  Observ ing  t h a t  the volume occup ied  by 

the v o i d s  was o n l y  a f r a c t i o n  o f  the amount o f  vacancy f l o w  i n d i c a t e d  

by marker  s h i f t i n g ,  Barnes conc luded  t h a t  many v ac an c ies  were e l i m i n ­

a ted  f rom the  l a t t i c e  by means o t h e r  than c o n d e n s a t io n  a t  the v o i d s .

He e x p e r i m e n t a l l y  r u l e d  ou t  the c oup le  s u r fa c e  as a s i n k  o r  source  by

* T h i s  p r a c t i c e ,  used by Barnes and o t h e r s  , 5 » ^ > 5 6 , 7 1  j s based on the 
o b s e r v a t i o n  o f  da S i l v a  and MehM t h a t  the moving boundary  marked by 
w e ld i n g  d e b r i s  i s  the a c t u a l  marker ( K i r k e n d a l l )  i n t e r f a c e .  C o nv e rs e ly ,  
i t  has been shown t h a t  t h i s  i n t e r f a c e  s h i f t s  measureab ly  s lower  than 
i n e r t  m arke rs  p laced  p u r p o s e ly  a t  the o r i g i n a l  j o i n 5 7 .
* * l n  h i s  a n a l y s i s ,  Barnes assumed (as have o t h e r s ® * ^ )  t h a t  vacanc ies  
occupy the same volume in  the v o id s  as they do in the l a t t i c e .  Th is  is  
p r o b a b ly  a poor assum pt ion .
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(1) d i f f u s i n g  cou p le s  compr ised  o f  sandwich s ta c k s  c o n t a i n i n g  up to  

48 we lded s t r i p s  ( a l t e r n a t e l y  Cu and N i ) ,  then (2) o b s e rv in g  t h a t  the 

ou te rm o s t  coup les  c o n ta in e d  the same amount o f  p o r o s i t y  as the  i n n e r ­

most.  From t h i s ,  Barnes conc luded  t h a t  vacancy s in k s  and sources  

were o p e r a t i n g  w i t h i n  the d i f f u s i o n  zone in the  fo rm  o f  g r a i n  bound­

a r i e s ,  s u bb ound a r ies ,  o r  edge components o f  d i s l o c a t i o n s .  T h e i r  

o p e r a t i o n  w ou ld  p la c e  the l a t t i c e  in  a t e n s i l e  or  com press ive  s t a t e  o f  

s t r e s s  by the a n n i h i l a t i o n  o r  g e n e r a t i o n  o f  v a c a n c ie s ,  r e s p e c t i v e l y .  

These s t r e s s e s  c o u ld  p l a s t i c a l l y  de form the meta l  in  the fo rm  o f  

s h r in k a g e  where v a c a n c ie s  a re  a n n i h i l a t e d ,  o r  expans ion  where they a re  

c r e a t e d .  The r e s u l t i n g  d im e n s io n a l  changes wou ld  occu r  in  d i r e c t i o n s  

hav ing  the l e a s t  r e s t r a i n t .  (T h is  i s  the  mass c o n s t r a i n t  e f f e c t  des­

c r i b e d  e a r l i e r ^ ) •

Barnes^  observed  t h a t  many o f  the pores in  h i s  Cu/Ni c o u p le s  had 

c r y s t a 1lo g r a p h i c  ( p o l y h e d r a l )  shapes.  He a t t r i b u t e d  t h i s  t o  c r y s t a l  1- 

o g r a p h ic  fa c e s  h av ing  a lower  s u r f a c e  ene rgy  than spher ica l  v o i d s ,  and 

t h a t  s u r f a c e  d i f f u s i o n  wou ld  a l l o w  the v o i d s  t o  adop t  the lower  

energy  c o n f i g u r a t i o n .  His  e x p l a n a t i o n  was based in  p a r t  on knowing 

t h a t  s i n g l e  c r y s t a l  spheres  o f  r o c k s a l t  assume c r y s t a l l o g r a p h i c  shapes 

upon a n n e a l i n g .  Barnes '  argument i s  f u r t h e r  s upp o r ted  by the  l a t e r  

w o rk  o f  S u n q u i s t ^ ,  who deve loped  c r y s t a l  l o g r a p h i c a l  l y -shap ed  ( p o l y ­

h e d r a l )  p a r t i c l e s  by a n n e a l i n g  m i c r o n - s i z e d  condensed d r o p l e t s  o f  

Ag, Au, N i ,  Cu, and Fe. S u n d q u is t  c a l c u l a t e d  t h a t  the  p o l y h e d ra l  

shap ing  o f  the i n i t i a l l y - r o u n d e d  d r o p l e t s  was due t o  a m in im u m iz a t io n  

o f  s u r f a c e  e ne rg y .  A d d i t i o n a l  i n d i r e c t  s u p p o r t  is  g i v e n  by th e  i n e r t  

ga s .b u b b le s  formed in Cu by i r r a d i a t i n g  w i t h  100 KV argon io n s ,  then



1 8 .

a n n e a l in g  under  h y d r o s t a t i c  p re s s u re  to  grow b u b b le s .  TEM s t u d ie s  

show such bubb les  to  have p o l y h e d r a l  shapes a lo n g  low i n d i c e  p l a n e s . ^  

A l s o ,  p o l y h e d r a l  pores  fo rm  a lo n g  low i n d i c e  p lanes  in  Ni when vacan­

c i e s  p r e c i p i t a t e  o u t  o f  Ni f o i l s ,  the vacan c ies  b e in g  c re a te d  by e l e c ­

t r o n  bombardment d u r i n g  h ig h  ene rgy  (1MV) TEM o f  the t h i n  f o i l s 7 ^

A d r a m a t i c  d e m o n s t r a t i o n  o f  the  K i r k e n d a l l  e f f e c t  f o r  a w id e  v a r i ­

e t y  o f  b i n a r y  meta l  systems (C u -N i ,  Ag-Au,  Cu-Ag, Cu-Fe, F e -N i ,  Cu-Zn, 

N i -Z n ,  Cu- c*' b ra s s )  was o b ta in e d  by Kuczynsk i  and Alexander**  by w rap ­

p i n g  t h i n  w i r e s  o f  one meta l  around a c y l i n d e r  o f  i t s  complementa ry  

b i n a r y  m e ta l ,  d i f f u s i n g  the  wrapped sample,  then m e ta11o g r a p h i c a 11y 

o b s e r v i n g  the c ross  s e c t i o n s .  Mass f l o w  e f f e c t s  f rom  unequal  d i f f u s i o n  

r a t e s  o f  the b i n a r y  e lem en ts  caused the w i r e  o f  the s l o w e r - d i f f u s i n g  

e lemen t  t o  s i n k  i n t o  the  m a t r i x  o f  the f a s t e r - d i f f u s i n g  e lement  

( c a l l e d  " d i g g i n g "  by the a u t h o r s ) .  P o r o s i t y  was o f t e n  observed in  the 

d i f f u s i o n  zone r i c h  in  the f a s t e r - d i f f u s i n g  m a t e r i a l .

The d e n s i t y  and shape o f  p o r o s i t y  were  m e t a l l o g r a p h i c a l l y  observed 

by B a l l u f f i  and Alexander"*  in the K i r k e n d a l l  systems C u -N i ,  Ag-Au,  and 

Cu- Of b r a s s .  They conc lude d  t h a t  pore f o r m a t i o n  d i d  no t  depend on 

the  s u r f a c e  o f  s o l i d / v a p o r  because O . lU  m m - th ic k  cou p le s  d i s p la y e d  the 

same amount o f  p o r o s i t y  as 2 m m - th ic k  c o u p le s .  The pores  were o f t e n  

p o l y h e d r a l  i n  shape in  the  e a r l y  s tages  o f  d i f f u s i o n  b u t  became round­

ed a f t e r  c o n s i d e r a b l e  d i f f u s i o n ,  r e p o r t e d l y  a s i n t e r i n g  e f f e c t .  For 

a g i v e n  w e ig h t  lo ss  o f  Zn d u r i n g  d e z i n c i f i c a t i o n w » p o r o s i t y  d e n s i t y  

decreased w i t h  i n c r e a s in g  t e m p e ra tu re .  T h i s ,  t o o ,  was a t t r i b u t e d

* D e z i n c i f i c a t i o n , w h ic h  occu rs  because p£n >> p£U and D^n >  is
c a r r i e d  o u t  by h e a t i n g  b rass  in vacuum in  o rd e r  t o  o b t a i n  an ou tward  
f l u x  o f  Zn.
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( p o s s i b l y )  to  s i n t e r i n g .
72

Se i tz  a t te m p te d  to  i n t e r p r e t  the f o r m a t i o n  o f  v o id s  in  K i r k e n ­

d a l l  coup les  in  terms o f  vacancy c o n d e n s a t io n  a t  heterogeneous n u c le a -  

t i o n  s i t e s  w i t h i n  th e  d i f f u s i o n  zone.  He p o in t e d  ou t  t h a t  h i s  a n a l y s i s  

was hampered by a l a c k  o f  knowledge c o n c e rn in g  the  o r i g i n ,  s i z e ,  and 

d i s t r i b u t i o n  o f  s t a b l e  pore n u c l e i ,  and by the l a c k  o f  agreement be­

tween d i f f e r e n t  i n v e s t i g a t o r s  c o n c e rn in g  t h e i r  o b s e r v a t i o n s  o f  the  

d e n s i t y  and d i s t r i b u t i o n  o f  p o r o s i t y  in  s i m i l a r  cou p le s  o f  e i t h e r  

C u /N i ,  Cu/Zn, o r  A g /A u .
n

B a l l u f f i  employed p a r t  o f  S e i t z ' s  a n a l y s i s ? ^ ,  p lu s  e x p e r im e n ta l  

p o r o s i t y  o b s e r v a t i o n s  made by h i m s e l f  and o t h e r s ,  t o  c a l c u l a t e  t h a t  

v o i d s  c o u ld  fo rm  f rom  vacancy s u p e r s a t u r a t I o n s  v i a  he terogeneous n u c le -  

a t i o n  a t  second phase im p u r i t y  p a r t i c l e s  in  the m a t r i x  and a t  the o r i ­

g i n a l  j o i n  o f  K i r k e n d a l l  c o u p le s .  Excess vacancy  c o n c e n t r a t i o n s  o f  

0.01 o r  le ss  were c a l c u l a t e d  t o  be s u f f i c i e n t  f o r  t h i s  purpose .

B a l l u f f i  and S e ig l e  m e t a l l o g r a p h i c a l l y  examined d e z i n c i f i e d  

b rass  shee ts  and found t h a t  p o r o s i t y  was a f f e c t e d  by bo th  sheet  t h i c k ­

ness and g r a i n  s i z e .  The g r a i n  b ou nda r ie s  in  t h e i r  t h i n n e s t  shee ts  

( ^ ✓ 1 5 / j m )  a c te d  as v e ry  e f f e c t i v e  s i n k s ,  r e s u l t i n g  in a s c a r c i t y  o f  

pores  near  the  b o u n d a r ie s  and c a u s in g  a c o n t r a c t i o n  o f  the  specimen 

in  a d i r e c t i o n  p e r p e n d i c u l a r  t o  the  b o u n d a r ie s .  T h is  sh runk  the sam­

p le s  i n  d i r e c t i o n s  b o th  p a r a l l e l  and p e r p e n d i c u l a r  t o  the d i f f u s i o n  

f l o w ,  bu t  more in  the  p a r a l l e l  d i r e c t i o n  where mass c o n s t r a i n t  was 

l e s s .  W h i le  some g r a i n  bou nda r ie s  behaved s i m i l a r l y  in much t h i c k e r  

sheet  samples,  the conve rse  was g e n e r a l l y  fou n d ,  whereby  v o i d s  were 

lo c a te d  p r e f e r e n t i a l l y  a t  the g r a i n  b o u n d a r ie s .  They suspec ted  t h a t



t h i s  d i f f e r e n c e  between shee ts  o f  d i f f e r e n t  t h i c k n e s s  was due to  i n ­

adequate ,  gra i n boundary  area f o r  t r a n s p o r t i n g  vacan c ies  in  the l a r g e r -  

g ra in e d  t h i c k  samples a n d /o r  t o  l a r g e r  d i f f u s i o n  d i s t a n c e s  a lo n g  the  

lo n g e r  g r a i n  b o u n d a r ie s  in  the  t h i c k  samples.  Excess vacancy concen­

t r a t i o n s  were g en e ra te d  by the  p r e f e r e n t i a l  l o s s  o f  Zn outward  f rom  

the s h e e ts .  .The r e s u l t i n g  o sm os t ic  p re s s u re  c r e a t e d  tw o -d im e n s io n a l  

t e n s i l e  s t r e s s e s  p e r p e n d i c u l a r  to  the d i f f u s i o n  f l o w ,  the s t r e s s  

component p a r a l l e l  t o  the f l o w  be ing  f r e e  t o  r e l a x .  The s t r e s s e s  

p e r p e n d i c u l a r  t o  the  d i f f u s i o n  f l o w  were  l i k e w i s e  r e la x e d  by c o n t r a c ­

t i o n  in  the  15 / J m - th i c k  b rass  shee ts  because the  i n t e r i o r  o f  the shee ts  

had a l s o  l o s t  c o n s id e r a b le  Zn and c o n t r a c te d  in  the  same manner as the 

o u te r  s u r f a c e s .  In the  much t h i c k e r  s h e e ts ,  however,  the lo s s  o f  Zn 

was e s s e n t i a l l y  l i m i t e d  t o  the  narrow r e g io n  a l o n g  the s u r f a c e s ,  t h e r e ­

by l e a v i n g  the i n t e r i o r  in  compress ion  w i t h  r e s p e c t  to  the s u r f a c e .

The tw o -d im e n s io n a l  s t r e s s e s  near  the s u r fa c e  were  thus r e s t r a i n e d  f rom  

r e l a x i n g  by the i n t e r i o r  mass. These s t r e s s e s  c racked  open many o f  

the v o i d - r i d d e n  bou nda r ie s  w h ic h  were p a r a l l e l  t o  the  d i f f u s i o n  f l o w ,  

and some cases caused g r a i n  boundary  s l i d i n g .  B a l l u f f i  and S e ig l e  

b e l i e v e d  t h a t  the d i f f u s  i o n - i n d u c e d  s t r e s s e s  w e re ,  a lo n g  w i t h  vacancy 

c u r r e n t s ,  i n s t r u m e n t a l  in  v o id  f o r m a t i o n .  A c c o r d i n g l y ,  they  c a l c u ­

la te d  t h a t  s t a b l e  v o id s  c o u ld  be formed when the  s t r e s s e s  reached the  

y i e l d  p o i n t  o f  the b rass  and the vacancy s u p e r s a t u r a t i o n  reached a mere 

0 .006  (0 .6 % ) .  They a l s o  though t  i t  p o s s i b l e  t h a t  the  dua l  r o l e  o f  

g r a i n  b o u n d a r ie s  in the t h i c k  shee ts  b e in g  e i t h e r  p r e f e r e n t i a l  v o id  

s i t e s  o r  v o i d - f r e e  vacancy s in k s  cou ld  have r e s u l t e d  f rom s t r e s s  

d i f f e r e n c e s  due t o  e l a s t i c  a n i s o t r o p y ,  o r  d i f f e r e n c e s  in h e te roge n -
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eous v o i d  n u c l e i  a t  v a r i o u s  b o u n d a r ie s .

N e a r l y  s im u l ta n e o u s  w i t h  the above s t r e s s - r e l a t e d  a n a l y s i s  o f  

p o r o s i t y  by B a l l u f f i  and S e ig l e ^ ,  Br inkman® per fo rmed a s i m i l a r  bu t  

more s o p h i s t i c a t e d  a n a l y s i s  o f  d i f f u s  i o n - in d u c e d  o sm os t ic  s t r e s s e s  in 

K i r k e n d a l l  cou p le s  to  show t h a t  the tw o -d im e n s io n a l  s t r e s s e s  perpen­

d i c u l a r  t o  the d i f f u s i o n  f l o w  can reach the y i e l d  p o i n t  o f  the m a t e r i a l  

when o n l y  1% o r  more o f  the d i f f u s i o n - g e n e r a t e d  vacan c ies  a re  e l i m i n ­

a ted  a t  edge d i s l o c a t i o n s  o r  o t h e r  i n t e r n a l  s i n k s .  He then c a l c u l a t e d  

t h a t  the d e f o r m a t i o n  y i e l d i n g  and f i s s u r i n g  w h ich  r e s u l t  f rom these 

s h r in k a g e  s t r e s s e s  can n u c le a t e  and grow s t a b l e  v o i d s ,  a l l  w i t h o u t  

s u s t a i n i n g  excess vacancy c o n c e n t r a t i o n s .

I n t e r n a l  c r a c k i n g  f rom  d i f f u s i o n - i n d u c e d  s t r e s s e s  in K i r k e n d a l l

coup les  has a l s o  been r e p o r te d  t o  occu r  in  the nonporous r e g io n s  w h ich

30a re  r i c h  in the  s l o w e r - d i f f u s i n g  e lem e n t .  Reyno lds e t  a l .  found 

i n t e r n a l  r u p t u r e s  in the  N i - r i c h  (s low  d i f f u s i o n )  s id e  o f  s e v e ra l  d i f ­

fused  Au /N i c o u p le s .  R u th ^ 1 observed  g r a i n  boundary  c r a c k in g  in  the 

A u - r i c h  (s low d i f f u s i o n )  s id e  o f  h i s  Ag/Au c o u p le s .

B a l l u f f i  and S e i g l e '®  noted s i m i l a r i t i e s  in  the n a tu r e  o f  v o id s  

formed d u r i n g  c reep  and those formed in  K i r k e n d a l l  c o u p le s .  They 

b e l i e v e d  t h a t  i n t e r n a l  s t r e s s e s  gene ra ted  d u r i n g  K i r k e n d a l l  d i f f u s i o n  

were ana logous t o  e x t e r n a l  c reep  s t r e s s e s  because e i t h e r  type  o f  s t r e s s  

c o u ld  promote p o r o s i t y .  They t h e r e f o r e  re -exam ined  the  g row th  o f  v o id s  

in  K i r k e n d a l l  cou p le s  by c om b in ing  t r e a tm e n t s  o f  v o i d  g rowth  d u r i n g  

c reep  w i t h  those o b ta in e d  e a r l i e r  by them se lves® ’ ^  and Br inkman®.

T h e i r  c a l c u l a t i o n s  showed t h a t  a vacancy s u p e r s a t u r a t i o n  o f  0.01 is  

r e q u i r e d  t o  m a in t a i n  s t a b l e  pores when d i f f u s i o n - i n d u c e d  s t r e s s e s
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a t t a i n  the e l a s t i c  y i e l d  l i m i t  in  the  d i f f u s i o n  zone.

S p e c u la t i o n s  c o n c e rn in g  the n a t u r e ,  o r i g i n ,  and s i z e  o f  pore

n u c le i  have been common t o  a n a lyses  o f  p o r o s i t y  f o r m a t i o n ,  such as in

those works  ment ioned above.  Pore n u c l e i  were suspec ted t o  be e i t h e r

i m p u r i t y  p a r t i c l e s  w h ich  were somehow u b i q u i t o u s  in  a l l  K i r k e n d a l l

c o u p l e s ^ ’ 1 0 *7 '> 7 2 ,7 6  o r  e l s e  f i s s u r e s  in  the m a t r i x  c re a te d  by d i f f u -

8 11s io n - i n d u c e d  i n t e r n a l  s t r e s s e s  ’ . Such pore n u c le i  were g e n e r a l l y

assumed o r  c a l c u l a t e d  to  be submic ron spheres w h ich  grow under a d r i v ­

ing  f o r c e  o f  vacancy s u p e r s a t u r a t i o n ^ * ? ' *72 ,76  o r  d i f f u s i o n - i n d u c e d  

8 10s t r e s s e s  , o r  b o th  . However,  d i r e c t  o b s e r v a t i o n s  o f  such n u c le i  

a re  l a c k i n g  and the n a tu r e  o f  p o r o s i t y  f o r m a t i o n  remains l a r g e l y  

u n c e r t a  i n .

1 2Doo and B a l l u f f i  employed m e ta l l o g r a p h y  and X - r a y  d i f f r a c t i o n  

t o  s tu d y  d i f f u s i o n - i n d u c e d  s t r u c t u r a l  changes in  d e z i n c i f i e d  s i n g l e  

c r y s t a l s  o f  b ra s s .  D i s l o c a t i o n s  gene ra te d  in  the d i f f u s i o n  zone by 

d i f f f u s i o n - i n d u c e d  s t r e s s e s  fo rmed,  v i a  c l i m b  and g l i d e  p rocesses ,  

s u b g ra in s  a few m ic rons  in  d ia m e te r  w i t h  m i so r  i e n t a t  i ons o f  /v» l° .  As 

d i f f u s i o n  proceeded,  r e c r y s t a l l i z a t i o n  and g r a i n  g row th  o c c u r re d  to  

lower  f u r t h e r  the s t r a i n  ene rgy  o f  the m a t r i x .  Twins a l s o  were fo rm ed ,  

a lo n g  w i t h  s u r f a c e  grooves and o v e r a l l  s u r f a c e  ro ugh en in g .  C o n v in c in g  

c r y s t a l l o g r a p h i c  ev idence  led  them t o  b e l i e v e  t h a t  the s u r fa c e  d i s r u p ­

t i o n s  were due t o  s u b g ra in  b o u n d a r ie s  and g l i d e  p lanes  i n t e r s e c t i n g  

the  s u r f a c e .  B o lk  obse rved  s u r fa c e  r i p p l e s  on h i s  A u /P t  c o u p le s ,

and t a c i t l y  b e l i e v e d  them t o  be g l i d e  s te p s .

1 2Doo and B a l l u f f i  a l s o  s t u d ie d  d im e n s io n a l  changes o f  t h e i r  

v a p o r / s o l i d  coup les  by s i n t e r i n g  Mo marker  w i r e s  i n t o  the s u r fa c e  o f



the brass and m easur ing  the marker  p o s i t i o n s  b e fo r e  and a f t e r  d i f f u -
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s i o n .  As was found by o t h e r s ,  d imens ion  changes were e s s e n t i a l l y  

l i m i t e d  t o  the d i f f u s i o n  d i r e c t i o n .  In f a c t ,  the observed 0.7% con­

t r a c t i o n  p e r p e n d i c u l a r  t o  the d i f f u s i o n  f l o w  was o n l y  ~  1/7 o f  the 5% 

c o n t r a c t i o n  w h ich  c o u ld  have r e s u l t e d  f rom  the l a t t i c e  parameter  

change a lo n e .  C a l c u l a t i n g  t h a t  c o n t r a c t i o n  f rom l a t t i c e  parameter  

changes wou ld  amount t o  le ss  than 1 /6  o f  the c o n t r a c t i o n  due t o  the 

K i r k e n d a l l  mass f l o w ,  th e y  conc luded  t h a t  s t r e s s e s  induced f rom  l a t ­

t i c e  parameter  changes a re  smal l  compared to  s t r e s s e s  gene ra ted  by 

mass f l o w  e f f e c t s .

A y r e s ^  employed e t c h  p i t t i n g  and TEM to  examine the  d e f e c t  

s t r u c t u r e  in t r o d u c e d  d u r i n g  d i f f u s i o n  in  b u l k y  Cu/b rass  c o u p le s .  He 

found t h a t  h ig h  d e n s i t i e s  o f  d i s l o c a t i o n s  and s u b g ra in s  were fo rmed,  

and c a l c u l a t e d  t h a t  they  c o u ld  have been formed as a r e s u l t  o f  l a t t i c e

parameter  m i s f i t .

3 1Ruth found t h a t  r i p p l e d  p e r t u r b a t i o n s  deve loped  on the  s u r fa c e s  

w h ich  bounded the i n t e r d i f f u s i o n  zones in  Ag/Au c o u p le s .  These were in  

the fo rm o f  grooves on the A g - r i c h  ( f a s t  d i f f u s i n g )  s i d e ,  and p r o t r u ­

s io n s  o f  the  A u - r i c h  (s low  d i f f u s i n g )  s i d e .  They had c r y s t a l  log raph i .c  

shapes,  t h e i r  w i d t h s  in c rea sed  a c c o r d in g  t o  the laws o f  b u l k  d i f f u s i o n ,  

and no s l i p  l i n e s  were found in  the r i p p l e d  r e g io n s .  Ruth conc luded  

t h a t  the s u r fa c e  p e r t u r b a t i o n s  r e s u l t e d  f rom mass f l o w  b e in g  accomo­

da ted  by b o th  p ip e  d i f f u s i o n  a lo n g  d i s l o c a t i o n  co res  and by d i s l o ­

c a t i o n  c l i m b .  He proposed t h a t  when the d i s l o c a t i o n s  t e r m in a t e  a t  

the s u r f a c e ,  they  fo rm grooves  when o p e r a t i n g  as vacancy s in k s  in 

t h e ’A g - r i c h  s id e ,  o r  p r o t r u s i o n s  when o p e r a t i n g  as vacancy sources  in
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the A i l - r i c h  s i d e . "

A n o th e r  type  o f  s u r f a c e  d e f o r m a t i o n  common to  K i r k e n d a l l  coup les  

i s  c a l l e d  " b u l g e  and d e n t "  d e f o r m a t i o n  w h ic h  i s  formed w i t h i n  the 

d i f f u s i o n  zone .  A f t e r  c o n s i d e r a b l e  d i f f u s i o n  has o c c u r r e d ,  a s u r fa c e  

bu lge  appears  on the s l e w - d i f f u s i n g  s id e  and a den t  appears  on the 

f a s t - d i f f u s i n g  s id e  o f  the c o u p le .  The p o s i t i o n  o f  the den t  c o r r e s ­

ponds t o  the  p o r o s i t y  zone.  Such d e f o r m a t i o n  has been r e p o r te d  f o r  

Ag/Au,3®>77 A g /P d ,7 7 and Au /P t^®  c o u p le s ,  and has been a t t r i b u t e d  t o  

mass f l o w ,  whereby  the den t  r e s u l t s  f rom  a lo ss  in mass in  one s id e  o f  

the c o u p le ,  and the  bu lge  r e s u l t s  f rom a g a in  in mass in  the  o p p o s i t e

s i d e .77

I t  was p o in t e d  ou t  above t h a t  d i f f u s i o n - i n d u c e d  s t r e s s e s  in  the

d i f f u s i o n  zone o f  Ki rkend ’a 11 - t y p e  cou p le s  c o u ld  a r i s e  e i t h e r  f rom

l a t t i c e  parameter  g r a d i e n t s  due t o  a to m ic  m i s m a t c h , ^ ’ ^  ^  o r  f rom

changes in  the  number o f  l a t t i c e  s i t e s  due t o  the e l i m i n a t i o n  o f  non-

6 8 - 1 0  12e q u i l i b r i u m  vacancy c o n c e n t r a t i o n s .  j h e fo rm e r  case o f

s t r e s s e s  due t o  l a t t i c e  param ete r  g r a d i e n t s  a re  v e r y  p rom inan t  in

*A1 though  no m en t ion  was made o f  i t ,  the p u b l i s h e d  f i g u r e s  o f  s u r fa c e  
r i p p l e s  appear ( t o  t h i s  w r i t e r )  i d e n t i c a l  f o r  R u t h ' s ^ '  Ag /Au,  Bolk 's28  
A u /P t ,  and Doo and 8a1 1 uf-f  i ' s 1 2 d e z i n c i f i . e d  b r a s s .  T h e i r  proposed 
d i s l o c a t i o n  mechanisms d i f f e r .  To e x p l a i n  the r i p p l e s ,  Ruth d e s c r ib e d  
accom odat ion  o f  mass f l o w  by means o f  c l i m b  and p ip e  d i f f u s i o n ,  whe re ­
as Doo and B a l l u f f i  a t t r i b u t e d  t h e i r  r i p p l e s  t o  c l i m b  and g l i d e  p ro c e s ­
ses.  Both e x p l a n a t i o n s  appear  t o  be based on sound e x p e r im e n ta l  i n f o r ­
m a t ion  (B o l k  p re s e n te d  no s u p p o r t i n g  e v i d e n c e ) .  Some d i f f e r e n c e  c o u ld  
be expec ted  because s t r e s s e s  due t o  a to m ic  m i s f i t  wou ld  be n i l  in  
Ag/Au (Ruth )  b u t  s i g n i f i c a n t  in  A u /P t  (B o l k )  and Cu/Zn (Doo and B a l l u f ­
f i ) .  However,  the t h re e  d i f f e r e n t  c o u p le s  a l l  e x p e r ie n c e d  la rg e  
amounts o f  mass f l o w ,  and s i m i l a r  s u r f a c e  r i p p l e s  f rom  t h i s  source  

wou ld  be expec ted  in  a l l  t h r e e  c o u p le s .  S ince  t h i s  s i m i l a r i t y  was no t  
r e p o r t e d  o r  r e c o g n iz e d ,  i t  appears t h a t  the o r i g i n  and n a tu r e  o f  the 
s u r fa c e  r i p p l e s  may no t  be f u l l y  r e s o lv e d  o r  agreed upon.
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s e m i - c o n d u c to r  d e v i c e s ,  where d o p in g  ( d i l u t e  a l l o y i n g  near t#fe s u r ­

f a c e )  o f t e n  r e s u l t s  in  a c o m b in a t io n  o f  s teep  c o n c e n t r a t i o n s  g ra d ­

i e n t s  and h igh  a to m ic  mismatch between the hos t  m a t r i x  ( e . g . ,  S i )  and 

c e r t a i n  dopant  e lem en ts  ( e . g . ,  P,B ) . *  Q u e i s s e r ^  used e t c h  p a t t e r n s

t o  show t h a t  s t r e s s e s  due t o  g r a d i e n t s  o f  B in  Si formed d i s l o c a t i o n s

18a lo n g  common s l i p  p la n e s .  Schwut tke  and Q ue isse r  in  a s i m i l a r  

e x p e r im e n t  employed X - r a y  d i f f r a c t i o n  t o  show t h a t  d i s l o c a t i o n s  produced 

in  Si by B- o r  P -dop ing  were  edge o r i e n t e d .  P r u s s i n ' s ' ?  e t c h - p i t  

s t u d i e s  o f  B-doped Si a l s o  showed a p o ly g o n iz e d  d i s l o c a t i o n  s t r u c t u r e .  

He c a l c u l a t e d  t h a t  the e l a s t i c  l i m i t  o f  Si is  exceeded when c e r t a i n  

g r a d i e n t s  o f  B and P a re  e s t a b l i s h e d  d u r i n g  d i f f u s i o n ,  t h e re b y  a c c o u n t ­

ing  f o r  the observed  f o r m a t i o n  o f  d i s l o c a t i o n s  and subsequent  s l i p .

In s im i 1a r  e x p e r im e n t s , J a c c o d i n e ^  observed d i s l o c a t i o n  ne two rks  in  

doped Si by u s in g  TEM. McDonald,  E h le n b e rg e r ,  and Hu ffman^ l  d i f f u s e d  

v a r i o u s  d i l u t e  amounts o f  P i n t o  Si w h ich  was i n i t i a l l y  d i s l o c a t i o n -  

f r e e  and found t h a t  d i s l o c a t i o n  d e n s i t i e s ,  r e v e a le d  by e tched  s l i p  

p a t t e r n s ,  in c rea sed  d r a s t i c a l l y  w i t h  i n c r e a s in g  q u a n t i t i e s  o f  P.

Cza ja ,  em p loy ing  bo th  c a l c u l a t i o n s  and e x p e r im e n ta l  o b s e r v a t i o n s  o f  

e tched  s l i p  p a t t e r n s ,  showed t h a t  the  c o n c e n t r a t i o n  p r o f i l e  o f  P-doped 

la y e r s  i n  Si c o n t r o l s  b o th  the g e n e r a t i o n  and g l i d e  c h a r a c t e r i s t i c s  o f

the m i s f i t  d i s l o c a t i o n s  w h ic h  accom oda te - the  a to m ic  mismatch between

no  j l i
P and the hos t  Si m a t r i x .  L e v in e ,  Washburn, and Thomas employed

TEM to  c h a r a c t e r i z e  the f o r m a t i o n  o f  d i s l o c a t i o n  a r r a y s  and t h e i r  sub­

sequent  m o t ion  i n t o  Si w h ic h  r e s u l t s  f rom  do p in g  w i t h  P o r  B. They 

found  t h a t  the d i s l o c a t i o n  d e n s i t y  was g r e a t e s t  a t  the  dep th  g i v e n  by

*Thp S i -P  a tom ic  mismatch i s  6%, and ^  25% f o r  S i - B ;  b o th  P and B 
a re  und e rs ized  and d i s s o l v e  s u b s t i t u t i o n a 11y in  S i 78.
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the maximum g r a d i e n t  in  i m p u r i t y  c o n c e n t r a t i o n .  The d i s l o c a t i o n  

a r r a y s  were found t o  move i n t o  the  Si w a fe r  c r y s t a l s  by e i t h e r  g l i d e  

o r  c l i m b ,  o r  b o th ,  depend ing  on w a fe r  o r i e n t a t i o n .  A tom ic  mismatch 

d e f e c t s  have a l s o  been found in  Au-doped S i , ^ * * ’ ^  where a tom ic  m is ­

match is  a l s o  v e r y  s eve re .  When a tom ic  mismatch is  v e r y  s m a l l ,  as in

the case o f  Ga o r  As do p in g  o f  S i ,  in c rea sed  d e n s i t i e s  o f  d i s l o c a t i o n s

18 20
were  no t  found in  the Si w a f e r s .  ’

W i th  the e x c e p t i o n  o f  d e z i n c i f i e d  b ra s s  s h e e t s , ^  the d i f f u s i o n  

e x p e r im e n ts  c i t e d  above employed t y p i c a l  mass ive coup les  hav ing  d imen­

s io n s  on the  o r d e r  o f  mm o r  cm. These mass ive K i r k e n d a l l  coup les  

d i s p la y e d  c o n s i d e r a b l e  ev idence  o f  p l a s t i c  d e f o r m a t i o n  in  the d i f f u ­

s io n  zone, such as the d e s t r u c t i o n  o f  tw in  and g r a i n  b o u n d a r ie s ,  g r a i n  

boundary  s l i d i n g ,  the g e n e r a t i o n  o f  d i s l o c a t i o n s  and t h e i r  mot ion  by 

g l i d e  and c l im b  p ro c e s s e s ,  d e fo r m a t i o n  o f  the  s u r f a c e ,  g r a i n  boundary  

c r a c k i n g  and f i s s u r i n g ,  and p o s s i b l y  t o  some e x t e n t  o r  a n o th e r ,  the  

n u c l e a t i o n  and g row th  o f  po re s .  When c o u p le  t h i c k n e s s  (mass cons­

t r a i n t )  p a r a l l e l  t o  the  d i f f u s i o n  f l e w  i s  d r a s t i c a l l y  reduced ,  a n o th e r  

mode o f  d e fo r m a t i o n  appea rs ,  namely ,  o v e r a l l  bend ing  o f  the  s h e e t ­

l i k e  c o u p le .  The s id e  r i c h e s t  i n  the f a s t e r - d i f f u s i n g  e lement  is  ben t  

inwards t o  fo rm  the concave s u r f a c e .  , *

Couple bend ing  was f i r s t  r e p o r te d  by Ba rne s ,6 He exposed one 

s id e  o f  t h i n  Ni s h e e ts ,  12- o r  2*40 ; u m - th i c k ,  to  a g iv e n  amount o f  Cu 

vapor  in  o r d e r  t o  o b t a i n  a g r a d i e n t  in  Cu ac ross  the s h e e ts .  The 

r e s u l t a n t  bend ing  was more severe f o r  the t h i n n e r  s h e e t .  L a t t i c e  p a r ­

ameter  changes c o u ld  o n l y  accoun t  f o r  abou t  1/3 o f  the observed bend­

in g ,  and any bend ing  due to  d i f f e r e n c e s  in  thermal expans ion  between 

Cu and Ni wou ld  have been in  the sense o p p o s i t e  o f  t h a t  obse rved .
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Barnes conc luded t h a t  the s t r e s s e s  r e s p o n s ib l e  f o r  bend ing  a rose  f rom  

the e l i m i n a t i o n  a t  i n t e r n a l  s in k s  and sources  o f  n o n e q u i l i b r i u m  vac ­

ancy c o n c e n t r a t i o n s  w h ich  were genera ted  d u r i n g  K i r k e n d a l l  d i f f u s i o n .  

T h is  caused s h r in k a g e  s t r e s s e s  on the s id e  o f  the shee t  w i t h  excess 

v ac an c ies  and expans ion  s t r e s s e s  on the o p p o s i t e ,  v a c a n c y - d e f i - c i e n t  

s i d e .  Decreased bend ing  in  the t h i c k e r  shee t  was a t t r i b u t e d  t o  i t s  

l a r g e r  mass c o n s t r a i n t  p a r a l l e l  t o  the d i f f u s i o n  f l o w . *

L iu  and P o w e l l ^  observed  bend ing  in  t h i n - s h e e t  coup les  o f  Ag/Au 

(150 yum t h i c k )  d i f f u s e d  such t h a t  the ends o f  the c o u p le s  were p a r t i a l ­

l y  homogenized. TEM o f  f o i l s  made f rom  the A u - r i c h ,  nonporous s id e  o f  

the c oup le  r e v e a le d  t h a t  d i s l o c a t i o n s  and subbounda r ies  were c r e a t e d  in  

o r d e r  t o  r e l i e v e  the chem ica l  f o r c e s  f rom n o n e q u i l i b r i u m  vacancy  con­

c e n t r a t i o n s  genera ted  d u r i n g  d i f f u s i o n .  They p o i n t e d  ou t  t h a t  d i s ­

l o c a t i o n  c l im b  p a r a l l e l  t o  the d i f f u s i o n  f l o w  c o u ld  c o n t r i b u t e  to  

c o u p le  bend ing ,  and t h a t  such c l im b  wou ld  r e l i e v e  n o n e q u i l i b r i u m  

vacancy c o n c e n t r a t i o n s  w i t h o u t  c o n t r i b u t i n g  t o  m arke r  s h i f t i n g .

When Q u e i s s e r ' ^  d i f f u s e d  B i n t o  one f a c e  o f  a 50 yum-th ick Si 

s h e e t ,  the shee t  ben t  because o f  h ig h  a tom ic  mismatch s t r a i n s  i n t r o -

* l t  i s '  i n t e r e s t i n g  t o  compare bend ing  o f  Bahnes '^  Cu/Ni coup les  w i t h  
c r a c k i n g  in  B a l l u f f i  and S e i g l e ' s ^  d e z i n c i f i e d  b rass  s h e e ts ,  b o th  
be in g  s o l i d / v a p o r  c o u p le s .  G ra in  boundary c r a c k s  ex tended inward 
from b o th  faces  o f  the  b rass  shee ts  because bo th  o f  these n e a r - s u r f a c e  
p o r t i o n s  were p laced  under  severe  t e n s i l e . s t r e s s e s  by d e z i n c i f i c a t  i o n . 
The Cu/Ni co u p le s  ben t  r a t h e r  than c racked  because d i f f u s i o n  inward 
f rom  the s i n g l e  s o l i d / v a p o r  s u r fa c e  had p la c e d  t h a t  s id e  under 
compress ion  and the o p p o s i t e  s i z e  under t e n s io n .  In e i t h e r  c as e ,  the  
d e fo r m a t i o n  s t r e s s e s  c a u s in g  bend ing  o r  c r a c k i n g  o r i g i n a t e d  p r i n c i ­
p a l l y  f rom the e l i m i n a t i o n  o f  n o n e q u i l i b r i u m  vacancy p r o f i l e s  w h ic h  
were  genera ted  d u r i n g  K i r k e n d a l l  d i f f u s i o n .
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duced ac ross  the s h e e t . "

P l a s t i c  d e fo r m a t i o n  e f f e c t s  f rom a tom ic  m i s f i t  s t r a i n s  have a l s o

o
been observed by TEM in u l t r a t h i n  b i n a r y  c o u p le s ,  2,000A t h i c k .

Such coup les  have been made by vapor  d e p o s i t i n g  a t h i n ,  e p i t a x i a l ,

s i n g l e  c r y s t a l  l a y e r  o f  meta l  o n to  a s i m i l a r  l a y e r  o f  i t s  b i n a r y

lA, 15
c o u n t e r p a r t ,  then d i f f u s i n g .  ’ In such a s tu d y  o f  the Au/Pd sys tem, 

Matthews and C r a w f o r d ^  observed t h a t  h ig h  mismatch s t r a i n s  a t  the 

i n t e r f a c e  were accomodated e i t h e r  by fo rm in g  mismatch d i s l o c a t i o n s  o r  

by l o c a l l y  bend ing  p o r t i o n s  o f  the c oup le  to  fo rm  p r o t r u d i n g ,  cap ­

shaped g r a i n s  w h ic h  were f r e e  o f  d i s l o c a t i o n s .  As the m i s f i t  s t r a i n s  

decreased w i t h  i n c r e a s in g  i n t e r d i f f u s i o n ,  the d i s l o c a t i o n s  rea r ran ged  

i n t o  s u b b o u n d a r ie s ,  then g r a i n  b o u n d a r ie s ,  by c l im b  and g l i d e  p r o c e s ­

ses,  and the cap-shaped g r a i n s  became le ss  c u rv e d .  Matthews and Jes-  

s e r ' ^  s u b s e q u e n t l y  repea ted  the above e xpe r im e n t  f o r  a s e r i e s  o f  s i x ,  

s i n g l e  phase,  K i r k e n d a l l  systems hav ing  a tom ic  m i s f i t s  w h ich  decrease 

in  the  o r d e r  Cu-Au, Pd-NT, Pd-Au, Cu-N i ,  P t -Pd ,  and Au-Ag. They 

found t h a t  the f r a c t i o n  o f  f i l m  occup ied  by curved  g r a i n s  decreased 

as m i s f i t  dec reased ,  the Cu-Au f i l m s  b e in g  c o m p le te l y  occup ied  by 

cu rved  g r a i n s  and Au-Ag h av ing  none. Th is  dem ons t ra ted  t h a t  i n t e r n a l  

s t r a i n s  decrease m arked ly  w i t h  d e c r e a s in g  a tom ic  mismatch .

* 0 b s e r v a t i o n s  o f  c o u p le  bend ing  have no t  .been r e s t r i c t e d  t o  the r e l a ­
t i v e l y  s im p le  cases o f  s i n g l e  phase,  b i n a r y  sys tems.  Meta l  s t r i p s  
o x i d i z e d  on one s u r fa c e  bend s e v e r e l y  because o f  s t r e s s e s  r e l a t e d  t o  
oxygen g r a d i e n t s ,  volume changes f rom phase t r a n s f o r m a t i o n s  w i t h i n  
the s t r i p ,  o x id e  la y e r  f o r m a t i o n  and thermal expans ion  d i f f e r e n c e s  
between the new ly - fo rm ed  p h a s e s '^ *  . However,  these cases a re  too 
complex t o  be o f  d i r e c t  i n t e r e s t  he re .



The v e r y  m ino r  Ag-Au a tom ic  mismatch w h ich  was dem ons t ra ted  

a b o v e ^  ; 5 compared w i t h  o t h e r  K i r k e n d a l l  systems in  Tab le  1 (see I n t r o ­

d u c t i o n ) .  Note t h a t  the  Ag-Au mismatch remains v e ry  smal l  a t  720°C,

w h ich  i s  a u s e fu l  h i g h  te m p e ra tu re  d i f f u s i o n  t r e a tm e n t  f o r  the 

81 ,82



EXPERIMENTAL PROCEDURE 

Very t h i n  p o l y c r y s t a l l i n e  shee ts  o f  pure  Ag and pure  Au were 

p re s s u re -w e ld e d  t o  fo rm t h i n - s h e e t  c o u p le s .  The t h i c k n e s s  p a r a l l e l  

t o  the  d i f f u s i o n  d i r e c t i o n  o f  most o f  these  cou p le s  was e i t h e r  88 o r  

335 yum; a few were  132, 163, o r  170 yum t h i c k .  Some o f  the coup les  

c o n ta in e d  i n e r t  m arke rs  a t  the  o r i g i n a l  j o i n .  I s o th e rm a l  d i f f u s i o n  

annea ls  were pe r fo rm ed  f o r  v a r i o u s  t im es  a t  75CP, 800° ,  o r  850°C, most 

o f t e n  a t  750°C. D u r in g  d i f f u s i o n ,  some o f  the coup les  were mechan i­

c a l l y  c o n s t r a i n e d  t o  p re v e n t  bend ing  by g r a p h i t e  p i s t o n s  he ld  f i r m l y  

a g a in s t  the  broad faces  o f  the  c o u p le s .  A f t e r  d i f f u s i o n  a n n e a l i n g ,  

the  cou p le s  were examined, t o  d e te rm in e  the  c o n c e n t r a t i o n  p r o f i l e ,  

m i c r o s t r u c t u r e ,  and th e  amount o f  marker  movement and ben d in g .  The 

f o l l o w i n g  s u b s e c t i o n s  d e s c r i b e  the equ ipment  and methods used t o  

a c c o m p l is h  the f o r e g o i n g .  Because the  same i n e r t  a tmosphere fu rn a c e  

was used f o r  c o u p le  f a b r i c a t i o n  and d i f f u s i o n  a n n e a l i n g ,  i t s  d e s c r i p ­

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

Furnace D e s c r i p t i o n

A p u r i f i e d  argon a tmosphere was s e l e c te d  in  o r d e r  t o  a v o id  com­

p l i c a t i o n s  a r i s i n g  f rom ( d i s s o l v e d )  oxygen i n t e r a c t i o n s  w i t h  v a c ­

a n c ie s  in  e i t h e r  Ag®^ o r  Au®**, e s p e c i a l l y  s in c e  Ag d i s s o l v e s  0 .03

a t . %  o x y g e n ^ ®  a t  the  d i f f u s i o n  t e m p e ra tu re  o f  750°C. C la re b ro u g h  
8 5

e t  a l . ,  in  c o n t r o l l e d - a t m o s p h e r e  quench and annea l  ex p e r im e n ts  w i t h  

Ag, a t t r i b u t e d  u n u s u a l l y  r a p i d  decreases  in  e l e c t r i c a l  r e s i s t i v i t y  t o  

vacancy-oxygen  i n t e r a c t i o n s  when h e a t i n g  was done in we t  a rgon  o r  a i r .
t

30.
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They a l s o  observed c o n s i d e r a b l e  p r e c i p i t a t i o n ,  p a r t i c u l a r l y  on d i s -

27l o c a t i o n s  in an a i r - h e a t e d  sample .  L i u  and Powel l  found la r g e  d i s ­

l o c a t i o n  loops a s s o c ia t e d  w i t h  sma l l  p a r t i c l e s ,  p o s s i b l y  Ag2 0 , in  

Ag/Au coup les  d i f f u s e d  a t  880°C. On the  b a s i s  o f  a thermodynamic 

c a l c u l a t i o n ,  t h e y  i n d i c a t e d  t h a t  t h e i r  c o m m e rc ia l1y - p u r e  a rgon  atmos­

phere  c o u ld  have f u r n i s h e d  s u f f i c i e n t  oxygen t o  accoun t  f o r  the  o b s e r v ­

ed prec  i p i  t a t  i o n .

The sample fu rn a c e  and the a rgon  gas p u r i f y i n g  t r a i n  a re  shown in

F i g .  2. The gas t r a i n  and sample f u rn a c e s  were each 30 in .  long  w i t h

a 2 .5  i n .  bore d ia m e te r  and were r e s i s t a n c e  heated by h e l i c a l l y - w o u n d  

TMKantha l  A - l  w i r e .  Each c o n ta in e d  a 2 i n .  i n t e r n a l  d ia m e te r  s t a i n ­

le ss  s t e e l  f u r n a c e  tube ( t y p e  30^ ,  schedu le  U0) c oo led  a t  i t s  e x t re m ­

i t i e s  by c i r c u m f e r e n t i a l  w a te r  j a c k e t s .  The gas t r a i n  tube was d e n s e ly  

packed w i t h  pure  cooper  wool and was m a in ta in e d  a t  700°C. Commerc ia l -  

l y - p u r e  (99-995%) a rg o n ,  d y n a m i c a l l y  s t a b i l i z e d  a t  abou t  0 .5  p s ig  

t h ro u g h o u t  the  sys tem,  was passed th ro u g h  a d r y i n g  column o f  CaCl2 

d e s i c c a n t ,  then th ro u g h  a ho t  copper  f u r n a c e  where r e s i d u a l  oxygen and 

m o is t u r e  were f u r t h e r  reduced .®^  The gas was m a in ta in e d  a t  n e a r - e q u i l ­

i b r i u m  w i t h  the  ho t  copper  by l i m i t i n g  the gas f l o w  r a t e  t o  abou t  10"3 

cu .  i n .  per  sec .  The copper  wool was p e r i o d i c a l l y  changed when t h a t  

h a l f  o f  the  ho t  zone copper  n e a re s t  the  incoming  a rgon  appeared t o  be 

s l i g h t l y  o x i d i z e d .  The p u r i f i e d  a rgon  was p r o t e c t e d  w i t h i n  an a l l -  

m e ta l  gas t r a n s f e r  system ( v a l v e s ,  t u b i n g ,  c o n n e c t i o n s ,  e t c . ) ,  w i t h  

e i t h e r  neoprene 0 - r i n g s  o r  T e f l o n ™  s e a l s  a t  a p p r o p r i a t e  assembly 

p o i n t s .  Each ( f u r n a c e )  tube end assembly  was e x t e r n a l l y  th readed  o n to

* T M ' i s  an acronym f o r  Trade Mark
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the tube and s ea led  a t  the b u t t  end o f  the  tube w i t h  an 0 - r i n g .  The 

end assembly t h a t  served as an access p o r t  f o r  the sample f u rn a c e  had 

an 0 - r i n g  sea led  end cap t h a t  c o n v e n i e n t l y  de tache d .  Th is  end cap 

a l s o  f e a t u r e d  a sample p o s i t i o n i n g  ro d ,  a gas p o r t ,  and a sample mon­

i t o r i n g  the rmocoup le  ( F i g .  3 ) .

In p r a c t i c e ,  the loaded sample h o ld e r  was p o s i t i o n e d  a t  the  c o ld  

end o f  the  tu b e ,  the end cap s e a le d ,  and the tube r e p e a te d l y  (5 o r  

more t im e s )  evacua ted  and b a c k f i l l e d  w i t h  a rgon  in  o r d e r  t o  remove 

ambient  a i r .  N e x t ,  a dynamic atmosphere o f  p u r i f i e d  argon was e s t a b ­

l i s h e d  and the fu rn a c e  b ro u g h t  t o  e q u i l i b r i u m  t e m p e ra tu r e .  Then the 

sample was r a p i d l y  t r a n s f e r r e d  t o  the ho t  zone by means o f  the  ( s l i d ­

in g )  sample p o s i t i o n i n g  rod w h ic h  was a t ta c h e d  t o  the sample h o l d e r .

T h i s  r o d  s l i p p e d  t h r o u g h -  i t s  S w a g e l o k ™  f i t t i n g  w i t h o u t  d i s r u p t i n g

>vseal  i n t e g r i t y . "  Thus, sample p o s i t i o n i n g  w i t h i n  the f u rn a c e  d i d  no t  

n o t i c e a b l y  c o n ta m in a te  the i n e r t  a t m o s p h e r e . ' '  By w i t h d r a w i n g  the 

sample h o ld e r  f r o m  the  ho t  zone t o  the w a te r  c oo led  end o f  the tube ,  

a c o o l i n g  r a te  comparab le  t o  a i r  c o o l i n g  was o b t a i n e d .  Much more 

r a p id  c o o l i n g  was o b t a i n e d  by la n c in g  a 50 p s i g  s t ream  o f  a rgon  d i r e c t ­

l y  o n to  the sample h o ld e r  v i a  the gas p o r t  i n  F ig .  3 ;  the argon was 

s im u l t a n e o u s l y  ven ted  a t  the o p p o s i t e  end o f  the f u r n a c e  tube .

*B o th  th e  sample pos i t  ion  i ng rod  and m on i - to r ing  the rm ocoup le  shea th  
rod were sea led  by a T e f l o n  TM f e r r u | e and r i n g  c o m b in a t io n  t h a t  was 
compressed and swaged around the  rod t o  a f f e c t  a s e a l .  The thermo­
c oup le  w i r e s  were  a l s o  sea led  w i t h  a S w a g e lo k ^  f i t t i n g  by r e p l a c i n g  
the f e r r u l e  and r i n g  w i t h  a T e f l o n ^  sphere  c o n t a i n i n g  two ho les  d r i l ­
le d  s p e c i f i c a l l y  t o  a c c e p t  the  w i r e s .
**When n o t  in use,  the system was l e f t  s ea led  under  vacuum (abou t  80 
^jiti Hg, u s in g  a mechan ica l  vacuum pump). Th is  m in im iz e d  ambient  con ­
t a m i n a t i o n  and served as a c o n t i n u i n g  m o n i t o r  f o r  leakage .



A. vee - f1anged  end cap

B. gas p o r t

C. sample p o s i t i o n i n g  rod ;  exp loded  v iew  o f  

Swage I o k ™  f i t t i n g  w i t h  T e f l o n ™  s e a ls

d.  sample m o n i t o r i n g  thermocoup le

F i g .  3* Furnace tube end assembly .
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Temperature  c o n t r o l  was m a in ta in e d  by a "Leeds £■ N o r t h r u p " ™  on-  

o f f  c o n t r o l l e r  w i t h  i t s  c h ro m e l -a lu m e l  c o n t r o l  the rmocoup le  p laced  

between the fu rn a c e  w i n d i n g  and fu rn a c e  tube a t  the c e n t e r  o f  the ho t  

zone. To m in im iz e  te m p e ra tu re  f l u c t u a t i o n s ,  a v a r i a b l e  a u t o t r a n s f o r ­

mer in  the power l i n e  was a d ju s t e d  a t  each tem p e ra tu re  s e t t i n g  to  g i v e  

equal  o n - o f f  ' t im es  d u r i n g  power c y c l i n g .  The sample fu rn a c e  taps 

were shun ted t o  g i v e  a s y m m e t r i c a l ,  2 cm- long  hot  zone o f  750 + 0.5°C 

(and a U cm le n g th  o f  + 1 ° C ) . The c h rom e l -a lum e l  thermocoup les  used 

f o r  sample m o n i t o r i n g  were  c a l i b r a t e d  and guaran teed  a c c u r a te  t o  

0 .5°C ( a t  750°C) by the  vendor .  D u r in g  fu rn a c e  c a l i b r a t i o n ,  the mon­

i t o r i n g  thermocoup le  was p laced  a t  the  sample p o s i t i o n  i n s id e  the sam­

p le  h o l d e r .  D u r ing  a c t u a l  sample hea t  t r e a tm e n t ,  i t  was necessary  t o  

p la c e  t h i s  the rm ocoup le  between the o u t e r  s u r fa c e  o f  the sample h o ld e r  

and the  in n e r  w a l l  o f  the fu rn a c e  tube .  In so d o in g ,  the thermocoup le  

was kep t  im m e d ia te ly  a d j a c e n t  to  the sample i t s e l f .  The c oup le  o u t ­

pu t  was d e te rm ined  on a r e s e a rc h  p o t e n t i o m e n te r  s e n s i t i v e  t o  0 .1 °C .  

C o n s id e r i n g  the  above f a c t o r s ,  the d i f f u s i o n  anneal  tem pera tu res  a re  

r e l i a b l e  t o  w i t h i n  1 1°C.

Complete thermal h i s t o r i e s  were  reco rded  d u r i n g  a l l  w e lds  and 

d i f f u s i o n  a n n e a ls .  I n t e r d i f f u s i o n  w h ich  o c c u r re d  d u r i n g  the n o n is o -  

the rma l  h e a t i n g  and c o o l i n g  c y c l e s  was c a l c u l a t e d  f rom the r e s u l t a n t  

t im e - t e m p e r a t u r e  da ta  ,®7 

Sheet ( coup le  h a l f )  F a b r i c a t i o n  *■"

The s t a r t i n g  m a t e r i a l s  were  99 .999  w t .  % Au o r  Ag w i r e ,  1 mm in

d i a m e t e r . "  In o r d e r  t o  o b t a i n  s u f f i c i e n t l y  l a rg e  shee ts  o f  each

■^Purchased f rom Ley tess  Meta l  and Chemical  C o rp . ,  500 F i f t h  A v e . ,
New York ,  N. Y. 10036.
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m a t e r i a l ,  the w i r e s  were  m e l ted  in s p e c t r o g r a p h i c a 11y - p u r e  g r a p h i t e  

c r u c i b l e s  i n t o  c y l i n d r i c a l  i n g o t s  abou t  18 mm in d ia m e te r  by 15 mm 

long .  Furnace c o o l i n g  the i n g o t s  y i e l d e d  an average g r a i n  s i z e  o f  8 

mm. Any s u r fa c e  c o n ta m in a n ts ,  such as en t rapped  f l e c k s  o f  g r a p h i t e ,  

were removed by e l e c t r o p o l i s h i n g  a 50 /Jm la y e r  f rom each i n g o t .  The 

in g o ts  then were  c ro s s  c o l d - r o l l e d  to  m in im iz e  shee t  t e x t u r i n g  . “  A f t e r  

the in g o t s  were reduced t o  5 m m - th ick  s l a b s ,  they  were  g i v e n  a r e c r y s ­

t a l l i z a t i o n  annea l  by h e a t i n g  t o  800°C, then f u rn a c e  c o o l i n g .  Subse­

quent  c o l d  r e d u c t i o n  y i e l d e d  shee ts  25 mm w ide  w i t h  t h i c k n e s s  f rom Ml 

t o  168 yum. W i t h i n  any g iven  s h e e t ,  no t h i c k n e s s  g r a d i e n t s  were d e t e c t ­

a b le  by m ic rom e te r  measurements and c ro s s  s e c t i o n  m e ta l l o g r a p h y .  D isks  

15.mm in  d iam e te r  were r a z o r  c u t  f rom the c e n t e r  o f  the shee ts  and the 

c u t ' e d g e s  were hand -d re ssed .  A l t h o u g h  the r o l l i n g  m i l l  was s c ru p u ­

l o u s l y  c leaned  p r i o r  t o  r o l l i n g ,  the d i s k s  were h a n d - p o l i s h e d  w i t h  

1 yum C ^O g  s l u r r y  to  assu re  c le a n  s u r f a c e s .  The d i s k s  then were g i v e n  

a f u l l  r e c r y s t a l l i z a t i o n  annea l  o f  20 m in .  a t  800°C,  f o l l o w e d  by f u r ­

nace c o o l i n g .  The annea led  d i s k s  were b r i g h t  and f l a t .  The average 

g r a i n  s i z e  was e q u i v a l e n t  t o  the shee t  t h i c k n e s s ,  w i t h  many o f  the  

l a r g e r  g r a i n s  e x t e n d in g  a c ro s s  the  e n t i r e  shee t  t h i c k n e s s .  F i n a l  s u r ­

face  c l e a n i n g  o f  the annea led  d i s k s  was done w i t h  a h a n d -he ld  c o t t o n  

swab c o n t a i n i n g  a d i l u t e  s l u r r y  o f  0 . 5  /im C ^ O ^  p a r t i c l e s . " ' '  The 

d i s k s  were  r e t a i n e d  on an o p t i c a l l y - f l a t  g la s s  p l a t e  d u r i n g  p o l i s h i n g ,

* l n  c r o s s  r o l l i n g ,  the r o l l i n g  d i r e c t i o n  i s  a l t e r n a t e d  90°  between 
s u c c e s s iv e  r e d u c t i o n  passes.
*°vSome o f  the e a r l i e r  d i s k s  were  e l e c t r o p o l i s h e d  in  5 o r  10% KCN, bu t  
t h i s  p r a c t i c e  was d i s c o n t i n u e d  because o f  p r e f e r e n t i a l  p o l i s h i n g  o f  
some o f  the g r a in s  (chem ica l  a n i s o t r o p y  e f f e c t ) .
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and e x t r e m e l y  l i t t l e  p re s s u re  was a p p l i e d  in o r d e r  t o  m in im iz e  s u r ­

fa c e  d e f o r m a t i o n .

Marker A p p l i c a t i o n

A s u i t a b l e  marker  m a t e r i a l ,  l e v i g a t e d  i r o n  o x id e  (Fe20^) was 

p repa red  by l e v i g a t i n g  an aqueous s l u r r y  o f  j e w e l e r ' s  rouge 5 . t im e s ,  

each t im e  d e c a n t i n g  the f i n e r - p a r t i c 1ed suspens ion  f rom  the m ix t u r e  

and d i s c a r d i n g  i t .  The f i n a l  s l u r r y  o f  the h e a v ie r  p a r t i c l e s  was

TM
d i l u t e d  in  a s o l u t i o n  o f  one (1)  d rop  o f  "Kodak"  P h o to -F lo  ( a 

w e t t i n g  a g e n t )  in  tw en ty  (20) ml o f  d i s t i l l e d  w a t e r .  The r e s u l t i n g  

p a r t i c l e s  a re  shown in  F i g .  k.  The marker  s l u r r y  was a p p l i e d  by eye 

d ro p p e r  o n to  the w e ld i n g  s u r f a c e  o f  a coup le  h a l f  t o  o b t a i n  a u n i f o r m  

p a r t i c l e  d i s t r i b u t i o n  w i t h  an average  p a r t i c l e  ( o r  p a r t i c l e  agg lom er ­

a t e )  m arke r  s i z e  o f  a few ’ / jm'and an ave rage  i n t e r p a r  t  i c 1e spac ing  o f  

150 /jm.

Weid i ng

P a i r s  o f  Ag and Au d i s k s  were p r e s s u re -w e ld e d  t o  fo rm  t h i n - s h e e t  

c o u p le s ,  as d e p i c t e d  in  F i g .  5.  W e ld ing  was done in  the  p re s s u re  

w e ld i n g  d e v i c e  shown in  F i g .  6 .  A l l  o f  the d e v i c e  components were 

machined f rom  h i g h - p u r i t y  g r a p h i t e ,  e x c e p t  f o r  the hoi  lew s t a i n l e s s

* >wV ' "
s t e e l  expans ion  p l u g ,  B. G ra p h i t e  was used because o f  i t s  lew

*Severa1 o t h e r  t ypes  o f  i n e r t  marke rs  were  t r i e d  t h ro u g h o u t  the e x p e r ­
im en t ,  bu t  these p roved  u n s u c c e s s fu l  in  one o r  more r e s p e c t s .  These 
i nc 1 uded 8 /jm tu n g s te n  wi re , 1 ;um p a r t i c l e s ,  and 5 Aim S i C par  t  i -
c l e s .  S ince  the s u c c e s s f u l  i r o n  o x id e  marker  method was deve loped  
l a t e  i n  the re s e a r c h ,  the  e a r l i e r  co u p le s  d i d  no t  y i e l d  marker  i n f o r ­
m a t i o n .
**Because  the c o e f f i c i e n t  o f  thermal expans ion  o f  s t a i n l e s s  s t e e l  
( 1 1 .2  x 10” ° / O f ) o 8  j s abou t  12 t imes g r e a t e r  than t h a t  o f  g r a p h i t e  
( 0 .9  x 10-6/ ° F ) 8 9 ,  the s t e e l  p l u g  e x e r t s  p re s s u r e  on the c oup le  when 
t h e ' d e v i c e  i s  heated d u r i n g  w e ld i n g ,  t h e re b y  c o n t r i b u t i n g  t o  good 
we ld  p lane  c o n t a c t .



Most p a r t i c l e s  a r e  a few ,um in  d i a m e t e r .  P a r t i c l e  

d e n s i t y  shown he re  i s  g r e a t e r  than  t h a t  employed in 

c o u p le s ,  the  c o u p le s  h a v in g  i n t e r p a r t i c l e  s p a c in g s  o f  

~  150 / jm.

F i g .  4 .  L e v ig a te d  i r o n  o x id e  m a rk e rs .



5 x 10 mm

diffusion couples
5 x 5 m m welded disk,

15 mm diameter*

cdupie thickness, 
8 8  to 335  fxm

Couple thickness is exaggerated here for 
illustrative purposes.
Diffusion couples (dotted lines) were 
obtained from the center-m ost portion 

of the welded disk.

Fig. 5. Schematic of a th in -s h e e t Ag/Au couple.



(b)

(a)  D isassembled.  Coup le  h a l v e s  to  be we lded agp p lac ed  

between s h o r t  p i s t o n s ,  A. A l l  p i s t o n s  ( A , B , D , D ' )  a re  subse 

q u e n t l y  loaded i n t o  bo red  c y l i n d e r ,  C.

(b)  Assembled. End c aps ,  E, a r e  th re aded  o n to  c y l i n d e r ,  C. 

A l l  components a re  g r a p h i t e ,  e xcep t  f o r  the  s t a i n l e s s  s t e e l  

expans ion  p lu g ,  B.

F i g .  6.  Pressure  w e l d i n g  d e v i c e .



h ] .
thermal i n e r t i a  and in e r t n e s s  r e l a t i v e  to  Ag and Au. R e f e r r i n g  t o  

F i g .  6 ( a ) ,  a d i s k  o f  Ag and one o f  Au were sandwiched between the s h o r t  

p i s t o n s  (A) and i n s e r t e d ,  a lo n g  w i t h  the o t h e r  p i s t o n s  ( B . D . D * ) ,  i n t o  

the smooth-bore  c y l i n d e r  ( C ) , “  whereupon the  end p i s t o n s  (D ,DJ) p r o t r u ­

ded p a r t i a l l y  f rom the c y l i n d e r .  The end caps (E) were then th readed  

o n to  the c y l i n d e r  and t i g h t e n e d  t o  m a in t a i n  30 ps i  compress ion  on the  

broad faces  o f  the semi coup 1 es.  The assembled w e ld i n g  d e v i c e  is

shown in  F i g .  6 ( b ) .  The l o n g i t u d i n a l  c e n t e r - b o r e  in  the  d e v ic e  

accep ted the  m o n i t o r i n g  the rm ocoup le .

I n t e r d i f f u s i o n  d u r i n g  w e ld i n g  (weld dep th )  was i n i t i a l l y  l i m i t e d  

t o  2 /jm so t h a t  a s u b s t a n t i a l  p o r t i o n  o f  n o n d i f f u s e d  m a t e r i a l  wou ld  be 

a v a i l a b l e  f o r  subsequent d i f f u s i o n  a n n e a l in g  o f  the 8 8 / jm - th i . c k  cou­

p l e s .  D u r ing  subsequent d i f f u s i o n  a n n e a l i n g ,  many o f  the  c o u p le s  be­

gan c r a c k i n g  open, o f t e n  a lo n g  the w e ld in g  i n t e r f a c e .  Of c o u rs e ,  

c r a c k i n g  a u t o m a t i c a l l y  d i s q u a l i f i e d  a c oup le  f rom  f u r t h e r  a n a l y s i s  o r  

c o n s i d e r a t i o n .  C rack ing  was i n i t i a l l y  suspec ted  t o  be the  r e s u l t  o f  

poor w e ld i n g ,  e s p e c i a l l y  s in c e  s i m i l a r  we ld  f a i l u r e s  have been r e p o r t -  

e d ^ ’ - ^ , '*7 f o r  p r e s s u r e _we] j j e j  b u l k  coup les  h av ing  we ld  dep ths  1 o r  

2 o rd e r s  o f  magn i tude l a r g e r  than the  2 yim-deep we lds  i n i t i a l l y  em~

* | n  o r d e r  t o  assu re  i n t i m a t e  face  m atch ing  and subsequent  good w e l d i n g ,  
u l t r a - p a r a l l e l  faces  were r e q u i r e d  on the s h o r t  p i s t o n s  (A) w h ich  
bounded the sem icoup les .  A c c o r d i n g l y ,  these p i s t o n s  were lapped t o  
a t h i c k n e s s  d e v i a t i o n  o f  le s s  than I 1 1 . 2 5 /um.
* *Compress ion  was e s t a b l i s h e d  by p l a c i n g  a d r i f t  p i n  th rough  the 
b o re d -o u t  end cap (E) and o n t o  the p i s t o n  ( D ) , then l o a d in g  the p i n  t o  
10 pounds. A f t e r  s e c u r in g  the  end caps ,  the load and d r i f t  p i n  were 
removed.
* * * S m a l l  v e n t  ho les  (no t  v i s i b l e  in F i g .  6) were d r i l l e d  t h ro u g h o u t  
the we ld  d e v i c e  t o  p e r m i t  u n r e s t r i c t e d  o u tg a s s in g  o f  the  d e v i c e  when 
in  the f u rn a c e .



k 2 .

p loyed  h e re .  Weld dep ths  were  t h e r e f o r e  inc reased  to  k  and 6 /am, and 

we ld  p lane  i n t e g r i t y  was a s c e r t a i n e d  v i a  e x a m in a t io n  and t e s t i n g .  Only 

a f t e r  these  e f f o r t s  assu red  the i n t e g r i t y  o f  w e ld i n g  i n t e r f a c e s  c ou ld  

the  c o u p le  c r a c k i n g  be unambiguous ly  a s s o c ia te d  w i t h  the subsequent  

d i f f u s i o n  annea l  p rocess  ( t h i s  c r a c k i n g  phenomenon w i l l  be r e p o r t e d  

l a t e r ) .  From subsequent  t r i a l  and e r r o r  e x p e r im e n ts ,  i t  was found 

t h a t  cou p le s  no lo n g e r  c racked  d u r i n g  750°C d i f f u s i o n  when ^  o r  6 

yum-deep w e lds  were employed. The 4 yum we lds  were l i m i t e d  t o  88 yum- 

t h i c k  coup les  w h ich  were schedu led  f o r  the s h o r t e r  d i f f u s i o n  a n n e a ls ;  

o t h e r w i s e ,  6 yum we lds  were employed. An e x c e p t i o n  t o  t h i s  was the 

30 /um-deep w e lds  o b ta in e d  s p e c i f i c a l l y  f o r  a s e t  o f  163 /u m - th ic k  

coup les  schedu led  f o r  850°C d i f f u s i o n .  The v a r i o u s  we ld  dep ths  were 

o b ta in e d  by a l t e r i n g  the  h e a t i n g ,  c o o l i n g  o r  soak c y c le s  d u r i n g  w e ld -  

i n g . "  The methods o f  m easur ing ,  i n s p e c t i n g ,  and b o n d - t e s t i n g  the 

we lds  a re  g i v e n  n e x t .

Weld dep ths  were measured g r a p h i c a l l y  f rom  the  w e l d ' s  c o n c e n t r a -
JUL

t i o n - p e n e t r a t i o n  c u rv e  by c o n s t r u c t i n g  a ta n g e n t  s lope  a t  the compo­

s i t i o n  c e n t e r  (N^g = 0 . 5 )  and u s in g  i t s  i n t e r s e c t i o n s  w i t h  the c oup le

* P e n e t r a t i o n
Depth W e l d i n g  M e t h o d
2 /jm ............  Rapid h e a t i n g 3 t o  700°C + maximum argon  lance c o o l i n g 3
4 ^m ............  Rapid h e a t i n g  t o  700°C + moderate a rgon  lance c o o l i n g 0
h yum   Rapid h e a t i n g  t o  725°C + maximum argon lance c o o l i n g
6 jum ............  Soak ing  f o r  0 .5  hr  a t  600°C + a i r  c o o l i n g

30 /im ............  H e a t ing  t o  770°C in  770°C ‘f u rn a c e  + a i r  c o o l i n g

a " r a p i d  h e a t i n g "  ( ''•>'20 0 °C /m i  n) was o b ta in e d  by p l u n g i n g  the 
we ld  d e v ic e  i n t o  a 1000°C ho t  zone, then im m e d ia te ly  w i t h d r a w in g  
a f t e r  r e a c h in g  the d e s i r e d  tem p e ra tu re  o f  700 o r  725°C. 
b "maximum argon  lance c o o l i n g "  r a t e  was 125°C/min f rom 700°  
t o  U00°C.
c "m odera te  argon  lance c o o l i n g "  r a t e  was ^  tw ic e  as r a p id  as 
a i r  coo I i  n g .

^ o b t a i n e d  w i t h  the e l e c t r o n  m ic ro p ro b e ,  as d e s c r ib e d  in  the "Chemical  
A n a l y s i s "  s e c t i o n .



d i s t a n c e  a x i s  t o  d e f i n e  the p e n e t r a t i o n  d e p th .  Th is  o p e r a t i o n  is  

d e p i c t e d  in  Tigs.  7 and 8 f o r  the  2 /jm and 6 / jm-deep w e ld s ,  re s p e c ­

t i v e l y . "  ( I n  these and the f o l l o w i n g  c o n c e n t r a t i o n - p e n e t r a t i o n  c u rv e s ,  

the c oup le  d i s t a n c e  o f  z e ro  deno tes  the x - a x i s  p o s i t i o n  where N^g be­

comes u n i t y . )  I g n o r i n g  the  app a ren t  i n t e r d i f f u s i o n  w h ic h  l i e s  o u t ­

s id e  o f  the  g r a p h i c a l l y - d e t e r m i n e d  p e n e t r a t i o n  zones in  F i g s .  7 and 

8 se rves  t o  compensate somewhat f o r  the  e l e c t r o n  beam d ia m e te r  o f  

3 /Jm. W i th o u t  such com pensa t ion ,  a n o n d i f f u s e d  b u t t  j o i n t  would  

appear  t o  have an i n t e r d i f f u s i o n  zone r o u g h ly  the  s i z e  o f  the e l e c t r o n  

beam. A l t h o u g h  the g r a p h i c a l  method f o r  d e t e r m in i n g  we ld  dep th  be­

comes le s s  v a l i d  as i n t e r d i f f u s i o n  in c re a s e s ,  i t  i s  s u i t a b l e  f o r  the

s t e e p - g r a d i e n t ,  sma11 - i n t e r d i f f u s i o n  w e lds  employed h e re .  As a check ,
*

w e ld  p e n e t r a t i o n s  were  a l t e r n a t e l y  de te rm ined  by c a l c u l a t i n g  the 

d i f f u s i o n  c o n t r i b u t i o n  f rom  the n o n is o th e rm a l  ( h e a t i n g  and c o o l i n g )  

w e ld  c y c l e s .  Us ing the  a p p ro x im a t i o n  

x ~  ( tr  D t e f f ) £

, where 2x = c a l c u l a t e d  dep th  o f  i n t e r d i f f u s i o n

D = chem ica l  d i f f u s i o n  c o e f f i c i e n t  a t  750°C (1.5** *  lO- ^®

2 38 
cnrr.
sec*

t e f f  = e f f e c t i v e  t im e  a t  750 C, c a l c u l a t e d  f rom h e a t i n g  and 

c o o l i n g  t im e - t e m p e r a t u r e  d a ta  

, th e  c a l c u l a t e d  w e ld  depths were w i t h i n  25% o f  those d e te rm ined  g raph -

*The e l e c t r o n  m ic ro p ro b e  d a ta  f o r  F i g .  7 was o b ta in e d  f rom  a sample
whose c ro s s  s e c t i o n  was i n c l i n e d  in  the mount t o  g i v e  a 2X mount 
m a g n i f i c a t i o n .  O th e rw is e ,  the m i c r o p r o b e ' s  ^ 3  /Jm e l e c t r o n  beam 
wou ld  no t  y i e l d  the s p a t i a l  r e s o l u t i o n  i n d i c a t e d  in  the f i g u r e .
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Fig. 7. Concentration-penetration curve for a 2/j.m-deep weld.
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Fig. 8. Concentration- penetration curve for a 6 / tm -  deep weld.
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I c a l l y .  Th is  i s  reas o n a b le  agreement between the two methods.  For 

c o n s i s t e n c y ,  the  g r a p h i c a l  method was s e l e c t e d  t o  d e s c r i b e  we ld  d e p th s .

Weld p lane  i n t e g r i t y  o f  e v e ry  we lded d i s k  was a s c e r t a i n e d  r o u ­

t i n e l y  by m e ta 1lo g r a p h i c  e x a m in a t i o n ,  e l e c t r o n  in ic rop robe  a n a l y s i s ,  

and d e s t r u c t i v e  t e s t i n g  o f  chord  segments taken f rom each we lded d i s k  

( cho rd  segments are  seen in  F i g .  5 ) .  When m i l d l y - e t c h e d  m e ta 11o g r a p h ic  

c r o s s  s e c t i o n s  were examined,  any i n t e r f a c e  c ra c k s  were c l e a r l y  d e l i n e ­

a t e d .  D u r in g  m ic ro p ro b e  a n a l y s i s ,  a b r u p t  i n c re a s e s  in  th e  s lo pe  o f  

the c o n c e n t r a t i o n - p e n e t r a t i o n  p r o f i l e  o c c u r re d  a t  these  same f a u l t y  

i n t e r f a c e ' r e g i o n s .  The d e s t r u c t i v e  t e s t s  i n v o l v e d  a s im p le  t e a r i n g  

a p a r t  o f  the  welded sample a lo n g  i t s  we ld  p l a n e . "  Weld i n t e g r i t y  was 

i n d i c a t e d  by r e s i s t a n c e  tp  t e a r i n g  o f f e r e d  by the c oup le  and by 

v i s u a l  e v id e n c e  o f  Au-Ag adhes ion  on the te a r -e x p o s e d  s u r f a c e s .  Com­

p l e t e l y  bonded we ld  j o i n t s  were c h a r a c t e r i z e d  by a t h i n ,  a d h e re n t  c ov ­

e r i n g  o f  u l t r a f i n e  Ag f l e c k s  ove r  th e  e n t i r e  Au s u r f a c e .  Any l o c a l ­

ized  r e g io n  o f  s p o t t y  o r  spa rse  Ag f l e c k i n g  on the Au s u r f a c e  was 

e v id e n c e  o f  poo r  b o n d in g .  E a r l y  i n  the e x p e r im e n ts ,  s e v e r a l  e n t i r e  

d i s k s  were  d e s t r u c t i v e l y  t e s t e d .  A f t e r  sound w e ld i n g  became r o u t i n e ,  

the d e s t r u c t i v e  t e s t s  were l i m i t e d  t o  the  chord  segments o f  the w e ld ­

ed d i s k s .

A n o th e r  i n d i c a t i o n  o f  we ld  p la n e  i n t e g r i t y  r e s u l t e d  d u r i n g  sub­

sequent  d i f f u s i o n .  Wherever a p p r e c i a b l e  d i f f u s i o n  to o k  p la c e  w i t h i n  

a c o u p le ,  o v e r a l l  m ic r o ro u g h e n in g  appeared on the b road ,  t e r m in a l  s u r ­

fa c e s  o f  the t h i n - s h e e t  c o u p le s .  I f ,  however ,  a we ld  j o i n t  s u f f e r e d

* T h i s  was u s u a l l y  done by s p l i t t i n g  the o u t e r  edge o f  th e  we ld  p lane  
w i t h  a r a z o r  b la d e ,  g r a s p in g  these s p l i t  segments w i t h  tw e e z e rs ,  then 
p u l l i n g  ( t e a r i n g )  the  sandwiched c o u p le  a p a r t .



*+7 .

a l o c a l i z e d  d i s c o n t i n u i t y ,  the l a c k  o f  d i f f u s i o n  ac ross  the d i s c o n t i n ­

u i t y  y i e l d e d  a c o n s p ic u o u s 1y-smooth  spo t  on an o t h e r w i s e - m i c r o r o u g h ­

ened c oup le  s u r f a c e .

In a s e p a ra te  e x p e r im e n t ,  w e ld  p lane  i n t e g r i t y  was t e s te d  by 

p l a s t i c a l l y  d e fo rm in g  as-we lded  coup les  b e f o r e  d i f f u s i o n ,  b e l i e v i n g  

t h a t  r e g io n s  o f  poor  bond ing  would  l i k e l y  f a i l  d u r i n g  c o u p le  de fo rm a­

t i o n  and w o u ld ,  t h e r e f o r e ,  be q u i t e  obv ious  (exagg e ra ted )  i n  p o s t ­

d i f f u s i o n  a n a l y s i s .  To t h i s  end ,  t h re e  88 / j m - t h i c k  coup les  in  the 

fo rm  o f  5 *  10 rnm s t r i p s  were i d e n t i c a l l y  f a b r i c a t e d  and g iven  4 /jm- 

deep w e ld s .  Two o f  these were pe rm anen t ly  ben t  around g la s s  rod man­

d r e l s  o f  d i f f e r e n t  r a d i i .  One c oup le  was ben t  t o  an a rc  o f  11 mm 

r a d i u s ,  the  o t h e r  t o  k mm.* The t h i r d  c oup le  was no t  ben t  i n  o r d e r  t o  

s e rve  as a c o n t r o l  sample .  The t h re e  coup les  were d i f f u s e d  t o  abou t  

t h e i r  semi- i n f i n i t e  l i m i t  (2 .37  h r  a t  7 5 0 ° C ) , then examined. A l l  

t h r e e  c o u p le s  e x h i b i t e d  i d e n t i c a l  d i f f u s i o n  p e n e t r a t i o n s  and m e t a l l o -  

g r a p h i c a l l y - s o u n d  i n t e r f a c e s ,  e v idenc e  t h a t  the  w e ld i n g  i n t e r f a c e s  

were w e l l - b o n d e d  and c o n t i n u o u s .

D i f f u s i o n  A n n e a l in g

A few o f  the e a r l i e r  15 mm-diameter  d i s k ,  cou p le s  were d i f f u s e d  

in  t h e i r  e n t i r e t y .  The c e n te rm o s t  p o r t i o n s  o f  a l l  o t h e r  we lded d i s k s  

were s e c t io n e d  i n t o  c o u p le s  5 x  5 mm o r  5 x  10 mm, as i n d i c a t e d  in 

F i g .  5.  C u t t i n g  was done c a r e f u l l y  w i t h  new, 77 yum-th ick  j e w e l e r ' s  

saw b l a d e s ,  w i t h  the broad face  o f  the d i s k  supp o r ted  on a f l a t

L u c i t e ™  p l a s t i c  b l o c k .  The b lade  was m a in ta in e d  p a r a l l e l  t o  the face

*The bend ing  was e a s i l y  done by hand.  In o r d e r  t o  make the coup les  
con fo rm  p e rm anen t ly  t o  the mandrel  s u r f a c e ,  i t  was necessary  to  s t r a i n  
harden the c o u p le s  by p r e s s in g  them r e p e a t e d l y  ( c o ld  w o rk in g )  around 
the mandre1.
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o f  the c o u p le  t o  a v o id  edge r i p p i n g .  A f t e r  s e c t i o n i n g ,  the c u t  edges 

were l i g h t l y  hand d ressed  w i t h  600 g r i t  SiC paper .

Those c o u p le s  m o n i to re d  f o r  bend ing  b e h a v io r  were  p h y s i c a l l y  

u n c o n s t ra in e d  in  a g r a p h i t e  h o ld e r  d u r i n g  d i f f u s i o n  a n n e a l i n g .  Other 

c o u p le s  were m e c h a n ic a l l y  c o n s t r a in e d  from bend ing  by p e r f o r m in g  the 

d i f f u s i o n  a n h e a l i n g  in  the  w e ld i n g  d e v i c e .  M echan ica l  c o n s t r a i n t  was 

a p p l i e d  by g r a p h i t e  p i s t o n s  (A, in F i g .  6) h e ld  f i r m l y  a g a in s t  the 

broad faces  o f  the c o u p le  by a 1.3 cm le n g th  o f  s t e e l  expans ion  p lug  

( the  expans ion  p lu g  used d u r i n g  w e ld i n g  was tw ic e  t h i s  l e n g t h ) .

The cou p le s  were d i f f u s e d  a t  750° ,  800° ,  o r  8 5 0 ° ,  m o s t l y  a t  

7 5 0 ° C , "  f o r  t im es  v a r y i n g  f rom  about  o n e - h a l f  t o  s e v e r a l  h r .  None o f  

the  d i f f u s i o n  annea ls  were i n t e r r u p t e d  .**" Most o f  th e  d i f f u s e d  coup les  

were semi- i n f i n i t e ,' i . e . ,  the t e r m in a l  ends o f  the c o u p le  were s t i l l  

pure Ag o r  pure Au a f t e r  c o m p le t i o n  o f  the d i f f u s i o n  a n n e a l .  Others 

were p a r t i a l l y  homogenized. Many o f  the  cou p le s  were d i f f u s e d  in  a 

s y s t e m a t i c  manner,  e . g . ,  (1)  a s e r i e s  o f  88 yum - th ick  cou p le s  was d i f ­

fused  a t  750°C f o r  v a r i o u s  ( i n c r e a s i n g )  t im e s ,  and (2)  i d e n t i c a l  d i f ­

f u s i o n  annea ls  were g i v e n  t o  co u p le s  o f  v a r y i n g  t h i c k n e s s .

JU * Q
750 was s e l e c te d  f o r  most o f  the  cou p le s  in  o r d e r  t o  a vo id  s e r i o u s  

d i f f u s i o n  t im e e r r o r s  i n h e r e n t  i n  the s h o r t e r  t imes d i c t a t e d  by h ig h e r  
d i f f u s i o n  te m p e ra tu re s .  Even a t  750 C, hom ogen iza t ion  began s h o r t l y  
a f t e r  ^  2 hr  in  the t h i n n e s t  (88 /jm) c o u p le s .  I n c re a s in g  the d i f f u ­
s io n  t ime by l o w e r in g  the  tem p e ra tu re  be low 750°C is  i n a d v i s a b le  be-

§0 9*fe s ' 9 n ' ^ ' c a n t  9 r a ' n boundary d i f f u s i o n  o f  Ag below 700°C .

**A11 d i f f u s i o n  annea ls  were te rm in a te d  w i t h  maximum a rgon  lance  c o o l ­
i n g .  In o r d e r  t o  m in im iz e  n o n is o th e r m a 1 c o n t r i b u t i o n s  t o  d i f f u s i o n  
d u r i n g  h e a t i n g  and c o o l i n g ,  the u n c o n s t r a in e d  coup led  d i f f u s e d  f o r  
v e r y  s h o r t  t imes { ^  30-45 min)  were c o n ta in e d  in a sm a l l  (40 g . )  
g r a p h i t e  boat  in s te a d  o f  in  the l a r g e r ,  160 g. w e ld in g  d e v i c e .
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Bu lky  D i f f u s i o n  Couples

In ' a d d i t i o n  t o  the  above t h i n - s h e e t  c o u p le s ,  t h r e e  b u l k y  coup les  

were s i m i l a r l y  f a b r i c a t e d ,  d i f f u s e d ,  and examined f o r  compar ison  w i t h  

the  t h i n - s h e e t  c o u p le s .  The s i z e  o f  these c o u p le s ,  2 mm in d ia m e te r  

by 8 mm in  the d i f f u s i o n  d i r e c t i o n ,  i s  t y p i c a l  o f  most b u l k y  c o u p le s .  

A l t h o u g h  markers  were i n c o r p o r a t e d  i n  these  b u l k y  c o u p le s ,  marker 

measurements were found t o  be m ean ing less  because o f  i n a c c u r a t e  r e f e r ­

ence p o i n t s  and w i l l  n o t ,  t h e r e f o r e ,  be r e p o r t e d .

Sample Ana lyses

Th ickness  and bend ing  measurements:

A v e r n i e r  m ic r o m e te r ,  a c c u r a t e  to  t  1.25 /Jm and equ ipped  w i t h  

a n v i l  b a l l  t i p s ,  were employed f o r  t h i c k n e s s  and bend ing  measure,- 

ments .  Coup le  t h i c k n e s s  was m o n i to re d  b e fo r e  and a f t e r  d i f f u s i o n  

a n n e a l i n g .  Coup le  bend ing  was c a l c u l a t e d  f ro m  d a ta  o b ta in e d  by p l a c ­

ing  the ben t  c o u p le  on a f l a t  g l a s s  s l i d e  such t h a t  the  c o u p le  was 

concave downward, ( d o m e - l i k e ) ,  then  measur ing  the bend ing  h e i g h t .

Cross s e c t i o n  m e ta l l o g r a p h y :

Cross s e c t i o n  m e ta l l o g r a p h y  s u r f a c e s ,  p a r a l l e l  t o  the d i f f u s i o n  

d i r e c t i o n ,  were p re p a re d  in  o r d e r  t o  examine the  m i c r o s t r u c t u r e ,  

p o r o s i t y ,  and m a rk e rs ,  and t o  s e rv e  as e l e c t r o n  m ic ro p ro b e  samples.  

M e t a l l o g r a p h i c  samples in c lu d e d  annea led  shee ts  p r i o r  t o  w e l d i n g ,

*These b u l k y  cou p le s  were f a b r i c a t e d  by R ic h a rd  H e l f e r i c h  as p a r t  o f  
h i s  und e rg ra d u a te  e x p e r im e n ta l  i n v e s t i g a t i o n  re q u i re m e n t  in  the Dept ,  
o f  M e t a l l u r g i c a l  E n g in e e r i n g ,  The Ohio S t a t e  U n i v e r s i t y .  The 2 mm 
d ia m e te r  by U mm long c y l i n d r i c a l  c oup le  ha lv e s  were c a s t  f rom the 
m e l t  i n t o  g r a p h i t e  c y l i n d e r s .  The w e ld in g  s u r fa c e  o f  each c o u p le  h a l f  
was ground and p o l i s h e d  f l a t ,  the  c oup le  ha lv e s  ann e a le d ,  then v e ry  
l i g h t l y  r e p o l i s h e d ,  then p r e s s u re -w e ld e d  t o  dep th  o f  2h jam.



as -w e lded  c o u p le s ,  and d i f f u s i o n - a n n e a l e d  c o u p le s .  The " a s - w e l d "  

samples were those  remnant  cho rd  segments o f  the we lded d i s k s  t h a t  

were gene ra ted  when d i f f u s i o n  cou p le s  were s e c t io n e d  f rom  the  d i s k s ,  

as d e p i c t e d  in F i g .  5.  A l l  m e t a l l o g r a p h i c  samples were p l a t e d  w i t h  

abou t  3-3 m i l  o f  e l e c t r o l y t i c  n i c k e l  in  o r d e r  to  p re s e rv e  the o u t e r  

edge fea tu res*  o f  the c ro s s  s e c t i o n .  N i c k e l  was s e le c te d  because i t s  

X - r a d i a t i o n  does no t  i n t e r f e r e  w i t h  Ag o r  Au X - r a d i a t i o n  in  the e l e c ­

t r o n  m ic ro p ro b e  a n a l y s i s .  The p l a t e d  samples were mounted edgewise in 

TMB a k e l i t e  and we t  ground w i t h  2 2 0 - g r i t  SiC paper  t o  a dep th  g r e a t e r

t h a n  t w i c e  t h e  c o u p l e  t h i c k n e s s .  T h e  r e s u l t a n t  c r o s s  s e c t i o n  t h u s

w a s  r e p r e s e n t a t i v e  o f  b u l k ,  a n d  n o t  s u r f a c e ,  d i f f u s i o n .  C o n t i n u o u s l y

f i n e r  g r i n d i n g  th ro u g h  4 / 0 - g r i t  SiC paper  was f o l l o w e d  by 0 .25  /Jm
*

diamond p o l i s h i n g  on a s i l k  c l o t h .  A l t h o u g h  the " s i l k  c l o t h  + d i a ­

mond" p o l i s h  y i e l d e d  th e  v e r y  f l a t ,  s m e a r - f re e  s u r fa c e  r e q u i r e d  f o r  

e l e c t r o n  m ic ro p ro b e  a n a l y s i s ,  i t  was necessary  t o  f i n a l  p o l i s h

TM
b r i e f l y  w i t h  0 .3  yum cL - A I 2O3 (L ind e  A ) in  o r d e r  t o  lower  the 

s c r a t c h  d e n s i t y .  D i s t u r b e d  meta l  then was removed by a m i l d  (2 s e c . )  

e t c h  in  2% KCN, f o l l o w e d  by a v e r y  l i g h t  " L i n d e  A"  r e p o l i s h .

Chemical  o r  . e l e c t r o l y t i c  e t c h i n g  o f  the  cou p le s  was c o m p l i c a te d  

by the v e r y  marked p a s s i v i t y  o f  the A u - r i c h  m a t e r i a l  w i t h  r e s p e c t  t o  

the A g - r i c h  m a t e r i a l ,  t h e r e b y  n e c e s s i t a t i n g  a compromise,  two s tage  

e t c h i n g  p ro c e d u re .  T h is  i n v o l v e d  a 2% KCN e t c h  t o  r e v e a l  the A g - r i c h  

s t r u c t u r e ,  and a subsequent  e t c h  in  1 p a r t  10% KCN: 1 p a r t  5% ammon­

ium p e r s u l f a t e  t o  r e v e a l  the A u - r i c h  s t r u c t u r e .  The l a t t e r  e t c h ,

depend ing  on e t c h i n g  t im e ,  wou ld  e i t h e r  o v e r - e t c h  o r  d i s s o l v e  the 
«

p r e v i o u s l y - e x a m i n e d  A g - r i c h  m a t e r i a l .
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M e ta l l o g r a p h y  was done on a Bausch and Lomb m e t a l l o g r a p h ,  where 

marker  p o s i t i o n s  were measured w i t h  a r e t i c l e  g r a t i n g  a t  800X o r  more. 

A l t h o u g h  marker  p o s i t i o n s  were measured w i t h  r e s p e c t  t o  b o th  Ag and Au 

t e r m in a l  ends,  r e p o r t e d  marker  s h i f t s  were d e te rm ined  o n l y  f rom those  

measurements made f rom  th e  Auend.  As p r e v i o u s l y  r e p o r t e d , 92 ,93  t h i s  

c i r c u m v e n ts  ' the  e r r o r  a s s o c ia t e d  w i t h  c oup le  s w e l l i n g  w h ic h  occu rs  

when p o r o s i t y  fo rms in th e  A g - r i c h  r e g i o n . "  A l s o ,  s u r fa c e  i r r e g u l a r ­

i t i e s  w h ic h  deve loped  d u r i n g  d i f f u s i o n  were observed t o  be more p r e ­

dom inan t  a lo n g  the  Ag t e r m in u s ,  making measurements t h e re  le ss  r e l i ­

a b le  than  those  o b ta i n e d  f rom  the Au t e rm in u s .  Marker i d e n t i t y  d u r i n g  

m ic r o s c o p i c  measurements was q u i t e  unambiguous.  They were u s u a l l y  

i d e n t i f i e d  by t h e i r  red  c o l o r ,  and t h e i r  p lane  o f  f ocus  was u s u a l l y  

h i g h e r  than  the sm a l l  po res  w h ich  o f t e n  resembled m a rke rs .  A l s o ,  the 

e l e c t r o n  m ic r o p r o b e ,  s e t  f o r  a t h i r d  o r d e r  i r o n  K l i n e  o f  A = 

5 .81& ,  was used t o  a s c e r t a i n  the i d e n t i t y  o f  m a rk e rs .  T h is  proved 

e s p e c i a l l y  u s e f u l  when SiC g r i n d i n g  p a r t i c l e s  o c c a s i o n a l l y  became 

en t ra p p e d  in  the  porous  r e g io n  a d ja c e n t  t o  the r e a l  marke rs  and were 

sometimes d i f f i c u l t  t o  v i s u a l l y  d i s t i n g u i s h  f rom  the m a rk e rs .

Because the  t h i n - s h e e t  c o u p le s  were ben t  by d i f f u s i o n  o r  t i l t e d  

s l i g h t l y  in  the mount,  the  m e t a l l o g r a p h i c  s u r fa c e s  were o f t e n  no t  

p e r p e n d i c u l a r  t o  the  w e ld  i n t e r f a c e ,  t h e r e b y  m a g n i f y i n g  the  c ross  

s e c t i o n  t h i c k n e s s  o f  the  c o u p le .  To c o r r e c t  f o r  t h i s  "mount m a g n i f i ­

c a t i o n " ,  a l l  d i s t a n c e s  measured on the m e ta 1lo g r a p h i c  s u r f a c e ,  e . g . ,

ju
C o n v e rs e ly ,  m arke r  d i s p la c e m e n ts  can be measured t o  p u r p o s e ly  i n c lu d e  

d im e n s io n a l  changes caused by p o r o s i t y  swe11in g ^ > ^ 3 i 5 4 , 8 3 # Th is  was 
no t  done he re .
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marker p o s i t i o n s ,  were m u l t i p l i e d  by the  r a t i o

 t rue- c o u p le  t h i c k n e s s  (measured by m ic ro m e te rs )
a p p a re n t  c o u p le  t h i c k n e s s  (measured f rom  the m e t a l l o g r a p h i c  c ros s

s e c t  io n )

Chemical  A n a l y s i s :

An ARL EMX model 21 ,000  e l e c t r o n  m ic ro p ro b e  X - r a y  a n a l y z e r  was 

used t o  d e te r m in e  chem ica l  c o m p o s i t i o n s  on m e t a l l o g r a p h i c  c ro s s  sec ­

t i o n s .  The p r o f i l e  method o f  a n a l y s i s  was used,  where the X - ra y  

i n t e n s i t y  was reco rded  c o n t i n u o u s l y  a lo n g  a l i n e  p e r p e n d i c u l a r  t o  the 

w e ld  i n t e r f a c e .  In some cases ,  p r o f i l e s  a l s o  were made p a r a l l e l  t o  

the w e ld  i n t e r f a c e  in  o r d e r  t o  a s c e r t a i n  the absence o f  c o n c e n t r a t i o n  

g r a d i e n t s  w h ic h  m ig h t  e x i s t  f rom  g r a i n  boundary  d i f f u s i o n ,  i n t e r n a l  

f r a c t u r i n g  o f  the  c o u p le ,  e t c .  P r i o r  t o  m ic ro p ro b e  a n a l y s i s ,  the 

p o l i s h e d  samples were g i v e n  an e x t r e m e l y  l i g h t  e t c h  (1 sec .  in  2% KCN) 

so t h a t  r e g io n s  o f  i n t e r e s t  in  the c o u p le  c o u ld  be i d e n t i f i e d  in  the  

m i c r o p r o b e . *

U s u a l l y ,  Ag ( /  = ^ . 1 5 ^  8 )  was c o n t i n u o u s l y  r e c o rd e d  d u r i n g

p r o f i l i n g ,  bu t  e i t h e r  Au (a lo n e )  o r  Ag and Au d up lex  s t e p p in g  a n a l y ­

s i s  was used on a few o c c a s io n s .  A 25 kV e l e c t r o n  beam w i t h  a d ia m e te r  

o f  3 jum was employed.  Recorded p r o f i l i n g  was u s u a l l y  done a t  a

Th is  v e r y  m i l d  e t c h i n g  was done t o  r e v e a l  b e t t e r  the  f o l l o w i n g  i n t e r ­
f a c e s :  Ag:Au ( w e ld ) ,  c o u p le  m a t r i x :  m a rke r ,  A g : N i ,  and A u : N i .  The 
e t c h  was q u i t e  i n s u f f i c i e n t  t o  r e v e a l  the  c r y s t a l l i n e  m i c r o s t r u c t u r e  
o f  the  A g - r i c h  m a t e r i a l .  C o n v e n t io n a l  e t c h i n g  t o  r e v e a l  c r y s t a l l i n e  
m i c r o s t r u c t u r e  was d e t a i n e d  u n t i l  the m ic ro p ro b e  a n a l y s i s  was comple te  
because (1) such e t c h i n g  d i s r u p t s  the p l a n a r i t y  o f  th e  s u r f a c e ,  
t h e re b y  a l t e r i n g  m ic ro p ro b e  r e s u l t s ^  , and (2) the p o s s i b i l i t y  e x i s t s  
f o r  Au t o  c h e m i c a l l y  r e p la c e  Ag, t h e r e b y  a l t e r i n g  th e  chem ica l  compos­
i t i o n  o f  th e  s u r f a c e  . 3 9 , 9 5

I
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sample v e l o c i t y  o r  2 o r  8 ûm per  m i n . ,  w h i l e  S6 ^im per  m in .  t r a v e r s e s  

were o f t e n  used f o r  sample area s e l e c t i o n  p u rpo ses .  C h a r t  speed was 

g e n e r a l l y  1.5 i n .  pe r  m in .  Length  c o r r e c t i o n s  were made f o r  p r o f i l e  

l i n e s  w h ic h  were no t  e x a c t l y  p e r p e n d i c u l a r  t o  the w e ld  i n t e r f a c e  in  

a manner ana logous t o  the above "mount m a g n i f i c a t i o n "  c o r r e c t i o n . ”

The mefhods o f  e l e c t r o n  m ic ro p ro b e  a n a l y s i s  and d a ta  c o n v e rs io n  

were l a r g e l y  adopted f rom  Z i e b o l d  and O g i l v i e . ^  In o r d e r  t o  o b t a i n  

the e m p i r i c a l  c o n s t a n t  r e q u i r e d  f o r  c o n v e r s i o n  o f  X - r a y  i n t e n s i t y  t o  

chem ica l  c o m p o s i t i o n ,  a s e r i e s  o f  Ag-Au a l l o y  s ta n d a rd s  was made by 

m e l t i n g  w e l l - m i x e d  b lends  o f  pure  Ag and pure Au powders ( -10 0  mesh) 

i n t o  b u t t o n  i n g o t s ,  then homogen iz ing  f o r  5 days a t  900°C, Each o f  

the f o u r  i n g o t s ,  n o m in a l l y  20, 40 ,  60, and 80 wt.  % Au, p l u s . b u t t o n  

i n g o t s  o f  pure  Ag and pure  Au, were d i v i d e d  in  two.  One s e t  o f  the 

a l l o y  samples was e l e c t r o c h e m i c a l 1 y  c le a n e d ,  then (wet c h e m is t r y )  

a na ly z ed  by g r a v i m e t r i c  d e t e r m i n a t i o n  o f .A g C l  p r e c i p i t a t i o n .  The dup­

l i c a t e  s e t  was mounted and p o l i s h e d  m e t a l l o g r a p h i c a l l y  t o  se rve  as 

m ic ro p ro b e  s ta n d a r d s .  X - r a y  i n t e n s i t y  d a ta  f rom these s ta n d a rd s  was

r e l a t e d  a c c o r d i n g l y  t o  the  atom f r a c t i o n  v a lu e s  e s t a b l i s h e d  by wet 

46c h e m is t r y .  The r e s u l t i n g  e x p r e s s io n  r e l a t i n g  i n t e n s i t y  and atom 

f r a c t i o n  was used t h e r e a f t e r  ( v i a  com pute r )  t o  c o n v e r t  a l l  m i c r o ­

probe p r o f i l e  d a ta  i n t o  c o n c e n t r a t i o n - p e n e t r a t i o n  c u rv e s .  As-we lded 

c o u p le s  were  a lways  in c lu d e d  in the  m e ta l l o g r a p h y  mounts so t h a t  

t h e i r  pure Ag o r  pure  Au p o r t i o n s  c o u ld  s e rv e  as peak and o f f - p e a k  

background s t a n d a r d s .  Peak i n t e n s i t i e s  on the pure meta l  s ta n d a rd s

■ ' " '       .
" F o r t u n a t e l y ,  p r o f i l e  l e n g th s  c o u ld  be measured f rom the " g h o s t  
t r a i l s "  l e f t  on the sample s u r fa c e  by e l e c t r o n  beam c o n t a m in a t i o n .



were reco rded  im m ed ia te ly  b e fo r e  and a f t e r  each p r o f i l i n g  o p e r a t i o n  

in  o r d e r  t o  m o n i t o r  specimen c u r r e n t  s t a b i l i t y .  Whenever s h i f t s  in  

the specimen c u r r e n t  d u r i n g  p r o f i l i n g  d e t e c t a b l y  a l t e r e d  the peak 

i n t e n s i t i e s  f ro m  these pure s ta n d a rd s ,  t h a t  p a r t i c u l a r  p r o f i l e  was 

co n s id e re d  q u a n t i t a t i v e l y  i n v a l i d  and was, t h e r e f o r e ,  u s u a l l y  rede ­

te rm in e d .  Such p r o f i l e  r e p e a t i n g  was commonplace, w i t h  an average o f  

f o u r  p r o f i l e s  made f o r  e v e ry  v a l i d  one o b t a i n e d .

The r e s u l t i n g  c o n c e n t r a t i o n - p e n e t r a t i o n  d a ta  were ana lyzed  w i t h

51 52the w e l l - k n o w n  Bo l tzman-Matano r e l a t i o n s h i p  ’ in  o r d e r  t o  o b t a i n

the chem ica l  d i f f u s i o n  c o e f f i c i e n t ,  D, where

N

D ■= -  —— 1 C x dN ‘ . . .  if
v 2 t  dN/dx "

No

w i t h  t  = d i f f u s i o n  t im e ,  dN/dx = s lo pe  o f  the  c o n c e n t r a t i o n - p e n e t r a ­

t i o n  c u rv e  a t  the  c o m p o s i t i o n ,  N. The v a lu e  o f  the  i n t e g r a l  e qu a ls  

the area under the c o n c e n t r a t i o n - p e n e t r a t i o n  c u rv e  bounded by N and the  

t e r m in a l  c o m p o s i t i o n ,  N0 . Computer s o l u t i o n s  o f  the  Bo l t zman-Mantano 

a n a l y s i s  were o b ta in e d  on an XDS (Xerox Data Systems) Sigma 7 com pu te r .

The program used was a la n g u a g e -m o d i f ie d  F o r t r a n  IV program w h ic h  was

96o r i g i n a l l y  d e v is e d  by H a r t l e y  and Hubbard.

T ra n s m is s io n  e l e c t r o n  m ic ro s c o p y  (TEM*):

Th in  f o i l s  were made f rom  some o f  the  c o u p le s  and examined by 

TEM in  o r d e r  t o  observe  th e  d e f e c t  s t r u c t u r e  gene ra ted  d u r i n g  d i f f u ­

s i o n .  The p lane  o f  each f o i l  was e s s e n t i a l l y  p e r p e n d i c u l a r  t o  the

“ TEM is  a common acronym f o r  t r a n s m is s io n  e l e c t r o n  m ic r o s c o p ( y , e )



d i f f u s i o n  d i r e c t i o n .  In o r d e r  t o  a v o id  i n t r o d u c i n g  d e f e c t  s t r u c t u r e  

d u r i n g  f o i l  p r e p a r a t i o n ,  the f o i l s  were e l e c t r o p o l i s h e d  d i r e c t l y  f rom 

the  d i f f u s i o n  c o u p le s ,  and no s c a l p e l  t r im m in g  was done in  the v i c i n ­

i t y  o f  the  f o i l  sample.  S ince success in o b t a i n i n g  s u i t a b l y  t h i n  

f o i l s  depends m a rke d ly  on the  s t a r t i n g  t h i c k n e s s ,  o n l y  the t h i n n e r  

coup les  were  s e l e c te d  f o r  f o i l  p r e p a r a t i o n .

E l e c t r o p o l i s h i n g  was done w i t h  the u n i t '  shown In F i g .  9.  Th is  

d u a l - j e t  u n i t  f e a t u r e s  h o l l o w  s t a i n l e s s  s t e e l  ca thodes  th ro ugh  

w h ic h  the  e l e c t r o l y t e  i s  p u m p - c i r c u l a te d  t o  impinge on the sample 

s u r f a c e .  The 10% KCN e l e c t r o l y t e  was m a in ta in e d  near 2°C (35°F)  by ice  

w a te r  c i r c u l a t e d  around and below th e  g la s s  d i s h  c o n t a i n i n g  the e l e c ­

t r o l y t e .  I t  was found advantageous t o  r e p la c e  the e l e c t r o l y t e  2 o r  3 

t im es  d u r i n g  each f o i l  e l e c t r o p o l i s h  and t o  c o n t i n u o u s l y  i n t e r r u p t  the

v o l t a g e  in  an o n - o f f  mode ( u s u a l l y  2 sec.  on ,  1 sec.  o f f )  in  o r d e r  to

97remove the  a n o l y t e  la y e r .  S t o p - o f f  (n o n c o n d u c t in g )  p a i n t  was used 

on the  sample t o  m a in t a i n  masked edges and t o  mask the  r a p i d - p o l i s h i n g  

A g - r i c h  fa c e  o f  the c o u p le  so t h a t  t e r m in a l  p o r t i o n s  o f  the s lo w -  

p o l i s h i n g  A u - r i c h  m a t e r i a l  c o u ld  be p o l i s h e d  away. The opt imum p o l i s h ­

ing  v o l t a g e  d u r i n g  e l e c t r o p o l i s h i n g  was s e l e c t e d  by m a x im iz in g  t h e .  

b r i g h t n e s s  o f  the  sample s u r fa c e  as re v e a le d  by a r e l f e c t e d  beam o f  

focussed  1 i g h t . * *

The f o i l s  were  examined in a P h i l i p s  EM300 TEM o p e ra te d  a t  100KV.

A l i q u i d  n i t r o g e n  a n t i c o n t a m i n a t i o n  d e v i c e  was employed t o  m in im iz e

“ Purchased f rom P r e c i s i o n  S c i e n t i f i c  Co. 3737 W. C o r t l a n d  S t . ,  Ch icago ,  
111. 606U7
-/.-.’.'The s u r fa c e  appeared b r i g h t  a t  the p rope r  v o l t a g e ,  e tched  a t  u n d e r ­
v o l t a g e ,  and hazed a b l u i s h - g r e y ,  o r  p i t t e d ,  a t  o v e r v o l t a g e .  The 
c l e a r  e l e c t r o l y t e  d i d  no t  obscure  these  o b s e r v a t i o n s .
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D i f f u s i o n  c oup le  t o  be e l e c t r o p o l i s h e d  i s  shown p o s i t i o n e d  

between j e t  c a th o d e s .  The sam p le -ca thode  assembly  lowers  

i n t o  beaker o f  e l e c t r o l y t e  f o r  e l e c t r o t h i n n i n g  o p e r a t i o n .

F i g .  9 -  D u n l - j e t  e l e c t r o p o l i s h i n g  u n i t .



57.

f o i l  c o n t a m in a t i o n .  The f o i l s  were  m a n ip u la te d  e x t e n s i v e l y  in  the gon­

iom ete r  s tage  in  o r d e r  t o  b r i n g  o t h e r w i s e - i n v i s i b l e  o r  obscu re  d e f e c t  

s t r u c t u r e  i n t o  c o n t r a s t .

F o l l o w in g  the TEM w o rk ,  the  chem ica l  c o m p o s i t i o n  o f  each t h i n  

f o i l  was de te rm ined  in the e l e c t r o n  m ic ro p ro b e .  Each f o i l  was c u t  

in  two and each segment was f l a t - m o u n t e d  on an aluminum b l o c k  t o  

expose e i t h e r  s id e  o f  the f o i l  t o  the m ic ro p ro b e  beam. Th is  was done 

so t h a t  the v e r y  m ino r  chem ica l  c o m p o s i t i o n  d i f f e r e n c e  a c ro s s  the 

t h i c k n e s s  o f  the f o i l  c o u ld  be accoun ted  f o r  by a v e ra g in g  the two 

v a l u e s .  The f o i l  segments were cemented and e l e c t r i c 11y -g rounded  t o  

the m oun t ing  b l o c k  w i t h  A lk a d a g ™ ,  a c o l l o i d a l  suspens ion  o f  g r a p h i t e  

in  a l c o h o l .  D u r in g  th e  a n a l y s i s ,  the m ic ro p ro b e  beam was p o s i t i o n e d  

as c l o s e  t o  the f o i l ' s  t h i n n e s t  edge as p o s s i b l e .  Because o f  m a t r i x  

e f f e c t s  f rom the u n d e r l y i n g  A1 and the  roughness o f  the f o i l  samples,  

the  c o m p o s i t i o n  v a lu e s  o f  the  f o i l s  can o n l y  be a p p ro x im a te ,  p r o ­

b a b ly  t o  i - 0 .05  atom f r a c t i o n .

The TEM e f f o r t  was s e v e r e l y  hampered by problems e n c o un te red  

d u r i n g  t h i n  f o i l  p r e p a r a t i o n .  These prob lems a re  i d e n t i f i e d  here so 

t h a t  th e y  m ig h t  be c o n s id e r e d  i f  and when s i m i l a r  e x p e r im e n ts  a r e ,  

a t t e m p t e d .  The o r i g i n a l  i n t e n t  was t o  o b t a i n  f o i l s  o f  d i f f e r e n t  

c o m p o s i t i o n s  by p r e p a r i n g  them f rom  v a r i o u s  p o s i t i o n s  a lo n g  the  con­

c e n t r a t i o n  g r a d i e n t  o f  the c o u p le s .  T h i s  goal was s e r i o u s l y  impeded 

by two e l e c t r o p o l i s h i n g  c o m p l i c a t i o n s .  The f i r s t  o f  these  was caused 

by the h i g h l y - p o r o u s  r e g io n  t h a t  had been genera ted  in  the  A g - r i c h  

s id e  o f  the c o u p le  d u r i n g  d i f f u s i o n .  D u r in g  e l e c t r o p o l i s h i n g ,  acce­

l e r a t e d  and n o n u n i fo rm  a t t a c k  o c c u r re d  s p o r a d i c a l l y  a lo n g  the p o r -



o s i t y ,  r e s u l t i n g  in  a rough ,  spongy s u r f a c e  w i t h  no t h i n  s e c t i o n s  

s u i t a b l e  as f o i l s .  Over 20 d i f f u s i o n  coup les  were expended in  v a r i o u s  

a t te m p ts  t o  c i r c u m v e n t  t h i s  p rob lem ,  a l l  t o  no a v a i l .  The f o i l s  

f i n a l l y  o b ta in e d  w e re ,  t h e r e f o r e ,  a l l  f rom  the A u - r i c h  p o r t i o n  o f  the 

c o u p le s .  The second impedance t o  o b t a i n i n g  good t h i n  f o i l s  was 

caused by the s teep  c o n c e n t r a t i o n  g r a d i e n t s  ac ros s  the t h i n - s h e e t  

c o u p le s .  As e l e c t r o p o l i s h i n g  removed m a t e r i a l ,  th e  Ag-Au s u r fa c e  

a l l o y  b e in g  p o l i s h e d  was c o n t i n u o u s l y  ch a n g in g .  T h is  r e q u i r e d  n e a r l y  

c o n t in u o u s  a d ju s tm e n t  o f  the e l e c t r o d e  p o t e n t i a l  ( f rom  5 t o  30V) 

because the c o r r e c t  p o l i s h i n g  v o l t a g e  is  s t r o n g l y  dependent  on 

c o m p o s i t i o n  in  the Ag-Au system. Such a d ju s tm e n ts  were o f t e n  d i f ­

f i c u l t  t o  make a c c u r a t e l y .  In r e t r o s p e c t ,  i t  seems l i k e l y  t h a t  the  

r e c e n t l y - d e v e lo p e d  io n  bombardment m a c h in in g  d e v ic e s  m ig h t  be much 

more s u i t a b l e  f o r  t h i n n i n g  such c o u p le s .  These d e v i c e s  have r e c e n t l y  

been made a v a i l a b l e  c o m m e r c i a l l y .

Scanning e l e c t r o n  m ic ro s c o p y :

The c ro s s  s e c t i o n s  o f  two d i f f u s i o n  coup les  were examined in a MAC 

( M a t e r i a l s  A n a l y s i s  C o rp . )  scann ing  e l e c t r o n  m ic roscope  in  o r d e r  t o  

s u b s t a n t i a t e  the p o r o s i t y  f e a t u r e s  seen i o  j i g h t . m i c r o s c o p y .  The 

in s t r u m e n t  was o p e ra te d  a t  20KV in  the secondary  e l e c t r o n  mode.

^Examples:  Ag p o l i s h e s  w e l l  a t  5V, whereas 30V is  r e q u i r e d  f o r  A u . A t  
20V, pure Ag is  removed d u r i n g  e l e c t r o p o l i s h i n g  50 t imes f a s t e r  than 
a c o u n t e r p a r t  pu re  Au sample.
* *  I .  Commonwealth S c i e n t i f i c  Corp .  2.  Edwards High Vacuum Inc .

500 Pend le ton  S t r e e t  3279 Grand I s la n d  B lv d .
A l e x a n d r i a ,  Va. 2231*4 Grand I s l a n d ,  N. Y. 1*4072



RESULTS AND DISCUSSION

A s - W e l d e d  C o u p l e s

Sound we lds  f e a t u r i n g  m in im a l  i n t e r d i f f u s i o n  zones o f  2 , 4 ,  o r  

6 ^um were  o b t a i n e d .  The w e ld i n g  i n t e r f a c e  f o r  the 2 pm-deep we lds  

appeared t o  be l i n e a r ,  whereas  bo th  the 4 and 6 /jm deep w e lds  e x h i b ­

i t e d  sharp  s e r r a t i o n s  a lo n g  the  e n t i r e  w e ld i n g  i n t e r f a c e .  The a m p l i ­

tude o f  these  s e r r a t i o n s  was e q u i v a l e n t  t o  the magn i tude o f  the w e ld ­

ing  zones .  P o r o s i t y  was no t  d e te c te d  in  the 2 o r  4 yum-deep w e ld s ,  bu t  

was found in  the 6 / jm-deep w e ld s .  For a l l  c o u p le s ,  the g r a i n  s i z e  o f  

b o th  the Ag and Au was r o u g h l y  equal  t o  the  c o u p le  h a l f t h i c k n e s s .

F i g ,  10(a)* shows a •nonmarkered c oup le  w i t h  a 2 yjm-deep w e ld .  

A f t e r  m i l d  e t c h i n g ,  the  w e ld i n g  i n t e r f a c e  appeared t o  be r e l a t i v e l y  

s t r a i g h t  and f r e e  o f  p o r o s i t y .  The s l i g h t  c u r v a t u r e  o f  the  c oup le  

(concave downward) i s  a t t r i b u t e d  to  the rm a l  expans ion  ben d in g  w h ic h  

r e s u l t s  f rom  the c o e f f i c i e n t  o f  the rma l  expans ion  o f  Ag b e in g  g r e a t e r  

than t h a t  o f  Au. The r a d iu s  o f  c u r v a t u r e  f o r  such a c o u p le  heated t o  

750°C is  c a l c u l a t e d  t o  be 2 .35  cm in  Append ix  A. However, bend ing  

observed  in  we lded co u p le s  was e i t h e r  much le s s  o r  a p p a r e n t l y  absen t

' ,fT h e  c r o s s  s e c t i o n  m i c r o g r a p h s  a r e  u s u a l l y  p r e s e n t e d  i n  t h e  f o l l o w i n g  
m a n n e r :  ( 1 )  m e t a l l o g r a p h i c  n i c k e l  p l a t i n g  e n c a s e s  t h e  c o u p l e ,  ( 2 )  
t h e  c o u p l e  i s  o r i e n t e d  w i t h  t h e  A g - r i c h  m a t e r i a l  a b o v e  t h e  A u - r i c h  
m a t e r i a l ,  ( 3 )  r e p o r t e d  m a g n i f i c a t i o n s  a r e  t h e  c o m b i n e d  m e t a 1 1 o g r a p h i c  
a n d  p r i n t  e n l a r g i n g  m a g n i f i c a t i o n s  a n d  d o  n o t  i n c l u d e  a n y  m o u n t  m a g n i ­
f i c a t i o n  t h a t  m i g h t  e x i s t  b e c a u s e  o f  s a m p l e  i n c l i n a t i o n  i n  t h e  m o u n t  
( t h e s e  m o u n t  m a g n i f i c a t i o n s  w e r e  f o u n d  t o  b e  t y p i c a l l y  2 - 1 0 % ) .

59.



6 0 .

i\
(a) p o l i s h e d 90X

Ni

Ag

.   ■ ' i

(b)  m i l d  e t c h

(c )  p o l i s h e d  90X

F i g .  10. As-we lded c o u p le s  w i t h  and w i t h o u t  m a rk e rs .

(a )  88 ju m - th ic k  c oup le  w i t h o u t  m a rk e rs ;  w e ld  p e n e t r a t i o n  = 2 /jm. 
S l i g h t  bend ing  (concave downwards) i s  due t o  therma l e x pa ns io n  bend- 
i n g .
(b)  88 / jm - t h i c k  c oup le  w i t h  two i r o n  o x i d e  m a rke rs ,  one on e i t h e r  
s id e  o f  the g r a t i n g ;  w e ld  p e n e t r a t i o n  <= k  jjm. Note c o n t in u o u s  
i n t e g r i t y  o f  w e ld i n g  i n t e r f a c e .
( c )  163 ju m - th ic k  c o u p le  w i t h  8 ^ im -d iameter  t u n g s te n  w i r e  m arke r ;

we ld  p e n e t r a t i o n  *= 6 /um. Note poor i n t e r f a c e  bond ing  in  the  mar­
ke r  r e g io n .
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the coup les  r e c e i v i n g  the deeper  p e n e t r a t i o n  (4 o r  6 yum) w e ld s ,  and 

no s y s te m a t i c  accoun t  c o u ld  be made o f  these as -we lded  c u r v a t u r e s .  

Because o f  t h i s  and the  subsequent  o b s e r v a t i o n  t h a t  d i f f u s i o n - r e l a t e d  

bend ing  was c o n s i d e r a b l y  more pronounced,  the bend ing  o f  the  we lded 

coup les  was no t  i n c o r p o r a te d  i n t o  the d i f f u s i o n - r e l a t e d  bend ihg  d a ta .

I ro n  o x id e  marker p a r t i c l e s  a t  the  w e ld i n g  i n t e r f a c e  a re  shown in  

F i g .  10(b) in an 88 y jm - th i c k  c oup le  h a v in g  a 4 / jm-deep w e ld .  I n t e r ­

f a c e  bond ing  around the marker  p a r t i c l e s  appears  t o  be c o m p le te l y  

i n t e g r a l ,  w i t h  no a p p a re n t  d e g r a d a t i o n  o f  the w e ld i n g  i n t e r f a c e .  For 

com par ison ,  F i g .  10(c)  shows poor  bond ing  near an 8 jum tungs ten  w i r e  

w h ic h  was r e j e c t e d  f o r  t h i s  reason as a c a n d id a te  marker  m a t e r i a l .

An 88 yum-th jck c o u p le  h av ing  a 4 yum-deep we ld  is .shown in .  F i g .  11 

in  the a s - p o l i s h e d ,  m i l d l y - e t c h e d ,  o r  m o d e r a t e l y - e t c h e d  c o n d i t i o n s .

As in  the  case o f  the 2 yum-deep w e ld ,  the  4 yum-deep w e ld  is  f r e e  o f  

p r o o s i t y .  However,  the  w e ld i n g  i n t e r f a c e  i s  no longe r  l i n e a r  bu t  i s ,  

i n s te a d ,  s e r r a t e d .  The 6 yum-deep w e ld  in  F i g .  12 a l s o  d i s p l a y s  a 

s e r r a t e d  i n t e r f a c e .  W h i le  the s e r r a t e d  peaks o f t e n  advance p r e f e r e n ­

t i a l l y  i n t o  the  A g - r i c h  g r a i n  b o u n d a r ie s ,  they  g e n e r a l l y  e x i s t  w i t h  a 

s o m ew h a t - regu la r  f r e q u e n c y  a long  the e n t i r e  w e ld i n g  i n t e r f a c e ,  e . g . , .  

F i g s .  1 1 ( b ) ,  ( c ) ,  and ( d ) . T h e i r  p e a k - t o - t r o u g h  m agn i tu de ,  p e r p e n d i c ­

u l a r  t o  the  w e ld i n g  i n t e r f a c e ,  i s  equal  t o  the  dep th  o f  t h e i r  c o r r e s ­

pond ing  i n t e r d i f f u s i o n  zones o f  4 o r  6 jjm. These sharp  s e r r a t i o n s  tend 

t o  become rounded d u r i n g  subsequent  d i f f u s i o n  a n n e a l i n g  . T h is  w e ld ­

in g  i n t e r f a c e  i s  a m u l t i g r a i n  boundary  w h ic h  was observed  in  these

" T h j s  can be seen in  s e v e r a l  subsequent m ic r o g r a p h s ,  e . g . ,  F i g s .  32 
and 49-



Eta.*.)**"

(a) p o l i s h e d

- :

I-'

Ag

Au

180X

(b) m i l d  e tc h 360X

(c )  moderate e tch 720X (d) moderate e tc h 720X

F i g .  11.  A s -w e ld ed  88 yum-th ick c o u p le  w i t h  a 4  yum-deep w e l d . ro



( b ) ,  ( c ) ,  ( d ) : moderate e t c h ,  360X

F i g .  12.  A s -w e ld ed  88 ^ m - t h i c k  c o u p le  w i t h  a 6  ^um-deep w e l d .
O'
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c o u p le s  and others  3 , 12 , 5^ t o  m ig r a t e  d u r i n g  d i f f u s i o n  toward the

s id e  o f  the c oup le  r i c h e r  in  the f a s t e r - d i f f u s i n g  e lement  (Ag, in  t h i

c a s e ) ,  presumably  d r i v e n  by s t r a i n  ene rgy  in t r o d u c e d  d u r i n g  w e ld i n g  

•>
and d i f f u s i o n .  J

U n l i k e  the p o r o s i t y - f r e e  2 and 4 yum-deep w e ld s ,  a t h i n ,  d i s c o n ­

t i n u o u s  l i n e  o f  pores  was found t o  e x i s t  a lo n g  the w e ld i n g  i n t e r f a c e s  

o f  a l 1 coup les  wi t h  6 yum-deep w e ld s ,  e . g . , see F i g s .  12 and 13. Mi Id 

e t c h i n g  was r e q u i r e d  t o  r e v e a l  t h i s  w e ld i n g  i n t e r f a c e  p o r o s i t y  ( F ig s .  

12(a)  and 1 3 ( c ) ) ,  and a d d i t i o n a l  e t c h i n g  e n la rg e d  i t  ( F ig s .  1 2 (b ) -  

( e ) ) .  The marker p a r t i c l e s  appeared t o  be e i t h e r  s l i g h t l y  le ss  ad­

vanced (nea re r  t o  the o r i g i n a l  j o i n )  o r  a p p r o x im a te l y  c o l  i n e a r  w i t h  

the i n t e r f a c e  p o r o s i t y ,  bu t  t h i s  was v e r y  d i f f i c u l t  t o  ju d g e  because
> f

o f  u n c e r t a i n ‘ e t c h a n t  en la rgem en t  o f  the po res .  Most o f  the marker  

p a r t i c l e s  appeared no t  t o  be lo c a te d  p r e f e r e n t i a l l y  a t  p o r o s i t y  s i t e s  

More w i l l  be s a id  o f  t h i s  l a t e r .

I t  i s  seen in  F i g s .  11 and 12 t h a t  the Ag g r a i n  s i z e  in  the  88 

yum-th ick  coup les  v a r i e s  c o n s i d e r a b l y  and r o u g h ly  e q u a ls  the c o u p le  

h a l f - t h i c k n e s s ,  C. T h i s  co r respondence  between Ag g r a i n  s i z e  and 

c o u p le  h a l f t h i c k n e s s  was m a in ta in e d  f o r  a l l  t h i n - s h e e t  c o u p le s ,  e . g . ,  

see F i g .  13 o f  the  335 /um - th ick  c o u p le s .  The Au g r a in s  a re  l i k e w i s e  

e q u i v a l e n t  t o  c o u p le  h a l f t h i c k n e s s , as seen in  F i g .  ]h  .

D i f f u s i o n  P e n e t r a t i o n

S ince  v a lu e s  o f  d i f f u s i o n  c o e f f i c i e n t s  f o r  the Ag-Au system have

"The much more r a p id  e t c h i n g  o f  Ag r e l a t i v e  t o  Au i s - app a re n t  in  t h i s  
and o t h e r  f i g u r e s  t h ro u g h o u t  t h i s  w o rk .



(a) moderate  e tc h

(b) moderate  e t c h  90X

(c)  mi Id e t c h  180X

F ig .  13- As-we lded  335 y jm - th i c k  c o u p le  w i t h  a 6 yum-deep w e ld .



leached Ag 

An

e tched  180X

Ag is  leached d u r i n g  th e  severe  e t c h i n g  r e q u i r e d  t o  r e v e a l  the 
Au s t r u c t u r e .

F i g .  1*4. Au g r a i n s  in  an a s - w e l d e d ,  132 yum -th ic k  c o u p l e .
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a l r e a d y  been w e l l - e s t a b l i s h e d , ^  ^  c o n c e n t r a t i o n  p r o f i l e s  were o b t a i n ­

ed ac ross  s e v e ra l  s e l e c t e d  coup les  p r i m a r i l y  t o  d e te rm in e  the e x t e n t  

o f  i n t e r d i f f u s i o n .  Some gene ra l  f e a t u r e s  o f  the c o n c e n t r a t i o n - p e n e t r a -  

t i o n  cu rves  a re  shown n e x t .

Severa l  concen t  r a t i o n - p e n e t r a t i o n  c u rves  f rom v a r i o u s  coup les  

had  w e l l - b e h a v e d ,  normal d i s t r i b u t i o n s ,  as shown in  F i g .  15 f o r  an 

88 / j m - t h i c k  c o u p le  d i f f u s e d  a t  750°C f o r  0 .5 2  h r ,  r e s u l t i n g  in  

C2/*+Dt = 17. Th is  c o u p le  i s  d e s c r i b e d ’ ' as "88  jum/ 750°C/  0 ,52  hr  

(C ^ /bD t  = 1 7 ) " ,  where C *= c o u p le  ha 1 f t h i c k n e s s  (bb jjm in  t h i s  c a s e ) ,
-i

D = chem ica l  i n t e r d i f f u s i o n  c o e f f i c i e n t ,  and t  = ne t  d i f f u s i o n  t i m e . "  

O b ta in in g  such a w e l l - b e h a v e d  cu rve  f rom  any g iv en  c oup le  u s u a l l y  

r e q u i r e d  s e v e ra l  a t t e m p ts  t o  a v o id  s u r f a c e  d e p re s s io n s  o r  ho les  in 

the  p o r o s j t y  zone o f  t h e  A g - r . i c h  m a t e r i a l .  D e s p i te  these e f f o r t s ,  

c o n c e n t r a t i o n - p e n e t r a t i o n  cu rv es  f r e e  o f  p o r o s i t y  zone e f f e c t s  were 

o f t e n  no t  a t t a i n a b l e  on many o f  the coup les . ' ^ ' * *  T y p i c a l  i r r e g u l a r i t i e s  

in  th e  p o r o s i t y  r e g io n  o f  th e  c o n c e n t r a t i o n - p e n e t r a t i o n  cu rves  are  

shown n e x t .  F i g .  16 shows a n o m o lo u s ly - lo w  Ag c o m p o s i t i o n s  around 

N^g r *  0 .75  - 0 . 1  in  a n 8 8  ^ m - t h i c k  c o u p le  d i f f u s e d  le s s  than an hou r .

F i g .  17 shows a b r u p t  decreases  in  Ag c o m p o s i t i o n  near  NAg ~ 0 .80 r 
0.1 i n  a much t h i c k e r  (335 yum) c oup le  d i f f u s e d  f o r  *** 16 h r . ’ The more 

g radua l  cu rv e  i r r e g u l a r i t i e s  in  F i g .  16 and the  more a b r u p t  ones in 

F i g .  17 are  b o th  t y p i c a l  o f  the  p o r o s i t y ' z o n e  e f f e c t s  observed in  a l l

* T h i s  i d e n t i f i c a t i o n  f o rm a t  w i l l  be r e t a i n e d  t h r o u g h o u t .
* * l t  Is c o n v e n ie n t  t o  know t h a t  C /* tDt  = 18 c o r responds  t o  the i n t e r ­
d i f f u s i o n  zone occuppy ing  a bo u t  o f  the c o u p le  t h i c k n e s s ,  and C / b D t  = 
b c o r re spond s  t o  abou t  the sem i- i n f i n i t e  l i m i t ,  i . e . ,  the i n t e r d i f f u ­
s io n  zone ex tends  e n t i r e l y  ac ros s  the c o u p le .
-A-**Even when the e l e c t r o n  beam passed a c ro s s  a r e g io n  w h ich  was 
a p p a r e n t l y  f r e e  o f  p o re s ,  u n d e r l y i n g  ( h id d e n )  o r  a d j a c e n t  pores would 
o f t e n  a l t e r  the X - ra y  o u t p u t  i n t e n s i t y .
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Fig. 15. A well-behaved concentration-penetration curve from on 8 8 -thick couple.
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Fig. 16. Irregularities in a concentration -  penetration curve of an 8 8 /tm -  thick couple.
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Fig. 17. Irregularities in a concentration -  penetration curve of a 335 p m  -  thick couple.



coup les  c o n t a i n i n g  c o n s i d e r a b l e  p o r o s i t y ,  r e g a r d l e s s  o f  c o u p le  t h i c k ­

ness o r  d i f f u s i o n  p e n e t r a t i o n .  An example o f  s i m i l a r  p o r o s i t y  e f f e c t s  

in  w i d e l y - d i f f e r e n t  cou p le s  can be seen by compar ing F i g .  16 o f  a v e r y  

t h i n  c o u p le  (88 /jm t h i c k )  w i t h  the v e ry  massive c o u p le  (8 mm t h i c k )  

in  F i g .  18. As e x p e c te d ,  Au p r o f i l e s  a l s o  had anomous1y - 1cw compos­

i t i o n s  in  the p o r o s i t y  r e g i o n .  No s h o r t - c i r c u i t i n g  i n t e r d i f f u s i o n  

was d e te c te d  a lo n g  o r  near g r a i n  b o u n d a r ie s  and p o re s .

Because o f  the p o r o s i t y - r e l a t e d  i r r e g u l a r i t i e s  in  most c o n c e n t r a ­

t i o n  p e n e t r a t i o n  c u rv e s ,  c a l c u l a t i o n s  o f  d i f f u s i o n  c o e f f i c i e n t s  and 

d e t e r m i n a t i o n s  o f  the  c o m p o s i t i o n  a t  the markers  (wh ich  were v e ry  

near the  po res )  we re ,  in  g e n e r a l ,  no t  w a r r a n t e d .  Even so,  some cu rves  

were o b ta in e d  w h ic h  e x h i b i t e d  l i t t l e  o r  no app a re n t  anom o l ies  due t o  

p o r o s i t y .  These were  ana lyzed  by the  Bo l t zmann-Matano method,  Eqn. k,  

in  o r d e r  to  d e te rm in e  the i n t e r d i f f u s i o n  c o e f f i c i e n t ,  D, a t  N^g = 0 . 5 -  

The r e s u l t s  a re  shown in Tab le  2, a lo n g  w i t h  the c o r r e s p o n d in g  v a lu e  

taken f rom  Johnson 's  r e s u l t s . 3® The D 's  f rom  t h i s  e x p e r im e n t  a re  

seen t o  l i e  w i t h  ^  ± 15% o f  the accep ted  (Johnson) v a l u e ,  w i t h  no 

a p p a re n t  s y s t e m a t i c  v a r i a t i o n s  w i t h  reg a rd  to  c o u p le  t h i c k n e s s ,  

m echan ica l  c o n s t r a i n t ,  o r  d i f f u s i o n  t im e .  Agreements w i t h i n  10-15% 

a re  g e n e r a l l y  taken t o  be a c c e p ta b le  in  d e t e r m i n a t i o n s  o f  D by the 

Bo l tzmann-Matano method.  Moreover ,  much o f  the v a r i a t i o n  in  D o f  the  

t h i n - s h e e t  coup les  c o u ld  be due t o  l a rg e  p o t e n t i a l  e r r o r s  a s s o c ia t e d  

w i t h  s h o r t  d i f f u s i o n  t im es  and c o u p le  s w e l l i n g  due t o  r e l a t i v e l y  

l a rg e  amounts o f  p o r o s i t y .  S i m i l a r  e r r o r s  in b u l k y  cou p le s  a re  much 

s m a l l e r  because o f  much lo n g e r  d i f f u s i o n  t im es  and, as w i l l  be shown 

l a t e r ,  p o r o s i t y  oc c u p y in g  s m a l l e r  f r a c t i o n s  o f  t h e i r  i n t e r d i f f u s i o n
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Fig. 18. Irregularities in a concentration-penetration curve of a (bulky) 8 mm-thick couple. *



73.
Tab le 2.  Chemical  d i f f u s i o n  c o e f f i c i e n t s  o f  v a r i o u s  c o u p le s .

D i  1 0 ' °
D i f f u s i o n  Couple cm Vsec

88 pm/ 750°C/  0 .52  h r ( C 2//+d t = l 7) .1 .51

88 pm/ 750°C/ 0 .93  h r ( C 2/ 4 D t = 9 . 4 ) 1.51

88 pm/ 750°C/  1 .48 hr  (C2/ 4D t= 5 . 9 ) 1.77

i b i d 1.28

88 pm, mech. c o n s t r . /  750°C/  2 .0 6  h r  (C2/ 4 d t=4 .  2) 1.28

170 pm/ 750°C/  1.48 h r { C 2A 0 t = 2 2 ) 1.32

335 pm/ 750°C/  0 .7 0  h r ( C 2/ 4 D t = l8 0 ) 1.29

335 pm/ 750°C/  1.48 h r  (C2/4D t= 85 ) 1.36

335 pm/ 750°C/  2 . 0 6 .h r (C 2/ 4 D t = 6 l ) 1.64

335 pm, mech. c o n s t r . /  750°C/  15.70 h r  (C2/ 4 D t = 8 . 1) 1 .62

8 mm/ 750°C/  1 .6  hr  (C2/ 4 D t = 4 5 ,100) 1.47

8 mm/ 750°C /  5 . 4  h r ( C 2/4 D t= 1 3 ,4 0 0 ) 1.44

8 mm/ 750°C/  16.2  h r  (C2A D t = 4 , 4 5 0 ) 1.36

i b i d " " 1.31

J o h n s o n , t r a c e r  methods 1.54

*D = chem ica l  d i f f u s i o n  c o e f f i c i e n t  in  Ag-Au a t  N/\g = 0 . 5 ,  T = 750°C

^ a n a l y s i s  o f  a second c o n c e n t r a t  i o n - p e n 'e t r a t  ion p r o f i l e  o b ta i n e d  f rom  
a d i f f e r e n t  r e g io n  in  the  same c o u p le .
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z o n e s .  S i n c e  v a r i a t i o n s  i n  D p r e c l u d e  t h e i r  u s e  i n  c o m p a r i n g  d i f f u ­

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

t h i s  p u r p o s e .

When s e v e ra l  c o n c e n t r a t i o n - p e n e t r a t i o n  p r o f i l e s  o b ta i n e d  from 

d i f f e r e n t  r e g io n s  a lo n g  the same c o u p le  were compared, i t  w a s ' fo u n d  

t h a t  the  dep th  o f  i n t e r d i f f u s i o n  remained e s s e n t i a l l y  unchanged,”  even 

when th e  p r o f i l e s  e x h i b i t e d  d i f f e r e n t  p o r o s i t y  zone i r r e g u l a r i t i e s  o r  

y i e l d e d  d i f f e r e n t  v a lu e s  o f  D. T h is  was c h a r a c t e r i s t i c  o f  a w id e  v a r ­

i e t y  o f  c o u p le s .  Thus, the dep th  o f  p e n e t r a t i o n  was s e l e c te d  as an 

a p p r o p r i a t e  means t o  compare the k i n e t i c s  o f  d i f f u s i o n  between the 

t h i n - s h e e t  c o u p le s  d i f f u s e d  a t  750°C f o r  the same t im e s ,  b u t  hav ing  

v a r i a t i o n s  in- mass c o n s t r a i n t  ( coup le  t h i c k n e s s ) ,  mechan ica l  con -  , . 

s t r a i n t ,  o r  p r e d i f f u s i o n  d e f o r m a t i o n .  These c om pa r is o ns ,  l i s t e d  in 

Tab le  3,  i n d i c a t e  t h a t  i n t e r d i f f u s i o n  p e n e t r a t i o n  in  th e  t h i n - s h e e t  

c o u p le s  was independen t  o f  e i t h e r  mass c o n s t r a i n t  ( c o u p le  t h i c k n e s s )  

o r  mechan ica l  c o n s t r a i n t  ( g r a p h i t e  p i s t o n s  h e ld  a g a i n s t  the broad 

faces  o f  the c o u p le  t o  p r e v e n t  bend ing  d u r i n g  d i f f u s i o n ) .  F u r th e rm o re ,  

moderate  amounts o f  p r e d i f f u s i o n  p l a s t i c  d e f o r m a t i o n  ( v i a  hand ben d in g )  

d i d  n o t  a f f e c t  the  e x t e n t  o f  the i n t e r d i f f u s i o n  in  semi -  i n f i n i t e  coup­

le s .  The i n v a r i a n c e  o f  i n t e r d i f f u s i o n  w i t h  c o u p le  t h i c k n e s s  was ex­

pected f rom gen e ra l  d i f f u s i o n  p r i n c i p l e s .  The i n v a r i a n c e  o f  i n t e r ­

d i f f u s i o n  w i t h  r e s p e c t  to  p r e d i f f u s i o n  s t r a i n i n g  e l i m i n a t e d  the  m in ­

o r  conce rn  t h a t  i n t e r d i f f u s i o n  m igh t  be a f f e c t e d  n o n s y s t e m a t i c a l l y  by

“ T h e r e  i s  i n  t h e s e  c o m p a r i s o n s  a n  u n c e r t a i n t y  o f  I yum i n  l o c a t i n g  
e i t h e r  t e r m i n a l  p o s i t i o n  o f  c u r v e  b e c a u s e  o f  t h e  v e r y  g r a d u a l  s l o p e s  
t h e r e .
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Tab le  3.  Compar ing the e x t e n t  o f  i n t e r d i f f u s i o n  in  v a r i o u s  coup les .

• • • • Semi- i n f i n i t e  c o u p l e s - - - -  

V a r i a t i o n  in mass c o n s t r a i n t

88 pm/ 750°C/  0 .70  h r ( C 2/4 D t= 1 2 .4 )
n

335 pm/ 750°C/  0 .7 0  hr(C / 4 D t = l8 0 )

V a r i a t i o n  in mass c o n s t r a i n t  

88 pm/ 750°C/  1.48 h r (C 2/4 D t= 5 -9 )

170 pm/ 750°C/  1 .48 h r ( C 2/ 4 D t = 2 1 .9 )

335 pm/ 750°C/  1.48 h r (C 2/4D t= 85 )

Mechan ica l  c o n s t r a i n t ,  w i t h  v a r i a t i o n  in  mass c o n s t r a i n t  

88 pm, mech. c o n s t r . /  750°C/  2.03 h r ( C 2/ 4 D t = 4 .3)

170 pm, mech. c o n s t r . /  75Q°C/ 2 .03  h r ( C 2/ 4 d t = l 6)

335 pm, mech. c o n s t r . /  750°C /  2 .03  h r  (C2/ 4 D t= 6 2 .3 )  

V a r i a t i o n  in  mechan ica l  c o n s t r a i n t  

335 pm/ 750°C/  15 .70  h r ( C 2/ 4 D t= 8 .0 6 )

335 pm, mech. c o n s t r . /  750°C/  15-70 h r (C2/ 4D t= 8 .1 )  

V a r i a t i o n  in  p r e d i f f u s i o n  d e f o r m a t i o n

88 pm/ 750°C/  2 .37  h r ( C 2/ 4 D t = 3 .7 )

88 pm, p re b e n t  t o  R=11 mm/ 750°C/ 2 .37  h r  (C2/ 4 D t = 3 .7)  

88 pm/ p re b e n t  t o  R=4 mm/ 750°C/  2 .37  h r  (C2/ 4 D t = 3 -7)

same
p e n e t r a t  ion 
d ep th  
( — 46 pm)

same
p e n e t r a t  ion
d ep th
(<« 6 l  pm)

same
p e n e t r a t  ion 
d ep th  
( ~  69 pm)

same
p e n e t r a t i o n  
dep th  
{ - - 1 7 7  pm)

same p e n e t r a -

same respec ­
t i v e  te rm in a l  
compos I t i o n s  
{NAg = 1 o r  0)

 P a r t i a l  ly-homogenized.  c o u p le s '

V a r i a t i o n  in  mechan ica l  c o n s t r a i n t  

88 pm/ 7 5 0 ° C /  15-70 h r (C2/ 4 D t = 0 . 5 6 )

88 p m , mech. c o n s t r . /  750°C /  15-70 h r (C  / 4 D t - 0 . 5 6 )

same r e s p e c t i v e  
te rm i  nal  
compos i t  i ons
< <  = 0 .735
o r  0 . 320)



s m a l l  s t r a i n s  i n t r o d u c e d  d u r i n g  h a n d l i n g  o f  t h e  e x t r e m e l y  s o f t ,  t h i n  

s h e e t s  f r o m  w h i c h  t h e  c o u p l e s  w e r e  f a b r i c a t e d .  A l l  o f  t h e  a b o v e  c o m ­

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

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

f o u n d  s u b s e q u e n t l y  i n  m a r k e r  s h i f t i n g ,  p o r o s i t y ,  o r  b e n d i n g  c o u l d  b e  

a t t r i b u t e d  t o  o t h e r  f a c t o r s .

P l a s t i c  D e f o r m a t i o n  P h e n o m e n a  

G r a i n  B o u n d a r y  S l i d i n g :

G r a i n  b o u n d a r y  s l i d i n g ,  s i m i l a r  t o  t h a t  f o u n d  i n  h i g h - t e m p e r a t u r e  

c r e e p  s a m p l e s ,  w a s  o b s e r v e d  a l o n g  t h e  t e r m i n a l  s u r f a c e s  o f  a l l  t h i n -  

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

a c r o s s  t h e  c o u p l e s .  I t s  f r e q u e n c y  a n d  m a g n i t u d e  i n c r e a s e d  w i t h  i n -  

c r e a s i n g  i n t e r d i f f u s i o n .  A l t h o u g h  i t  o c c u r r e d  on  b o t h  s i d e s  o f  t h e  

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

E x a m p l e s  a r e  g i v e n  i n  F i g .  19 a n d  c a n  a l s o  b e  s e e n  i n  o t h e r  f i g u r e s .  

S l i d i n g  w a s  v e r y  n o n u n i f o r m ,  b e i n g  v e r y  p r o n o u n c e d  a l o n g  some b o u n d ­

a r i e s  b u t  e s s e n t i a l l y  n o n e x i s t e n t  a l o n g  o t h e r s  w h i c h  w e r e  s i m i l a r l y  

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

h a s  b e e n  show n t o  b e  v e r y  l a r g e  i n  l o w - s t r e s s  c r e e p  t e s t s  o f  p u r e  Ag

w i r e ,  w h e r e  s l i d i n g  r a t e s  v a r i e d  b y  a  f a c t o r  o f  2 0 0  o r  m o r e  f r o m  o n e

98 98g r a i n  b o u n d a r y  t o  a n o t h e r .  T h e  s am e  w o r k  r e v e a l e d  t h a t  s l i d i n g

d i d  n o t  o c c u r  a l o n g  t w i n  b o u n d a r i e s ;  t h i s  w a s  a l s o  t r u e  f o r  t h e  c o u p l e s

o f  t h i s  r e s e a r c h .  G r a i n  b o u n d a r y  s l i d i n g  i s  n o t  r e p o r t e d  f o r  b u l k y

c o u p l e s ,  b u t  i t  h a s  b e e n  o b s e r v e d  i n  n o n b e n d i n g ,  t h i n  b r a s s  s h e e t s
Q

d e z i n c i f i e d  f r o m  a l l  s u r f a c e s .



(b) same coup le  as ( a ) ,  e tched 720X

(d) etched
(c)  m i l d l y  etched 240X

F ig .  19. G ra in  boundary s l i d i n g .  ( a ) , (b ) :  88 yum/ 750°C/ 2.37 h r ,  d i f f u s e d  t o  about  the s e m i - i n f i n i  te  

l i m i t .  ( c ) , ( d ) :  132 / jm/ 750°C/ t imes shewn, p a r t i a l l y  homogenized. ^
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D e s t r u c t i o n  o f  O r i g i n a l  C r y s t a l l i n e  Bounda r ies ,  S u bg ra in  F o rm a t io n ,  

R e c r y s t a l l i z a t i o n ,  and G ra in  Growth:

P l a s t i c  d e f o r m a t i o n  in  d i f f u s i o n  zones was ev idenced  by the d i s ­

appearance ( m e t a l l o g r a p h i c a l l y )  o f  o r i g i n a l  c r y s t a 1lo g r a p h i c  b ou nda r ie s  

near  the p o r o s i t y  zone.  Th is  i s  shewn f o r  tw in  b o u n d a r ie s  i n ' F i g .  20, 

and f o r  b o th  tw in  and g r a i n  b o u n d a r ie s  in  F ig s .  21(a )  and ( b ) . Th is  

boundary  d e s t r u c t i o n  began v e r y  e a r l y  in  the  d i f f u s i o n  p rocess  ( a t  o r  

b e f o r e  0 .5  hr  a t  750°C) and p e r s i s t e d  i n t o  the hom og en iza t ion  s ta g e .

In s u b s t a n t i a l l y - d i f f u s e d  c o u p le s ,  l a rg e  s u b g ra in s  were f r e q u e n t l y  

found  in  r e g io n s  where d i f f u s i o n  f l o w  and d i f f u s e d - i n d u c e d  s t r e s s e s  

had been g r e a t e r  e a r l i e r  in  the d i f f u s i o n  p roc es s .  T h is  i s  shown in  

F i g .  21.  A f t e r  e x t e n s i v e  i n t e r d i f f u s i o n ,  the  s u b g ra in  r e g io n s  app ea r ­

ed t o  r e c r y s t a l  1i z e ,  and g r a i n s  f rom  the A u - r i c h  o f  the c o u p le  m i g r a t ­

ed a c ro s s  the o r i g i n a l  j o i n  and i n t o  the r e c r y s t a l l i z e d  r e g io n s  on 

the A g - r i c h  s i d e .  These r e c r y s t a l l i z a t i o n  and g r a i n  g row th  p r o ­

cesses  a re  seen in  the p a r t i a l l y - h o m o g e n i z e d  c o u p le  o f  F i g .  22.

TEM S u b s t r u c t u r e :

TEM o f  t h i n  f o i l s  e l e c t r o p o l i s h e d  f ro m  the A u - r i c h  s i d e  o f  t h i n -  

shee t  coup les  r e v e a le d  t h a t  s u b s t r u c t u r e  had a l s o  formed t h e r e  d u r i n g  

d i f f u s i o n .  Subg ra ins  r a n g in g  in s i z e  f rom  about  1 t o  s e v e r a l  m ic rons  

in  d ia m e te r  were  c h a r a c t e r i s i t c  o f  the f o i l s .  T h i s  i s  shown in  F i g s .  

23 and 2k.  T h is  type  o f  TEM s u b s t r u c t u r e  is  a l s o  produced d u r i n g  

c r e e p . 99*100 F i g .  23 shows s t a c k i n g  f a u l t s  w h ich  were  gen e ra te d  a t  

the  f o i l ' s  edge d u r i n g  e x a m in a t i o n .  The v e r y  m o b i l e  p a r t i a l  d i s l o c a ­

t i o n s  w h ic h  gen e ra ted  these  s t a c k i n g  f a u l t s  moved r a p i d l y  f a r  i n t o  

t h e ’ f o i l s  u n t i l  b e in g  a r r e s t e d  a t  b o u n d a r ie s  ( s u b g r a i n s ,  t w in s ,  o r



(a) 0 .5 2  hr  e t c h e d ,  720X

(b) 0 .52  hr  e t c h e d ,  720X

V W iifrr ***  ^  . - “ - * Z - ' r  * * •' . ■■ •• \

V. C:  ' •»  .

(c )  1.A8 hr e t c h e d ,  78OX

T ig .  20. D e s t r u c t i o n  o f  t w i n  b o u n d a r ie s .  Th is  is  shown (a r ro w s )  

in the p l a s t i c  d e f o r m a t i o n  r e g io n s  in  the i n t e r d i f f u s i o n  zones o f  

semi -  i n f  i n i te  coup les  88 yum/ 750°C/ t imes shown.

the



8 0 .

e tc h e d ,  180X

s u b g ra i  ns

(c )  s e v e r e l y  e tched  720X

F i g .  21. Boundary d e s t r u c t i o n  and s u b g r a in s .  Shown i s  the semi­

i n f i n i t e  c o u p le  335 pm/ 750°C/  ^  2k h r .  ( a ) , ( b ) :  d e s t r u c t i o n  o f  

tw in  ( t )  and g r a i n  (g) b o u n d a r ie s ;  ( p o r o s i t y  i s  e n la r g e d  by e t c h i n g ) ,  

( c ) :  s u b g ra in s  a re  re v e a le d  by a d d i t i o n a l  e t c h i n g ,  w h ic h  a l s o  leached 

away p o r o s i t y  and much o f  the A g - r i c h  m a t e r i a l .  The d o t t e d  a r ro w  to  

(b)  i n d i c a t e s  the l o c a t i o n  o f  the  s u b g ra in s  p r i o r  t o  t h e i r  b e in g  

re v e a le d  by a d d i t i o n a l  e t c h i n g .
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leached A g - r i c h  

a l  l o y

r e c r y s t a l  I i  z a t  ion  
zone

r e c r y s  t a 11i za t i on 
zone

o r i g i n a l  j o i n

o r i g i n a l  j o i n

o r i g i n a l  j o i n

r e c r y s t a l  1 i z a t i o n  
zone

(c )

F i g .  22. R e c r y s t a l l i z a t i o n  and g r a i n  g r o w th .  Shown a t  360X i s  the 

p a r t i a l  l y -hom ogen ized  c o u p le  132 pm/  750°C/  27 h r .  The p o r o s i t y

zone and some A g - r i c h  m a t e r i a l  leached o u t  d u r i n g  e t c h i n g .  Dash 

marks were added t o  f a i n t  b o u n d a r ie s .



\  •

The p a r t i a l  d i s l o c a t i o n s  generated a t  the edge o f  the 

t h i n  f o i l  in (b) moved i n t o  the i n t e r i o r  o f  the f o i l  

where they  were a r r e s te d  a t  the subboundar ies in  (a ) .  

The d i s l o c a t i o n s  a c t u a l l y  t ra v e rs e d  a much g r e a t e r  d i s ­

tance than is  i n d i c a te d  by the dashed l i n e s .  A p o r t i o n  

o f  the area seen in  (a) i s  in c luded  in  ( c ) .

(a)  33.000X

F ig .  23. TEH d e f e c t  s t r u c t u r e .
o

Couple: 132 pm/  750 C/ 6 h r ,  

d i f f u s e d  about  t o  the semi- i n f i n i t e  

l i m i t .  Th in  f o i l  com pos i t ion  

is  = 0 .3 8 .  Pa r ts  ( c ) - ( f )

(b)  5 3 , 100X

f o l l o w .
(c o n t in u e d  ) 00PO



(  con t  i n u e d ) F i g .  23(c



8**.

3!

(d )

98,5000X

(e)

98,5000X

en la rgem en t  ( f )
o f  r e g io n  A
in  ( e ) .  5 0 0 0 ,000X

100 A 
I— t »

(  c o n t i n u e d )  F i g .  23 ( d ) , ( e ) :  subbounda r ies  and s t a c k i n g  f a u l t

t e t r a h c d r a .  ( f ) :  s t a c k i n g  f a u l t  t e t r a h e d r a .



8 5 .

F i g .  2*4. TEM s u b b o u n d a r ie s .  Shown i s  the c oup le  88 yum/ 7 5 0 ° C / ^  12 

h r ,  p a r t i a l l y  homogenized t o  c 0 .83  o r  0 .3 0 .  T h in  f o i l  compos­

i t i o n  is  N^g = 0 .1 5 -  Area " A "  is  common t o  (a)  and ( b ) .

( c o n t  i nued )



8 6 .

(— c o n t i n u e d )  F i g .  2 * f ( c ) :  a s u b g r a in  h a v in g  an ave rage  d ia m e te r

o f  3
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g r a i n s ) .  These p a r t i a l  d i s l o c a t i o n s ,  presumably  1/6 ^ 1 1 2 ^ ,  were 

never  observed p r i o r  t o  t h e i r  g e n e r a t i o n  by the e l e c t r o n  beam a t  the

f o i l ' s  edge. Smal l  ( —' 50A) , w i d e l y  s c a t t e r e d ,  s t a c k i n g  f a u l t  t e t r a -

hedra were  o c c a s i o n a l l y  obse rved ,  as shown in  F i g .  2 3 ( e , f ) .  I t  i s  

u n c e r t a i n  w he the r  these a re  i n t r i n s i c  o r  e x t r i n s i c  in  n a t u r e . '  Judg­

in g  f rom t h e i r  A u - r i c h  c o m p o s i t i o n s ,  the  f o i l s  re p re s e n te d  vacancy 

u n d e r s a t u r a t i o n  r e g io n s  o f  t h e i r  c o u p le s .  T h e r e f o r e ,  the f a u l t s  may 

be e x t r i n s i c  ( fo rmed f ro m  i n t e r s t i t i a l s ) .  A l s o ,  i t  i s  p o s s i b l e  t h a t  

th e  o c c a s io n a l  s t a c k i n g  f a u l t  t e t r a h e d r a  r e s u l t e d  f rom  ion bombard­

ment damage t o  th e  f o i l  w h i l e  in  the  T E M , o r  f rom a s l i g h t  vacancy

s u p e r s a t u r a t i o n  gen e ra te d  d u r i n g  r a p id  c o o l i n g  o f  the  c o u p le  f rom the

7.50°C d i f f u s i o n  a n n e a l ;  t h i s  quench ing  c o u ld  c o n c e iv a b ly  y i e l d  i n t r i n -

27s i c  f a u l t s .  L i u  and Powel l  obse rved  subbounda r ies  in  t h e i r  TEM

s tu d y  o f  Ag/Au cou p le s  b u t  d i d  no t  obse rve  c o m p le te l y - e n c lo s e d  sub-

13g r a in s  as found he re .  Ayres  observed  h ig h  d i s l o c a t i o n  d e n s i t i e s

a n d  s u b s t r u c t u r e  i n  h i s  C u / b r a s s  c o u p l e s .  B a r d e e n - H e r r i n g  s o u r c e s

were  no t  found in  t h i s  re s e a rc h  nor  in  Ag/Au^7 o r  C u / b r a s s ' 3  c o u p le s ,

26b u t  w e r e  f o u n d  i n  A u - d o p e d  S i  c r y s t a l s  w h e r e  t h e  a t o m i c  m i s m a t c h  i s

v e r y  h i g h .  W h i l e  t h e  T E M - r e s u l t s  f r o m  t h i s -  r e s e a r c h  a n d  t h a t  b y  

13 26 27o t h e r s  ’ ’ d i f f e r  i n  d e t a i l ,  t h e y  a l l  g i v e  e v i d e n c e  o f  c o n s i d e r ­

a b l e  p l a s t i c  d e f o r m a t i o n  i n  d i f f u s i o n  z o n e s .

S u r f a c e  D e f o r m a t i o n :

Bulge and d e n t  d e f o r m a t i o n  o f  s u r f a c e s  w h ic h  were  p a r a l l e l  to  

d i f f u s i o n  f l o w  was observed  f o r  the s u b s t a n t i a l l y - d i f f u s e d  t h i n - s h e e t  

(88 t o  335 /Jm t h i c k )  and b u l k y  (8 mm t h i c k )  Ag/Au c o u p le s  o f  t h i s  

r e s e a r c h .  Th is  i s  dem ons t ra ted  in F i g .  25, where the den ts  in  (a)



NAgI
0 .9 9  —

0 .0 9  —

(a)

88 yum/ 750°C /  b . 2  h r

170X

8 8 .

0 .9 9  —

0 . 1 0  —

(b) 90X

163 pm/  850°C /  ~  2 hr

(c ) 90X

163 yum/ 850°C /  ^  11 hr

0 .83

<«0

132 yum/ 750°C /  ^  27 hr

\* \ r . - J r  l,

270X

F i g .  25. S u r fa c e  d e f o r m a t i o n  o f  p a r t i a l l y - h o m o g e n i z e d  c o u p le s .

A11: a s - p o l i s h e d . The “ b u lg e  and d e n t "  d e f o r m a t i o n  shown in  (a)  and 

(b) d i s a p p e a re d ,  perhaps by s i n t e r i n g ,  a f t e r  a d d i t i o n a l  homogeniza­

t i o n  o c c u r r e d ,  as shown in  ( c ) .  S u r fa c e  r i p p l i n g  is  shown in  ( d ) .



and (b)  co r respond  t o  the p o s i t i o n  o f  the p o r o s i t y  zone. S i m i l a r  

bu lge  and d en t  d e f o r m a t i o n  has been observed  by o t h e r s ^ ® ’ ^ * ^  ; n 

b u l k y  c o u p le s ,  and the  p o s i t i o n i n g  o f  the  den t  a t  the p o r o s i t y  zone 

led them t o  the t e n t a t i v e  c o n c lu s i o n  t h a t  the b u lg e  and den t  were  

caused by mass f l o w  ( l o s s  o f  mass in  the d e n t  s i d e ,  ga in  o f  mass in  

the b u lg e  s i d e ) .  In a d d i t i o n  t o  t h i s ,  i t  seem p o s s i b l e  t h a t  d i f f u ­

s io n - i n d u c e d  s t r e s s e s  p e r p e n d i c u l a r  t o  the d i f f u s i o n  f l o w  may a l s o  

c o n t r i b u t e  t o  the bu lge  and d e n t .  Th is  i s  based on the f a c t  t h a t  the 

r e g io n s  unde rgo ing  mass f l o w  a re  a l s o  r e g io n s  o f  d i f f u s i o n - i n d u c e d  

s t r e s s e s .  These s t r e s s e s  c o u ld  be r e l i e v e d  near the  s u r fa c e  by the 

sense o f  m a t e r i a l  r e l a x a t i o n  e x h i b i t e d  by the b u lg e  and d e n t .  The 

b u lg e  and den t  d e f o r m a t i o n  no longe r  e x i s t s  in th e  e x t e n s i v e 1y-homo­

gen ized  coup le  o f  F i g .  2 5 ( c ) ;  more w i l l  be s a id  o f  t h i s  l a t e r .

S u r fa c e  r i p p l e s  were  observed  on those  s u r fa c e s  w h ich  bounded 

zones o f  i n t e r d i f f u s i o n .  T h is  r i p p l i n g  was e s p e c i a l l y  e v i d e n t  f o r  

p a r t i a l l y - h o m o g e n i z e d  cou p le s  where the A g - r i c h  t e r m in a l  s u r fa c e  

m a t e r i a l  had undergone c o n s id e r a b le  ho m o g e n iz a t io n ,  e . g . ,  F ig .  2 5 ( d ) ;  

( o th e r  m ic rog raphs  a l s o  show t h i s ,  e . g . ,  F i g s .  *+8 and ^ 9 ) -  Thermal 

e t c h i n g  was e l i m i n a t e d  as a p o s s i b l e  cause o f  s u r f a c e  r i p p l e s  when 

i n d i v i d u a l  shee t  samples o f  pure Ag and pure  Au remained smooth,  

b r i g h t ,  and sh in y  upon a n n e a l in g  f o r  t im es  and tem p e ra tu res  i d e n t i c a l

t o  those  o f  the d i f f u s i o n  a n n e a ls .  S i m i l a r  s u r fa c e  r i p p l i n g  was

3 1s t u d i e d  i n  some d e t a i l  on A g / A u  c o u p l e s  b y  R u t h  a n d  o n  C u / b r a s s

1 2cou p le s  by Doo and B a l l u f f i .  T h e i r  a n a ly s e s  shewed t h a t  r i p p l i n g

32 12
can r e s u l t  f rom  d i s l o c a t i o n  c l i m b ,  ’ d i f f u s i o n  a lo n g  d i s l o c a t i o n

1 ? ] ]2
p i p e s ,  and g l i d e  caused by d i f f u s i o n - i n d u c e d  s t r e s s e s .
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C o u p l e  B e n d i n g :

I t  w i l l  b e  sh ow n  t h a t  c o u p l e  b e n d i n g  i n c r e a s e d  w i t h  i n c r e a s i n g  

d i f f u s i o n  t i m e  o r  t e m p e r a t u r e ,  a n d  w a s  i n h i b i t e d  b y  i n c r e a s i n g  t h e  

c o u p l e  t h i c k n e s s  ( m a s s  c o n s t r a i n t ) .  A l s o ,  u n b e n d i n g  o f  c o u p l e s  

o c c u r r e d  d u r i n g  t h e  a d v a n c e d  s t a g e s  o f  h o m o g e n i z a t i o n .

The in c re a s e  o f  bend ing  w i t h  i n c r e a s in g  d i f f u s i o n  t im e  a t  750°C 

i s  i l l u s t r a t e d  in  F i g .  26 f o r  88 p m - t h i c k  c o u p le s .  The bend ing  was 

r e l a t i v e l y  u n i f o r m ,  e x c e p t  f o r  s l i g h t  c u r l i n g  a t  the  c o r n e r s .  The 

coup les  ben t  w i t h  the  Ag o r  A g - r i c h  s i d e  fo rm in g  the  concave ( i n t e r ­

i o r )  s u r f a c e .  The e a r l i e s t  measurab le  bend ing  o c c u r re d  a f t e r  d i f f u s ­

ing  a t  750°C f o r  ~  0 . 5  h r . ,  where the  i n t e r d i f f u s i o n  zone occupp ied  

abou t  h a l f  o f  the  c o u p le  t h i c k n e s s .  Bending p rog ressed  d u r i n g  homo- 

g e n iz a t io 'n  u n t i l  the o p p o s i t e  s id e s  o f  the c o u p le s  impinged on each 

o t h e r ,  as seen in F i g .  26.  Very weak spo t  w e ld i n g  a t  s u r f a c e  con ­

t a c t  p o i n t s  was found on these  s e l f - i m p i n g e d  c o u p le s .  S ince  s e l f ­

impingement i n t e r f e r e d  w i t h  ben d in g ,  bend ing  d a ta  f rom  such c o u p le s  

were  ig n o re d .

Bend ing r a d i i  a re  p l o t t e d  a g a i n s t  d i f f u s i o n  t im e  in  F i g .  27 f o r  a 

s e r i e s  o f  88 y jm - th i c k  c o u p le s  and two p a i r s  o f  132 yu m - th ic k  c o u p le s ,  

a l l  d i f f u s e d  a t  750°C. Data f o r  the  88 y jm - th i c k  c o u p le s  i n c lu d e s  

b o th  the semi- i n f i n i t e  and p a r t i a l l y - homogenized s tages  o f  d i f f u ­

s i o n ,  whereas the da ta  f o r  the 132 / u m - th ic k  coup les  i s  l i m i t e d  t o  the 

p a r t i a l l y - h o m o g e n i z e d  s ta g e .  Comparing the bend ing  o f  the  two s e ts  o f  

c oup les  in  F i g .  27 i l l u s t r a t e s  the s i g n i f i c a n t  r e s t r a i n t  t o  bend ing  

imposed by the  l a r g e r  mass o f  the t h i c k e r  c o u p le s .  Th is  b e n d - r e ­

s t ra in in g  mass was p a r a l l e l  t o  the d i f f u s i o n  d i r e c t i o n ,  i . e . ,  normal



9 1 .

~  k h r  ^  I ! h r

( b )  3 0 X

F i g .  2 6 .  E x a m p l e s  o f  d i f f u s i o n - i n d u c e d  b e n d i n g .

( a )  C o u p l e s  8 8  yum x  5  mm x  10  mm, d i f f u s e d  a t  7 5 0 ° C  f o r  t i m e s  s h o w n ,

l e f t :  *+ h r ,  p a r t i a l l y  h o m o g e n i z e d  t o  N ^g  «  0 . 9 9  o r  0 . 0 9 ;  r i g h t :

~ 1 1  h r ,  p a r t i a l l y  h o m o g e n i z e d  t o  N/\g *= 0 . 8 U  o r  0 . 2 9 .

(b) a s - p o l i s h e d  c ro s s  s e c t i o n  montage o f  the ^  h  h r  c o u p le .  The

c o u p le ,  i n d i c a t e d  by a r ro w s ,  i s  c o m p le te l y  encased in  m e ta 1lo g r a p h i c  
n i c ke I .
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, Fig. 27. Couple bending vs diffusion time at 7 5 0 °C.
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t o  the ben d in g  a x i s . "  The mass c o n s t r a i n t  e f f e c t  on c o u p le  bend ing  

was f u r t h e r  dem ons t ra ted  by the absence o f  measurab le  bend ing  o f  170 

and 335 yum-th ick  c o u p le s  d i f f u s e d  a t  750°C f o r  t im es  comparab le  t o  

those o f  the  b e n t ,  t h i n n e r  coup les  o f  F i g .  27.  As e x p e c te d ,  a l l  o f  

the  m e c h a n i c a l l y - c o n s t r a i n e d  c o u p le s  were s t i l l  f l a t  a f t e r  d i f f u s i o n .

I t  i s  c o n v e n ie n t  t o  d e s c r i b e  those coup les  in  w h ic h  bend ing  was r e s ­

t r a i n e d  by  e i t h e r  mass c o n s t r a i n t  ( e . g .  q u a d r u p l i n g  the c o u p le  t h i c k ­

ness f rom  88 t o  335 >im) o r  mechan ica l  c o n s t r a i n t  ( r e s t r a i n i n g  the 

broad c o u p le  faces  between f i r m l y - p o s i t i o n e d  p i s t o n s )  as b e in g  " h i g h  

c o n s t r a i n t "  c o u p le s .  "Low c o n s t r a i n t "  r e f e r s  to  th e  88 u m - t h i c k  

c oup les  t h a t  ben t  r e a d i l y

C o m p u t e r - f i t t i n g  the bend ing  d a ta  o f  the  semi -  i n f  i n i t e , 88 /jm- 

t h i c k  c o u p le s  in  F i g .  27 y i e l d s  th e  e x p r e s s io n

log  R = 0 .8 7 6  -  2 .08  log  t  + 1.39 ( l o g  t ) ^  . . .  5

, w i t h  R i n  mm and t  i n  h r .

A q u a l i t a t i v e  check  re v e a le d  t h a t  bend ing  was promoted by h i g h e r  

d i f f u s i o n  t e m p e ra tu re s .  T h is  was based on th e  o b s e r v a t i o n  t h a t  170 ^jm- 

t h i c k  c o u p le s  d i d  no t  bend m easu rab ly  d u r i n g  d i f f u s i o n  a t  750° C , whereas 

c o u p le s  o f  n e a r l y  the  same t h i c k n e s s  ( 163 yum) ben t  d r a s t i . c a l l y  when 

comparab le  amounts o f  i n t e r d i f f u s i o n  were o b ta i n e d  a t  850° C .

U n l i k e  the 88 yum/ 750°C c o u p le s ,  the b e n t  163 /Jm/ 850°C cou p le s  

d i d  no t  s e l f - i m p i n g e  and become s p o t  we lded d u r i n g  h o m o g e n iz a t io n .  

I n s te a d ,  th e y  unbent  t o  n e a r - f l a t n e s s  d u r i n g  the advanced s tages  o f

* E x p e r im e n ts  w i t h  t h r e e  d i f f e r e n t  p a i r s  o f  c o u p le s  showed t h a t  bend ing  
b e h a v io r  was not  a l t e r e d  when the c oup le  d im ens ions  normal t o  the 
d i f f u s i o n  d i r e c t i o n  were changed f rom  5 x 10 mm to  5 x 5 mm.



h o m o g e n iz a t io n .  T h e i r  d e f o r m a t i o n  b e h a v io r  was as f o l l o w s .  A f t e r ~  

0 . 6  h r ,  the coup les  were  s t i l l  s e m i - i n f i n i t e  and bend ing  was j u s t
•A.

p e r c e p t i b l e / '  A f t e r  2 h r ,  hom ogen iza t ion  was underway and g ross  bend­

ing was e v i d e n t .  T h is  g ross  bend ing  was s t i l l  p re s e n t  in th e  c oup le  

d i f f u s e d  f o r  6 h r .  A f t e r  ~  11 h r ,  where hom ogen iza t ion  had de­

c reased the Ag g r a d i e n t  t o  /v/ 0 .15  mole f r a c t i o n  a c ro s s  the c o u p le ,  

the c o u p le  had unbent t o  become n e a r l y  f l a t  a g a in .  T h is  unbending 

o b s e r v a t i o n  was v e r i f i e d  by a s e p a ra te  ex pe r im e n t  i n v o l v i n g  an 11 mm- 

d ia m e te r  c o u p le ,  163 yum - th ick ,  w h ich  ben t  i n t o  a deep bowl shape 

a f t e r  3 h r .  a t  850°C, then unbent t o  n e a r - f l a t n e s s  a f t e r  a d d i t i o n a l  

d i f f u s i o n  r e s u l t e d  in  c o n s id e r a b le  ho m o g e n iz a t io n .  The o c c u r re n c e  

o f  unbend ing  in  the advanced s tages  o f  i n t e r d i f f u s i o n  e l i m i n a t e s  

e v a p o r a t i o n  lo ss  o f  Ag as a p r i n c i p a l  cause o f  ben d in g .  F u r th e rm o re ,  

e v a p o r a t i o n  losses  were  found by w e ig h in g  t o  be u n d e t e c t a b l y  smal l  

in  t h i n - s h e e t  Ag d i s k s  annealed f o r  s e v e ra l  hours a t  750°C and 850°C 

in  s i m u l a t i o n s  o f  d i f f u s i o n  a n n e a l i n g .

I n t e r n a l  C ra c k in g :

Seve ra l  d i f f u s e d  coup les  made e a r l y  in  t h i s  re s e a rc h  c racked  

open a p p r o x im a te l y  p a r a l l e l  t o  the o r i g i n a l  j o i n .  T y p i c a l  c r a c k i n g  

i s  shown in  F i g .  28.  The c r a c k i n g  p a th  f o l l o w e d  e i t h e r  the po res ,  o r  

l a c k i n g  c o n s id e r a b le  p o r o s i t y ,  the w e ld i n g  i n t e r f a c e .  Th is  is  p robab ­

l y  because e i t h e r  o f  these  a re  m e c h a n ic a l l y  weak p a th s .  W e ld ing  

i n t e r d i f f u s i o n ,  c oup le  t h i c k n e s s ,  d i f f u s i o n  t e m p e ra tu r e ,  and mechan i-

*B en d in g  d e s c r i p t i o n s ,  r a t h e r  than bend ing  d a t a ,  a re  used here be­
cause the  p ie -s h a p e  geometry  o f  t h i s  s e t  o f  k p r e l i m i n a r y  t r a i l  
coup les  d i d  no t  p e rm i t  m ean ing fu l  measurements.



w e ld  p e n e t r a t i o n  = 2 yum 335 yum/ 750°C/ ~  2 h r
9 5 .

(b )  
scann i ng 
e l e c t r o n  
m ic ro g ra p h  
o f  c r a c k  
t o  l e f t  o f  
E in ( a ) ,  
2.000X

335 yum/ 800°C/  ~  9 h rwe ld  p e n e t r a t i o n

A g - r i c h  h a l f  o f  coup le

F ig .  28. I n t e r n a l  c r a c k i n g .  In ( a ) ,  E i s  the  p a th  o f  the  e l e c t r o n  

m ic ro p ro b e  beam.



i c a l  c o n s t r a i n t  a l l  a f f e c t e d  the  p r o p e n s i t y  f o r  c r a c k i n g .  The we ld  

d ep th  f a ' c t o r s  were  p resen ted  e a r l i e r .  P o r o s i t y  a n d /o r  the c o n c e n t r a ­

t i o n  p r o f i l e s  r e v e a le d  t h a t  cou p le s  c racked o n l y  a f t e r  c o n s id e r a b le  

i n t e r d i f f u s i o n  had o c c u r r e d .  As seen in  F i g .  2 8 ( c ) ,  c r a c k i n g  was

JL
o f t e n  n o n u n i fo rm ,  o c c u r r i n g  in  some r e g io n s  b e f o r e  o t h e r s .  Most 

o f t e n  the c r a c k s  d i d  no t  ex tend  a lo n g  more than  h a l f  o f  an e n t i r e  

c o u p le .  C ra c k in g  was s i g n i f i c a n t l y  g r e a t e r  i n  those m a s s -c o n s t ra in e d  

c o u p le s  w h ic h  e x p e r ie n c e d  l i t t l e  o r  no ben d in g .  For example,  d u r i n g  

750°C d i f f u s i o n  o f  c o u p le s  hav ing  2 / jm-deep w e ld s ,  the  bend ing  88 / jm- 

t h i c k  cou p le s  never  c ra c k e d ,  whereas the n i l - b e n t  170 and 335 / im- 

t h i c k  coup les  c racked  e x t e n s i v e l y .  Comparing c r a c k i n g  b e h a v io r  f o r  

v a r i o u s  coup les  d i f f u s e d  a t  750° ,  800° ,  and 850°C re v e a le d  t h a t  c r a c k ­

in g  was more p r e v a l e n t  a t  the h i g h e r  te m p e ra tu re s .  A l t h o u g h  6 /jm 

w e lds  p rev en ted  c r a c k i n g  o f  the t h i n - s h e e t  c o u p le s  d i f f u s e d  a t  750°C, 

the  same c o u p le s  c racked  d u r i n g  850°C d i f f u s i o n .  No c r a c k i n g  o c c u r re d  

a t  850°C f o r  163 / J m - th i c k  c o u p le s  we lded d e e p ly  t o  30 /Jm. A l s o ,  none 

o f  the m e c h a n i c a l l y - c o n s t r a i n e d  coup les  c ra c k e d .  Thus, c r a c k i n g  d u r ­

ing  d i f f u s i o n  a n n e a l i n g  was promoted by e i t h e r  mass c o n s t r a i n t  o r  

in c re a s e d  d i f f u s i o n  t e m p e ra tu re s ,  and was r e ta r d e d  o r  p rev en ted  by 

deeper  w e ld i n g .  Mechan ica l  c o n s t r a i n t  a lways p re v e n te d  c r a c k i n g .  

I n t e r n a l  c r a c k i n g  o f  one s o r t  o r  a n o th e r  has been r e p o r t e d  f o r  a 

v a r i e t y  o f  c o u p l e s , ^ * 9 * 3 0 , 3 1 , 5 6 , 5 7  bu t  w i t h  one e x c e p t i o n , ^  few i f

“ About  30 yum o f  i n t e r d i f f u s i o n  o c c u r re d  in  the  c oup le  in  F i g .  2 8 ( a ) .  
About  20 Aim o f  i n t e r d i f f u s i o n  o c c u r r e d  in the  l e f t  (nonporous)  r e g io n  
o f  the c o u p le  in  ( c ) , compared t o  ^  120 a101 f o r  i t s  r i g h t  (porous)  
reg  i o n .
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any d e t a i l s  c o n c e rn in g  the c ra c k s  were g i v e n .  Some o f  the c r a c k s

were a t t r i b u t e d  t o  f a u l t y  w e l d i n g , ^ ^  w h i l e  o t h e r s  were b e l i e v e d

9 3 0 3 1due t o  d i f f u s  i o n - i n d u c e d  s t r e s s e s .  ’ R e s u l t s  o f  the  bend ing  

a n a l y s i s ,  t o  be p re s e n te d  l a t e r ,  i n d i c a t e  t h a t  d i f f u s i o n - i n d u c e d  

s t r e s s e s  a re  r e s p o n s ib l e  f o r  c r a c k i n g  o f  the t h i n - s h e e t  co u p le s  o f  

t h i s  r e s e a rc h .

Genera l  Remarks:

The p l a s t i c  d e f o r m a t i o n  phenomena, namely ,  g r a i n  boundary  s l i d ­

i n g , ^  d e s t r u c t i o n  o f  o r i g i n a l  c r y s t a l l i n e  b o u n d a r i e s , 3 > 6 , 1 2 , 2 8 , 29

g e n e r a t i o n  o f  d i s l o c a t i o n s  o r  s u b s t r u c t u r e , ^ 1 2 - 2 1 ,2 3 ,28 r e c r y s t a l -

, .  . .  • * . .. 3 , 1 2 , 2 8 , 2 9  , 12,28,31l i z a t i o n  and g r a i n  g ro w th ,  ^ sma l l  s u r fa c e  r i p p l e s ,  ’ ’

. l a r g e  b u lg e  and d e n t  d e f o r m a t i o n  o f  s u r fa c e s  w h ic h  a re  p a r a l l e l  t o  

the  d i f f u s i o n  f l o w , ^ ’ ^ ® ' ^  i n t e r n a l  c r a c k i n g ^  and c o u p le  bend­

i n g , ^ ' h a v e  been observed in  o t h e r  b i n a r y  coup les  ( s o l i d / s o l i d  

o r  v a p o r / s o l i d  t y p e s ) .  In some cases ,  two, t h r e e ,  o r  f o u r  o f  these

processes  were obse rved  f o r  a s i n g l e  type  o f  c o u p le  e . g . ,  C u / N i , ^

2 7 3 8
C u / b r a s s , ^ ’ ^  Ag /Au .  1 But in  no case ,  save f o r  the t h i n - s h e e t  

Ag/Au coup les  o f  t h i s  r e s e a r c h ,  have they  a l l  been observed t o  occu r  

in  a s i n g l e  type  o f  c o u p le .  Thus, a l l  o f  the  above phenomena are  

common t o  a t  l e a s t  one type  o f  c o u p le  ( t h i n - s h e e t  A g /A u ) ,  and con­

s i d e r a t i o n  o f  the  a b o v e - re fe r e n c e d  ev idence  i n d i c a t e s  t h a t  they  a re  

common t o  a l l  K i r k e n d a l l  c o u p le s .  Fu r the rm ore^  a l l  o f  these p l a s t i c  

d e f o r m a t i o n  phenomena o c c u r  in  a system (Ag/Au)  w h ic h  i s  p r a c t i c a l l y  

f r e e  o f  a to m ic  m ismatch .  Hence, w h i l e  a tom ic  mismatch und o u b te d ly  

produces d e f o r m a t i o n  s t r e s s e s ,  s t r e s s e s  w h ich  a r i s e  s o le y  f rom  vacancy



g r a d i e n t s  a re  s u f f i c i e n t  t o  produce a l l  o f  the  observed  p l a s t i c  

d e f o r m a t i o n  phenomena in  K i r k e n d a l l  c o u p le s .

I t  i s  g e n e r a l l y  accep ted  t h a t  d i f f u s i o n - i n d u c e d  s t r e s s e s  a re  

r e s p o n s ib l e  f o r  g r a i n  boundary  s l i d i n g ,  d e s t r u c t i o n  o f  o r i g i n a l  c r y s ­

t a l l i n e  b o u n d a r ie s ,  g e n e r a t i o n  o f  d i s l o c a t i o n s  o r  subboundar i fes , r e ­

c r y s t a l l i z a t i o n  and g r a i n  g ro w th ,  and i n t e r n a l  c r a c k i n g .  A l t h o u g h  the  

n a tu r e  o f  s u r f a c e  d e f o r m a t i o n  i s  no t  w e l l  u n d e rs to o d ,  b o th  d i f f u s i o n -  

induced s t r e s s e s  and mass f l o w  e f f e c t s  appear  t o  be r e l a t e d  t o  b o th  

s u r f a c e  r i p p l i n g  and b u lg e  and den t  f o r m a t i o n .  However,  i t  i s  no t  a t

a l l  c l e a r  a t  t h i s  p o i n t  w h e th e r  d i f f u s  io n - i n d u c e d  s t r e s s e s  o r  mass

6f l o w ,  o r  b o th ,  a re  r e s p o n s ib l e  f o r  c oup le  bend ing .  Barnes and 

16Q ue isse r  . s t a t e d  . t h a t  d i f f u s i o n - i n d u c e d  d e f o r m a t i o n  s t r e s s e s  were the 

cause o f  b e n d in g ,  whereas L i u  and Powe l l^?  suggested t h a t  accomoda­

t i o n  o f  mass f l o w  by d i s l o c a t i o n  c l i m b  p a r a l l e l  t o  d i f f u s i o n  f l o w  

c o u ld  c o n t r i b u t e  t o  ben d in g .  The l a t t e r  a u t h o r s  a l s o  observed  t h a t  

such b e n d - p ro d u c in g  c l i m b  wou ld  n o t  produce marker  s h i f t i n g .  Exper ­

im en ta l  r e s u l t s  f rom th e  p re s e n t  r e s e a rc h  w i l l  be employed be low t o  

show t h a t  c o u p le  bend ing  i s  caused p r i m a r i l y  by d i f f u s  io n - i n d u c e d  

s t r e s s e s .  To do t h i s  i t  i s  f i r s t  necessa ry  t o  p r e s e n t  marker  s h i f t ­

ing  r e s u l t s .

Marker S h i f t i n g
4

Marker  s h i f t i n g  r e s u l t s  r e p r e s e n t i n g  286 m arke r  p o s i t i o n s  in  15 

c o u p le s  a re  g i v e n  in  Tab le  h.  (Append ix  B d e s c r i b e s  in  d e t a i l  the 

method o f  making marker  s h i f t i n g  measurements . )  Some i n d i c a t i o n  o f  

marker  d i s t r i b u t i o n s  w i t h i n  each c o u p le  i s  g i v e n  in  Tab le  U and de-  

p i c t e d  g r a p h i c a l l y  f o r  c o u p le s  1-5 in  F i g .  29. These shew t h a t  s c a t -



T a b l e  4 .  M ark er  s h i f t i n g  d a t a .

COUPLE MARKER DATA
*

No. I d e n t i t y

1 88 pm/ as-we ld  f o r  coup les  2-5

2 88 pm/ 750°C/ 0 .52  hr(C /4Dt=17)

3 88 pm/ 750°C/ 0 .93  h r (C 2/4 D t= 9 .4 )

4 88 pm/ 750°C/ 1.48 h r (C 24D t= 5 -9)

5 88 pm/ 750°C/  1.98 hr (C  /4 D t= 4 .4 )

Xm
(pm)

8 

11

12.5

12 . 5

S , s t d .  Range about  n,  no. 
dev. (pm) X (pm) markers

1

1.5

1.5

2.5 

2

4 ( -2  t o  +2) 32

5 ( -3  t o  +2) 13

5 ( -3  t o  +2) 11

9 ( - 4  to  +5) 17

6 ( -3  t o  +3) 18

(c o n t in u e d  )

Xm = average marker s h i f t  = "2  X . / n ,  where n = number o f  i n d i v i d u a l  marker s h i f t  v a lu e s ,  X j .
i = l

S = s tandard  d e v i a t i o n  =
"  _  2 1  2
Z  (X r Xm) / ( n - ! ) j  . Xm and S are  g iven  t o  the n e a re s t  0 .5  pm because o f
i =

the 0 .5  pm p robab le  measur ing e r r o r  wh ich  a f f e c t e d  each marker measurement (see Append ix  8 ) .  

"“ 'Marker  da ta  are  u n r e l i a b l e  because advanced markers were en t rapped in  po res .

u>
V£>



T a b le  4 .  M arker  s h i f t i n g  d a t a — c o n t in u e d

COUPLE MARKER DATA*

Xm S , s t d . Range about n , no.
No. Id e n t i  t y (pm) d e v . (pm) Xm (pm) markers

6 88 pm/ as-we ld  f o r  coup les  7-10 — 0.5 2 (-1 to  +1) 32

7 88 pm, mech. c o n s t r . /  750°C/ 0 .70  hr(C 4D t=12.4) 11.5 3-5 7 (-3 to  +4) 33

8 88 pm, mech. c o n s t r . /  750°C/  2 .06  h r (C ^ /4 D t= 4 .2 ) 20 2.5 11 ( -5 to  +6) 34

9 88 pm/ 750°C/ 15-70 hr (C2/ 4 D t = 0 . 5 6 ) * * * 22 2 7 (-3 to  +4) 10

10 88 pm, mech. c o n s t r . /  750°C/ 15-70 hr (C2/ 4 D t = 0 . 5 6 ) * * * 34 4 .5 16 ( -8 to  +8) 24

11 335 pm/ as-we ld  f o r  coup les  12-15 — 1 3 (-1 to  +2) 14

12 335 pm/ 750°C/ 0 .70  h r (C 2/4 D t= l8 0 ) 12 0 .5 2 (-1 to  +1) 10

13 335 pm/ 750°C/  2 .06  h r (C 2/ 4 D t = 6 l ) 23 4 13 ( -9 to  +4) 13

14 335 pm/ 750° c /  15.70 h r (C 2/ 4 D t = 8 . 1) 42 5-5 18 ( -9 to  +9) 10

15 335 pm, mech. c o n s t r . /  750°C/ 15-70 h r (C 2/ 4 D t = 8 . 1) 45 4 .5 16 ( -9 to  +7) 15

' r'"'*pa r t  i a 11 y homogen i zed

100.



X
m

. 
/u

.m

n *  number of individual markers measured
K®y: Xm = average marker shift

S *  standard deviation
Range s marker shift scatter about X

Range

couple 4

couple 5

couple 3

12-

couple 2 (18)1
(17)

(II)

invalid data because 
advance markers were 
entrapped in pores

couple I 
as-welded (13)1

slope s 10.5 jim /h r1/2

0.4 0.6 1.0

. 2 9 . Marker Shifting for a series of semi-infinite, 88/tm -th ick couples diffused at 750°C .
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t e r  in marker p o s i t i o n s  w i t h i n  a c o u p le  g e n e r a l l y  grows l a r g e r  as 

d i f f u s i o n  in c re a s e s .  Only  a sma l l  p a r t  o f  t h i s  s c a t t e r  is  compr ised 

o f  the 0 .5  /Jm p ro b a b le  m easur ing  e r r o r  w h ic h  a f f e c t s  each marker  mea­

surement .  The s ta n d a rd  d e v i a t i o n ,  S, i s  in c lu d e d  because the  markers  

were g e n e r a l l y  d i s t r i b u t e d  s y m e t r i c a l l y  abou t  t h e i r  a v e rag e ,  Xm.

Values o f  S f o r  the  d i f f u s i o n  annea led  c o u p le s  i n d i c a t e  t h a t  2/3 

o f  the markers  in  any g i v e n  c o u p le  were w i t h i n  *  1/7 Xm ( c o u p le  7) 

t o  _ 1/20 Xm (coup le  15 ) .  For most o f  the d i f f u s i o n  annea led  c o u p le s ,  

the  e n t i r e  range ( s c a t t e r )  o f  marker  p o s i t i o n s  w i t h i n  a g i v e n  c oup le  

i s  v e r y  r o u g h l y  1 /2  o f  i t s  average marker  s h i f t ,  i . e . ,  s c a t t e r  ^  *

£ Xm* Th is  i s  le ss  than r e p o r te d  s c a t t e r  o f  ^  ± 2 Xm in  b u l k y  Ag/Au

b2 bScoup les  w h ic h  a l s o  employed o x id e  p a r t i c l e s  as m a rke rs .  ’ But the 

s i g n i f i c a n c e  o f  t h i s  compar ison  i s  q u e s t i o n a b le  because o f  th e  much 

deeper  i n t e r d i f f u s i o n  in  the  b u l k y  coup les  and o t h e r  d i f f e r e n c e s  such 

as d i f f u s i o n  t e m p e ra tu r e ,  g r a i n  s i z e ,  e t c .

Marker  s h i f t i n g  f o r  the  s e t  o f  8 8 > u m - th i c k  coup les  d i f f u s e d  f r e e  

o f  mechan ica l  c o n s t r a i n t  i s  seen in  F i g .  29 t o  be p a r a b o l i c  a c c o r d i n g
JL

t o  Xm = k t 2 .  P o r o s i t y - e n t r a p m e n t  o f  some o f  the  more-advanced mark­

e rs  has o c c u r r e d  in  th e  m o s t - d i f f u s e d  c o u p le  (c o u p le  5) in  F i g .  29. 

Both the  maximum and the  average marker  s h i f t s  a re  less  than p r e d i c t e d  

by the  l e s s e r - d i f f u s e d  c o u p le s  o f  th e  s e r i e s  w h ic h  were no t  observed 

t o  s u f f e r  such e n t ra p m e n t .  Because o f  the u n c e r t a i n t y  i n h e r e n t  w i t h  

marke rs  en t rappe d  in  p o re s ,  marker  s h i f t i n g  d a ta  f rom  t h i s  c o u p le  were 

no t  employed in  com put ing  the marker  s h i f t i n g  e x p r e s s i o n s .

The average marke rs  s h i f t s ,  Xm, f rom F i g .  29 and those f rom  o t h e r  

semi- i n f i n i t e  coup les  a re  p l o t t e d  in  F i g .  30.  From F ig .  30,  i t  i s
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335 fim  -thick couples 
large mass constraint 
(couples 12 and 13 )

\

High Constraint 
slope * l4 .5 /im /h r ,/2  
*no. markers-90

8 8 /im -thick couples 
mechanically constrained 
(couples 7 and 8)

88 /un-th ick couples,without 
mechanical constraint 
(couples 2 - 4 )

1/2
Low Constraint 
slope = 10 .5 /im /hr
*no. marker = 41

*  excluding markers in as-welded couples

0.8 1.0 
t l/2 , h r,/2

1.4 1.6

Fig. 30 . Equivalent marker shifting enhancement due to mechanical constraint or large 
mass constraint. All couples '• diffused at 750°C, semi-infinite.
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seen t h a t  marker  s h i f t i n g  in  c o u p le s  w i t h  l a rg e  mass c o n s t r a i n t  (335 

yum t h i c k )  was p r a c t i c a l l y  the  same as t h a t  in  much t h i n n e r  coup les  

(88 yum t h i c k )  w h ic h  were m e c h a n i c a l l y  c o n s t r a i n e d .  S ince  these two 

se ts  o f  h i g h - c o n s t r a i n t  c o u p le s  e x h i b i t  s i m i l a r  marker  s h i f t i n g  be­

h a v i o r ,  t h e i r  average  s h i f t s  a re  r e p re s e n te d  by the  dashed l i n e .  I t  

i s  seen t h a t  marker  s h i f t i n g  in  the  h i g h - c o n s t r a i n t  cou p le s  was en­

hanced r e l a t i v e  t o  the  l c w - c o n s t r a i n t  c o u p le s .

A summary o f  marker  s h i f t i n g  r e s u l t s ,  i n c l u d i n g  the c u rv e s  o f  

F i g .  30,  i s  g i v e n  in  F i g .  31.  I t  i s  seen t h a t  marker  s h i f t i n g  f o r
_  ft

semi -  i n f  i n i t e  cou p le s  d i f f u s e d  a t  750 C f o r  t  5  2 hr  i s  g i v e n  by

L o w - c o n s t r a i n t  c o u p le s :  Xm = 10.5  t ^  yum-hr 6 (a )

H i g h - c o n s t r a i n t  c o u p le s :  Xm = 14.5  t ^  yum-hr 6 (b )

Marker  s h i f t i n g  enhancement caused by h ig h  c o n s t r a i n t  (mass o r  mechan­

i c a l )  i s  g i v e n  by the  d i f f e r e n c e  between the  above v a l u e s ,

AXm = 4 * * • 6 ( c )

The r e l a t i v e  marker  s h i f t i n g  enhancement ,  g i v e n  by  the r a t i o  o f  Eqn. 

6 ( c )  o v e r  6 ( a ) ,  i s  38%.

The two 335 yum-th ick  c o u p le s  (14 and 15) » one o f  w h ich  i s  mechan­

i c a l l y  c o n s t r a i n e d , ' w e r e  d i f f u s e d  f o r  ✓v 16 h r .  The sm a l l  d i f f e r ­

ence o f  3 yum, o r  7%,between the  Xm v a lu e s  o f  these  two c o u p le s  i s  no t  

s i g n i f i c a n t  (see F i g .  3 1 ) .  F u r th e rm o re ,  s in c e  two markers  were  found 

in  po res  o f  the  c o u p le  f r e e  o f  m echan ica l  c o n s t r a i n t  ( c o u p le  14) ,  i t  

i s  l i k e l y  t h a t  a m ino r  amount o f  en t rapm en t  may have c o n t r i b u t e d  t o  

t h i s  sma l l  d i f f e r e n c e .  Thus, s u p e rp o s in g  mechan ica l  c o n s t r a i n t  o n to

“ Homogen iza t ion  o f  the 88 yum-th ick cou p le s  beg ins  s h o r t l y  a f t e r  2 h r .
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Fig. 31. Summary of marker shifting in Ag/Au couples diffused a t750°C .
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a c oup le  a l r e a d y  h a v in g  a l a r g e  mass c o n s t r a i n t  has l i t t l e  o r  no 

e f f e c t  on marker  s h i f t i n g  in  s u b s t a n t i a l l y - d i f f u s e d  c o u p le s .  I f  one 

uses the (dashed)  e x t r a p o l a t i o n s  in  F i g .  31 as a g u id e ,  one sees t h a t  

Xm f o r  e i t h e r  o f  these  two h i g h - c o n s t r a i n t  c o u p le s  i s  le ss  than p r e ­

d i c t e d  by the  s h o r t e r - t i m e  ( £  2 h r ) ,  h i g h - c o n s t r a i n t  c u r v e s .  In f a c t ,  

the  l o n g e r - t i m e ,  h i g h - c o n s t r a i n t  c o u p le s  have marker  s h i f t s  more com­

p a r a b le  t o  those  e x t r a p o l a t e d  f rom  the  s h o r t - t i m e ,  1o w - c o n s t r a i n t  

c o u p le s .  Th is  i n d i c a t e s  t h a t  th e  r a t e  o f  marker  s h i f t i n g  enhancement 

g i v e n  by Eqn. 6 ( c )  was no t  s u s ta in e d  beyond th e  e a r l y  d i f f u s i o n  p e r ­

i o d .  A p o s s i b l e  reason f o r  t h i s  w i l l  be o f f e r e d  l a t e r .

The marker  p o s i t i o n  o f  the  p a r t i a l l y - h o m o g e n i z e d ,  m e c h a n i c a l l y -  

c o n s t r a i n e d  88 yum - th ick  c o u p le  10 shows t h a t  marker  v e l o c i t y  d e c re a s ­

ed d u r i n g  h o m o g e n iz a t io n ,  as one wou ld  e x p e c t  f rom  the  e v e r - d e c r e a s ­

ing  r a t e  o f  i n t e r d i f f u s i o n  d u r i n g  h o m o g e n iz a t io n .

W h i le  m arke r  s h i f t i n g  in  b u l k y  coup-les i s  w e l l - k n o w n  t o  be p a ra -  

2 3 6 28 5 3b o l i c ,  * ’ no m e a n in g fu l  com par isons  t o  the  marker  s h i f t s  ob­

se rved  here were found in  the  l i t e r a t u r e .  Nor i s  the enhancement 

e f f e c t  r e p o r t e d  e ls e w h e re .  Marke rs  were  u s u a l l y  d i s t r i b u t e d  between 

the  o r i g i n a l  j o i n  and the  p o r o s i t y  zone,  and were  o f t e n  found w i t h i n  

th e  p o r o s i t y  zone .  L o c a t i n g  m arke rs  was o f t e n  c o m p l i c a te d  by t h e i r  

c l o s e  p r o x i m i t y  t o  p o re s .  In the  more porous  c o u p le s ,  c o n v e n t i o n a l  

m e t a l l o g r a p h i c  p o l i s h i n g  wouId  o f t e n  a r t i f i c i a l l y  e n l a r g e  po res  u n t i l  

nea rby  marke rs  were d i s l o d g e d .  T h is  p rob lem was a v o ided  in  many

^Because o f  the la c k  o f  i n t e r m e d i a t e  m arke r  d a t a ,  the e x t r a p o l a t i o n s  
in  F i g .  31 a re  o b v i o u s l y  no t  j u s t i f i e d .  They a re  in c lu d e d  s o l e l y  
t o  . i l l u s t r a t e  the r e l a t i v e  marker  p o s i t i o n s .
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c o u p le s  by em p lo y ing  v e r y  m in im a l  p o l i s h i n g  t im es  t o  p r e v e n t  p o r o s i t y  

en la rgem en t ,  as i l l u s t r a t e d  in  F i g .  32.  P o l i s h i n g  t im e was much le ss  

c r i t i c a l  in  c o u p le s  h a v in g  l i t t l e  p o r o s i t y ,  as seen in  F i g .  3 3 ( a ) .  

Couple 5,  m ent ioned  above as s u f f e r i n g  f rom  p o r o s i t y - e n t r a p m e n t  o f  

m a rk e rs ,  f e a t u r e d  more i n t e r d i f f u s i o n  and more p o r o s i t y  than those 

c o u p le s  in  F"ig. 32 and 3 3 ( a ) .  In c o u p le  5 ,  a l a rg e  number o f  the more- 

advanced marke rs  w h ic h  c o u ld  n o t  be l o c a te d  by l i g h t  m ic roscopy  

( d e s p i t e  v a r i o u s  m e t a l l o g r a p h i c  p r e p a r a t i o n s )  were f i n a l l y  found by 

the  e l e c t r o n  m ic ro p ro b e  t o  be e n t ra p p e d  p o re s .  A marker  im m e d ia te ly  

a d j a c e n t  t o  the p o r o s i t y  in  c o u p le  5 i s  shown in  F i g .  3 3 ( b ) .  I t  w i l l  

be seen l a t e r  t h a t  p o r o s i t y - e n t r a p m e n t  o f  marke rs  i s  r e l a t e d  t o  the 

g ro w th  and s h i f t i n g  o f  p o r o s i t y .

A n a ly s e s  o f  Marker S h i f t i n g  and Couple Bending

The f o l l o w i n g  a n a ly s e s  o f  marker s h i f t i n g  and c oup le  bend ing  

employ phenomena i n t r o d u c e d  e a r l i e r ,  namely,  the  accom oda t ion  o f  mass 

f l o w  by d i s l o c a t i o n  c l i m b  (mass f l o w / d i s l o c a t i o n  c l i m b )  and d i f f u s i o n -  

induced s t r e s s e s  r e l a t e d  t o  n o n e q u i l i b r i u m  vacancy  c o n c e n t r a t i o n s .

The f i r s t  a n a l y s i s  i s  l i m i t e d  t o  the r o l e  o f  mass f l o w / d i s l o c a t i o n  

c l i m b  in b o th  marker  s h i f t i n g  and c o u p le  b e n d in g . I t s  r e s u l t s  f a i l  

t o  d e s c r i b e  a d e q u a te l y  the observed  bend ing  b e h a v io r .  The second, 

more s u c c e s s f u l ,  app roach  is  a s t r e s s  a n a l y s i s  based on n o n e q u i l i b r i u m  

vacancy c o n c e n t r a t i o n s  gen e ra te d  d u r i n g  d i f f u s i o n ;  the  s t r e s s  a n a l y s i s  

i s  r e l a t e d  d i r e c t l y  to  c o u p le  bend ing  o n l y .

I n t r o d u c t i o n  t o  the H y p o t h e t i c a l  Models o f  Mass F l o w / D i s l o c a t i o n  

C l im b;



(a) c o n v e n t i o n a l  p o l i s h

(b)  m in im a l  p o l i s h ,  
modera te  e t c h

(c )  m in im a l  p o l i s h ,  moderate  e t c h

F i g .  32.  Markers  in  the  c o u p le  88 j jm / 750°C/  0 .52  h r .  Some markers  

a r e  d i s lo d g e d  o r  d i f f i c u l t  t o  l o c a t e  in  the  e n la r g e d  p o r o s i t y  o f  the

c o n v e n t i o n a l - p o l i s h  s u r fa c e  in  ( a ) ,  bu t  m in im a l  p o l i s h i n g  and mod­

e r a t e  e t c h i n g  r e v e a l s  marker  p a r t i c l e s ,  m, in (b )  and ( c ) .  A seep­

age s t a i n  a r t i f a c t ,  s,  is  shown in ( c ) .
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(a) e tched

Ag ------  ■ , i ■

(b)  p o l i s h e d  360X

F ig .  33* Markers  in  coup les  h av ing  d i f f e r e n t  amounts o f  p o r o s i t y .

(a) M arke rs ,  m, a re  r e a d i l y  d e te c te d  in  the l o w - p o r o s i t y  c o u p le  88 ^im, 

mech. c o n s t r a i n t /  750°C/ 0 .7 0  h r .  A ghos t  t r a i l  f rom  the  e l e c t r o n  

m ic rop robe  beam i s  l e f t  o f  c e n t e r .  An e l l i p t i c a l  SiC g r i n d i n g  p a r t i ­

c l e  i s  embedded in  the m a t r i x  t o  th e  r i g h t  o f  the  m a rk e rs .

(b )  Severa l  markers  more advanced than the  one i n d i c a t e d  were e n t r a p ­

ped in the pores  o f  t h i s  c o u p le  88 yjm/ 750°C/  1.98 h r .  F ocu ss in g  on 

the  marker r e s u l t s  in poor f ocus  o f  the po re s ,  the  pores  be in g  d e p re s ­

s io n s  and the o x id e  markers  be ing  in  e l e v a t e d  r e l i e f .



1 10.

Da S i l v a  and M e h l , ^  D a r k e n , ^  and Barnes^  suggested t h a t  marker

s h i f t i n g '  in  b u l k y  co u p le s  shou ld  be a d i r e c t  measure o f  the amount o f

mass f l o w  w h ich  o c c u r re d  d u r i n g  d i f f u s i o n .  As p o in t e d  o u t  by Bardeen

and H e r r i n g , 7 the e x i s t e n c e  o f  marker s h i f t i n g ,  p lu s  the g en e ra l  l a c k

o f  d im e n s io n a l  changes p a r a l l e l  t o  the  d i f f u s i o n  f l o w  in  b u l k y  c o u p le s

hav ing  l i t t l e  p o r o s i t y ,  i n d i c a t e  t h a t  mass f l e w  o c c u rs  by the c r e a t i o n

o r  d e s t r u c t i o n  o f  atoms a lo n g  p lanes  w h ich  a re  p r e f e r e n t i a l l y  a l i g n e d

p e r p e n d i c u l a r  t o  the d i f f u s i o n  f l o w .  Th is  was b e l i e v e d  accom p l ished

by d i s l o c a t i o n  c l im b  under  the  osm o t ic  f o r c e s  c re a te d  by vacancy

7 6^s u p e r s a t u r a t i o n  (o r  u n d e r s a t u r a t i o n )  o f  1%. I f  these arguments

a re  ex tended t o  a h y p o t h e t i c a l  case where a l l  mass f l o w  is  accomodated 

s o le  1y by d i s l o c a t i o n  c l i m b  p e r p e n d i c u la r  t o  the d i f f u s i o n  f l o w ,  i t  is

seen in  F i g .  3 M a) t h a t  marker  s h i f t i n g  shou ld  be a d i r e c t  and

*
com p le te  measure o f  mass f l o w .  I n c o r p o r a te d  in the marker  s h i f t i n g  

model ( F i g .  3**(a ) )  i s  an expans ion  o f  one s id e  o f  the  c o u p le  as d i s ­

l o c a t i o n s  o p e ra te  as vacancy  sources t o  accomodate a ne t  g a in  o f  mass, 

and a c o n t r a c t i o n  o f  the  o p p o s i t e  s id e  where d i s l o c a t i o n s  o p e ra te  as 

vacancy s in k s  t o  accomodate a ne t  lo ss  o f  mass. In accordance w i t h  

o t h e r s , 3 . 6 - 8 , 1 0 , 1 2  • t  j s assumed t h a t  mass r e l a x a t i o n  is  e s s e n t i a l l y  

u n i n h i b i t e d  in  the  d i r e c t i o n  o f  d i f f u s i o n  f l o w  d u r i n g  these  expans ion  

and c o n t r a c t i o n  p ro c e s s e s .  C o n t r a r y  t o  the  above c o n s i d e r a t i o n s ,  

d i s l o c a t i o n  c l i m b  i s  no t  n e c e s s a r i l y  r e s t r i c t e d  t o  b e in g  p e r p e n d ic u ­

l a r  t o  the  d i f f u s i o n  f l o w .  Cl imb p a r a l l e l  t o  the d i f f u s i o n  f l o w  is

*The c l im b  d e p i c t e d  in F i g .  3^ is  o v e r s i m p l i f i e d .  I t  i s  more l i k e l y
t h a t  the c l i m b  occu rs  by r e g e n e r a t i v e  d i s l o c a t i o n  s o u rc e s ,  such as 
the, d i s l o c a t i o n  r i n g s  d e s c r ib e d  by Bardeen and H e e r in g . ^ *  ^
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Fig. 34. Hypothetical models of marker shifting (a) or couple bending (b), both 
via mass flow/dislocation climb.
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a l s o  p o s s i b l e .  L i u  and Powe l l^?  suggested  t h a t  t h i s  mode o f  c l i m b ,  

w h i l e  accom oda t ing  mass f l o w ,  c o u ld  c o n t r i b u t e  t o  c o u p le  bend ing  

w i t h o u t  c a u s in g  marker  s h i f t i n g .  T h is  i s  shown in  F i g .  3 ^ ( b ) .  R e a l ­

i s t i c a l l y ,  one wou ld  expe c t  t h a t  d i s l o c a t i o n s  would  be o r i e n t e d  in  

the  m a t r i x  such t h a t  c l i m b  wou ld  oc c u r  b o th  p a r a l l e l  and p e r p e n d i c u ­

l a r  t o  the  d i f f u s i o n  f l o w .  In t h i s  case,  marker  s h i f t i n g  and bend ing  

wou ld  c o - e x i s t  in  a g i v e n  c o u p le .  (Such b e h a v io r  was obse rved  in  o u r  

low-mass c o n s t r a i n t ,  88 p m - t h i c k  c o u p le s ,  a l t h o u g h  no t  n e c e s s a r i l y  f o r  

the  reason j u s t  d e s c r i b e d ) .  S ince the  amount o f  mass f l o w  i s  f i x e d  by 

d i f f u s i o n  k i n e t i c s , *  the  d i s l o c a t i o n  c l im b  models ( F ig .  3*0 r e q u i r e  

t h a t  an in c re a s e  in  marker  s h i f t i n g  can o c c u r  o n l y  a t  the  expense o f  

decreased c o u p le  b en d in g ,  and v i c e  v e r s a .  T h is  c o n s t i t u t e s  a t r a d e ­

o f f  s i t u a t i o n  between marker s h i f t i n g  and c o u p le  b e n d in g .  Based on 

t h i s ,  we w i s h  t o  d e te rm in e  the  r e l a t i v e  amounts o f  mass f l o w  p a r t i ­

t i o n e d  i n t o  components r e s p o n s ib l e  f o r  e i t h e r  marker  s h i f t i n g  or  

c o u p le  b e n d in g .  T h is  t a s k  i s  s i m p l i f i e d  i f  the A/B c o u p le s  a re  assum­

ed t o  have c o n s t a n t  p a r t i a l  m o la l  volumes o f  A and B t h r o u g h o u t ,  no 

p o r o s i t y ,  and c o n s t a n t  c ro s s  s e c t i o n  a reas  p e r p e n d i c u l a r  t o  the d i f ­

f u s i o n  f l o w .  These a re  re s o n a b le  assum pt ions  f o r  the  Ag/Au c o u p le s .  

Volume changes d u r i n g  Ag-Au a l l o y i n g  a re  v e r y  smal l  ( l e s s  than 0 .7% ),  

15 ,33 -35  an£j presence 0 f  p o r o s i t y  and sm a l l  changes in  c r o s s  sec ­

t i o n  due t o  m ino r  b u lg e  and den t  d e f o r m a t i o n  were s u b s e q u e n t l y  ju d g e d

*The amount o f  ne t  mass w h ich  i s  t r a n s f e r r e d  ac ross  the  o r i g i n a l  j o i n
(mass f l o w )  i s  f i x e d  by the t im e - w is e  i n t e g r a t i o n  o f  the  ne t  f l u x .
The ne t  f j . u x  i £  g i v e n  by the v e c t o r  sum o f  the f l u x e s  o f  the  d i f f u s i n g  
s p e c ie s ,  + J 0 , in  t h i s  case .
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t o  have i n s i g n i f i c a n t  a f f e c t s  on the  r e s u l t s  o f  the a n a l y s i s .  The 

above concep ts  o f  mass f l o w / d i s l o c a t i o n  c l im b  w i l l  be employed nex t  

t o  desc r  ibe,  each in i t s  t u r n ,  the i n d i v i d u a l  cases o f  (1)  pure marker 

s h i f t i n g ,  (2)  pu re  c o u p le  ben d in g ,  and f i n a l l y ,  (3)  s im u l ta n e o u s  mark­

e r  s h i f t i n g  and c o u p le  ben d in g .

The Hypo the t ' ica  1 Model o f  Marker  S h i f t i n g  v i a  Mass F l c w / O i s l o c a t i o n  

C l i  mb:

From F ig .  3Ma) the  volume o f  mass f l o w  w h ich  o c c u rs  w i t h i n  a 

c o u p le  i s  g i v e n  by the  marker  s h i f t ,  Xm, m u l t i p l i e d  by the a rea  normal 

t o  the  d i f f u s i o n  f l o w .  For u n i t  dep th  o f  th e  c o u p le  normal to  the  

p lane  o f  the p a p e r ,  the  amount o f  mass f l o w  i s  d i r e c t l y  p r o p o r t i o n e d  

t o  the  a rea

Am = Xmyo • ■ • 7

T h is  a rea  w i l l  se rve  as a c o n v e n ie n t  measure o f  th e  amount o f  mass 

f l o w  w h ic h  i s  r e l a t e d  t o  m arke r  s h i f t i n g ,  and w i l l  be compared subse­

q u e n t l y  w i t h  a c o u n t e r p a r t  a rea  r e l a t e d  t o  c o u p le  ben d in g .

The H y p o t h e t i c a l  Model o f  Coup le  Bend ing v i a  Mass F l o w / D i s l o c a t i o n  

C l im b:

The a rea  r e l a t e d  t o  the  amount o f  mass f l o w  w h ic h  is  r e s p o n s ib l e  

f o r  bend ing ,  Ab, i s  c a l c u l a t e d  f rom an " i s o l a t e d  f r e e  body"  o f  the 

B - r i c h  p o r t i o n  o f  the ben t  c o u p le  in  F i g .  3 M b )  . The expans ion  and 

bend ing  o f  the B - r i c h  p o r t i o n  i s  accompanied by the  s im u l tan eous

‘̂ S im u l t a n e o u s ly  s o l v i n g  the f o l l o w i n g  two e x p r e s s io n s  shows t h a t  the 
e n t i r e  a rea  o f  the  ben t  c o u p le  in  F i g .  3 M b )  i s ,  as r e q u i r e d  by c o n s e r ­
v a t i o n  o f  mass, equal  t o  the  area o f  i t s  nonben t ,  as -w e lded  p a r e n t .

2Cy0 -  / i r [ ( R + C ) 2 -  (R -C )2] J  . 6 = y 0/R
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s h r in k a g e  and bend ing  o f  the A - r i c h  p o r t i o n .  S ince  the amount o f  mass 

f l o w  r e s p o n s ib l e  f o r  these ev en ts  is  the same f o r  bo th  p o r t i o n s ,  o n l y  

one o f  them is  r e q u i r e d  t o  d e s c r i b e  the bend ing  s i t u a t i o n .  A l s o ,  

exa m in in g  the nonporous  B - r i c h  p o r t i o n  a v o id s  e r r o r s  due to  p o r o s i t y  

s w e l l i n g .  P roc e e d in g ,  the  a rea  o f  B - r i c h  p o r t i o n  a t  i s o th e rm a l  

d i f f u s i o n  t im e  t j ,  ben d in g  r a d iu s  R | ,  and bend ing  ang le  0^ , i s

* bi 2 ir |  T r  f (R i  + C ) 2 -  R , 2 ]  }  • • • 8 (a )

, w h ic h  reduces t o

A^ = ~  (2R] C + C2) 8 (b )

S i m i l a r l y ,  the B - r i c h  a rea  a t  t 2 ( t 2 > t j ,  R2 < R j ,  0 2 < ® ] )  is

A®2 = ^  (2R2C + C2) * • • 9

The area o f  mass f l o w  a s s o c ia t e d  w i t h  bend ing  between t im es  t |  and 

to  i s

A® -  A j -  A® •• • 10
b 02 b 'i

S u b s t i t u t i n g  Eqns. 8 and 9 i n t o  Eqn. 10 r e s u l t s  in

AB = i 2  (2R C + C2 ) -  (2R C + C2) • • •  11
b 2 v 2 2 1

y yEmploy ing  the  g e o m e t r i c a l  r e l a t i o n s h i p s  0]  = —2, and 02 = —  in
R, R2

Eqn. 11 y i e l d s ,

8 _ YcP* 0«1 -  * 2) . . .  |2
b "  2 R,R2

S e t t i n g  R2 -  R] = A R  and Rj = R, and d r o p p in g  the s u p e r s c r i p t ,  B, 

r e s y l t s  in
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AR ~2 R<R+AR) ’ "  13
A A b Voc2  1

Employ ing ^  ^ ' m , Eqn. 13 becomes
K y s dR R - *0  J_a R J

dA = _ Yoc2
dR 2R2

14

I n t e g r a t i n g  Eqn. 14 a c c o r d i n g  to  

A „  2 R 

S *  - f  3
Ao Ro

y i e l d s

A = i 1  -  1  )
°  2 ' r Rg

15

, where A0 , A = area of- the  B - r i c h  p o r t i o n  o f  the c o u p le  b e fo r e  and

a f t e r  d i f f u s  i o n - i n d u c e d  bend ing ,  r e s p e c t i v e l y .

C ,yQ -  i n i t i a l  t h i c k n e s s  and w i d t h ,  r e s p e c t i v e l y ,  o f  each

c o u p le  h a l f .

R0 , R *= r a d iu s  o f  c u r v a t u r e  o f  the  c oup le  b e f o r e  and a f t e r

d i f f u s i o n ,  r e s p e c t i v e l y .

S ince RQ = oo and l e t t i n g  A -  Ao = A^ ,  Eqn. 15 reduces to  

v C2
Ab = - f r  • • •  16

, where A^ = a rea  r e p r e s e n t i n g  the amount o f  mass f l o w  a c ro s s  the

o r i g i n a l  j o i n  w h ic h  i s  a s s o c ia t e d  w i t h  c o u p le  bend­

i n g ,  R, d u r i n g  d i f f u s i o n  t ime t .

For the  sake o f  i n t r o d u c t o r y  s i m p l i c i t y ,  marker  s h i f t i n g  and c o up le  

bend ing  were t r e a t e d  above as independent  phenomena. Because bo th



were found e x p e r i m e n t a l l y  t o  c o - e x i s t  in  the 88 / j m - t h i c k  c o u p le s ,  the 

f o l l o w i n g  model c o n s id e r s  s im u l ta n e o u s  marker  s h i f t i n g  and coup le  

bend i n g .

The H y p o t h e t i c a l  Model o f  S im u l taneo us  Marker  S h i f t i n g  and Couple 

Bending v i a  Mass F l o w / D i a l o c a t i o n  C l im b :

A c o u p le  d i s p l a y i n g  s im u l ta n e o u s  marker  s h i f t i n g  and c o u p le  

bend ing  i s  shown in F i g .  35.  Us ing a method s i m i l a r  t o  the  p re c e d in g  

case o f  b e n d in g ,  bu t  s i m p l f i e d  f o r  b r e v i t y ,  the a rea  r e p r e s e n t a t i v e  o f  

mass f l o w  a c r o s s  the o r i g i n a l  j o i n  in

Am,b = AB -  A? • ‘ • 1 7

D
, where  A = area o f  the B - r i c h  p o r t i o n  o f  the c oup le  a f t e r  marker 

s h i f t i n g  and c oup le  bend ing  has o c c u r re d  ( t h e  m arke r -  

swept a rea  i s  i n c l u d e d ) .

B
Aq = Cy0 , th e  a rea  o f  the B p o r t i o n  b e fo re  d i f f u s i o n .

From F i g .  35,

- fir { * 0  + c>2 - <R - X/ J }  18
yQ

Employ ing  0 = —  i n  Eqn. 18 and s u b s t i t u t i n g  the r e s u l t  i n t o  Eqn.
R

17 y i e l d s ,

X v C2
=  v  X (1 -  — ) +  — —  ■ • • 19

m,b o m U  2R; 2R y

The m a rk e r - s w e p t  a rea  bounded by yQ and ym in  F ig .  35 i s  c a l c u l a t e d

in d e p e n d e n t l y  t o  be



B

Fig. 35. Simultaneous marker shifting and couple bending.

*
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Eqn. 20, w h ich  r e p r e s e n t s  the  a rea  a s s o c ia te d  w i t h  marker s h i f t i n g ,
X

is  i d e n t i c a l  to  the f i r s t  te rm in  the RHS o f  Eqn. 19. The f a c t o r  “  

in  e i t h e r  e q u a t i o n  a r i s e s  f rom the  marker p lane  adva nc in g  i n t o  a 

r e g io n  o f  e v e r - d e c r e a s i n g  w i d t h ,  y ,  in  the s h r i n k i n g  p o r t i o n  o f  the 

bend ing  c o u p le .  The second te rm in  the  RHS o f  Eqn. 19 i s  i d e n t i c a l  t o  

the b e n d i n g - r e l a t e d  a rea  g i v e n  by Eqn. 16. Thus, Eqn. 19 i s  compr ised  

o f  a marker  s h i f t i n g  te rm dependent  on the bend ing  r a d i u s ,  p l u s  a 

c o u p le  ben d in g  te rm .

As R o o , Eqn. 19 reduces t o  y 0Xm, w h ic h  i s  Eqn. 7 o f  the 

nonbent  c o u p le .  T h e r e f o r e ,  i f  bend ing  is  no t  accoun ted  f o r  when 

m easur ing  the mass f l o w  e f f e c t s  in a K i r k e n d a l l  e x p e r im e n t ,  the r e ­

s u l t  w i l l  be in  e r r o r  by the d i f f e r e n c e  between Eqn. 19> w h ic h  r e p r e ­

s e n ts  the a c t u a l  mass f l o w ,  and Eqn. 7,  w h ic h  r e p r e s e n t s  the mass f l o w  

in  a p resum ab ly -n onbe n t  c o u p le .  Th is  e r r o r  i s  expressed  by u s in g  Am |, 

(Eqn. 19) as the c o r r e c t  measure o f  mass, f l o w  and Am (Eqn. 7) as the 

u s u a l ,  b u t  p o s s i b l y  i n c o r r e c t ,  measure.  The r e l a t i v e  e r r o r  i n t r o d u c e d  

by i g n o r i n g  the mass f l o w  a s s o c ia t e d  w i t h  bend ing  i s  then g i v e n  by

2
A -  A y X (1 -  $ n )  + * a ! L  -  y X

. m,b m _ o m_______ 2R______2R______o m
er  Am u x v r ^m, b YqC

YoXm ( '  "  2R) + 2R 

w h ic h ,  f o r  2RXm > >  C2 -  X2 ,% reduces t o

‘" T h i s  i n e q u a l i t y  h o lds  t r u e  f o r  a l l  cou p le s  o f  t h i s  e x p e r im e n t  and is  
expec ted  t o  remain  v a l i d  t h ro u g h o u t  semi- i n f i n i t e  d i f f u s i o n  in  any 
b u l k y  c o u p le .
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.2 „ 2

Ae r  ™■■ • * • 21
e r  2RXr

C " J "
m

Ae r  can be expressed  in terms o f  d i f f u s i o n  t im e ,  Ae r  = A ( t ) ,  by  emp loy­

ing marker  s h i f t i n g  and c o u p le  bend ing  r e s u l t s  f rom  the  88 / j m - t h i c k  

c o u p le s  d i f f u s e d  a t  750 C, namely Eqns. 5 and 6 ( a ) .  So d o in g  y i e l d s  

the  dashed cu rve  in  F i g .  36,  w h ic h  c l o s e l y  f i t s  the  ( s o l i d )  p a r a b o l i c  

c u rv e  g i v e n  by

Ae r  ~  -  0 .0186  + 0 .03  t s  • • • 2 2

, where  Ae r  i s  d im ens ion  1 ess and t  i s  in  h r .

From F ig .  36,  i t  i s  seen t h a t  the r e l a t i v e  e r r o r  caused by i g n o r i n g  

bend ing  in c re a s e s  as d i f f u s i o n  p e n e t r a t i o n  in c re a s e s ,  r e a c h in g  a max-
a.**

imum o f  o n l y  / v  2% a t  the semi -  i n f  i n i te d i f f u s i o n  l i m i t / '  As i n d i c a t ­

ed e a r l i e r ,  t h i s  e r r o r  l i k e w i s e  causes an e r r o r  in  Xm. One conse­

quence o f  t h i s  e r r o r  made in  measur ing  the  mass f l o w  is  t h a t  d i f f u s i o n  

q u a n t i t i e s  c a l c u l a t e d  f rom i t  w i l l  a c c o r d i n g l y  be in  e r r o r .  For e x ­

ample,  such an e r r o r  c o u ld  appear  in  Da rken 's^®  r e l a t i o n s h i p  between 

m arke r  s h i f t i n g  and i n t r i n s i c  d i f f u s i o n  c o e f f i c i e n t s  g i v e n  by 

X 3  N.
2? = ( D a - 0 , )  • • •  3

The te rm o f  i n t e r e s t ,  -  Dp, w i l l  appear  e r r o n e o u s l y - l o w  i f  bend ing  

by mass f l o w / d i s l o c a t i o n  c l i m b  d i m i n i s h e s  the  v a l u e  o f  Xm. However,  

the  smal l  ( ~  2%) e r r o r  in  Xm caused by bend ing  i s  no t  s i g n i f i c a n t  when

*Ae r  f o r  t h i c k e r  (170 and 335 /Jm) c o u p le s  c o u ld  no t  be l i k e w i s e  c a l ­
c u l a t e d  because the  v e ry  s l i g h t  bend ing  ( v e ry  l a r g e  R) o f  these
c ou p le s  c o u ld  not  be a d e q u a te l y  measured by the t e c h n iq u e  employed 
he re .  However,  r e s u l t s  f rom the subsequent  s t r e s s  a n a l y s i s  i n d i c a t e  
t h a t  any c o n t r i b u t i o n  t o  c oup le  bend ing  by d i s l o c a t i o n  c l i m b  wou ld  be 
le ss  the t h i c k e r  the c o u p le s .  T h e r e f o r e ,  the e r r o r ,  Ae r-  ' s expec ted  
t o  be l a r g e r  in the  88 ju m - th ic k  c o u p le s  a na ly z ed  here than i t  wou ld  be 
in  t h i c k e r  c o u p le s .
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compared w i t h  e x p e r im e n ta l  u n c e r t a i n t i e s  o f  s e v e ra l  p e rc e n t  e n c o u n te r ­

ed when measur ing  marker  p o s i t i o n s  o r  d i f f u s i o n  c o e f f i c i e n t s ,  or  those 

in t r o d u c e d  by s p u r io u s  marker  d is p la c e m e n ts  r e s u l t i n g  f rom  l o c a l i z e d  

p l a s t i c  d e f o r m a t i o n  and, p o s s i b l y ,  p o r o s i t y - e n t r a p m e n t  o f  m arke rs .

I f  bend ing  a c t u a l l y  d i d  occu r  by mass f l o w / d i s l o c a t i o n  c-1 imb {and 

t h i s  p o s s i b i l i t y  has y e t  t o  be e s t a b l i s h e d ) ,  changes in  the  r a t e  o f  

marker  s h i f t i n g  wou ld  be m a n i fe s te d  by e q u i v a l e n t  o f f s e t t i n g  changes 

in  c o u p le  bend ing ,  and v i c e  v e rs a .  To see i f  t h i s  mass f l o w  t r a d e - o f f  

a c t u a l l y  o c c u r r e d ,  the  area a s s o c ia te d  w i t h  s im u l ta n e o u s  marker s h i f t ­

in g  and c o u p le  bend ing  as g i v e n  by Eqn. 19 i s  equated to  i t s  c o u n t e r ­

p a r t  a rea  a s s o c ia t e d  w i t h  pure  marker s h i f t i n g ,  Eqn, 7- The r e s u l t  i s  

the  c a l c u l a t e d  marker  s h i f t  enhancement

c 2 -  xm2
* Xm = ----------------------------------------------------------------------------------------------------------------23

S o lv in g  Eqn. 23 by u s in g  the  e x p e r im e n ta l  r e s u l t s  o f  marker  s h i f t i n g  

and c oup le  bend ing ,  Eqns. 5 and 6 ( c ) ,  the c a l c u l a t e d  marker  s h i f t  

enhancement i s  found t o  in c re a s e  p a r a b o l i c a l l y  w i t h  t im e ,  as seen a t  

the  bo t tom  o f  F i g .  37- S ince  bend ing  due t o  the rma l  expans ion  i s  

a l s o  a c o n t r i b u t i n g  f a c t o r  he re ,  i t s  e f f e c t  i s  a l s o  i n d i c a t e d . '  I t s  

r e l a t i v e  c o n t r i b u t i o n  t o  c a l c u l a t e d  marker s h i f t i n g  enhancement i s  

m ino r  f o r  a l l  bu t  th e  s h o r t e r  t im e s ,  and i s ,  t h e r e f o r e ,  ig n o re d .  The 

e x p e r i m e n t a l l y - o b s e r v e d  enhancement o f  marker  s h i f t i n g  is  i n c lu d e d  in 

F i g .  37 f o r  c o m p a ra t i v e  purposes .  I t  i s  o b v io u s  f rom  F i g .  37 t h a t  

marker  s h i f t i n g  enhancement c a l c u l a t e d  f rom the model i s  q u i t e  i n s u f f i -

"The a c t u a l  c a l c u l a t i o n  o f  the the rm a l  expans ion  bend ing  r a d iu s  i s  
g i v e n  in Append ix  A. I t s  e q u i v a l e n t  c o n t r i b u t i o n  t o  A X m was o b ta in e d  
by us i ng Eqn. 23.
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Fig.37. Comparing the observed and calculated values of enhanced marker shifting.
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c i e n t  t o  accoun t  f o r  the e x p e r i m e n t a l l y - o b s e r v e d  enhancement in  the 

nonbend ing ,  c o n s t r a i n e d  c o u p le s ,  the c a l c u l a t e d  v a lu e s  o f  AXm be ing  

more than an o r d e r  o f  magn i tude too s m a l l .  ( L i k e w is e ,  s o l v i n g  Eqn. 23 

f o r  R by em p loy ing  the e x p e r im e n ta l  r e s u l t s  o f  a X^ and Xm y i e l d s  

v a lu e s  o f  R w h ic h  a re  more than an o r d e r  o f  magn i tude too  l a r g e . )  

However,  bo th  the  e x p e r im e n ta l  and c a l c u l a t e d  marker  s h i f t i n g  enhance­

ments in F i g .  37 do in c re a s e  p a r a b o l i c a l 1y w i t h  t im e .  These r e s u l t s  

i n d i c a t e  t h a t  w h i l e  the  mass f l o w / d i s l o c a t i o n  model may be v a l i d  in  

p a r t ,  i t  f a l l s  f a r  s h o r t  o f  a d e q u a te ly  d e s c r i b i n g  the  s im u l tan eous  

marker  s h i f t i n g  and c oup le  bend ing  observed in  t h i n - s h e e t  Ag/Au cou ­

p l e s .

T h e r e  a r e  a d d i t i o n a l ,  a n d  v e r y  s i g n i f i c a n t ,  s h o r t c o m i n g s  o f  t h e  

m a s s  f l o w / d i s l o c a t i o n  c l i m b  m o d e l  w i t h  r e g a r d  t o  b e n d i n g .  F i r s t l y ,  

s i n c e  ma s s  f l o w  i s  r e s t r i c t e d  t o  t h e  i n t e r d i f f u s i o n  z o n e ,  i t  f a i l s  t o  

a c c o u n t  f o r  b e n d i n g  o f  t h e  o u t e r ,  n o n d i f f u s e d  p o r t i o n s  o f  t h e  s e m i ­

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

o b s e r v e d  b y  o t h e r s ^ ’ * ^ , 2 7  b e c a u s e  t h e i r  d i f f u s i o n  a n n e a l s  i n d i c a t e  

t h a t  p a r t i a l  h o m o g e n i z a t i o n  e l i m i n a t e d  t h e  n o n d i f f u s e d  m a t e r i a l .  S e c ­

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

s t r a i n t  ( ~ > 1 7 0  / i m)  d i d  n o t  b e n d  m e a s u r e a b l y  w h e n  d i f f u s e d  a t  7 5 0 ° C  b u t  

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

o b t a i n e d  a t  8 5 0 ° C .  S i n c e  i n t e r d i f f u s i o n  a n d  t h e  r e s u l t a n t  mass  f l o w  

w e r e  c o m p a r a b l e  a t  e i t h e r  t e m p e r a t u r e ,  b e n d i n g  w o u l d  h a v e  b e e n  c o m p a r ­

a b l e  i f  mass  f l o w / d i s l o c a t i o n  c l i m b  w a s  p r i m a r i l y  r e s p o n s i b l e  f o r  

b e n d i n g .  T h i r d l y ,  m a s s  f l o w  a r g u m e n t s  d o  n o t  e x p l a i n  t h e  u n b e n d i n g  

o b s e r v e d  d u r i n g  a d v a n c e d  h o m o g e n i z a t i o n  o f  c o u p l e s  w h i c h  h a d  b e e n
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s e v e r e l y  ben t  e a r l i e r  in d i f f u s i o n .  Answers to  the above c o n s i d e r a ­

t i o n s  a re  g i v e n  by the s t r e s s  a n a l y s i s  p resen ted  be low.

S i m p l i f i e d  Bending S t re s s  A n a l y s i s "

An e x p r e s s io n  is  d e r i v e d  t o  d e s c r i b e  the  s t r a i n  r a t e  a t  the 

t e r m in a l  s u r fa c e s  o f  bend ing  c o u p le s .  I t  w i l l  then be shown ' t h a t  

the  d e v i a t i o n  o f  the  vacancy c o n c e n t r a t i o n  f rom  the e q u i l i b r i u m  

v a lu e  a p p r o p r i a t e  t o  each p o i n t  o f  the d i f f u s i o n  zone produces 

t h ro u g h o u t  the  e n t i r e  c oup le  a s t r e s s  d i s t r i b u t i o n  w h ic h  wou ld  cause 

the  c o u p le  t o  bend in  the observed  manner.  These s t r e s s e s  can a t t a i n  

m agn i tudes  w h ich  a re  s u f f i c i e n t  t o  de fo rm  p l a s t i c a l l y  the  t h i n  (88 

yum t h i c k )  c o u p le s .

The a n a l y s i s  i s  begun by . g e o m e t r i c a l l y  d e s c r i b i n g  the c o u p le  in  

F i g .  35 a c c o r d in g  t o

yD o R9 24(a )

and

y0 - *yc 88 (R " c)e •• • 2 4(b)
E l i m i n a t i n g  0 f rom  the above e x p re s s io n s  y i e l d s

R _ c yQ -  4 y c ^  t
R “ - '  y0 -  ' * *5 21,<c>

, where  Gc = s t r a i n  a t  the t e r m in a l  s u r f a c e  o f  the c o u p le  = ^ y ^ / y Q- 

From Eqn. 2 4 ( c ) ,

•c - if «

*The s t r e s s  a n a l y s i s  was o r i g i n a t e d  by P ro fe s s o r  G. W. Pcwe11, The 
Ohio S t a t e  U n i v e r s i t y ,  1971.
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D i f f e r e n t i a t i n g  w i t h  r e s p e c t  to  ( d i f f u s i o n )  t im e and r e a r r a n g in g  terms 

y i e l d s

= -  c K  * • '  26
L R2

Having r e l a t e d  s t r a i n  t o  the r a t e  o f  c oup le  bend ing  v i a  Eqn. -26, we 

c o n s id e r  nex t  the g e n e r a t i o n  o f  such s t r a i n s  by the s t r e s s e s  genera ted  

f rom the e l i m i n a t i o n  o f  n o n e q u i l i b r i u m  vacancy  c o n c e n t r a t i o n s  w h ic h  

fo rm  d u r i n g  d i f f u s i o n .

F i r s t ,  an e x p r e s s io n  o f  the n o n e q u i l i b r i u m  vacancy  c o n c e n t r a t i o n  

i s  d e r i v e d  f rom  d i f f u s i o n  k i n e t i c s .  In so d o in g ,  i t  i s  assumed t h a t  

the  d i s t r i b u t i o n  o f  Ag (o r  Au) i n  the coup le  i s  g i v e n  by the  Grube 

e q u a t i o n

NAg = 2 D + e r f (q ) ]  29

, where N = mole f r a c t i o n ,

e r f  (q)  = - r r  e x p ( - q 2) dq
Tr 2 /

q ** x / ( 4 D t )  =

For the  n e t  f l u x  g iv e n  by

JAg + JAu + JV ", 0 . ■ 30

, F i c k ' s  second law f o r  v ac an c ies  may be w r i t t e n  as

4r ■ ■ £<Jv> ■ -A <ja3 - -w ■
.  j l v  D ^ A a . 0 2 0 m ]  . . . 3 1 (b)

d t  &x L Ag 3 X  Au a x  J

d  ^Aq d Nau
Assuming D independent  o f  c o m p o s i t i o n  and l e t t i n g  ^  ^ -------------



From Eqn. 29

2
9 v p y n ( - y ... 333 2N/\q __ 2x e x p ( - x 2/ 4 D t )

^>x2 TT1 / 2 ( 4 D t ) 3 /2

I t  w i l l  be assumed t h a t  the d e v i a t i o n  o f  the vacancy  c o n c e n t r a ­

t i o n  f rom  the  e q u i l i b r i u m  v a l u e ,  £ N y , i s  p r o p o r t i o n a l  to  

i)2 N/\g/ £>x2 . “  T h e r e f o r e ,

aN -  K [ 2x T A ( '  ^
L TT 7 ( ^ D t ) ■i /

o r

Ko x e x p ( - x 2/A D t )
aN = — ----------------------------------------------------------    • • •  3 ^ ( b )

(4D t ) 3 / 2

Now, t h r e e - d im e n s io n a l  l a t t i c e  s t r a i n i n g  in  the d i f f u s i o n  zone r e s u l t s  

f rom  the c o n t r a c t i o n  o r  d i l a t a t i o n  a s s o c ia t e d  w i t h  the e l i m i n a t i o n  o f  

n o n e q u i l i b r i u m  c o n c e n t r a t i o n  o f  v a c a n c ie s ,  a Nv . These s t r a i n s  are  

assumed f r e e  t o  r e l a x  in  a d i r e c t i o n  p a r a l l e l  t o  the  d i f f u s i o n  f l o w ,  

whereas such r e l a x a t i o n  in a d i r e c t i o n  normal t o  the  f l e w  i s  r e s t r a i n ­

ed by the mass i n e r t i a  o f  the  c o u p le .  In o r d e r  t o  m a in t a i n  a non­

ben t  c oup le  in  th e  presence  o f  these u n re la x e d  s t r a i n s ,  i t  i s  neces­

s a r y  t o  impose an o p p o s i t e l y - d i r e c t e d  r e s t r a i n i n g  s t r e s s  a t  the d i f ­

f u s i o n  zone. The magn i tude  o f  t h i s  r e s t r a i n i n g  s t r e s s  i s  dependent 

on a Nv in  the  f o l l o w i n g  manner.

9 9
“ T h is  can be r a t i o n a l i z e d  by o b s e rv in g  t h a t  c) NAg/ e> x i s  a measure 
o f  the r a t e  a t  w h ic h  v a c a n c ie s  are  b e in g  c r e a t e d  o r  d e s t r o y e d ,  as seen 
in  Eqn. 32. T h is  peh nom eno log ico1 v i e w p o in t  i s  i l l u s t r a t e d  in 
Shewmon. '
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Imagine a row o f  atoms,  normal t o  the d i r e c t i o n  o f  d i f f u s i o n  f l o w ,  

a long  w h ich  the vacancy c o n c e n t r a t i o n  is  changed f rom Nv to  Nv + ANv 

by d i f f u s i o n .  B e fo re  d i f f u s i o n ,  t h i s  s t r i n g  o f  nQ l a t t i c e  s i t e s  con ­

s i s t s  o f  Nv nQ v a c a n c ie s  and ( l~ N v ) n 0 a toms.  Subsequent d i f f u s i o n  

a l t e r s  the number o f  l a t t i c e  s i t e s  f rom  nc  t o  n by e i t h e r  c r e a t i n g  o r

d e s t r o y i n g  v a c a n c ie s  a lo n g  the row ( a Nv ) . The number o f  atoms is

then g iv e n  by [ j  -  (Nv + ANV)]J n .  E q ua t ing  the number o f  atoms in

the row g i v e s  [ l  -  (Nv + ANV) J  n = (1 -  Nv ) n 0 , o r

0  "  Nv ) no
n -

I -  Nv -  ANV

By c a l c u l a t i n g  the e n g in e e r i n g  s t r a i n  a lo n g  the  l a t t i c e  s i t e s ,  w h ich

are  assumed s e pa ra ted  by a c o n s t a n t  d i s t a n c e  o f  S,  we o b t a i n  the

s t r a i n  normal t o  the d i f f u s i o n  f l o w ,

n *  -  no S Nv

Gy nQ £  1 -  Nv -  a N v

For Nyi AN v «  1
J

 * A W. ,6V ~  a Nv*  * * * 35

*The above e x p r e s s i o n  i s  o b ta in e d  by assuming t h a t  (1)  a l l  l a t t i c e  
s i t e s ,  w he the r  o c c up ied  by atoms o r  v a c a n c ie s ,  a r e  s epa ra ted  by a con ­
s t a n t  d i s t a n c e ,  and (2) the c r e a t i o n  {o r  d e s t r u c t i o n )  o f  a vacancy 
from the  e q u i l i b r i u m  v a lu e  r e s u l t s  in  the c r e a t i o n  (o r  d e s t r u c t i o n )  o f  
a l a t t i c e  s i t e  a lo n g  a p lane  p e r p e n d i c u l a r  t o  d i f f u s i o n  f l e w .  W h i le  
i t  is  beyond the  scope o f  t h i s  t e x t  t o  r e f i n e  the  above a p p ro x im a t i o n  
o f  s t r a i n  due t o  n o n e q u i l i b r i u m  vacancy c o n c e n t r a t i o n , such a r e f i n e ­
ment m igh t  b e g in  by c o n s i d e r i n g ,  in  an app ro x im a te  manner, (1)  i n t e r ­
l a t t i c e  spac ing  d i s t o r t i o n  due t o  l o c a l i z e d  accommodat ion around a 
vacancy o r  i n t e r s t i t i a l ,  and (2) c r e a t i n g  o r  d e s t r o y i n g  a vacancy w i t h ­
ou t  n e c e s s a r i l y  c r e a t i n g  o r  d e s t r o y i n g  a l a t t i c e  s i t e .  Th is  l a t t e r  
f e a t u r e ,  ( 2 ) ,  p e r m i t s  s u p e r s a t u r a t i o n  o r  u n d e r s a t u r a t i o n  o f  vacan c ies  
by r e p l a c i n g  an atom w i t h  a vacancy o r  v i c e  ve rsa  w i t h o u t  a l t e r i n g  
the number o f  l a t t i c e  s i t e s ,  such as in  the  v e r y  b e g in n in g  o f  K i r k e n -

• ( c o n t i n u e d  )
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T h e r e f o r e ,  the r e s t r a i n i n g  s t r e s s  w h ic h  must be a p p l i e d  to  the r e g io n s  

o f  the d i f f u s i o n  zone t o  c o u n t e r a c t  the  s t r a i n  a long  y due t o  a 

change in  the  vacancy  c o n c e n t r a t i o n  i s  g i v e n  by

Cy  = EGy = E A N V • • •  36

EK0 x exp ( - x 2/^+D t ) 
g  =  ------------   • ■ ■ 3 7

Thus, f rom  Eqns. 3 M b )  and 36,

EKC x e x p ( - x 2 

’v "  ( 4 D t ) 3 / 2

(  c o n t  i nued)
d a l l  d i f f u s i o n  when the vacancy c o n c e n t r a t i o n  i s  s t i l l  near i t s  e q u i l i ­
b r ium  v a l u e .  For  the sake o f  a s i m p l i f i e d  argument ,  o n l y  the  s t r a i n  
in  the s id e  o f  the  c o u p le  g a in i n g  excess vacanc ies  ( th e  A g - r i c h  s i d e ,  
i n  t h i s  case)  w i l l  be d e a l t  w i t h  he re .  A s i m i l a r  approach w i t h  v a r i a ­
t i o n s  in d e t a i l  shou ld  a p p ly  t o  the  v a c a n c y - d e f i c i e n t  ( A u - r i c h )  s i d e .

Let n j  = number o f  l a t t i c e  s i t e s  a lo n g  a row p e r p e n d i c u l a r  t o  the  
d i f f u s i o n  d i r e c t i o n .
Then n^ = ng + n°

f  f  fand n j  = na + ny

, where the  s u p e r s c r i p t s  o and f  r e f e r  t o  b e f o r e  and a f t e r  d i f f u s i o n ,  
r e s p e c t i v e l y ,  and the  s u b s c r i p t s  a and v r e f e r  to  atoms and v a c a n c ie s ,  
r e s p e c t i v e l y .  I t  i s  known t h a t  atoms s u r r o u n d in g  a vacancy tend t o  
r e l a x  e l a s t i c a l l y  i n t o  the  vacancy s i t e ,  i . e . ,  the e f f e c t i v e  l a t t i c e  
space occup ied  by a vacancy in le ss  than  t h a t  o f  a m a t r i x  atom.  I f  
th e  i n t e r a t o m ic  spac ing  i s  6  , then l e t  the space occup ied  by an i n ­
s e r te d  vacancy equa l  of 6 , where of «c 1. (The v a lu e  o f  of f o r  Au-Ag 
m ig h t  be c a l c u l a t e d  f rom  the v a lu e  o f  the  volume c o n t r a c t i o n  due t o  
v a c a n c ie s ;  see F r a i k o r  and H i r t h .  163) Then th e  l e n g t h ,  1, o f  the l a t ­
t i c e  b e f o r e  and a f t e r - d i f f u s i o n  i s  g i v e n  by

1° •= $  n^ + Of £  n °

1^ =  tSng  +  of S n j .

The e n g in e e r i n g  s t r a i n  i n t r o d u c e d  by chang ing  the vacancy c o n c e n t r a ­
t i o n  a lo n g  the l a t t i c e  row d u r i n g  d i f f u s i o n  is

1 f  _ i °  ( S nlj + of 6  n J )  -  ( n°  + *  $ n° )
6

1 °  & n °  + of & n°

(c o n t  i nued )
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CTy y i e l d s  a ne t  s t r e s s  o f  z e ro  ac ros s  the d i f f u s i o n  zone b u t  i t  does 

produce a mechan ica l  moment. T h e r e f o r e ,  a c o u n t e r a c t i n g  moment must 

be e x e r t e d  on the d i f f u s i o n  c o u p le .  Thus"

(7" = —  • • • 3 8

, where  C =? ha 1f t h i c k n e s s  o f  the d i f f u s i o n  c oup le  and th e  s t r e s s  

d i r e c t i o n  i s  normal t o  x .  For the  moment o f  f o r c e s  d i s t r i b u t e d  over  

the c o u p le  equal  t o  z e r o ,

C x 2dx + r  EKo * 2 e x p f - * 2/ ^ )  dx$ + j

-C -C
( * * 0 3 / 2

= 0 39

or

6

( - - - c o n t  i nued)
( na -  ng) + o( (n{  -  n ° )  _ Ana + <*Anv

y n °  + n j  n °  + « n °

I f  o n l y  a f r a c t i o n ,  f ,  o f  the  a n n i h i l a t e d  atom s i t e s  a re  occup ied  by 
v a c a n c ie s  ( th e  o t h e r s  (1 — f ) hav ing  c o n t r i b u t e d  d i r e c t l y  t o  the  d e s t r u c ­
t i o n  o f  l a t t i c e  s i t e s ) ,  then A n v = - f  A na .
Then

A n v ( - 1 / f )  +©CAnv ^  A n v ( -  1 / f )

y + of, n °  n£ + of  n °

S ince  n °  ^  n^  »  anv , n ° ,  and l e t t i n g  of '  = ~ 1 / f

6y SSJ Of 1 A N V

T h is  e x p r e s s i o n  i s  s i m i l a r  t o  t h a t  g i v e n  by Eqn. 35, e x c e p t  f o r  the 
te rm o f 1. I f  o f 1 = c o n s t a n t ,  i t  can be grouped w i t h  o t h e r  c o n s t a n t s ,  
EK0 > ' n the  subsequent  s t r e s s  a n a l y s i s .  However,  the  v a lu e  o f  the 
te rm f  in the e x p r e s s io n  o f  of  1 is  r e l a t e d  t o  the e f f i c i e n c y  o f  o p e r a t ­
ing vacancy s in k s  and i t s  v a l u e ,  c o n s t a n t  o r  n o t ,  i s  no t  known.
* * T h i s  t r e a tm e n t  is  ana lgous  t o  a the rm a l  s t r e s s  a n a l y s i s  g i v e n  by 
Timoshenko and G o o d i e r . ^



~3EK„ +C
................................   ' d x  . . .  40U "  ‘  S x ^ e x p t - ^ A O t ) ] ,

-c

S o lv i  ng y i e l d s
0 cd 2n+l

=  -3EK 0  »  e x p ( - C 2 / t . P t )  ^  2n ( c 2/1 |D t ) 2

^  2C3 3 -5 -  • • ( 2 n + l ) * * ■ /f l
n=l

T h e r e f o r e ,  the s t r e s s  ac ros s  the d i f f u s i o n  c oup le  is  g iv e n  by the  sum 

o f  G*y (Eqn. 37) and O’ "  (Eqn. 4 l ) ,  w h ich  is
oo 2n+1

' 2 / h n * - \  ^ n / r 2 .r r  _ n« e x p ( - x z / 4 D t )  3x e x p ( - C 2/ 4 D t )  2n (C2/ 4 D t )  2 1
(1 .0 t )3 / 2  _  2C3 A  " 3*5*  • * ( 2 n + l )  J ■■■ k2

n=l

Eqn. 42 is  r e a r ran ged  in  terms o f  the d i f f u s i o n  p e n e t r a t i o n  f a c t o r ,  
2

C / 4 D t ,  t o  y i e l d  the  s t r e s s  parameter

(/"• ^  ^ [ e x p ( - x 2/ 4 D t )J (C2/ 4 D t ) 3 / 2 -

2n-H
00 >n / „ 2  2w  n ? o s

|  [ e x p ( - C 2A D t ) ]  2 .  2 <C ^ D t ) j  «

n= 1

For a g iven  D, C, and t  (chem ica l  d i f f u s i o n  c o e f f i c i e n t ,  = 1 .54  x 1 0 " ^  

2 38
cm / s e c ,  c oup le  h a l f t h i c k n e s s ,  and d i f f u s i o n  t im e ,  r e s p e c t i v e l y ) ,  the  

d i s t r i b u t i o n  o f  s t r e s s  a c ro s s  a d i f f u s i o n  c o u p le ,  f j  ( x )  , i s  o b ta in e d  

f rom Eqn. 4 3 . "  Computer s o l u t i o n s  o f  Eqn. 43 were o b ta in e d  f o r  a w ide
4

v a r i e t y  o f  coup les  r e p r e s e n t i n g  d i f f e r e n t  coup le  th ic k n e s s e s  and d i f f u ­

s io n  t im e s .  Times were e s t a b l i s h e d  by a s s i g n in g  v a r i o u s  v a lu e s  t o  

C2/ 4 D t ,  C be ing  c o n s t a n t  f o r  a p a r t i c u l a r  c o u p le  t h i c k n e s s .

* W i th  the RHS d im ens ioned  in  cm-sec,  the LHS ( th e  s t r e s s  pa ram e te r )  is 
g iven  in  cm“ 2 # Note t h a t  GVE is  d im ens ion  1 e s s .
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Append ix  C d e s c r ib e s  the c o m p u ta t io n s .  S t r e s s  d i s t r i b u t i o n s  o f  t h re e  

88 yum-th ick  coup les  d i f f u s e d  a t  750°C f o r  t im es  g i v e n  by C2/ 4 D t  = 4 , 9 ,  

and 18 a r e  p l o t t e d  in F i g .  38.  These s t r e s s  d i s t r i b u t i o n s  were s e l e c t ­

ed because the onse t  o f  measurab le  bend ing  occu rs  a t  C2/ 4 D t  18 

( t - ^ o . S h r )  and the semi -  i n f  i n i te  d i f f u s i o n  t ime l i m i t  i s  reach'ed a t  

C2A D t  4 { t  2.  2h r )  . *

By i n s p e c t i o n  o f  F i g .  38,  the maximum d i f f u s i o n  zone s t r e s s ,

( 7    i s  seen t o  decrease and s h i f t  f u r t h e r  f rom  the  o r i q i n a l  j o i n'■'max ’ J J

(x=0) as d i f f u s i o n  t im e i n c re a s e s .  Such b e h a v io r  can be r a t i o n a l i z e d  

by n o t i n g  t h a t  the  c o n c e n t r a t i o n  g r a d i e n t  w h ich  g i v e s  r i s e  t o  chem ica l  

s t r e s s e s  becomes s m a l l e r  and oc c u p ie s  more o f  the d i f f u s i o n  c o u p le  as 

d i f f u s i o n  p r o c e e d s . " ' '

*These p a r t i c u l a r  va lu e s  a r e ,  o f  c o u r s e ,  un ique  t o  the 88 yum-th ick  
c o u p le s .

^max can be o b ta in e d  by d i f f e r e n t i a t i n g  Eqn. 42 such t h a t  
d & / d x  = 0 .  So d o in g  y i e l d s

3  g  f  I r  x I * 2  / i r n t l  2Xginaxe x P ( - X| „ a x / ‘tD t )
3x " i. L B max ■ (W)t)5/2

2n+l

_ 3 e x p ( - C 2/ 4 D t )  ^  2n (C2/ 4 D t )  2 )
2q3 3- 5- • ■ ( 2 n + l ) j

M u l t i p l y i n g  by and r e a r r a n g in g  terms y i e l d smax

Xc- exp (-Xg- / 4 P t )  3Xc- e x p ( - C 2/ 4 D t )  ro 2n+L
max________ ^   • <5 2n fC / 4 D t l  2

(LD t ) l / 2  2C^ 3 - 5 * * * ( 2 n + l )
'  t n=l

2XC-maxe x p ( - XL x / , ,D t )
VS

( 4 D t ) 5 /2
By compar ing  w i t h  Eqn. 42,  i t  i s  seen t h a t

( c o n t i n u e d - - - )
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Fig. 38 . The stress distribution across 8 8 pm -thick couples diffused at 7 5 0 ° C.
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The s t r e s s e s  a t  the t e r m in a l  ends o f  the c o u p le s ,  g i v e n  by the 

c a l c u l a t e d  s t r e s s  pa ram e te r  <TC . a re  r e s p o n s ib l e  f o r  p l a s t i c  de fo rma­

t i o n  bend ing  o f  the o u te r m o s t ,  n o n d i f f u s e d  m a t e r i a l  o f  pure  Ag o r  pure 

Au. The magn i tude o f  G"c i s  e s t im a te d  nex t  by compar ing th e  bend ing  

s t r a i n  r a te s  t o  known s t e a d y - s t a t e  c reep  s t r a i n  r a t e s  ( 6 ) o f  Au. The 

e x p e c t a t i o n  t h a t  c reep  k i n e t i c s  m ig h t  d e s c r ib e  c o u p le  bend ing  f o l l o w s  

f rom  the  f a c t  t h a t  bend ing  o c c u rs  g r a d u a l l y  a t  e l e v a t e d  t e m p e ra tu re s ,  

and the  d e f o r m a t i o n  e f f e c t s  observed  f o r  the  coup les  ( d e s t r u c t i o n  o f  

f o rm e r  g r a i n s ,  s u b g ra in  f o r m a t i o n ,  g r a i n  boundary m i g r a t i o n ,  and g r a i n  

boundary  s l i d i n g )  a re  c h a r a c t e r i s t i c  o f  c reep  d e f o r m a t i o n . App ro ­

p r i a t e  c reep  da ta  f o r  Au a re  g i v e n  by Sherby and B u r k e , w h e r e  t h e i r  

s t e a d y - s t a t e  c reep  s t r a i n  r a t e  is  g i v e n  in  the  fo rm  o f  (;L2/D ,  w i t h  

L = g r a i n  d ia m e te r  and D = d i f f u s i o n  c o e f f i c i e n t .  M o d i f y i n g  our  bend­

in g  s t r a i n  r a t e  e x p r e s s i o n ,  Eqn. 26, t o  conform t o  t h e i r  f o rm a t  is  

done by m u l t i p l y i n g  bo th  s id e s  o f  Eqn. 26 by the c o n s t a n t  L^ /D ,

T h i s  y i e l d s

6c L2/D = ^  ( - ^ )  ■** bk

(  c o n t  i nued)

r  „  2EK°  4 maX« P < - Xi a x A ° t )

^max (^D t) ^ / 2
*  I t  i s  assumed t h a t  c o u p le  bend ing  i s  o c c u r r i n g  in  the  s t e a d y - s t a t e  
range because 6 f o r  the sem i- i n f i n i t e  bend ing  c o u p le s  v a r i e s  f rom 0.01 
t o  0 . 2  and B u r to n  and Greenwood (Meta? S c i .  J n l . ,  b,  1970, p . 215) found 
t h a t  p r im a r y  c reep  i s  a lways  absen t  f o r  € £  1 x 10"^  f o r  pure  Cu 
t e s t e d  under  a w id e  v a r i e t y  o f  l o w - s t r e s s  h i g h - t e m p e r a t u r e  c o n d i t i o n s .  
(Cu l i e s  d i r e c t l y  above Ag and Au in  group IB o f  the p e r i o d i c  t a b l e  and 
has th e  same c r y s t a l  s t r u c t u r e ,  FCC, as Ag and Au; these s i m i l a r  
f e a t u r e s  i n d i c a t e  t h a t  th e  c reep  b e h a v io r  o f  Cu, Ag, and Au would  
1 i k e l y  be s i m i l a r .  -*)
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For ou r  pu rpose ,  L = C = 0 .044  mm and D is  c a l c u l a t e d  f rom the gene ra l  

A r r e h n i u s  e x p r e s s i o n  o f  the s e 1f - d i f f u s  ion  c o e f f i c i e n t  o f  Au '®? t o  be
j- 2

A . 036 x 10” -1 mm / h r .  Va lues o f  -  d u r i n g  bend ing  o f  semi -  i n f  i n i  t e ,

88 ^ jm - t h i c k  coup les  a re  o b ta in e d  f rom our  e x p e r im e n ta l  r e s u l t s  g i v e n  

by Eqn. 5.  Employ ing these  in Eqn. 44 y i e l d s  f o r  the  bend ing  cou p le s  

0 .3  ~  GCL2/D ;6 0 . 5 .  From the Au c reep  cu rv e  o f  Sherby and Bu rke ,  ^ 6  

t h i s  c o r re s pond s  t o  c reep  s t r e s s e s  w h ic h  v a r y  between 140 p s i  a t  t  B 

0 .5  h r  and 170 p s i  a t  t  = 2 .2  h r .  T h is  i s  c l e a r l y  in  the l o w - s t r e s s  

ra n g e .  Thus, p l a s t i c  d e f o r m a t i o n  a t  the  t e r m in a l  ends o f  the  coup les  

i s  i n d i c a t i v e  o f  h i g h - t e m p e r a t u r e ,  l o w - s t r e s s  c re e p .

The c a l c u l a t e d  v a lu e s  o f  (Tq .shown in F i g .  39 r e v e a l  t h a t  the 

c re e p  s t r e s s  a t  x  = C i s  h i g h e s t  e a r l y  in  d i f f u s i o n  and decreases  by 

a b o u t  15% as d i f f u s i o n  p ro g re s s e s  t o  the  s e m i - i n f i n i t e  l i m i t .  However,  

the  p re c e e d in g  a n a l y s i s  w h ic h  r e l a t e d  c oup le  bend ing  t o  known c reep  

b e h a v io r  i n d i c a t e d  the in v e rs e  s i t u a t i o n  o f  the  s t r e s s  i n c r e a s in g  mod­

e r a t e l y  ( f r o m  140 t o  170 p s i ,  o r  20%) d u r i n g  the  same t im e  p e r i o d .  The

Op c a l c u l a t i o n s  i n d i c a t e  t h a t  t h i s  in c rea s e  in  s t r e s s  as d i f f u s i o n  

p ro g re s s e s  i s  p h y s i c a l l y  u n r e a l i s t i c .  I t  i s  conc luded  f rom t h i s  t h a t  

w h i l e  a l l  va lues '  o f  bend ing  s t r e s s  a t  the  c o u p le  t e r m in a l  ends a re  in  

th e  range o f  l o w - s t r e s s  c re e p ,  the k i n e t i c  d e t a i l s  o f  bend ing  by c reep  

d e f o r m a t i o n  a re  no t  d e s c r ib e d  a d e q u a te l y  by the  l i m i t e d  amount o f  

b en d in g  d a ta  o b ta in e d  in  t h i s  r e s e a r c h . '

" S h o u ld  a s i g n i f i c a n t  amount o f  a c c u r a t e  c oup le  bend ing  d a ta  be gene r ­
a te d  in  a f u t u r e  e x p e r im e n t ,  e s p e c i a l l y  f o r  the  v e r y  e a r l y  s tage  o f  
b e n d in g ,  a d d i t i o n a l  c reep  s t r e s s  i n f o r m a t i o n  m ig h t  be o b ta in e d  f rom 
the s t e a d y - s t a t e  c reep  r e l a t i o n s h i p  6 = a c f m, where a and m a re  e m p i r i -

( c o n t i n u e d  )
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The maximum s t r e s s  in the  d i f f u s i o n  zone ( f%ax) can be e s t im a te d  

f o r  a g i v e n  d i f f u s i o n  t im e .  For  a d i f f u s i o n  anneal  o f  0 .5  h r ,  C^/UDt 

= 18 ( the onse t  o f  measureab le  b e n d in g ) ,  s t r e s s  c a l c u l a t i o n s '  show t h a t

^  0 . 1 8 . * *  S ince CTr  ~  1^0 ps i , (7  ^  780 p s i .  In a c t u a l  p r a c -
(Tmax C ^ wmax

t i c e ,  the value of  (7^ax w i l l  be l im i te d  by an e ng ine er ing - type  y i e l d  

stess o f  the d i f f u s i o n  zone m a t e r i a l .  There fore ,  c a lc u la te d  values of  

(7^a x , such as given above, could be f i c t i c i o u s l y  high and may, in f a c t ,  

be lower.  Modi y ing the c a lc u la te d  s t ress  d i s t r i b u t i o n  to account for  

the l i m i t  on (fmax requ i res  a p p ro p r ia te  eng ineer ing  s t ress  da ta .  Since  

such data  .is lack ing ,  the s t ress  d i s t r i b u t i o n  is l e f t  as is .

Resu l ts  o f  the bending s t ress  an a lys is  can be used to e x p la in  the 

exp er im enta l ly -ob served  bending. Most notab le  is the evidence th a t  

the pr imary f a c to r  c o n t r o l l i n g  bending dur ing the e a r l y  per iod of  

d i f f u s i o n  is the s t ress  d i s t r i b u t i o n  which a r is e s  as a r e s u l t  o f  non­

e q u i l ib r i u m  vacancy co n cen tra t io n s .  This is ind ica ted  by the c a p a b i l ­

i t y  o f  the e a r l y - t i m e  ( 0 .5  hr)  s t ress  d i s t r i b u t i o n  to induce creep  

deformat ion in the o u te r ,  nondif fused por t io n  of  the 88>um-th ick couple .

(  c o n t  i nued)
c a l  c o n s t a n t s  f o r  m e ta ls  and a l l o y s ,  and m in a g i v e n  system assumes 
i n t e g e r  v a lu e s  dependent  on the  s t r e s s  l e v e l .  °  Combin ing t h i s
c re e p  e x p r e s s i o n  w i t h  the  bend ing  e x p r e s s i o n ,  Eqn. 26, y i e l d s  f o r  c reep  
a t  the  c o u p le  ends (x = C)

R/R^ -  o(. CTq , where o( -  -  a /C ,  an e m p i r i c a l  c o n s ta n t

I n  th e  e a r l y  s tage  o f  d i f f u s i o n  and bend ing  where (7q i s  c o n s t a n t  (see 
F ig -  3 9 ) ,  the e x p r e s s io n  reduces  t o  a r e c i p r o c a l  r e l a t i o n s h i p  between 
ben d in g  r a d iu s  and d i f f u s i o n  t ime g iv e n  by R = k / t .  I t  was a t te m p ted  
t o  employ the  bend ing  da ta  (R , R^) and c a l c u l a t e d  s t r e s s e s  ( (Tq) f rom 
t h i s  r e s e a rc h  in  the  above r e l a t i o n s h i p s ,  b u t  the  r e s u l t s  i n d i c a t e d  
t h a t  the bend ing  da ta  were  to o  few t o  y i e l d  m ean ing fu l  i n f o r m a t i o n  
f ro m  t h i s  p a r t i c u l a r  app roach .
-•Since the  r a t i o  Gq/  £jmax i s  c o n t i n u o u s l y  chang ing  w i t h  t im e ,  the 
v a lu e  c a l c u l a t e d  here i s  r e s t r i c t e d  t o  the p a r t i c u l a r  d i f f u s i o n  t ime 
s e le c  t e d .
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D u r in g  t h i s  e a r l y  p e r i o d ,  the s t r e s s e s  in  the d i f f u s i o n  zone a re  h igh  

( e . g . ,  F i g .  3 8 )  a n d  they  i n h i b i t  the c l im b  o f  d i s l o c a t i o n s  p a r a l l e l  t o
g

the d i f f u s i o n  f l o w .  T h is  i n h i b i t s  bend ing  v i a  the mass f l o w / d i s l o c a ­

t i o n  c l i m b  mechanism. T h e r e f o r e ,  the bend ing  o f  the c oup le  r e s u l t s  

s im p l y  f rom  u n c o n s t r a in e d  p l a s t i c  f l o w .  However,  f o r  lo n g e r  t im e s ,  

the  s t r e s s e s ‘ in  the d i f f u s i o n  zone a re  much lower  ( F i g .  3 8 ) ;  hence con­

d i t i o n s  a r e  more f a v o r a b l e  f o r  d i s 1o c a t i o n - c 1imb bend ing  t o  o p e r a te .  

Even in  t h i s  case ,  bend ing  r e q u i r e s  p l a s t i c  f l o w  o f  the  re g io n s  o f  the 

c o u p le  o u t s i d e  the  d i f f u s i o n  zone. Thus, the p r im a r y  mode o f  bend ing  

i s  b e l i e v e d  t o  be p l a s t i c  f l o w  o f  the coup le  by means o f  d i f f u s i o n -  

induced s t r e s s ,  w i t h  o n l y  a m ino r  bend ing  c o n t r i b u t i o n  f rom the mass 

f l o w / d i s l o c a t i o n  c l im b .m echan ism . .

I t  i s  b e l i e v e d  t h a t  the  m a s s -c o n s t ra in e d  cou p le s  (170 and 335 /im) 

d i d  no t  bend m easureab ly  t h ro u g h o u t  750°C d i f f u s i o n  because o f  i n s u f ­

f i c i e n t  bend ing  s t r e s s e s  a t  the  o u t e r ,  n o n d i f f u s e d  p o r t i o n s  o f  these 

t h i c k e r  c o u p le s .  T h is  i s  shown i n  F i g .  *t0, where s t r e s s  d i s t r i b u t i o n s  

a re  p l o t t e d  f o r  t h re e  i d e n t i c a l l y - d i f f u s e d  (<~1.5  h r  a t  750°C) coup les  

o f  d i f f e r e n t  t h i c k n e s s e s ,  88 ,  170, o r  335 /Jm. The o u te rm o s t  bend ing  

s t r e s s ,  (Tc , is- l a r g e s t  in  the 88 /u rn - th ick  c o u p le  and decreases  m arke d ly  

w i t h  i n c r e a s i n g  c oup le  t h i c k n e s s .  Th is  e f f e c t  o f  mass c o n s t r a i n t  on 

( i s  m a in t a i n e d  when the  c o u p le s  d e s c r ib e d  in  F i g .  U0 a re  f u r t h e r  

d i f f u s e d  t o  t h e i r  r e s p e c t i v e  semi- i n f i n i t e  l i m i t s .  T h is  i s  shewn in 

F i g .  4 l . "  The e f f e c t  o f  c o u p le  t h i c k n e s s  (mass c o n s t r a i n t )  on the

* F i g .  41 a l s o  shows t h a t  the f a m i l y  o f  s t r e s s  d i s t r i b u t i o n  cu rves  g iven  
by " C ^ / ^ D t  = v a r i a b l e  c o n s t a n t "  e x h i b i t s  common r o o t s  g iv e n  by the n o r ­
m a l i z e d  p o s i t i o n s  and X(j-=q/C .
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bend ing  s t r e s s  i s  summarized in  F i g .  h i ,  where i t  i s  seen t h a t

CTc l - ' v f o r  semi -  i n f  i n i te  cou p le s  h a v in g  the  same f r a c t i o n  o f  t h e i r  
C2

th i c k n e s s  occup ied  by the  i n t e r d i f f u s i o n  zone,  i . e . ,  f o r  c o u p le s  hav-  

ing  the  same v a lu e  o f  C / 4 D t .  I t  i s  e v i d e n t  f rom  F i g .  h i  t h a t  the e x ­

t e n t  o f  i n t e r d i f f u s i o n  i s  much le ss  i n f l u e n t i a l  on bend ing  s t r e s s  than 

i s  c o u p le  th i -ckness .  {C2/* tDt  18 co r re s p o n d s  t o  the d i f f u s i o n  zone 

occup py in g  ' v  5 o f  the c o u p le  t h i c k n e s s ,  whereas d i f f u s i o n  ex tends  t o  

the  semi -  i n f  i n i te  l i m i t  when C2/*tDt  . To i l l u s t r a t e  the e f f e c t  o f

t h i c k n e s s ,  the c re e p  s t r a i n  r a t e  d u r i n g  bend ing  o f  the 88 / j m - t h i c k  

cou p le s  i n d i c a t e d  in  F i g .  h i  i s  c a l c u l a t e d  f rom Eqns.  5 and 26 t o  be

6g 1.7 *  10"^  sec ”  ̂ when Oq ps i and C^/*4Dt = 18. Employ ing

the  r e l a t i o n s h i p  G”q ^  anc* c r e e P da ta  used e a r 1i e r ,106 the

* 0
s t r a i n  r a t e  f o r  the. c o r re s p o n d i  ng (C / h D t  -  18) 335 / u m - t h i c k  c o u p le s  in 

F i g .  h i  i s  6q / v  2 .7  x 10” ^ s e c ” ' .  T h i s  i s  a p p r o x im a t e l y  f o u r  o r d e r s  

o f  magn i tude s m a l l e r  than the s t r a i n  r a t e  o f  the  88 ju m - th ic k  c o u p le ,  

t h e r e b y  e x p l a i n i n g  the absence o f  d e t e c t a b l e  bend ing  o f  the  335 /urn- 

t h i c k  c o u p le s .

The in c re a s e d  p r o p e n s i t y  f o r  the  m o d e r a te l y  t h i c k  couples { —'170 /jm) 

t o  bend a t  the h i g h e r  d i f f u s i o n  te m p e ra tu re  o f  850°C is  p r o b a b ly  caus ­

ed by the decreased r e s i s t a n c e  t o  c reep  f l o w  a t  h ig h e r  t e m p e ra tu r e s .

The unbend ing  o f  p r e v i o u s l y - b e n t  c o u p le s  i n d i c a t e s  t h a t  the bend­

ing  s t r e s s e s  a t  the  o u t e r  p o r t i o n s  o f  the  c o u p le  change t h e i r  s ig n  in 

the  advanced s tages  o f  h o m o g e n iz a t io n ,  i . e . ,  f rom  com press ion  t o  t e n -

^ T h i s  r e l a t i o n s h i p  can be o b t a i n e d  f rom  the s t r e s s  d i s t r i b u t i o n  e x p r e s ­
s io n  (Eqn. *t3) by s e t t i n g  x = C and C2/h D t  = v a r i a b l e  c o n s t a n t ,  w h ic h  
reduces the e x p r e s s io n  t o  (Jq -  where v 1 = a c o n s t a n t  g iven  by 
v '  =' (C2A D t ) .  C
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s io n  in  the  A g - r i c h  s id e  and v i c e  ve rsa  f o r  the A u - r i c h  s i d e .  Th is  

can be v i s u a l i z e d  f rom  F i g .  38 by im a g in in g  a s t r e s s  cu rve  f o r  C^/4Dt  

« h  w h ic h  ex tends  ac ross  the A g - r i c h  c o u p le  h a l f  w i t h o u t  i n t e r s e c t i n g  

the a b s c is s a ,  t h e r e b y  im p a r t i n g  a s t r e s s  a t  the  A g - r i c h  end o f  the same 

sense ( t e n s i o n )  as the maximum s t r e s s  in the d i f f u s i o n  zone. The 

s t r e s s  d i s t r i b u t i o n  f o r  t h i s  case was- no t  computed h e re .  The computa­

t i o n  wou ld  be q u i t e  l e n g t h y  and wou ld  i n v o l v e  the homogen iz ing  s o l u t i o n  

t o  F i c k ' s  second law g iven  by Crank.

The o c c u r re n c e  o f  the s t r e s s  r e v e r s a l  and unbend ing  d u r i n g  advanc­

ed ho m o g e n iz a t io n  c o r re s p o n d s  t o  the  lo ss  o f  the  bu lge  and den t  s u r ­

fa c e  d e f o r m a t i o n  in  the v e r y  same coup les  (see F ig .  2 5 ( c ) ) ,  Th is  

i n d i c a t e s  t h a t  the re v e rs e d  s t r e s s e s  c o u ld  h a v e . c o n t r i b u t e d  t o  the 

lo ss  o f  b u lg e  and d e n t .  I f  so,  the  sense o f  bu lge  and den t  de fo rma­

t i o n  c o r re s pond s  t o  the sense o f  the  d i f f u s i o n - i n d u c e d  s t r e s s e s  t h ro u g h ­

o u t  a l l  s tages  o f  d i f f u s i o n .  However,  t h i s  co r respondence  d u r i n g  

advanced h o m og en iz a t ion  is  made u n c e r t a i n  by the  p o s s i b i l i t y  t h a t  

s i n t e r i n g  c o u ld  a l s o  c o n t r i b u t e  t o  the d isappe a re nce  o f  the b u lg e  and 

d e n t .  F u r th e rm o re ,  i t  i s  s t i l l  n o t  known how much mass f l o w ,  in  i t s e l f ,  

c o n t r i b u t e s  d i r e c t l y  t o e i t h e r  b u lg e  and den t  o r  s u r f a c e  r i p p l i n g .  

T h e r e f o r e ,  the  n a t u r e  o f  s u r f a c e  d e fo r m a t i o n  rema ins u n c e r t a i n .

I t  i s  b e l i e v e d  t h a t  the  d i f f u s i o n - i n d u c e d  s t r e s s e s  can a l s o  ex­

p l a i n  the i n t e r n a l  c r a c k i n g  b e h a v io r  r e p o r te d  e a r l i e r .  The 8 8 / jm- 

t h i c k  co u p le s  c racked  le ss  r e a d i l y  than t h e i r  n i l - b e n t ,  m a s s - c o n s t r a i n ­

ed c o u n t e r p a r t s  because the s t r e s s  expended d u r i n g  bend ing  lowered the

s t r e s s  a v a i l a b l e  f o r  c r a c k i n g .  Deeper w e ld i n g  r e ta r d e d  o r  p reven ted  
*

c r a c k i n g  by d e c r e a s in g  the c o n c e n t r a t i o n  g r a d i e n t ,  and t h i s ,  in  t u r n ,
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decreased the s t r e s s e s  gene ra ted  d u r i n g  d i f f u s i o n  a n n e a l i n g .  A l s o ,  

the deeper w e ld i n g  p r o b a b l y  r e s u l t e d  in  a more m e c h a n i c a l l y - s t a b l e  

w e ld i n g  i n t e r f a c e  w h ic h  r e s i s t e d  c r a c k i n g  s t r e s s e s  b e t t e r .  The 

in c reased  p r o p e n s i t y  t o  c r a c k  a t  h i g h e r  d i f f u s i o n  tem p e ra tu res  may have 

been promoted by the in c re a s e d  r a t e  o f  s t r e s s  g e n e r a t i o n  a t  the h ig h e r  

t e m p e r a tu r e s ’ and perhaps by in c rea s ed  g r a i n  boundary s l i d i n g .

Po ros i  t y

A l th o u g h  a d e t a i l e d  s tu d y  o f  p o r o s i t y  was no t  a p r im a r y  goa l  o f  

t h i s  re s e a rc h  some m e t a l l o g r a p h i c  o b s e r v a t i o n s  o f  p o r o s i t y  and measure­

ments o f  p o r o s i t y  s h i f t i n g  were made in  the  course  o f  the i n v e s t i g a ­

t i o n  and a re  r e p o r t e d  be low.

C o n s t r a i n i n g  E f f e c t s  on P o r o s i t y ;  .. .

I t  was found t h a t  the  q u a n t i t y  o f  app a ren t  p o r o s i t y  depended 

m a rk e d ly  on m e t a l l o g r a p h i c  p r e p a r a t i o n .  T h e r e f o r e ,  measurements o f  

the  a b s o lu t e  amount o f  p o r o s i t y  in  the  coup les  c o u ld  no t  be made w i t h  

any re a s o n a b le  amount o f  c e r t a i n t y .  However, some s e ts  o f  co u p le s  

were mounted and p repa red  in  the same m e t a l l o g r a p h i c  mount,  t h e re b y  

p e r m i t t i n g  compar isons  o f  the r e l a t  i ve amounts o f  p o r o s i t y  in  those 

p a r t i c u l a r  couples. . -  Such compar isons  are  g i v e n  n e x t  t o  i l l u s t r a t e  the 

observed  e f f e c t s  o f  mass and mechan ica l  c o n s t r a i n t  on the amount o f  

poros  i t y .

In a l l  coup les  d i f f u s e d  f r e e  o f  mechan ica l  c o n s t r a i n t ,  the amount 

o f  p o r o s i t y  in c rea sed  c o n t i n u o u s l y  w i t h  i n c r e a s in g  i n t e r d i f f u s i o n .

T h is  was observed  in  each o f  the f o u r  s e r i e s  o f  c o u p le s ;  88 / jm/ 750°C, 

132 pm/  750°C, 335 p m/  750°C, and 163 pm/  850°C. F i g .  *+3 shows a few 

o f  the  c o u p le s  f rom  the 88 pm/  750°C s e r i e s .  Note t h a t  the p o r o s i t y
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has reached the A g - r i c h  te rm in u s  in  the p a r t i a l l y - h o m o g e n i z e d  c oup le  in  

F i g .  4 3 ( d ) .

The amount o f  i n t e r d i f f u s i o n  a lo n e  d i d  no t  d i c t a t e  p o r o s i t y  volume. 

For c o u p le s  f r e e  o f  mechan ica l  c o n s t r a i n t ,  the amount o f  p o r o s i t y  de­

c reased  as c oup le  t h i c k n e s s  in c rea s ed  f rom  88 t o  170 t o  335 /Jm, as 

shown in  F ig . '  44.  Th is  e f f e c t  o f  c o u p le  t h i c k n e s s  d isappe a re d  when 

c o u p le s  were s u b je c te d  t o  m echan ica l  c o n s t r a i n t ,  v i z ,  when th re e  semi­

i n f i n i t e  c o u p le s ,  88 ,  170, and 335 yu m - th ic k ,  were i d e n t i c a l l y  d i f f u s e d  

under  mechan ica l  c o n s t r a i n t ,  a l l  t h r e e  coup les  d i s p la y e d  s i m i l a r  

amounts o f  p o r o s i t y .  Th is  i s  dem ons t ra ted  in F i g .  45 f o r  two o f  the 

c o u p le s .  A l l  c o u p le s  d i f f u s e d  under mechan ica l  c o n s t r a i n t  had much 

le ss  p o r o s i t y  than t h e i r  n o n m e c h a n i c a l l y - c o n s t r a i n e d  c o u n t e r p a r t s ,  as 

t y p l i f i e d  by the two p a i r s  o f  c o u p le s  seen in  F i g .  46,  one p a i r  b e in g  

th e  semi- i n f i n i t e , 335 yum-th ick  cou p le s  14 and 15, the  o t h e r  p a i r  

b e in g  the p a r t i a l l y - h o m o g e n i z e d  88 yum-th ick  coup les  $ and 10. F u r t h e r ­

more, c o n t in u e d  d i f f u s i o n  o f  the  m e c h a n i c a l l y - c o n s t r a i n e d  c o u p le s  be­

yond the v e r y  e a r l y  s tage  o f  d i f f u s i o n  d i d  no t  in c re a s e  s i g n i f i c a n t l y  

th e  amount o f  p o r o s i t y ,  as can be seen by compar ing  the 335 yum-th ick  

.coup les d i f f u s e d  f o r ~  2 o r  ~ 16 h r ,  F i g s .  46 (b )  and 4 5 ( b ) .

D u r in g  p o r o s i t y  g ro w th ,  the  c o u p le s  f r e e  o f  m echan ica l  c o n s t r a i n t  

underwent  a s l i g h t  s w e l l i n g  in  t h i c k n e s s  ( p a r a l l e l  t o  the d i f f u s i o n  

f l o w ) ,  v e r y  r o u g h ly  a t  a r a t e  o f  2 yum/hr d u r i n g  the  f i r s t  4 h rs  a t  

750°C and l ^ m /h r  t h e r e a f t e r . "  T h is  s w e l l i n g  r e s u l t s  f rom  volume

"The t h i c k n e s s  measurements employed t o  d e t e c t  s w e l l i n g  were a p p r o x i ­
mate because o f  (1) the + 1.25yum p r e c i s i o n  l i m i t  o f  the v e r n i e r  m i c r o ­
m e te rs ,  and (2) the s u r f a c e  p e r t u b a t i o n s  w h ich  deve loped  d u r i n g  d i f f u ­
s io n  ( g r a i n  boundary s l i d i n g ,  o v e r a l l  s u r f a c e  r o u g h e n in g ) .
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(a)  88 îm

(b) 170

(c )  335 /Jm

A l l :  a s - p o l i s h e d ,  90X

F ig .  M i .  E f f e c t  o f  c oup le  t h i c k n e s s  (mass c o n s t r a i n t )  on the 

amount o f  p o r o s i t y  in  i d e n t i c a l l y - d i f f u s e d  c o u p le s .  A l l  c o u p le s ;

t h i c k n e s s  ( -2C)  shown/ 750°C 1.A8 h r ,  s e m i - i n f  i n i t e .  The amount o f  

p o r o s i t y  decreases  w i t h  i n c r e a s in g  c o u p le  t h i c k n e s s .
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Ag  g m atim v

1 . '  ■ *  *. •

A u __

(a)  170 /jm

Both :  a s - p o l i s h e d ,  75X

(b)  335 fJm

F i g .  ^5 .  E f f e c t  o f  m echan ica l  c o n s t r a i n t  on the  amount o f  p o r o s i t y  

in  i d e n t i c a l l y - d i f f u s e d  c o u p le s  h av ing  d i f f e r e n t  t h i c k n e s s e s .  Both 

c o u p le s :  t h i c k n e s s  (=2C) shown/ 750°C/  2 .03  h r ,  semi- i n f i n i t e . 

P o r o s i t y  d e n s i t y  is  s i m i l a r  in  b o th  cou p le s  seen here ,  and i s  a l s o  

s i m i l a r  in  the  t h i n n e s t  (88 /jm) c o u p le  o f  t h i s  s e r i e s  w h ic h  is  no t  

shown he re .



(a )

' ■ ' - v l - ^ y -

mmM

335 yum/ 7 5 0 ° C / 16 h r ,  s e m i - i n f  i n i  te

«iWmi i

2  -

■:*. * n  V - -  '
■t /  ; «**

v-v

(c ) 88 yim/ 750°C/  ^  11 h r ,  p a r t i a l l y  homogenized t o  N/\g 0 .8 ^  o r  0 .29 (d)

F ig .  k€>. Decreased p o r o s i t y  growth by mechanical  c o n s t r a i n t .  The m e c h a n ic a l l y - c o n s t r a in e d  coup les  

t o  the r i g h t  c o n t a i n  much less  p o r o s i t y  than t h e i r  n o n m e c h a n ic a l l y - c o n s t ra in e d  c o u n te r p a r t s  t o  the 

l e f t .  A l l  coup les :  a s - p o l i s h e d ,  ( a ) ,  ( b ) :  90X. ( c ) ,  ( d ) :  360X. £
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i n c re a s e s  w h ic h  accompany p o r o s i t y  f o r ma t i o n . ^ C o n v e r s e l y ,  the 

m e c h a n i c a l l y - c o n s t r a i n e d  cou p le s  m a in ta in e d  t h e i r  t h ic k n e s s e s  t h ro u g h ­

o u t  d i f f u s i o n ,  o r ,  in the  case o f  the 335 yum - th ick  c o u p le  d i f f u s e d  f o r  

~ 1 6  h r ,  decreased v e r y  s l i g h t l y  (a few yum) in  t h i c k n e s s .  The r e s t r i c ­

t i o n  t o  s w e l l i n g  and the  decrease  in  t h i c k n e s s  can be a t t r i b u t e d  t o  a 

s l i g h t  amount o f  com press ive  c reep  d e f o r m a t i o n  imposed by the  r e s t r a i n ­

ing  p i s t o n s .  T h i s  mechan ica l  com press ion  a l s o  i s  b e l i e v e d  r e s p o n s ib l e  

f o r  the  c o n s t a n t  ( o r  n e a r l y  c o n s t a n t )  amount o f  p o r o s i t y  found in  the 

m e c h a n i c a l l y - c o n s t r a i n e d  cou p le s  w h ic h  had d i f f e r e n c e s  i n  t h i c k n e s s  

o r  d i f f u s i o n  t im e .  T h is  e x p l a n a t i o n  c onc u rs  in  p r i n c i p l e  w i t h  the 

o b s e r v a t i o n  by o t h e r s  t h a t  p o r o s i t y  g row th  in b u l k y  K i r k e n d a l l  coup les

i s  r e a d i l y  r e t a r d e d  o r  p re v e n te d  by  e i t h e r  mechan ica l  com press ion  p a r -

7.1 • ■ 44 54 71*
' a l l e l  t o ' t h e  d i f f u s i o n  f l e w  o r  h y d r o s t a t i c  p r e s s u r e .  ’ ’

As no ted  above,  p o r o s i t y  c o n t i n u e s  t o  grow and expand th ro u g h o u t  

the  e n t i r e  d i f f u s i o n  p rocess  in  the  ( t h i n n e s t )  88 yum - th ick  c o u p le s ,  a t  

l e a s t  u n t i l  the po res  reach  the  A g - r i c h  s u r f a c e  d u r i n g  h o m o g e n iz a t io n .  

P o r o s i t y  g row th  in  the t h i n - s h e e t  c o u p le s  i s  i n h i b i t e d  by mass- o r  

m echan ica l  c o n s t r a i n t .  Mechan ica l  c o n s t r a i n t  s i m i l a r l y  i n h i b i t s  p o r o s ­

i t y  g row th  in  b u l k y  c o u p l e s . ^  .U n l ik e  the  88 yum - th ick  c o u p le s ,  however,

po res  in b u l k y  c o u p le s  w h ic h  expand d u r i n g  e a r l y  and i n t e r m e d i a t e  d i f -  

5 6 29 54f u s i o n  s tages  ’ s u b s e q u e n t l y  b e g in  to  s h r i n k  by s i n t e r i n g  d u r i n g

th e  advanced s tages  o f  d i f f u s i o n , 5 * 2 9 ,5 4  som e t ; mes d i s a p p e a r i n g . ^ ^

- 'P o r o s i t y  is  p rev en ted  f ro m  f o rm in g  by ~ ' l , 5 0 0 p s i  ( h y d r o s t a t i c )  in  
C u / N i ^  and Ag/Au, whereas  d i f f u s i n g  under  vacuum r e s u l t s  in e x t r e m e ly  
l a r g e  amounts o f  i n t e r n a l  p o r o s i t y  in  A g /A u r *  P o r o s i t y - p r e v e n t i o n  
p re s s u re s  do no t  a l t e r  d i f f u s i o n  c o e f f i c i e n t s  i n  C u /N i ' ^  o r  Ag/Aur*^
Even p re s s u r e s  as h ig h  as 5 ,000  ps i  have v e r y  l i t t l e  e f f e c t  on d i f f u ­
s io n 1 k i n e t i c s  in A g / A u . ^
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P o r o s i t y  s h r in k a g e  i s  promoted by h y d r o s t a t i c  p r e s s u r e . ^ ' Comparing 

these  r e s u l t s  f o r  t h i n - s h e e t  and b u l k y  coup les  r e v e a l s  an i n t e r e s t i n g  

p a r a l l e l  between mechan ica l  c o n s t r a i n t  and mass c o n s t r a i n t ;  e i t h e r  

tends  t o  i n h i b i t  p o r o s i t y  g r o w th ,  p resum ab ly  by o f f e r i n g  r e s i s t a n c e  

t o  p o r o s i t y  s w e l l i n g .  The mass c o n s t r a i n t  e f f e c t  no ted  here c o n t r a ­

d i c t s  the common assum pt ion  t h a t  mass r e l a x a t i o n  in  a d i r e c t i o n  p a r a l ­

l e l  t o  the  d i f f u s i o n  f l o w  i s  neg 1 i g i b l e . 3 > 6 ~ 8 , 10, 1 2 | t  f d i ^ s  t h a t  

the  c o r o l l a r y  assum pt ion  t h a t  t h r e e - d im e n s io n a l  d i f f u s i o n - i n d u c e d  s t r e s ­

ses w i l l  reduce t o  tw o -d im e n s io n a l  s t r e s s e s  by u n i n h i b i t e d  r e l a x a t i o n  

in  the  d i f f u s i o n  d i r e c t i o n  does no t  appear  t o  be v a l i d ,  p a r t i c u l a r l y  

f o r  t h i c k e r  c o u p le s .  The f o l l o w i n g  o b s e r v a t i o n  may e x p l a i n  why t h i s  

f e a t u r e  o f  mass r e l a x a t i o n  was no t  m a n i f e s te d  in  p a s t  e x p e r im e n ts .  The 

' e f f e c t  o f  mass- c o n s t r a i n t  in  d e c re a s in g  p o r o s i t y  in  the  t h i n - s h e e t  

c o u p le s ,  w h ic h  were r o u g h ly  0 .0 9  mm t o  0 .35  mm t h i c k ,  i s  c o n t r a r y  t o  

t h a t  found f o r  b u l k y  cou p les  o f  C u /N i^  ant  ̂ C u /b r a s s ? ’ -’ |n these 

b u l k y  c o u p le s ,  the  amount o f  p o r o s i t y  was u n a f f e c t e d  by d o u b l i n g  

th e  c oup le  t h i c k n e s s ,  e . g . ,  f rom  6 .2  mm to  12.5 mm f o r  C u /b r a s s , ^  and 

f rom  8 .1  mm t o  16.2 mm f o r  C u / N i . ^  T h is  d i s c r e p a n c y  between t h i n - s h e e t

and b u l k y  c o u p le s  may be due t o  the b u l k y  cou p le s  o f f e r i n g  mor.ert.han-
■ ■ . ■ ' ; • • ' • "  -  • ' - ■ ' t

s u f f i c i e n t  mass c o n s t r a i n t  t o  r e l a x a t i o n  p rocesses  such t h a t  c r i t i ­

c a l  l y - l o w  va lu e s  o f  mass c o n s t r a i n t  ( coup le  t h i c k n e s s )  were never 

a t t a i n e d  e x p e r i m e n t a l l y .

A P o s s ib l e  R e l a t i o n s h i p  Between P o r o s i t y ,  Marker  S h i f t i n g ,  and 

Bend i ng:

I t  has been shown f o r  t h i n - s h e e t  c o u p le s  in  the e a r l y  s tage  o f  

d i f f u s i o n  t h a t  the amount o f  p o r o s i t y ,  marker s h i f t i n g ,  and bend ing
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were each i n f l u e n c e d  by mass- o r  mechan ica l  c o n s t r a i n t  p a r a l l e l  t o  

the  d i f f u s i o n  d i r e c t i o n .  The c o n s t r a i n t s  r e ta r d e d  p o r o s i t y  g rowth
•A .

and bend ing  w h i l e  i n c r e a s in g  marker s h i f t i n g . "  I t  was reasoned t h a t  

the  r e d u c t i o n  in  p o r o s i t y  can be a t t r i b u t e d  t o  the r e s i s t a n c e  t o  p o ro s ­

i t y  s w e l l i n g  o f f e r e d  by e i t h e r  mass- o r  mechan ica l  c o n s t r a i n t s .  The 

same c o n s t r a i n t s  r e t a r d  ben d in g .  W i th  bend ing  and p o r o s i t y  f o r m a t i o n  

d i s f a v o r e d  in  h i g h - c o n s t r a i n t  c o u p le s ,  the s t r e s s e s  in  these coup les  

undergo r e l a t i v e l y  l i t t l e  r e l i e f  by the  p rocesses  o f  s t r e s s - i n d u c e d  

bend ing  o r  s t r e s s - i n d u c e d  p o r o s i t y  f o r m a t i o n .  I t  i s  suggested t h a t  

these  u n r e l i e v e d  s t r e s s e s  m ig h t  enhance marker s h i f t i n g  by p ro m o t in g  

d i s l o c a t i o n  c l im b  p e r p e n d i c u l a r  t o  the d i f f u s i o n  d i r e c t i o n , ” ’ o r  by 

i n d u c in g  in c rea s ed  p l a s t i c  d e f o r m a t i o n ,  r e c r y s t a l l i z a t i o n ,  and g r a i n  

g ro w th ,  t h e r b y  i n c r e a s in g  s p u r io u s  marker  m o t i o n . ^ ’ ^ ’ '’ ^' Th is  c o u ld  

accou n t  f o r  the  enhanced marker  s h i f t i n g  in  the h i g h - c o n s t r a i n t  c o u p le s ,  

w h ic h  e x h i b i t e d  n i l  bend ing  and reduced amounts o f  p o r o s i t y  r e l a t i v e  t o  

the  h e a v i l y - b e n t ,  h i g h - p o r o s i t y , l c w - c o n s t r a i n t  c o u p le s .  Because the 

d i f f u s i o n - i n d u c e d  s t r e s s e s  decrease  w i t h  i n c r e a s in g  d i f f u s i o n  t im e ,  

the marker s h i f t i n g  enhancement caused by these processes  a re  a l s o

_____* • »_____♦ _____________ * i 4 .

* T h i s  i n v e rs e  r e l a t i o n s h i p  between p o r o s i t y  and marker  s h i f t i n g  sug­
g e s t s  t h a t  p o r o s i t y  m ig h t  have d i r e c t l y  a f f e c t e d  marker  m o t ion  in  the 
p a r t i c u l a r  c o u p le s  under c o n s i d e r a t i o n .  However,  the  marker  p o s i t i o n s  
were  measured f rom the  nonporous Au s u r f a c e ,  th e re b y  a v o i d i n g  the 
d i r e c t  i n f l u e n c e  o f  p o r o s i t y  s w e l l i n g  on marker  measurements.  A l s o ,  no 
p o r o s i t y - e n t r a p m e n t  o f  marke rs  was observed  in  the p a r t i c u l a r  coup les  
under  c o n s i d e r a t i o n .  Thus, marker  s h i f t i n g  enhancement was n e i t h e r  an 
a r t e f a c t  o f  p o r o s i t y  s w e l l i n g  nor  o f  p o r o s i t y - e n t r a p m e n t  o f  m arke rs .  
* & w h i l e  these  s t r e s s e s  do no t  d i r e c t l y  a f f e c t  c l i m b  p e r p e n d i c u l a r  t o  
d i f f u s i o n ,  they  promote such c l im b  i n d i r e c t l y  by a c t i n g  t o  d i s f a v o r  
c l i m b  p a r a l l e l  t o  d i f f u s i o n .
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expec ted  t o  dec re a s e .  Th is  concu rs  w i t h  the r e s u l t s  f o r  coup les  l*f 

and 15 ( F ig .  3 1 ) ,  w h ic h  show t h a t  marker  s h i f t i n g  enhancement was not 

s u s ta in e d  beyond the  e a r l y  s tage  o f  d i f f u s i o n .  Thus, i t  appears  l i k e l y  

t h a t  marker  m o t i o n ,  b en d in g ,  and p o r o s i t y  in  t h i n - s h e e t  cou p le s  a re  a l l  

r e l a t e d  syne rg  i s t  i ca 1 I y v i a  the d i f f u s  i o n - i  nduced s t r e s s e s  whi-ch n o t i c e -

«.i„

a b l y  i n f l u e n c e s  each o f  them d u r i n g  the e a r l y  s tages  o f  d i f f u s i o n . "

T h is  app a re n t  r e s u l t  i s  no t  based on a c o m f o r t a b l e  amount o f  expe r im en­

t a l  i n f o r m a t i o n  and s h o u ld ,  t h e r e f o r e ,  be c o n s id e re d  t e n t a t i v e .  C o n f i r ­

m a t ion  i s  r e q u i r e d  by a more e x t e n s i v e  s tu d y  o f  p o r o s i t y ,  bend in g ,a nd  

marker  s h i f t i n g  in  t h i n - s h e e t  c o u p le s .  Such an e x p e r im e n t  i s  suggested 

in  Append ix  D.

The s t r e s s - r e l a t e d  synerg ism s  i n d i c a t e d  above wou ld  c e r t a i n l y  

comp 1 i c a t e - a n y  a n a ly s e s  o f  the  K i r k e n d a l l  e f f e c t  o r  i t s  consequence's 

in  t h i n - s h e e t  c o u p le s .  C o m p l i c a t i o n s  due t o  p o r o s i t y  and bend ing  would  

l i k e l y  be av o ided  by d i f f u s i n g  nonbend ing  b u l k y  coup les  under  h y d ro ­

s t a t i c  p re s s u re s  w h ic h  p r e v e n t  p o r o s i t y  g ro w th .  However, t h i s  wou ld  

s t i l l  leave the  d e t r i m e n t  o f  s p u r io u s  marker  s h i f t i n g  f rom  p l a s t i c  

d e f o r m a t i o n ,  r e c r y s t a l l i z a t i o n ,  and g r a i n  g ro w th ,  

p o r o s i t y  S h i f t i n g  and P o r o s i t y - E n t r a p m e n t  o f  M arke rs :
* * ' •  i *  * . t * *

As shown In F i g .  ^3 ,  the  p o r o s i t y  zone s h i f t e d  toward  the  Ag s id e  

as d i f f u s i o n  t im e  in c re a s e d .  A c c o r d i n g l y ,  the s h i f t i n g  o f  the c e n t e r  

o f  the p o r o s i t y  zone was measured f o r  a s e r i e s  o f  seven , semi- i n f i n i t e , 

88 yum-th ick  co u p le s  d i f f u s e d  f r e e  o f  m echan ica l  c o n s t r a i n t  a t  750°C.

* 0f  c o u rs e ,  o t h e r  phenomena such as p l a s t i c  f l o w  and g r a i n  boundary  
s l . i d i n g  can .0.1.50 r e l i e v e  d i f f u s  i o n - i  nduced s t r e s s e s ,  bu t  t h e i r  
c o n t r i b u t i o n  to  s t r e s s  r e l i e f  wou ld  be d i f f i c u l t  t o  accoun t  f o r .



S h i f t i n g  was a l s o  observed  in  o t h e r  c o u p le s ,  m e c h a n ic a l l y  c o n s t r a i n e d  

o r  n o t ,  bu t  these c o u p le s  were t o o  few t o  y i e l d  a m e a n in g fu l  number o f  

d a ta  p o i n t s  f o r  a d d i t i o n a l  s h i f t i n g  c u r v e s .  Average p o r o s i t y  s h i f t s  

f rom  the  o r i g i n a l  j o i n ,  Xp, were o b ta in e d  by m easur ing  f rom  the  Au 

t e rm in u s  t o  the d e n s i t y  c e n t e r  o f  the p o r o s i t y  zone, much the same as 

in  the case o f  marker  s h i f t i n g .  Append ix  B d e s c r ib e s  the method in 

g r e a t e r  d e t a i l .  U n l i k e  m a rk e rs ,  i t  c o u ld  no t  be assumed t h a t  p o r o s i t y  

was c e n te re d  a t  the  o r i g i n a l  j o i n  a t  z e ro  d i f f u s i o n  t im e .  Each p o r o s i t y  

datum p o i n t  was s u b j e c t  t o  a n o n s y s te m a t ic  p r o b a b le  m easur ing  e r r o r  o f  

1.6yum. Th is  is  about  3 t im es  l a r g e r  than the c o u n t e r p a r t  0 . 5 /urn 

e r r o r  in  marker  measurements because o f  the g r e a t e r  u n c e r t a i n t y  in 

j u d g i n g  the c e n t r a l  p o s i t i o n  o f  the p o r o s i t y  zone.

A p l o t  o f  p o r o s i t y  da ta  d e s c r i b e s  a p a r a b o l i c  (eK t ^ )  c u r v e ,  F i g .

^ 7 .  The d a ta  were c o m p u t e r - f i t t e d  t o  the  p a r a b o l i c  r a t e  e x p r e s s i o n ,

Xp = b + kp t 2 , where i t  was found t h a t  b = 3 . 9  /urn and kp = 7 . 6  / jm /  h r 2 . 

A l t h o u g h  the r e s u l t s  i n d i c a t e  t h a t  the  p o r o s i t y  s h i f t i n g  c u rv e  does no t  

e x t r a p o l a t e  d i r e c t l y  back t o  the o r i g i n a l  j o i n ,  t h i s  i n d i c a t i o n  i s  no t  

c o n c l u s i v e  because o f  the p r o b a b le  measur ing  e r r o r  and the  la c k  o f  d a ta  

f o r  v e r y  s h o r t  ( < 0 . 5  h r ) ,  d i f f u s i o n  t im e s . '  ; Q n ly .one  p o r o s i t y  s h i f t i n g  

c u rv e  was lo c a te d  in the l i t e r a t u r e  f o r  c o m p a ra t i v e  purposes (Heumann 

and K o t t m a n n ) . ^ ^  They show o n l y  two da ta  p o i n t s  (7 and 10 hr  a t  900°C 

f o r  a Ag/Au c o u p le )  l y i n g  re a s o n a b ly  near a p a r a b o l i c  c u rv e  e x t r a p o l a ­

ted t o  Xp = 0 ,  t  = 0 .  Had they  e x t r a p o l a t e d  a p a r a b o l i c  c u rv e  s o l e l y  

f rom t h e i r  d a t a ,  i t  wou ld  have y i e l d e d  the un rea sonab le  r e s u l t  XD =

60 /urn, t  = 0 .  C o n v e rs e ly ,  t h e i r  e x t r a p o l a t i o n  to  the  or  i g i na 1' j  o i n'
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w a s  a  t a c i t  a s s u m p t i o n  b e c a u s e  i t  i s  n o t  k n own  w h e t h e r  o r  n o t  K i r k e n -  

d a l l  p o r o s i t y  a c t u a l l y  o r i g i n a t e s  a t  t h e  o r i g i n a l  j o i n .  H e n c e ,  t h e i r  

d a t a  n e i t h e r  r e f u t e s  n o r  s u p p o r t s  t h e  r e s u l t  sh own  i n  F i g .  bf  t h a t  

p o r o s i t y  s h i f t i n g  d o e s  n o t  e x t r a p o l a t e  d i r e c t l y  b a c k  t o  t h e  o r i g i n .

I t  i s  s e e n  f r o m  F i g .  hj  t h a t  p o r o s i t y  l i e s  i n  a d v a n c e  o f  t h e  

m a r k e r s  d u r i n g  v e r y  e a r l y  d i f f u s i o n  t i m e s ,  b u t  m a r k e r s ,  m i g r a t i n g  

f a s t e r  t h a n  p o r o s i t y ,  e v e n t u a l l y  i n t e r c e p t  t h e  p o r o s i t y  z o n e  a f t e r  

" 2  h r  ( t ^  / v l . 4  h r i ) . T h i s  g r a p h i c a l  i n t e r c e p t i o n  c o n c u r s  w i t h  t h e  

e a r l i e r  o b s e r v a t i o n  t h a t  m a r k e r s  w e r e  e n t r a p p e d  i n  t h e  p o r o s i t y  z o n e  

i n  c o u p l e ‘5.  T h e  a b s e n c e  o f  s i m i l a r  e n t r a p m e n t  i n  m a s s -  a n d / o r  

m e c h a n i c a l l y - c o n s t r a i n e d  c o u p l e s  d i f f u s e d  f o r  ^  2 h r  w a s  m o s t  l i k e l y  

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

F o r  l o n g e r  { > 2  h r )  d i f f u s i o n  t i m e s  a t  750°C, m e c h a n i c a l  c o n s t r a i n t  

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

f o r  t h e  a b s e n c e  o f  e n t r a p m e n t  i n  c o u p l e s  10 a n d  15. H o w e v e r ,  p o r o s i t y  

g r o w t h  d i d  o c c u r  i n  t h e  ma ss  c o n s t r a i n e d  c o u p l e s ,  r e s u l t i n g  i n  p o r o s i t y -  

e n t r a p m e n t  o f  m a r k e r s  a t  t h e  l o n g e r  d i f f u s i o n  t i m e s .  T h i s  w a s  e v i ­

d e n c e d  b y  e n t r a p m e n t  d u r i n g  750°C d i f f u s i o n  i n  c o u p l e  1^ (335 yum/ ** 16 

h r )  a n d  i n  . t h e  b u l k y  c o u p l e s  8  mm/  5 a n d  16 h r .

T h e  f i n d i n g  o f  m a r k e r s  i n  a n d  n e a r  p o r e s  ha s  a l s o  b e e n  r e p o r t e d

3 5 b2 5 7o c c a s i o n a l l y  f o r  b u l k y  c o u p l e s ,  ’ ’ ’ b u t  s u c h  o b s e r v a t i o n s  w e r e ,

w i t h  o n e  e x c e p t i o n , 5 7  m e n t i o n e d  o n l y  c a s u a l l y .  T h i s  l a c k  o f  s e r i o u s  

c o n c e r n  o v e r  p o r o s i t y - e n t r a p m e n t  o f  m a r k e r s  i n  t h e  p a s t  w a s  p r o b a b l y  

d u e  s i m p l y  t o  t h e  e n t r a p p e d  m a r k e r s  b e i n g  v e r y  s e l d o m  d i s c o v e r e d  d u r ­

i n g  m i c r o s c o p i c  e x a m i n a t i o n ,  a n d  a l s o  b e c a u s e  o f  t h e  a b s e n c e  o f  c o n ­

c o m i t a n t  o b s e r v a t i o n s  o f  p o r o s i t y  s h i f t i n g  a n d  g r o w t h .
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When the p o r o s i t y - e n t r a p m e n t  f a c t o r  is  added to  the s p u r io u s  e f f e c t  on 

marker m6 t i o n  by p l a s t i c  d e f o r m a t i o n ,  r e c r y s t a l l i z a t i o n ,  and g r a i n  

g row th ,  the  p r o s p e c t  o f  markers  measur ing  o n l y  mass f l o w  becomes v e r y  

d i s c o u r a g i n g ,  e s p e c i a l l y  in  l i g h t  o f  the  l a r g e  amount o f  marker  s c a t t e r  

observed in  t h i s  re s e a rc h  and by o t h e r s .  ’ But even these s h o r t ­

comings in  marker  measurements do no t  appear  t o  a l t e r  the c o n c lu s i o n s  

reached e a r l i e r  c o n c e rn in g  the  mass f l o w / d i s l o c a t i o n  c l i m b  model .

Th is  i s  because the marker  s h i f t i n g  r e s u l t s  f a i l e d  by more than an 

o rd e r  o f  magn i tude t o  accoun t  f o r  bend ing  by mass f l o w / d i s l o c a t i o n  

c l i m b ,  and a l s o  because o f  the o t h e r  f e a t u r e s  (bend ing  o f  n o n - d i f f u s e d  

m a t e r i a l ,  unbend ing ,  te m p e ra tu re  s e n s i t i v i t y )  w h ich  c o u ld  no t  be 

e x p la in e d  by the mass f l o w / d i s l o c a t i o n  c l im b  mode l.  .

P o r o s i t y  Ne tworks :

D u r in g  the e a r l i e r  hom ogen iza t ion  s tages o f  d i f f u s i o n ,  p o r o s i t y  

was found t o  e x i s t  a lo n g  the e n t i r e  le n g th  o f  many o f  the  g r a i n  bound­

a r i e s  w h ich  ex tended f rom  the  p o r o s i t y  zone t o  the f r e e  s u r fa c e  o f  the 

A g - r i c h  t e r m in u s ,  as shown in  F i g .  **8 ( a , b ) .  Most o f t e n  these  porous 

bou nda r ie s  were  a p p r o x im a t e l y  normal t o  the f r e e  s u r f a c e .  A l t h o u g h  

g r a i n  bou n d a r ie s  a re  known t o  be s h o r t  c i r c u i t  d i f f u s i o n  p a t h s ^ > ^ 5  

and p r e f e r e n t i a l  s i t e s  f o r  i n d i v i d u a l  p o r e s , 9>76 t p,e e x t e n s i o n  o f  

p o r o s i t y  a l o n g  the  e n t i r e  l e n g th  o f  the g r a i n  bou nda r ie s  o f  the c o u p le  

in  F i g .  *+8 i s  no t  t y p i c a l  o f  s o l i d - s o l i d  K i r k e n d a l l  c o u p le s .  I t  i s ,  

t h e r e f o r e ,  p o s s i b l e  t h a t  d i f f u s i o n - i n d u c e d  t e n s i l e  s t r e s s e s  in  the 

A g - r i c h  r e g io n  promoted the c r a c k i n g  open o f  the  b ou nda r ie s  in  a manner 

s i m i l a r  to  the g r a i n  boundary  c r a c k i n g  observed in the  d e z i n c i f i e d
g

( t e n s i l e )  r e g io n s  o f  b rass  s h e e ts .  D u r ing  m e ta 11og raph ic  p l a t i n g ,  the
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(a )  720X 

t  r*> 7 hr
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NAg 0 ,83

(b )  360X

t  27 h r

m a g n i f i e d  v iew 
o f  (b)

F i g .  1*8. P o r o s i t y  ne tw o rks  in  p a r t i a l l y - h o m o g e n i z e d  c o u p le s .  Coup­

le s  132 pm / 750°C/  t imes shown. N i c k e l - f i l l e d  p o r o s i t y  i s  g re y ;  un­

f i l l e d  p o r o s i t y  i s  b l a c k .  ( a ) ,  ( b ) : l a r g e  a r rows  i n d i c a t e  porous 

g r a i n  bou nda r ie s  w h ic h  ex te n d  f rom  the p o r o s i t y  zone t o  the A g - r i c h  

f r e e  s u r f a c e .  ( a ) ,  ( c ) : sm a l l  a r row s  i n d i c a t e  the ne two rk  n a tu r e  o f  

t he poros i t y  z o n e .
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n i c k e l  o f t e n  d e p o s i t e d  a long  these  porous bou nda r ie s  and i n t o  the 

p o r o s i t y z o n e , t h e re b y  d e l i n e a t i n g  the  c o n t in u o u s  ne tw o rk  n a tu r e  o f  the 

p o r o s i t y  zone, F i g .  48 .  Th is  i n t e r c o n n e c t e d  ne tw o rk  o f  p o r o s i t y  is  

a l s o  seen in  F i g .  49 f o r  a c oup le  j u s t  b e g in n in g  hom og en iza t ion ,  w i t h  

the  d i f f e r e n c e  t h a t  most o f  th e  p o r o s i t y  i s  no t  f i l l e d  w i t h  n i c k e l  

because m o s t ' o f  the g r a i n  b o u n d a r ie s  . le a d in g  t o  the s u r f a c e  were no t  

s u f f i c i e n t l y  porous t o  a l l o w  deep p e n e t r a t i o n  o f  the e l e c t r o d e p o s i t e d  

n i c k e l .  However, the e l e c t r o n  m ic rop robe  re v e a le d  t h a t  n i c k e l  had 

p e n e t r a t e d  p o r t i o n s  o f  the p o r o s i t y  zone. Th is  case i s  shown in  F i g .  

4 9 ( c ) ,  where the  l a r g e ,  w e l l - d e f i n e d  ne two rk  a t  the  c e n t e r  o f  the  f i g ­

u re  i s  n ie k e  1- f i 11e d . Those p o r t i o n s  o f  the n e tw o rk  no t  f i l l e d  w i t h  

n i c k e l  ( e . g . ,  F i g .  4 9 ( a , b ) )  were  observed d u r i n g  l i g h t  m ic ro s c o p y  to  

be q u i t e  p o ro u s ,  e s p e c i a l l y  a f t e r  m i l d  e t c h i n g .  Th in  ne tw o rks  o f  

p o r o s i t y  a l s o  appeared in  the  e a r l y  s tages  o f  semi- i n f i n i t e  d i f f u s i o n ,  

as seen in a 335 yum>-thick c o u p le  w i t h  a 6 2 /urn i n t e r d i f f u s i o n  zone,

F i g .  50.  S i m i l a r  p o r o s i t y  ne two rks  were  p r e s e n t  in  the t h i n n e s t  ( 88 

yum - th ick )  c o u p le s ,  as seen in  F i g .  51 f o r  a c o u p le  d i f f u s e d  to  i t s  

s e m i - i n f i n i t e  l i m i t .  D ec rea s ing  the  d i f f u s i o n  t im es  in  the 88 yum-th ick  

c o u p le s  y i e l d e d  p o r o s i t y  ne two rks  w h ic h  were  le ss  porous and le ss  

w e l l - d e f i n e d ;  t h i s  i s  seen in  F i g .  52.  D u r ing  the  e a r l y  s tage  o f  i n t e r ­

d i f f u s i o n ,  the  p o r o s i t y  n e tw o rk  is  e i t h e r  connected  t o  o r  im m e d ia te ly  

a d j a c e n t  t o  the  m u l t i g r a i n  boundary  ( fo rmed d u r i n g  w e ld i n g )  w h ich  

m ig r a t e s  in  the  same d i r e c t i o n  as the  p o r o s i t y  zone. T h is  i s  seen in 

F i g .  50 and 52. For i n t e r d i f f u s i o n  zones g r e a t e r  than abou t  85 yum, the 

m u l t i g r a i n  boundary  appears t o  d is a p p e a r  o r  lo se  i t s  i d e n t i t y .  The 

onse t  o f  t h i s  can be seen in  the c e n t e r  p o r t i o n  o f  F i g .  5 0 ( c ) ,  and
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F i g .  **9. P o r o s i t y  n e tw o rk  in  a c oup le  in  the  v e r y  e a r l y  s tage o f  

hom og en iza t ion .  Couple :  170 yum/ 750°C /  17 h r .  A l l ;  m i l d  e t c h ,

360X.
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p o r o s i t y  rone

(a)  180X

area  A o f  (a)

(b )  720X

poros  i t y  
zone

a rea  B o f  (a)

(c )  720X

F ig .  50.  P o r o s i t y  n e tw o rk  i n  the s e m i - i n f i n i t e  c oup le  335 /um/ 

750°C/ 1 .*t8 h r .  A l l :  m o d e r a t e l y  e t c h e d .

(  c o n t  i nued)
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p i g ,  50 ----- c o n t i n u e d .  A l l :  720X. P o ro s i t y -b o u n d e d  m a t e r i a l  d i s ­

lodged d u r i n g  p o l i s h i n g  c r e a t e d  the  h o le  ( a r ro w )  shown in  ( d ) .



162.

1 i g h t  m ic ro g ra p h s

(c )  scann ing  e l e c t r o n  m ic ro g ra p h  *^2 ,5 00X

P ig .  51 .  P o r o s i t y  n e tw o rk  in  a c o u p le  d i f f u s e d  t o  about  i t s  semi 

i n f i n i t e  l i m i t .  Coup le :  88 ^im/ 750°C/  2 .37  h r .  A l l :  m i l d  e t c h .
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Ag

poros i t y  
zone

f

&

(a )  0 .5 2  hr

% i n t e r d i f f u s i o n  
zone ~  **3 /Jm

j t V A i U

(b )  0 .7 0  hr

( c )  0 .93  h r

i n t e r d i f f u s i o n  
zone /v/ 60 jum

F i g .  52. P o r o s i t y  ne tw o rk s  in  th e  s e m i - i n f i n i t e  c o u p le s  8 8 / jm /  

750°C/ t im es  shown. A l l  e t c h e d ,  720X.
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F ig .  49 r e v e a l s  the case f o r  more e x t e n s i v e  d i f f u s i o n .  In c o n t r a s t  t o  

t h i s ,  the advanc ing  m u l t i g r a i n  boundary in  b u l k y  coup les  i s  commonly 

observed t h ro u g h o u t  e x t e n s i v e  d i f f u s i o n  a n n e a l s ,  e . g . ,  r e f .  5^ .

P r e s e r v a t i o n  by n i c k e l  f i l l i n g  e l i m i n a t e s  the p o s s i b i l i t y  t h a t  

the p o r o s i t y  n e tw o rk  r e s u l t e d  a r t i f i c i a l l y  f rom  h o l e - t y p e  pores b e in g  

f i l l e d  in  b y ’ smear meta l  d u r i n g  m e ta l . lo g ra p h ic  p o l i s h i n g .  For those  

ne two rks  no t  f i l l e d  w i t h  n i c k e l ,  e t c h i n g  e x p e r im e n ts  u s in g  h igh  magn i ­

f i c a t i o n  l i g h t  m ic ro s c o p y  and scann ing  e l e c t r o n  m ic roscopy  r e v e a le d  

t h a t  the e t c h i n g  response o f  the p o r o s i t y - b o u n d e d  i s l a n d  m a t e r i a l  was 

c r y s t a l l o g r a p h i c  in  n a t u r e ,  and no t  the r a p i d ,  i r r e g u l a r  a t t a c k  e x p e c t ­

ed o f  s e v e r e l y - d i s t o r t e d  smear m e ta l .

There is  reason t o  b e l i e v e . t h a t  the t h i n  ne two rks  o f  p o r o s i t y  . 

a re  a c t u a l l y  fo rm e r  subbounda r ies  a lo n g  w h ich  p o r o s i t y  formed p r e f e r ­

e n t i a l l y  d u r i n g  d i f f u s i o n ,  and the p o ro s i t y - b o u n d e d  i s l a n d s  o f  m a t e r i a l

*
a re  s u b g ra in s  o r  f o rm e r  s u b g r a in s .  In s u p p o r t  o f  t h i s ,  i t  i s  w e l l -

known t h a t  s u b s t r u c t u r e  deve lop s  in  the  d i f f u s i o n  zones o f  s o l i d /
3 A 1 0 — I c 07 00

s o l i d  K i r k e n d a l l  c o u p le s .  ’ ’ ’ ’ S u b s t r u c t u r e  was found ,  v i a

TEM, in  the  A u - r i c h  s id e  o f  cou p le s  employed in  t h i s  i n v e s t i g a t i o n ;  i t  

i s  . reasonab le  t o  e xpe c t  t h a t  c o u n t e r p a r t  d e f o r m a t i o n  p rocesses  a l s p  

formed s u b s t r u c t u r e  in  the  A g - r i c h  ( p o r o s i t y )  s id e  o f  the  c o u p le s .  

Moreover ,  the  s u b g ra in s  o f  abou t  one t o  s e v e ra l  m ic rons  in  d ia m e te r  

seen in  TEM o f  the  A u - r i c h  s id e  a re  comparable in s i z e  and shape t o  

the  suspe c t  s u b g ra in s  seen in the  l i g h t  m ic rog raphs  o f  the  A g - r i c h  s i d e .

*The term " s u b g r a i n "  is  employed here r a t h e r  l o o s e l y  because the o r i g i ­
nal  c r y s t a 1 lo g r a p h i c  i d e n t i t y  o f  the s u b g ra in  may become l o s t  as r e ­
c r y s t a l l i z a t i o n  a n n e a l in g  occu rs  d u r i n g  d i f f u s i o n .
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Subboundar ies  ( b o th  t i l t  and t w i s t  t y p e s )  a re  s h o r t - c i r c u i t  d i f f u s i o n  

82 90 91pa ths  i n A g ,  ’ ’ and would  l i k e l y  se rve  as e f f e c t i v e  vacancy s i n k s .

110 ,116,117 , r i  - , ,1 - JLarge vacancy f l u x e s  a lo n g  the subbounda r ies  c o u ld  lead

to  he te reogeneous  p o r o s i t y  f o r m a t i o n  t h e r e ,  r e s u l t i n g  in  a porous

n e tw o rk  a lo n g  s u b g r a in  b o u n d a r ie s .

Except  f o r  w e l d - l i n e  p o r o s i t y ,  p o r o s i t y  f o r m a t i o n  was no t  found

a t  o t h e r  s i t e s ,  such as i m p u r i t y  p a r t i c l e s ^ > 7 1, 72 ,76  o r  s t r e s s -

8 17 ’induced f i s s u r e s ,  ’ w h ic h  a re  suspec ted  o r  c a l c u l a t e d  to  e x i s t

t h ro u g h o u t  the p o r o s i t y  zone, bu t  whose r o l e s  as p o r o s i t y  s i t e s  remain

l a r g e l y  u n c e r t a i n .  P o r o s i t y  in  as -we lded  cou p le s  fo rmed a long  the

w e ld i n g  i n t e r f a c e  in coup les  o f  t h i s  r e s e a rc h ,  in  Cu/Ni coup les ,5>71

5 53 cand a l s o  in  cou p le s  o f  l i k e  meta . ls,  .namely N i / N i  ’ and Cu/Cu-> (hence, 

i t  appears  t h a t  vacancy f . luxes  f rom  K i r k e n d a l l  d i f f u s i o n  are  n o t  r e ­

q u i r e d  f o r  the  f o r m a t i o n  o f  p o r o s i t y  a t  meta l  j o i n s ) .  Barnes and 

Mazey^* sugges ted  t h a t  these i n t e r f a c e  pores  c o u ld  s e rv e  as h e te ro g e n ­

eous n u c l e a t i o n  s i t e s  f o r  p o r o s i t y .  However,  t h e r e  a re  no o b s e rv a ­

t i o n s  o r  ev id e n c e  o f  such pores  g row ing  o r  m i g r a t i n g ,  no r  do th e y  e x ­

p l a i n  why the  number o f  v o i d s  in c re a s e s  as d i f f u s i o n  in c re a s e s .

Thus-, i.f i n t e r f a c e  pores  a re  in v o lv e d  in  the  deve lopment  o f  p o r o s i t y  in  

t h i n - s h e e t  c o u p le s ,  t h e i r  r o l e  may be l i m i t e d  t o  s e r v i n g  as vacancy 

s in k s  a t  the v e r y  o u t s e t  o f  d i f f u s i o n ,  whereupon subboundar ies  gen e ra ­

ted in  the  i n t e r d i f f u s i o n  zone may s u b s e q u e n t l y  become dominant  vacancy

* P o r o s i t y  w i l l  f o rm  a t  l a r g e ,  f o r e i g n  p a r t i c l e s  ( e . g . ,  i n c l u s i o n  s t r i n g ­
e r s )  in  the p o r o s i t y  z o n e , ' 6 bu t  such p a r t i c l e s  a re  c e r t a i n l y  n o t  r e ­
q u i r e d  f o r  p o r o s i t y  f o r m a t i o n  because p o r o s i t y  forms r e a d i l y  in  coup les  
made o f  v e r y  pu re  m e ta ls ,  as shown by t h i s  wo rk  and by o t h e r s .3> 6 >28,72 
Nor do the i n f r e q u e n t l y - o b s e r v e d  i n t e r n a l  c r a c k s 9 »30,31 appear t o  be 
r e l a t e d  t o  p o r o s i t y  f o r m a t i o n .



s in k s  wh ich  grow a t  the expense o f  s h r i n k i n g  i n t e r f a c e  p o re s .  Th is  is  

s p e c u l a t i o n ;  too  l i t t l e  has been observed o f  p o r o s i t y  in  the v e ry  

e a r l i e s t  s tages  o f  d i f f u s i o n  t o  be re a s o n a b ly  c e r t a i n  o f  the  n a tu re  

o f  p o r o s i t y  f o r m a t i o n .  Even so, the above r a t i o n a l i z a t i o n  is  c o m p a t i ­

b l e  w i t h  e x p e r im e n ta l  o b s e r v a t i o n s .

A l th o u g h  the  " n e t w o r k "  fo rm  o f  p o r o s i t y  was found in a w ide  v a r i e ­

t y  o f  t h i n - s h e e t  c o u p le s  (88 t o  335 / J m - th i c k ,  v a r i o u s  d i f f u s i o n  t im e s ) ,  

i n d i v i d u a l  h o l e - t y p e  po res  in s te a d  o f  " n e t w o r k s "  were t y p i c a l  o f  many 

o f  the t h i n - s h e e t  cou p le s  and the two s u b s t a n t i a l l y - d i f f u s e d  b u l k y  

c o u p le s .  The reason f o r  t h i s  i n c o n s i s t e n t  p resence o f  p o r o s i t y  " n e t ­

w o rk s "  i s  no t  known. Not enough s y s t e m a t i c  i n f o r m a t i o n  was re v e a le d  by 

the coup les  t o  i n d i c a t e  w h e th e r  o r  no t  f a c t o r s  such as g r a i n  s i z e , ,  

c o u p le  t h i c k n e s s ,  d i f f u s i o n  t im e ,  e t c . ,  were  I n f  l i cenc ing  o r  c o n t r o l l i n g  

the  f o r m a t i o n  o f  p o r o s i t y  n e tw o rk s .  I t  i s  suspec ted t h a t  much o f  the 

u n c e r t a i n t y  concerned w i t h  p o r o s i t y  ne tworks  i s  due t o  the  g r e a t  d i f f i ­

c u l t y  in  r e v e a l i n g  the  p o r o s i t y  m e t a l l o g r a p h i c a l l y .  For example ,  the 

ne two rk  c o n f i g u r a t i o n  o f  p o r o s i t y  was v e r y  d i f f i c u l t  t o  r e t a i n  d u r i n g  

m e t a l l o g r a p h i c  p o l i s h i n g ,  e x c e p t ,  o f  c o u rs e ,  f o r  those  cases where 

n i c k e l  f i l l i n g  p re s e rv e d  the n e tw o rk .  O th e rw is e ,  .a. s l . i g h t  . -"excess" o f  

p o l i s h i n g  wou ld  b e g in  t o  d i s l o d g e  the  p o ro s i t y - b o u n d e d  s u b g ra in s  le a v ­

in g  ho les  as shown in  F i g .  5 0 ( d ) .  A d d i t i o n a l  excess p o l i s h i n g  o f  o n l y  

a m inu te  o r  so tended t o  e n la r g e  and obscu re  the shape o f  the the new­

l y - c r e a t e d  h o les  u n t i l  the p o r o s i t y  zone c o n s i s t e d  o f  l a r g e ,  p o o r l y -  

r e s o lv e d  ho les  o r  p i t s .  T h i s  l a t t e r  fo rm o f  h o l e - t y p e  p o r o s i t y  i s  seen 

in  most o f  the m ic ro g ra p h s  o f  t h i s  r e p o r t  and i s  t y p i c a l  o f ' t h e  p o r o s i ­

t y  u s u a l l y  d i s p l a y e d  in  K i r k e n d a l l  d i f f u s i o n  c o u p le s .



Th in  p o r o s i t y  ne two rks  common t o  the t h i n - s h e e t  coup les  have no t  

been r e p o r t e d  f o r  t y p i c a l  b u l k y  K i r k e n d a l l  coup les  compr ised  o f  we lde d ,  

l a r g e - g r a i n e d  components .  Too l i t t l e  i s  known abou t  the  f o r m a t i o n  o f  

p o r o s i t y  ne tw o rks  t o  e x p l a i n  t h i s  d i f f e r e n c e ,  b u t  the  e x p l a n a t i o n  

m ig h t  be r e l a t e d  t o  d i f f e r e n c e s  in  the p r o x i m i t i e s  o f  s u r f a c e - s i n k s , 

w e ld i n g  pa ra m e te rs ,  o r  d i f f u s i o n  a n n e a l in g  te m p e ra tu re s .  Conce rn ing  

the s u r f a c e  s i n k  p o s s i b i l i t y ,  the t e r m in a l  s u r f a c e  o f  a t h i n - s h e e t  

c o u p le  may a c t  as a s i n k  f o r  excess vacan c ies  w h ic h  a re  c r e a t e d  in  the 

r e l a t i v e l y - n e a r b y  i n t e r d i f f u s i o n  zone, e s p e c i a l l y  by means o f  s h o r t -  

c i r u c i t  vacancy d i f f u s i o n  a lo n g  g r a i n  b o u n d a r ie s  w h ich  l i n k  the p o r o s ­

i t y  n e tw o rk  t o  the s u r f a c e .  Such vacancy a n n i h i l a t i o n  a t  the  s u r f a c e  

wou ld  decrease  the r a t e  a t  w h ic h  p o r o s i t y - b o u n d e d  s u b g ra in s  a re  con­

sumed by i n t e r n a l  vac'ancy c o n d e n s a t io n ,  t h e re b y  t e n d in g  t o  p re s e rv e  

the  n e tw o rk  fo rm  o f  p o r o s i t y .  C o n s id e r i n g  the w e ld i n g  pa ra m e te rs ,  

the  w e lds  o f  t h i n - s h e e t  cou p le s  f e a t u r e d  v e r y  s h a l l o w  i n t e r d i f f u s i o n  

zones o f  a few yum w h ic h  were o b ta in e d  under  moderate the rm a l  expa ns io n  

s t r e s s e s .  On the  o t h e r  hand, b u l k y  cou p le s  a re  u s u a l l y  we lded t o

de p th s  r o u g h l y  a hundred pm w h i l e  under l a r g e ,  e x t e r n a l  compress ion  

5 6 30 38loads .  * ’ ’ , ’ . In- b u l k y  c o u p le s ,  the  h ig h  compress ion  w i l l  r e t a r d

o r  p re v e n t  the f o r m a t i o n  o f  poros i t y , ^ ^ »  71 anc| deep i n t e r d i f f u s i o n

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

th e re b y  d e c r e a s in g  the magn i tude o f  the d i f f u s  i o n - i n d u c e d  t e n s i l e  

s t r e s s e s  w h ic h  a re  gene ra te d  in  the  p o r o s i t y  zone d u r i n g  subsequent 

d i f f u s i o n  a n n e a l i n g .  C o n v e rs e ly ,  p o r o s i t y  f o r m a t i o n  in  the s h a l l o w -  

w e lde d ,  t h i n - s h e e t  c o u p le s  i s ,  a lm o s t  f rom  the o u t s e t  o f  i n t e r d i f f u ­

s i o n ,  f r e e  o f  e x t e r n a l  com press io n ,  and the  much s te e p e r  c o n c e n t r a t i o n
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g r a d i e n t s  p re s e n t  when d i f f u s i o n  a n n e a l in g  beg ins  wou ld  produce r e l a ­

t i v e l y  l a r g e ,  d i f f u s i o n - i n d u c e d  t e n s i l e  s t r e s s e s  in the p o r o s i t y  zone.  

Thus, d u r i n g  the e a r l i e r  s tages  o f  p o r o s i t y  f o r m a t i o n ,  the s t a t e  o f  

s t r e s s  in  the two types  o f  cou p le s  ( b u l k y  ve rsus  t h i n - s h e e t )  i s  con­

s i d e r a b l y  d i f f e r e n t .  W h i le  i t  i s  no t  c l e a r  in  what  manner the s t a t e  

o f  s t r e s s  a l t e r s  the  fo rm  o r  shape o f  p o r o s i t y ,  i t  has been obse rved ,

qi 71 3 10
>' and c a l c u l a t e d  ’ t h a t  s t r e s s  does i n f l u e n c e  p o r o s i t y  f o r m a t i o n .  

S u p p o r t i n g  t h i s ,  i t  was found in  t h i s  re s e a rc h  t h a t  mass c o n s t r a i n t  

( c o u p le  t h i c k n e s s )  reduces p o r o s i t y  f o r m a t i o n .  A l s o ,  the h i g h e r  i n i ­

t i a l  s t r e s s e s  in  the t h i n - s h e e t  cou p le s  a re  expec ted  t o  g en e ra te  more 

s ubbounda r ies  than in  the b u l k y  c o u p le s .  I f  so,  t h i s  c o u ld  f a v o r  the 

f o r m a t i o n  o f  p o r o s i t y  a lo n g  subbounda r ies  in  t h i n - s h e e t  c o u p le s .  I t  

t h e r e f o r e  seems l i k e l y  t h a t  .the d i f f e r e n t  forms o f  p o r o s i t y  (ho le s  v e r ­

sus n e tw o rk s )  in  the two types  o f  c o u p le s  m ig h t  be due, t o  some e x t e n t ,  

t o  d i f f e r e n c e s  in  t h e i r  s t a t e s  o f  s t r e s s .  A d d re s s in g  the e f f e c t  o f  

d i f f u s i o n  a n n e a l in g  t e m p e ra tu re s ,  the 750°C employed f o r  the  t h i n - s h e e t  

c o u p le s  i s  ^ 0 . 7 5  Tmel t >  w h ich  i s  le ss  than the 0 .85  -  0 .95  Tme 11 O v ­

e r a l l  y employed in  d i f f u s i o n  s t u d ie s  o f  b u l k y  c o u p le s .  Th is  wou ld  

r e s u l t  in  r e l a t i v e l y  more g r a i n  boundary  and subboundary  d i f f u s i o n  

( s h o r t - c i r c u i t i n g )  o f  v a c a n c ie s  in  the  t h i n - s h e e t  c o u p le s ,  t he reby  

p ro m o t in g  p o r o s i t y  deve lopment  a lo n g  subboundary  n e tw o rk s .

P o r o s i t y  Shape:

The h o l e - t y p e  pores  found in  the t h i n - s h e e t  c o u p le s  (and most 

b u l k y  c o u p le s )  were no t  a lways rounded in  shape. When s e v e ra l  p o l i s h e d  

c o u p le s  were  s u b s t a n t i a l l y  e t c h e d ,  many pores  were p o l y h e d r a l  in shape, 

a p p e a r in g  t o  be bounded by l o w - i n d i c e  c r y s t a 1lo g r a p h i c  p la n e s ,  as
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i n  F i g .  53.  These a re  s i m i l a r  t o  p o l y h e d r a l  pores found by o t h e r s - * ’ ^  

2 8 ,4 4 ,1 1 4 ,1 1 8  j n a v a r i e (-y o f  K i r k e n d a l l  c o u p le s .  Barnes^  a t t r i b u t e d

p o l y h e d r a l  pores  to  s u r f a c e  energy  m i n i m i z a t i o n .  The same e x p l a n a t i o n

28 44was used by subsequent  i n v e s t i g a t o r s ,  ’ and a l s o  by o t h e r s  to

e x p l a i n  p o l y h e d r a l  shapes w h ic h  deve loped  d u r i n g  e x t e n s i v e  a n n e a l in g

o f  rounded m eta l  p a r t i c l e s , 73 an{j p o l y h e d r a l  gas bubb les  c r e a t e d  by

74a n n e a l i n g  argon-bombarded Ni f o i l s .  Note t h a t  s e v e r a l  po res  in  F i g .  

53 appear  t o  be s u b g ra in s  su r rounded  by p o r o s i t y ;  some o f  these a re  

i n d i c a t e d  by a r ro w s .  F i g .  53 a l s o  shows the p r e f e r e n t i a l  f o r m a t i o n  o f  

p o r o s i t y  a t  g r a i n  b o u n d a r ie s ,  as i s  common t o  b u l k y  c o u p le s .  The 

dua l  p o r o s i t y  f e a t u r e s  o f  p o l y h e d r a l  shape and p o r o s i t y - b o u n d e d  sub­

g r a i n  m a t e r i a l  a l s o  appeared in  an 88 p m - t h i c k  c o u p le  d i f f u s e d  w e l l  

i n t o  the ho m o g e n iz a t io n  s t a t e .  T h is  i s  seen in F i g .  54 where most o f  

the  p o r o s i t y  i s  p re s e rv e d  by n i c k e l  f i l l i n g .  The c r y s t a 11o g ra p h ic  

f a c e t i n g  o f  the  i n d i c a t e d  pore  (A) in  F i g .  54 has been rounded a t  i t s  

upper  c o r n e r ,  p r o b a b ly  by s i n t e r i n g .  S i m i l a r  c r y s t a l l o g r a p h i c  f a c e t ­

in g  was c h a r a c t e r i s t i c  o f  s e v e r a l  o t h e r  pores  in the  coup le  seen in  

F i g .  54.  The c r y s t a l l o g r a p h i c  shapes b e in g  p res e rv ed  by n i c k e l  f i l l i n g  

d i s p e l s ,  the  poss i  b i.l i t y  t h a t  . they were  formed b.y e t c h i n g  a t t a c h .  . . .  

(Ba rnes^  a l s o  e l i m i n a t e d  e t c h i n g  as a cause by u s in g  m ic r o r a d io g r a p h y  

t o  image p o l y h e d r a l  po res  in  v e r y  t h i n  Cu/Ni c o u p le s . )  P o ly h e d ra l  

pores  were a l s o  found in  some t h i c k e r ,  semi- i n f i n i t e  coup les  d i f f u s e d  

a t  750°C, e . g . ,  a 335 p m - t h i c k  c oup le  d i f f u s e d  f o r  16 hr  and 8 mm-

t h i c k  ( b u l k y )  coup les  d i f f u s e d  f o r ~  5 o r  ^  16 h r .  They were  never 

found f o r  (750°C) d i f f u s i o n  t im es  <  2 h r ,  bu t  n e i t h e r  were they  c h a r ­

a c t e r i s t i c  o f  a l l  the  cou p le s  d i f f u s e d  > 2 h r .  Coup les c o n t a i n i n g
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F i g .  53.  P o ly h e d ra l  pores  in  th e  s e m i - i n f i n i t e  c o u p le  88 / jm/ 750°C/ 

I .98 h r .  S eve ra l  p o re s ,  such as those  a r ro w ed  in ( c )  and ( d ) ,  appear  

t o  be i s l a n d s  o f  c oup le  m a t e r i a l  su r rounded  by p o r o s i t y .  P r e fe r e n ­

t i a l  po re  f o r m a t i o n  i s  seen a lo n g  some o f  the g r a i n  b o u n d a r ie s .
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A g - r i c h  ternv 
in u s ,  where 
NAn = 0 .735

F ig .  5*+. P o r o s i t y  n e tw o rk  open t o  the  c o u p le  t e r m in a l  s u r f a c e .  

P a r t i a l l y - h o m o g e n iz e d  c oup le  83 pm/ 750°C/  ^  16 h r .  Most o f  the 

p o r o s i t y  ne tw o rk  i s  f i l l e d  w i t h  m e t a l l o g r a p h i c  n i c k e l .  Many i s la n d s  

o f  c oup le  m a t e r i a l  a re  su r rounded  by p o r o s i t y ,  such as the one a t  A.  

These i s l a n d s  m ig h t  be fo rm er  s u b g ra in s  w i t h  porous b o u n d a r ie s .  Note 

the  c r y s t a l l o g r a p h i c  shape o f  some o f  the  p o re s ,  e . g .  a t  A.
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p o l y h e d r a l  pores  a l s o  had n o n p o ly h e d r a 1 ( rounded)  pores  in a d ja c e n t  

r e g io n s  a lo n g  the p o r o s i t y  zone, and t h i s  m ix in g  o f  pore  shapes o f t e n  

o c c u r r e d  w i t h i n  a s i n g l e  A g - r i c h  g r a i n .  The o b s e r v a t i o n  t h a t  p o l y h e ­

d r a l  pores  appeared o n l y  o c c a s i o n a l l y  in  the Ag/Au coup les  o f  t h i s  

i n v e s t i g a t i o n  appears t o  be c o n s i s t e n t  w i t h  the  e x p e r ie n c e  o f - o t h e r s .  

Rounded, h o l e - t y p e  pores  have been the o n l y  shapes r e p o r t e d  f o r  Ag/Au 

cou p le s  by some i n v e s t i g a t o r s ,3>119 whereas p o l y h e d r a l  pores  have been

shown f o r  s i m i l a r  Ag/Au c o u p le s  S i m i l a r l y  f o r  o t h e r  K i r k e n -
3

d a l l  b i n a r y  c o u p le s ,  r e p o r t s  o f  randomly-shaped pores  in  Cu /A l ,  C u /N i ,

3 120 121 3 >9
’ ’ and Cu/Zn ’ cou p le s  a re  no t  c o n s i s t e n t  w i t h  o b s e r v a t i o n s

by o t h e r s  t h a t  s i m i l a r  cou p le s  ( C u /A l ,  C u / N i , C u / Z n , ^  and A u / P t ^ )

e x h i b i t  p o l y h e d r a l  p o re s .  These a p p a re n t  d i s c r e p e n c i e s  in  pore  shapes

may be due, t o  some e x t e n t  o r  a n o t h e r , t o  the d i f f i c u 1t - t o - c o n t r o l

a f f e c t  o f  m e ta 11o g r a p h ic  p r e p a r a t i o n  on p o r o s i t y  shape, as e x p e r ie n c e d

in  t h i s  r e s e a r c h .  A l s o ,  s in c e  pores  in  s u b s t a n t i a l l y - d i f f u s e d  coup led

5 5^undergo s i n t e r i n g ,  ’ s i n t e r  r o u n d in g  o f  the c o r n e r s  o f  p o l y h e d r a l  

pores  ( e . g .  F i g .  53) i s  expec ted  t o  obscu re  p o l y h e d r a l  shapes,  perhaps 

more in  some coup les  than in  o t h e r s .  The m e ta l l o g r a p h y  and s i n t e r i n g  

f a c t o r s  a re  m e re ly  guesses a t  e x p l a i n i n g  d i s c r e p a n c i e s  in observed  

pore  shapes,  and w i l l  l i k e l y  remain  so u n t i l  much more i s  known o f  the 

n a tu r e  o f  p o r o s i t y  and pore shapes.

A l l  o f  the  a b o v e - re p o r t e d  i n c o n s i s t e n c i e s  in  the  fo rm and shape 

o f  p o r o s i t y  i n d i c a t e  t h a t  the n a t u r e  and d e t a i l s  o f  p o r o s i t y  a re  no t  

a t  a l l  w e l l  u n d e rs to o d .  Past a n a ly s e s  em p loy ing  k i n e t i c  and thermo­

dynamic t re a tm e n ts  o f  K i r k e n d a l l  p o r o s i t y  have assumed p o r o s i t y  t o  con ­

s i s t  o f  i n d i v i d u a l ,  s p e r i c a l  ho les  o f  u n i f o r m  s i z e »12. 72 ,76
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The foregoing  observat ions in d ic a te  tha t  such assumptions are  not  

g e n e r a l ly  v a l i d .



CONCLUSI ONS

1. A s tu d y  o f  p o l y c r y s t a l l i n e ,  t h i n - s h e e t  Ag/Au c o u p le s ,  88 to  335 yum- 

t h i c k  in  the d i f f u s i o n  d i r e c t i o n ,  r e v e a le d  s e v e ra l  i n t e r e s t i n g  f e a t u r e s

o f  t h i n - s h e e t  K i r k e n d a l l  c o u p le s ,  the most n o t a b le  b e in g  a b e t t e r  und e r ­

s t a n d in g  o f  bend ing  d e f o r m a t i o n  caused by d i f f u s  io n - i n d u c e d  s t r e s s e s .

2.  In 88 p m - t h i c k  c o u p le s  d i f f u s e d  a t  750°C, the on s e t  o f  measureab le  

bending o c cu rs  when the  i n t e r d i f f u s i o n  zone ex tends  abou t  h a l fw a y  

ac ros s  the  c o u p le s .

3. Couple bend ing  is  caused p r i m a r i l y  by d i f f u s i o n - i n d u c e d  s t r e s s e s  

p e r p e n d i c u l a r  t o  the d i f f u s i o n  f l o w  w h ic h  a re  gene ra ted  t h ro u g h o u t  a 

c oup le  by n o n e q u i1 i b r i u m . v a c a n c y  c o n c e n t r a t i o n s  in  the  i n t e r d i f f u s i o n  

zone. (The vacancy g r a d i e n t s  a r i s e  f rom  unequal  d i f f u s i o n  r a t e s  o f  

Ag and Au, >  D^u , and the  s t r e s s e s  r e s u l t  p r i n c i p a l l y  f rom  the

subsequent e l i m i n a t i o n  o f  the  vacancy g r a d i e n t s  by the  a n n i h i l a t i o n  o r  

c r e a t i o n  o f  l a t t i c e  s i t e s .  A tom ic  m i s f i t  s t r e s s e s  a re  n e g l i g i b l y

smal l  in t h i s  a l l o y  s y s te m . )

k .  .Bend ing  b e h a v io r  i s  i n d i c a t i v e  o f  h i g h - t e m p e r a t u r e , lo w -s t re s s -  

c reep  d e f o r m a t i o n .

5.  Accomodat ion  o f  mass f l o w  by d i s l o c a t i o n  c l i m b  p a r a l l e l  t o  the 

d i f f u s i o n  d i r e c t i o n  may make a m inor  c o n t r i b u t i o n  t o  c oup le  bend ing  in  

the i n t e r d i f f u s i o n  zone o f  a c o u p le ,  b u t  even so, the s t r e s s e s  c o n t r o l  

the o v e r a l l  ben d in g  p ro c e s s .

6. Bending in c re a s e s  w i t h  t im e up t o  the v e ry  advanced s tage  o f

17^.
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ho m o g e n iz a t io n ,  whereupon unbending commences. Th is  unbend ing  c o r ­

responds t o  a change in  the sense o f  ( c a l c u l a t e d )  bend ing  s t r e s s e s  in  

the o u t e r  most p o r t i o n s  o f  a c o u p le .

7.  Bending can be r e ta r d e d  o r  p rev en ted  by mass c o n s t r a i n t  ( coup le  

t h i c k n e s s  p a r a l l e l  t o  the  d i f f u s i o n  d i r e c t i o n )  o r  by mechanica' l  con­

s t r a i n t  ( p i s t o n s  h e ld  a g a in s t  bo th  broad fa c e s  o f  a c o u p l e ) .  S t re s s  

c a l c u l a t i o n s  show t h a t  mass c o n s t r a i n t  r e t a r d s  bend ing  by re d u c in g  

c o n s i d e r a b l y  the ben d in g  s t r e s s e s  in  the o u t e r m o s t ,  n o n d i f f u s e d  p o r ­

t i o n s  o f  a c o u p le .  By the t im e  the ou te rm o s t  m a t e r i a l  undergoes d i f ­

f u s i o n ,  the e v e r - d e c r e a s i n g  bend ing  s t r e s s e s  a re  too low t o  induce 

measureable bend ing .

8.  H ighe r  d i f f u s i o n  tem p e ra tu re s  promote ben d in g ,  presumeab ly  because 

o f  l e s s  r e s i s t a n c e  t o  c reep  d e f o r m a t i o n .

9.  S t re s s e s  a r i s i n g  f rom  vacancy g r a d i e n t s  in  t h i n - s h e e t  Ag/Au coup les  

a l s o  cause p l a s t i c  d e f o r m a t i o n  phenomena. These a re  g r a i n  boundary  

s l i d i n g ,  d e s t r u c t i o n  o f  o r i g i n a l  c r y s t a l l i n e  b o u n d a r ie s ,  s u b g ra in  

f o r m a t i o n ,  r e c r y s t a l l i z a t i o n ,  g r a i n  g ro w th ,  i n t e r n a l  c r a c k i n g ,  and 

perhaps ,  s u r f a c e  d e f o r m a t i o n .  A l l  b u t  g r a i n  boundary s l i d i n g  a re  a l s o  

found, in  ( v e ry  m uch- . th icke r )  b u l k y  K i . r k e n d a l l  c o u p le s .

10. P a r a b o l i c  marker  s h i f t i n g  (X *= k t ^ )  o c c u rs  in  t h i n - s h e e t  Ag/Aum

c o u p le s .  Marker s c a t t e r i n g  w i t h i n  any g i v e n  c o u p le  is  r o u g h l y  ±  £ o f  

i t s  average marker  s h i f t .

11. In the e a r l y  s tages  o f  d i f f u s i o n ,  mass- o r  mechan ica l  c o n s t r a i n t  

in c rea ses  the r a t e  o f  marker  s h i f t i n g  t o  abou t  the  same e x t e n t .

12. Extensive p o r o s i ty  can form in t h in -s h e e t  Ag/Au couples.

13. P o r o s i t y  g rowth i s  c o n t in u o u s  in  the t h i n n e s t  (88 ju m - th ic k )
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coup les  d i f f u s e d  f r e e  o f  mechan ica l  c o n s t r a i n t ,  a t  l e a s t  u n t i l  the

p o r o s i t y  reaches the  A g - r i c h  s u r f a c e .  Mass- o r  mechan ica l  c o n s t r a i n t

decreases  p o r o s i t y  by i n h i b i t i n g  r e l a x a t i o n  in the  d i f f u s i o n  d i r e c t i o n

as p o r o s i t y  g row th  a t te m p ts  t o  expand the c oup le  m a t e r i a l .  The e f f e c t

o f  mass c o n s t r a i n t  in  r e d u c in g  p o r o s i t y  g row th  i n d i c a t e s  t h a t  - the

r e l a x a t i o n  o f  n o n d i f f u s e d  c oup le  m a t e r i a l  p a r a l l e l  t o  th e  d i f f u s i o n

d i r e c t i o n  i s ,  c o n t r a r y  t o  a common assum pt ion ,  no t  n e g l i g i b l e .

14. The p o r o s i t y  zone m ig r a t e s  toward th e  Ag s id e  d u r i n g  d i f f u s i o n .

The c e n te r  o f  the p o r o s i t y  zone in  semi -  i n f  i n i te  , 88 / j m - t h i c k  coup les

s h i f t s  p a r a b o l i c a 1 l y . Measurements i n d i c a t e  t h a t  the c e n t e r  o f  the

p o r o s i t y  zone does no t  e x t r a p o l a t e  t o  the o r i g i n a l  j o i n  a t  t  = 0 ,  bu t

t h i s  i s  somewhat u n c e r t a i n  because o f  measurement u n c e r t a i n t i e s  and

the Tack o f  data f o r  very short  d i f f u s i o n  t imes.  ‘

15- There a re  i n d i c a t i o n s  t h a t  p o r o s i t y ,  marker s h i f t i n g ,  and bend ing

may be s y n e r g i s t i c a 1l y  r e l a t e d  v i a  the d i f f u s i o n  induced s t r e s s e s

w h ic h  i n f l u e n c e s  each o f  them. T h i s  is  based on the o b s e r v a t i o n  t h a t

marker  s h i f t i n g  i s  enhanced when p o r o s i t y  and bend ing  a re  r e ta rd e d  by

mass- o r  mechan ica l  c o n s t r a i n t  in  the d i r e c t i o n  p a r a l l e l  t o  d i f f u s i o n .

Because c o n s t r a i n t ,  (mass o r  m ec han ic a l )  reduces p o r o s i t y  g row th  and

ben d in g ,  the  d i f f u s i o n - i n d u c e d  s t r e s s e s  in  h i g h l y - c o n s t r a i n e d  coup les

e x p e r ie n c e  r e l a t i v e l y  l i t t l e  r e l i e f  by the  p rocesses  o f  bend ing  and
*

p o r o s i t y  f o r m a t i o n .  I t  i s  suggested t h a t  these h ig h e r  s t r e s s e s  m igh t  

enhance marker s h i f t i n g  by p ro m o t in g  c l im b  p e r p e n d i c u l a r  t o  d i f f u s i o n  

f l o w ,  and by in d u c in g  inc reased  p l a s t i c  d e f o r m a t i o n ,  r e c r y s t a l l i z a ­

t i o n ,  and g r a i n  g r o w t h , thereby i n c r e a s in g  s p u r io u s  marker  m o t io n .

T h is  s t r e s s - r e l a  ted marker s h i f t i n g  enhancement i s  not observed  beyond



the e a r l y  s tage o f  d i f f u s i o n ,  p r o b a b ly  because the  magn i tude o f  d i f f u ­

s i o n - i n d u c e d  s t r e s s e s  decreases  as d i f f u s i o n  p r o g re s s e s .

16. P o r o s i t y - e n t r a p m e n t  o f  markers  occu rs  in  some h i g h - p o r o s i t y  

c o u p le s .  T h is  e n t ra p m e n t ,  p lus  p u r p o r t e d  s p u r io u s  marker  m o t ion  r e ­

l a t e d  t o  p l a s t i c  d e f o r m a t i o n ,  c a s t s  doubt  on the a b i l i t y  o f  markers  

t o  t r u l y  measure mass f l o w  in K i r k e n d a l l  c o u p le s .

17- P o r o s i t y  in  s e v e ra l  o f  the t h i n - s h e e t  cou p le s  c o n s i s t s  o f  t h i n  

ne two rks  o f  p o r o s i t y ,  supposed ly  formed by he te rogeneous vacancy con ­

d e n s a t i o n  a long  subbounda r ies  w h ic h  were gen e ra te d  d u r i n g  d i f f u s i o n .  

T h is  c r e a t e s  p o ro s i t y - b o u n d e d  i s l a n d s  o f  s u b g ra in  (o r  fo rm er  s u b g ra in )  

m a t e r i a l  w h ich  appear  t o  s h r i n k ,  somet ime d i s a p p e a r i n g ,  as p o r o s i t y  

grows d u r i n g  d i f f u s i o n .  The f a c t o r s  w h ic h  c o n t r o l  the  t h i n - n e t w o r k  

mode o f  p o r o s i t y  f o r m a t i p n  a re  no t  knowh, bu t  the nea rby  f r e e  s u r fa c e  

a c t i n g  as a vacancy s i n k  in  t h i n - s h e e t  coup les  may be p a r t l y  r e s p o n s i ­

b l e .  W e ld ing  pa ram ete rs  and d i f f u s i o n  tem p e ra tu re s  m ig h t  a l s o  be 

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

18. Both p o l y h e d r a l  and somewhat-rounded pore  shapes e x i s t  c o n c o m i t ­

a n t l y  in w ide  v a r i e t y  o f  t h i n - s h e e t  and b u l k y  Ag/Au c o u p le s ,  as they  

appear t o - d o  in  o t h e r  K i r k e n d a l . l  cpupl.es compr ised,  o f  v a r io u s  b i n a r i e s .  

The reason f o r  i n c o n s i s t e n t  p o r o s i t y  shapes seen here  and by o t h e r s  

i s  no t  known, bu t  may be due -  in  p a r t ,  a t  l e a s t  -  t o  the f a i l u r e  o f
t

c o n v e n t i o n a l  m e t a l l o g r a p h i c  p r e p a r a t i o n  methods t o  unamb igous ly  r e v e a l  

the  t r u e  shape and s t r u c t u r e  o f  p o r o s i t y .



ABSTRACT

P o l y c r y s t a l l i n e ,  t h i n - s h e e t  A/Au d i f f u s i o n  c o u p le s ,  88 t o  335 

/ j m - t h i c k  in the  d i f f u s i o n  d i r e c t i o n ,  were s t u d ie d  to  b e t t e r  unde rs tand  

the  consequences o f  d i f f u s i o n - i n d u c e d  s t r e s s e s  in  K i r k e n d a l l  c o u p le s ,  

e s p e c i a l l y  w i t h  r e g a rd  t o  c o u p le  bend ing .  Ag/Au coup les  were  s e l e c te d  

because they  have p r a c t i c a l l y  no a tom ic  m i s f i t  s t r e s s e s  b u t  do gen e r ­

a t e  l a rg e  chem ica l  s t r e s s e s  due t o  vacancy g r a d i e n t s .  The c o u p le s ,  

some w i t h  i n e r t  marker  p a r t i c l e s  p laced  a t  t h e i r  o r i g i n a l  j o i n ,  were 

made f rom v e r y  pu re ,  s o f t - a n n e a le d  shee ts  w h ic h  were m o d e ra te ly  p r e s ­

s u re -w e ld e d ,  then i s o t h e r m a l l y  d i f f u s e d ,  m o s t l y  a t  750°C. Some o f  the 

c o u p le s  were  m e c h a n i c a l l y  c o n s t r a in e d  f rom bend ing  d u r i n g  d i f f u s i o n  

by p i s t o n s  h e ld  a g a in s t  t h e i r  broad fac es .

E x p e r im e n ta l  o b s e r v a t i o n s  and s i m p l i f i e d  s t r e s s  c a l c u l a t i o n s  

i n d i c a t e  t h a t  the p r im a r y  cause o f  coup le  bend ing  is  d i f f u s  i o n - in d u c e d  

s t r e s s e s .  These a re  genera ted  th ro u g h o u t  a c oup le  when n o n e q u i l i b r i u m  

vacancy c o n c e n t r a t i o n s  in  the i n t e r d i f f u s i o n  zone are  e l i m i n a t e d  by 

d e s t r o y i n g  o r  c r e a t i n g  l a t t i c e  s i t e s  on e i t h e r  s id e  o f  the  c o u p le .  

Coup le  bend ing  i s  r e p r e s e n t a t i v e  o f  h i g h - t e m p e r a t u r e , ’ l o w - s t r e s s  c reep  

d e f o r m a t i o n .  Mass c o n s t r a i n t  ( coup le  t h i c k n e s s  p a r a l l e l  t o  the  d i f f u ­

s io n  d i r e c t i o n )  r e t a r d s  o r  p re v e n ts  bend ing  by d e c re a s in g  the ( c a l c u ­

l a t e d )  bend ing  s t r e s s  a t  the o u te r m o s t ,  n o n d i f f u s e d  p o r t i o n s  o f  the 

c o u p le .  T h is  e x p l a i n s  why bend ing  i s  not  observed in the m o r e - f a m i l ­

i a r ,  b u l k y  K i r k e n d a l l  coup les  w h ic h  a re  much t h i c k e r  in  the  d i f f u s i o n

178
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d i r e c t i o n  than a re  t h i n - s h e e t  c o u p le s .  In a d d i t i o n  to  c a u s in g  ben d in g ,  

the d i f f u s i o n - i n d u c e d  s t r e s s e s  a l s o  cause g r a i n  boundary  s l i d i n g ,  

d e s t r u c t i o n  o f  o r i g i n a l  c r y s t a l l i n e  b o u n d a r ie s ,  s u b g ra in  f o r m a t i o n ,  

r e c r y s t a l l i z a t i o n ,  g r a i n  g ro w th ,  and i n t e r n a l  c r a c k i n g .

Marker s h i f t i n g ,  p o r o s i t y  g ro w th ,  and p o r o s i t y  s h i f t i n g  a ' lso  

oc c u r  in t h i n - s h e e t  c o u p le s .  P o r o s i t y  g row th  b e h a v io r  i n d i c a t e s  

th a t ,  c o n t r a r y  t o  common b e l i e f ,  e l a s t i c  r e l a x a t i o n  o f  c oup le  m a t e r i a l  

in  the d i r e c t i o n  p a r a l l e l  t o  d i f f u s i o n  is  r e s t r a i n e d  by the mass in 

t h a t  d i r e c t i o n .  The r a t e  o f  marker  s h i f t i n g  in  the e a r l y  s tage o f  

d i f f u s i o n  in c re a s e s  when bend ing  and p o r o s i t y  f o r m a t i o n  a re  reduced by 

e i t h e r  mass- o r  mechan ica l  c o n s t r a i n t  p a r a l l e l  t o  d i f f u s i o n .  Th is  

sugges ts  t h a t  bend ing  p o r o s i t y  f o r m a t i o n ,  and marker s h i f t i n g  a re  

s y n e r g i s t i c a l l y  r e l a t e d  by the  d i f f u s  i o n - i n d u c e d  s t r e s s e s  w h ich  i n f l u ­

ences each o f  them. T h in  ne two rks  o f  p o r o s i t y  a re  found in  some o f  

the c o u p le s ,  supposed ly  formed by hetereogeneous vacancy c o n d e n s a t io n  

a lo n g  subboundar ies  w h ich  were  genera ted  d u r i n g  d i f f u s i o n .  Some o f  

the o x id e  marker  p a r t i c l e s  become en t rappe d  in  pores  d u r i n g  d i f f u s i o n  

o f  the  m ore -po rous  c o u p le s .



APPENDIX A

Thermal Expansion Bending o f  T h in -S h e e t  Couples

Upon h e a t i n g ,  t h i n - s h e e t  coup les  o f  Ag/Au undergo the rma l  expan­

s io n  b e n d in g ,  much l i k e  b i - m e t a l l i c  t h e r m o s ta t  s t r i p s .  The d i r e c t i o n  

o f  t h i s  bend ing  is  o p p o s i t e  t o  t h a t  encoun te red  d u r i n g  i n t e r d i f f u s i o n  

o f  the  s t r i p  e le m e n ts ,  as shown in  F i g .  55.  The magn i tude o f  t h i s  

the rma l  expans ion  bend ing  is  c a l c u l a t e d  f o r  the d i f f u s i o n  tem p e ra tu re  

o f  750 °C .

C a l c u l a t i o n  o f  the the rma l  expans ion  bend ing  i s  based on the 

f o l l o w i n g  s i m p l i f y i n g  assum p t io ns :

1 .*  Thermal e x pa ns io n  o f  semi- i n f i n i t e  d i f f u s e d  coup le  c l o s e l y  

app ro x im a te s  t h a t  o f  an u n d i f f u s e d  c o u p le .  Th is  is  reason ab le  i f  (1)  

the c o n c e n t r a t i o n  g r a d i e n t  is  c o n s id e re d  l i n e a r ,  and (2) the expans ion  

c o e f f i c i e n t  f o r  a l l  c o m p o s i t i o n s  changes l i n e a r l y  w i t h  c o n c e n t r a t i o n  

(a V e g a rd - ty p e  l i n e a r  b e h a v i o r ) .

2.  The therma l expans ion  c o e f f i c i e n t ,  , i s  c o n s id e re d  c o n s ta n t  

i n  the  te m p e ra tu re  range 25°  -  750°C Q s t r  i c t l y , o( c <*.(T)J . .

Bend ing C a l c u l a t i o n

R e f e r r i n g  t o  F i g .  55,  i t  i s  seen t h a t  the tendency f o r  e i t h e r  h a l f  

o f  the c o u p le  (Au o r  Ag) t o  expand by A y  upon h e a t i n g  is  g i v e n  by:

A Y i  = Yo i (T -  To) ^5

, where i = Au o r  Ag

y G -  c oup le  w i d t h  a t  T0
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Fig. 55. Bending of thin-sheet Ag/Au couples.

(a )  couple prior to heating
(b) bendind induced by thermal expansion
(c ) bending induced by interdiffusion
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°^  \ = c o e f f i c i e n t  o f  thermal e x p a n s io n ,  deg ree - ^

T0 , T -  am b ie n t ,  d i f f u s i o n  t e m p e ra tu re ,  r e s p e c t i v e l y  

The a r c  le n g th s  a t  e i t h e r  the pure Au o r  pure Ag t e r m in a l  ends a t

the  e l e v a t e d  te m p e ra tu r e ,  T, w i l l  be

Vi = Yo 0  + * 1  ( T -  T0 ) ]  **6

The a r c  l e n g t h  r a t i o  o f  Ag t o  Au i s  then

1 + ■=*/*o ( t - T q)
VAU '  1 + «A u (T-T0)

From F i g .  55,

**7

yAg = (R+C)e . . .  k8(a)

and

yAu = (R‘ C) 0 • • •  *+8(b) '

E l i m i n a t i n g  9 y i e l d s

yAg R+C
yAu " R-c . . .  49

Combining  Eqns. W] and Z+g g iv e s

R+C _ 1 + ^ A o  (T-Tp)
R-C " 1 + e * (T-T0)

Va lues  o f  \ a re  c a l c u l a t e d  f rom l a t t i c e  pa ram ete rs  a c c o r d i n g  t o

J  -T o
e x ' .

a ;  -  a j
i

*>1°  (T-T-)

, where aT ° ,  aT = l a t t i c e  parameters a t  25°  and 720° C ^ ,  re s p e c t iv e ly .

* S i n c e  y ,  R »  C, c oup le  expans ion  in  the x d i r e c t i o n  is  n e g l i g i b l e
and C is  assumed c o n s t a n t .
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r /  -  11,80 ~ ^ -0862  = 2 .8  x 10"5 ( ° C ) " 1
Then, 4 .0862 (720  -  25)

S i m i l a r l y ,  £ * Au = 1.65 *  lO- 5 ( ° C ) " 1

Employ ing these  va lu e s  o f  e>\ , in  a d d i t i o n  t o

C = 44 pm (coup le  h a l f  t h i c k n e s s )

T = 25°Co

T = 750°C ( d i f f u s i o n  te m p e ra tu re )

, y i e l d s  f rom  Eqn. 50,

R = 2 .35 cm

, w h ic h  is  the  c a l c u l a t e d  r a d iu s  o f  c u r v a t u r e  due t o  therma l expans ion  

ben d in g  o f  88 ^ jm - t h i c k  c o u p le s .



APPENDIX B

Measur ing  S h i f t i n g  o f  Markers  and P o r o s i t y

A. Marker S h i f t i n g

1. The d i s t a n c e s  f rom  n i n d i v i d u a l  markers  to  the Au te rm in u s  were 

measured in  d i f f u s i o n  annea led  c o u p le s ;  these a re  r e p re s e n te d

by XAu_m. ,  i = 1 ,2 ,3  * * * n , i n  F i g .  5 & (a ) .

2. The ave rages ,  Xp|U_m, f ro m  each c o u p le  in  a s e r i e s  o f  l i k e  coup les  

were p l o t t e d  a g a in s t  t ^ " ,  as shown In F i g .  5 6 ( b ) * * .

3 .  The X^u_m( t )  d a ta  were computer  f i t t e d  t o  a p a r a b o l i c  r a t e  c u rv e  

(Xm = b + k ^ t i ) , and the  i n t e r c e p t  v a l u e ,  b ,  e s t a b l i s h e d  the l o c a t i o n  

o f  Xm = 0 a t  t  0 ,  where Xm *= average marker  s h i f t  f rom  the  o r i g i n a l  

j o i n .  Note t h a t  p o s i t i o n  o f  the markers  b e fo r e  d i f f u s i o n  was e s t a b ­

l i s h e d  d i r e c t l y  w i t h o u t  em p lo y ing  the  a b s o lu t e  v a lu e  o f  the  coup le  

h a l f  t h i c k n e s s ,  C*”~'r .

*The t o t a l  d i f f u s i o n  t ime a t  750°C, t ,  i n c lu d e s  the  n o n is o th e rm a l  d i f ­
f u s i o n  c o n t r i b u t i o n  wh ich  o c c u r r e d  d u r i n g  w e ld i n g  and d i f f u s i o n  a n n e a l ­
i n g .
* * M a r k e r  p o s i t i o n s  w i t h i n  a s e r i e s  o f  l i k e  coup les  can be 
compared d i r e c t l y  o n l y  i f  the  shee t  t h i c k n e s s e s  o f  the Au h a l f  o f  the 
coup les  (=C) were i d e n t i c a l  b e f o r e  w e ld i n g ;  Th is  c r i t e r i o n  was met f o r  
each s e r i e s  o f  markered cou p le s  by f a b r i c a t i n g  t h e i r  welded d i s k s  f rom 
im m e d ia te l y - a d ja c e n t  m a t e r i a l  a l o n g  the  s t o c k  s h e e t .  Th is  f a b r i c a t i o n  
method o f  o b t a i n i n g  equal  t h i c k n e s s  was necessary  because the v e r n i e r  
m ic ro m e te rs  (± 1.25 jum in s t r u m e n t  p r e c i s i o n )  employed to  measure C 
were in c a p a b le  o f  d e t e c t i n g  m in o r ,  y e t  s i g n i f i c a n t ,  s h e e t - t o - s h e e t  
t h i c k n e s s  v a r i a t i o n s .
•iWoVjn t h i s  e x p e r im e n t ,  e s t a b l i s h i n g  the  p o s i t i o n  o f  the o r i g i n a l  j o i n  
by em p lo y ing  the m ic rom e te r -m easured  v a lu e  o f  C y i e l d e d  the same pa ra ­
b o l i c  marker  s h i f t i n g  e x p re s s io n s  wh ich  were o b ta in e d  f rom  the method 
o f  s t e p  3-
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k

*< — Ag terminus

(=60/xm)

a) marker positions in a diffused couple

average marker 
position at the 
original join, 
given by X m-  0  at 
t s0

< — Au terminus

45105

4 5 (this 
portion 
omitted 
in text 
figures)

Au-m
3 0

0 2
t ' / 2 ,  h r " 2

b) a plot of marker shifting for a series of four like couples

Fig. 56. Marker shifting measurements and plot to r a 
hypothetical series of like (I20^im  th ick) 
diffusion couples.
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k .  Va lues o f  Xj were o b ta in e d  by s u b t r a c t i n g  b f rom  XAu_m. , as shown 

in  F i g .  5 6 ( a ) .

B. P o r o s i t y  S h i f t i n g

Th is  p roced u re  was s i m i l a r  t o  the case o f  marker s h i f t i n g  excep t  

f o r  the f o l l o w i n g  two s te p s .

1. The l o c a t i o n  o f  the c e n t e r l i n e  o f  the  p o r o s i t y  zone was ju dged  t o  

be the d e n s i t y  c e n t e r  o f  ^  95% o f  the a p p a re n t  p o r o s i t y .  F i v e  o r  

more p o r o s i t y  s h i f t  measurements,  each made a lo n g  d i f f e r e n t  segments o f  

the p o r o s i t y  zone, were averaged to  f i n d  XAu_p o f  each c o u p le .

2. The p a r a b o l i c  r a t e  c u r v e ,  Xp = b + k p t 2 , wh ich  f i t  the XA(J_ p ( t )

d a t a ,  c o u ld  no t  be e x t r a p o l a t e d  t o  Xp = 0,  t  = 0 as was done in  the 

case o f  marker s h i f t i n g .  (Th is  e x t r a p o l a t i o n  was no t  j u s t i f i e d  be­

cause j t  was no t  known where o r .when  p o r o s i t y  was i n i t i a l l y  formed o r  

began s h i f t i n g  in  the c o u p l e s ) .  T h e re fo r e ,  the  premeasured v a lu e  o f  

the  A u - h a l f  o f  the c oup le  (=C) was employed t o  e s t a b l i s h  the l o c a t i o n  

o f  the o r i g i n a l  j o i n .  A c c o r d i n g l y ,  C was s u b t r a c t e d  f rom the  mea­

sured v a l u e s ,  XAu_p , in  o r d e r  t o  f i n d  Xp, the  p o r o s i t y  s h i f t .

C. Measur ing  E r r o r s

The m a jo r  sources  o f  e r r o r  in  the s h i f t i n g  measurements were the 

l i m i t s  o f  i n s t r u m e n t  p r e c i s i o n  p lu s  the  judgement  e r r o r s  i n '  l o c a t i n g  

the c e n t e r s  o f  marker  p a r t i c l e s  and p o r o s i t y  zones.

1. Marker s h i f t i n g  measurement e r r o r s .  *

These were (1)  the 0 .25  /Jm o p t i c a l  r e s o l u t i o n  l i m i t  o f  the m ic r o ­

scope measurements w h ich  was imposed a t  the marker and a g a in  a t  the Au 

t e rm in u s ,  and (2) the e s t im a te d  0 .5  /um e r r o r  in  l o c a t i n g  the  mass cen­

t e r  o f  each marker  p a r t i c l e .  These n o n s y s te m a t ic  i n a c c u r a c ie s  t o t a l e d
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to  a maximum e r r o r  o f  1 yum when measur ing  the p o s i t i o n  o f  a s i n g l e  

marker p a r t i c l e .  However,  i t  was u n l i k e l y  t h a t  the maximum e r r o r  was 

a c t u a l l y  r e a l i z e d  because n o n s y s te m a t ic  e r r o r s  in one d i r e c t i o n  u s u a l l y  

cance l  p a r t  o f  the n o n s y s te m a t ic  e r r o r s  in the o p p o s i t e  d i r e c t i o n .

The r e a l i s t i c  measure o f  r e l i a b i l i t y  i s  g i v e n  then by the  p ro b a b le

122 r* “i  i
v a lu e  \ 2 ( e r  r o r s )  2 , w h ich  in t h i s  case was ( 0 .2 5  + 0 .2 5 ^  +

9 J-0 .5  ) 2 ^  t  0 .5  /Jm. Thus, each marker  datum p o i n t  was c o n s id e re d  

r e l i a b l e  t o  the n e a r e s t  jum."

2. P o r o s i t y  s h i f t i n g  measurement e r c o r s

These were (1)  the same r e s o l u t i o n  l i m i t  o f  0 .25  /Jm w h ich  p e r ­

ta in e d  t o  marker measurements,  (2)  an e s t im a te d  1 yum e r r o r  in  j u d g ­

ing the p o s i t i o n  o f  the p o r o s i t y  zone c e n t e r ,  and (3) a 1.25 >um 

■ p r e c i s i o n ' 1 i m i t  o f  the- v e r n i e r  m ic rom e te rs  employed to  measure C, the 

c o u p le  ha 1f t h i c k n e s s . A c c o r d i n g l y ,  the maximum e r r o r  was 2 .75  /Jm, and 

the p r o b a b le  e r r o r  was 1 .6  yum.

^M easu r ing  marker p o s i t i o n s  in  t y p i c a l  b u l k y  coup les  i s  u s u a l l y  done 
w i t h  l i g h t  o p t i c s  and mechan ica l  s tage  t r a v e r s e s ;  t h i s  y i e l d s  a t  k  / jm 
p r e c i s i o n  l i m i t . ^  S i m i l a r  p r e c i s i o n  i s  o b ta in e d  by u s in g  t r a c e r  t e c h ­
n iques  on r a d i o a c t i v e  o x id e  m arke rs ,  Hf0.^2,*+5 j h e  g r e a t e r  p r e c i s i o n  
in  t h i s  e x p e r im e n t  i s  due t o  m a r k e r - t o - A u  te rm inus  d i s t a n c e s  be ing  

:.suf f  i c  i e n t  l y  sma l l  t o  p e r m i t  o p t i c a l  g r a t i n g  .measurements w i t h o u t  
m e c h a n ic a l l y  m easur ing  a c ro s s  t h i n - s h e e t  c o u p le s ,  t h e r e b y  a v o i d i n g  
mechan ica l  s tage e r r o r s  due t o  gear la s h ,  e t c .
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M u l t i p l y i n g  b o th  s id e s  o f  Eqn. ^3 by 10 ^ y i e l d s  the  d e s i r e d  form^

10 -3

EK,
= J L  -£ [exp-  ( x 2/* tDt )J  (C2/ ^ D t ) ^ ^ 2 -  ~  £exp-  (C2/ 4 D t j ]

C

00

5 ,
n=l

Computer Term 

COUPLE THICKNESS

SUM

NO ITERATioNS

C sq/ 4 d t  

X(MICRONS)

2 n ± l x  
2 n( c 2A p t )  2 ? 10- :

T i  )(2n+ l
b 3 '

Descr i p t  ion

X/C

SIGMA

2C, the  c o u p le  d im ens ion  p a r a l l e l  t o  the 
d i f f u s i o n  f l o w  d i r e c t i o n ,  x

th e  a b s o lu t e l y - c o n v e r g e d 3 v a lu e  o f  the sum­
m a t io n  term in  Eqn. ^3 '

th e  number o f  i t e r a t i o n s ,  n,  employed in  
c om pu t in g  the  v a lu e  o f  the SUM term 
(n = 3 0 0 , . h e r e ) °

C2A D t ,  the  f a c t o r  d e s i g n a t i n g  the e x t e n t  o f  
i n t e r d  i f f u s  ion

th e  d i s t a n c e  a c ro s s  the coup le  in  a d i r e c t i o n  
p a r a l l e l  t o  the d i f f u s i o n  f l o w ,  x = 0 a t  the 
o r i g i n a l  j o i n  ( th e  c oup le  c e n t e r )  and x = C a t  
e i t h e r  t e rm in u s  ( f r e e  s u r f a c e )  o f  the  c o u p le

x / C ,  the d i s t a n c e  a c ro s s  h a l f  o f  the  c o u p le ,  
n o rm a l i z e d  t o  c o u p le  ha I f t h i c k n e s s ; x /C ^  1

the  s t r e s s  param ete r  g i v e n  by the  LHS o f  Eqn. 
^ 3  1

aa b s o lu t e  convergence i s  p roven  by a p p l y i n g  the " r a t i o ,  R, t e s t "  t o

00 2n+l
Z 2nA“ T

+ ] \  1 > where A =* ( v a r i a b l e )  c o n s t a n t ,  I 'm  R < 1  d e f i n e s
n=l

a b s o lu t e  c onve rgence ,  where  R = ^ (n+,J)
2n+3 f ^

f  (n)

2n+l

2nA 2 
( 2 n + l ) I

2n+1A 2
and f ( n + l )  = ( 2n+3T l

^The number o f  i t e r a t i o n s  r e q u i r e d  t o  converge  the SUM term f o r  a l l  
v a lu e s  o f  C / ^ D t  employed here (up t o  C / ^ D t  = 85 ) was found f rom 
t r i a l  c a l c u l a t i o n s  to  be under  200. Thus, the 300 i t e r a t i o n s  a re  more 
than s u f f i c i e n t  t o  converge  the  SUM.
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^ :  r' I  '  - S ! '  m T (  1 - i  )  t  r O T  f S ; ' )  •  o , T  (  s r .  1

•* : 17 r t A l '  ( ) ( h i t  1 ) ( p l ^ W . l l / ^ s l / I M / ^ i D X / C T
; 1 f T ( 1 5 k  u  i I ' » i  P F a • 6 )

a : IF f : ■ M j 1 9 , 1 s * 19
7 : 1 ^  = n
x :  u  pe k n  n n 5 , ^ i  ( o o t u  +J)  , j  = i  , x i
n:  r  r  1 • * r r -sr i n

i n :  Cf? ;  J = i * r  ,
1 1 : I F t r n T r  n+. j  ) > 6 . 7 , 7
1 ? :  f- n = N i + j - i
1 3 !  G9  T r< 8
1 4  1 7  C 9 N T T \ ‘UF
1 b : \ c t + p
1 6 :  G 9  T O 4
1 7 :  F- 0 3  1 0  J = 1 | V
1 x :  l u  ( j >b c t * « p / c o t t , n
i n :
2 o : ’ OEf n ^ . n
2 1 : SUf-- = n . 0
? ? :  on 9 l  = i * h f-
2 9 : M=K+1
24 1 _ DEN = ME \  +AL_r fi ( 2 • 0 *FI  0 AT ( n ) +1 • 0 )
2?s: SUM S 5t j M+FXP(  (Fl  B A T ( M ) * 0 » 6 9 3 1 5 ) + {  ( ( 2 * 0 + F L n A T ( P >
2 a : 1 + 1 - o  1/ 2 . 0 ) * . a l b g t m i f  j )  n - n r v i
2 7 : 9  cmr r t Nii;r
2 k :  x = 0 » 0
2 9 :  1«= NN = 0
3 0 :  PR I f; T 11 / { I O E N ( J J )  »j J * 1 /  1 5 J
31 : 11 F o r m a t  f 11 • / ' 0 ' / 1n ' , T 2 P , I 6 A4 / I 0 I . T 2 0 . ' SU' J« I , T 2 6 .
3 ? :  1 E l  A * 7 / T 9 0 ,  ' \ 9 *  T T F W A T I f t N S s i , T 6 I5 # T * / i n , # T 3 0 »
3 3 1  2 ' C S ' V ^ r ' T t  f T 3 2 #  ' Xf  ^ T C R 0 MS)  • ,  T 4 7 / i  X / T ' # T 6 9 /  • S I G P A M
3*+: 14 k'-jsr - + l
3 f>: x s y + o x
3 6 :  I F  ( X - C T )  1 6 , 1 4 * 1 0
3 7 : 16 x x = x « l o n o o * o
3 8 :  XC=X/ CT
3 9 : ST fiB M  X*EXP< -  (>'##?> / DT  ( J 5 )  ) *  ( ( rOT ( J 1 ) * M  * 5  1 -  < ( (
4 n :  i 3 » o « x # e x p < - t o t  r . n  n  / ? * n ) « s t ; n n  * m  • c f - 3 / c t * * 3 )
41 : P R U T  l 2 * C r:T { J 1 * XX,  XC* S I R
4 ? :  12 F9RPAT f T 2 1 * F 6 , 2 * T 9 9 » F A , ? , T 4 5 * F 6 . 4 * T * 5 * E 1 4 . 7 )
4 3 !  I F  ( V N - 4 5 )  1 4 / 1 5 * 1 9
u :  10 CBf FT VEF
4 9 !  33 To 17
46: 18 STPP
4 7 :  E'JO

F o r t r a n  IV Program L i s t i n g  f o r  the Computer S o l u t i o n  o f  the S t r e s s  

D i s t r i b u t i o n  Equa t ion  **3 1



r f [ l f  t  u  ' V * = r s- M C - f u S
191.

rU«' = . 5  l ^ ? "7 F T  + : £ Sr-.  TTI' a A T l 9 \ 5  = 9 0 ^

: ; / 4 i : t X ( ‘M C F O N i S ) y / c S I  OVA
• o o • 2 5 . 0 0 5 7 • ? 3 0 0 ‘3 2 9 F  + r i 3

h •; );> • 5; : • 01 14 • 4 3 9 4 0 5 8 2 + 0 2
£ • O 'J • 7 5 • n 1 7 6 • 6 5 7 1 6 2 5 F + 0 ?

• o o 1 • C \ « 2  2 1 * £ 7 2 5 9 6 0 2  + 0 2
£ *  o ■ : 1 * 2 5 • 0 2 8 4 * 1 0 8 4 9 6 4 F + 0 3
£ • 0 0 1 * 5 0 • 0 9 4  1 . 1 2 9 3 5 0 0 F + 0 3
k « o o 1 • 7 b * 0 3 9 8 • 1 4 9 7 5 2 1 F + 0 3
P • 0 0 £ • 0 0 * 0 4 5 5 * 1 6 9 6 3 2 9 F  + 0 3
£ • 0 0 ? •  2 5 • 0 5 1 1 * 1 8 8 9 2 6 6 F + 0 3
£ * 0  0 2 * 5 0 * 0 5 6  £ • 2 0 7 5 7 0 5 F + 0 3
£ • 0 0 2 *  7 5 • 0 6 2 5 • 2 2 5 5 0 6 1 F + 0 3
« » 0 0 0 • 0  c # 0 6 8 2 • 2 4 2 6 7 8 4 F + 0 3
£ * 0 0 9 * 2 5 * 0 7 3 9 * 2 5 9 0 3 6 6 F  + 0-?
£ * 0 0 9 *  5 c * 0 7 9 5 • 2 7 4 5 3 5 2 F + 0 3
R * Q 0 9 *  7 5 • 0 8 5 ? • 2 8 9 1  3 1 9 F  + 0 3
h * o o 4 * 0 0 • 0 9 0 9 • 0 J 2 7 8 9 6 F + 0 3
£ • 0 0 4 * 2 5 . 0 9 6  6 • 9 1 5 4 7 7 9 F + 0  3
£ • 0 0 4 . 5 0 • 1 0 2 3 • 3 2 7 1 6 8 5 F + 0 3
£ • 0 0 4 * 7 5 • 1 0 8 C • 3 3 7 8 4 0 8 F + 0 3
£ • 0 0 5 * 0 0 * 1 1 3 6 • 3 4 7 4 7 8 5 E + 0 3
£ • 0 0 5 * 2 5 * 1 1 9 3 * 3 5 6 0 6 9 3 C  + 0 3

« •  0 0 5 * 5 0 . 1 2 5 0 • 3 6 3 6 C 7 3 F + 0 9
£ • 0 0 5 * 7 5 • 1 3 0 7 • 3 7 0 0 3 2 5 F + 0 3

« * o o 6 * C C * 1 3 6 4 • 9 7 5 5 2 7 1 F + 0 3
£ • 0 0 A *  2 5 . 1 4 2 0 • 3 7 9 9 1 9 2 F + 0 3
£ • 0 0 A • 5 0 . 1 4 7 7 • 9 3 3 2 8 2 2 F + 0 3
£ • 0 0 6 * 7 5 . 1 5 3 4 • 3 8 5 6 3 2 6 F + 0 3
£ * 0 0 7 • Cf ; .  1 5 9 1 • 3 3 6 9 9 2 4 F + 0 3
£ • 0 0 7 • 2 5 . 1 6  4 8 • 3 3 7 3 8 6 5 F + 0 9
£ • 0 0 7 * 5 0 * 1 7 0 5 • 3 8 6 8 4 3 3 F + 0 3
£ • 0 0 7 • 7 5 * 1 7 6 1 • 3 8 5 3 9 5 8 F + 0 3
£ • 0 0 8 * 0 0 . 1 8 1 8 • 3 8 3 0 7 8 4 F  + 0 3
£ • 0 0 8 * 2 5 * 1 8 7 5 • 3 7 9 9 2 9 2 F + 0 3
£ • 0 0 £ • 5 0 .  1 9 3 2 ' • 3 7 5 9 8 8 3 F + 0 3
8 * 0 0 £ . 7 5 • 1 9 8 9 • 9 7 1 2 9 8 9 F + 0 3
8 * 0 0 9 *  On • 2 0 4 5 • 3 6 5 9 0 3 1 F + 0 3
£ • 0 0 9 * 2 5 • 2 1 0 2 • 3 5 9 8  4 3 6 F  + 0 3
£ • 0 0 9 * 5 0 * 2 1  5 9 • 9 5 3 1  £ 0 9 F + 0 3
£ • 0 0 9 * 7 5 . 2 2 1 6 * 3 4 5 9  4 8 2 F *-0 3

£ • 0 0 1 n • On • 2 2 7 3 • 9 3 8 1 9 8 0 F + 0 3
£ • 0 0 1 0 • 2 5 . 2 3 3 0 • 9 2 9 9 7 9 0 F + 0 3

£ •  0 " 1 o * b o . 2 3 8 1- • 9 2 1 3 9 9 6 F + 0 3
£ • 0 0 1 0 * 7 5 .  2 4 4 3 • 9 1 2 3 2 6 9 2 + 0 3
£ • 0 0 1 1 * 0 0 * 2 5 0 0 • 3 0 2 9 8 8 5 F  + 0 3
£ • 0 0 1 1 * 2 5 * 2 5 5 7 * 2 9 3 3 7 1 9 C + 0 3

Example o f  O utp u t  Data



r ' M : ' LE- T i - i r K ' T ‘:R = 8 8 K T C « ? ) \ S
1 9 2 .

. ft *1 + v q . T7F3ATI9VR* 300

9/497 V ( v TCR;; \ f t ) X / C SI  9MA
8 * 0 0 11 * bn . 26l4 3 8 3 5 3 0 0 F + 9 3

. 00 1 1 • 7ft . 3 ft 7 0 3 7 3 4 7 9 3 F + 0 3
k • no 1 3 » 0 0 * 3 7 2 7 3 6 3 2 9 1 7F + 93
4 • 0 1 3 • 2 ft * 3 7 8 4 PftFOO'OF + nO
8 0  0 1 3»5r: • ? R 4 1 3 4 2 6 3 8 5 F + D 9
8 • (J ~ 1 3 * 7 5 < 3 8 9 8 3 3 3 2 4 9 5 F + 03
« * o c 1 3 * 0  c • 3 9 5 5 ? 3 1 S 6 7 3 F + n 3
« * o n 1 3 * 2 5 * 3 0 1 1 3 1 1 5 3 4 6 F + 0 3
8 * 0 0 1 3 * 5 0 . 3 0 6 8 3 0 1 2 5 3 6 F + G 9
8 * 0 0 1 9 * 7 5 * 3 1 2 5 19 1 0 8 9 1 F + 0 3
r . oo 1 « * o c . 3 1  8? 18 1 0 3 9 3 F + 0 3
P. * 0 0 1 4 »2ft • 3 3 3 9 1 71 1 4 7 4 F + 9 3
8 * 0 9 1 4 * 5 n . 3 3 9 5 16 1 4 3 9 5 F + 0 3
K * 0 0 1 4 * 7 5 . 3 3 5 ? 1 5 1 9 0 6 3 3 + 0 3
p .  00 1 ft * 0 0 . 34 Oo 14 2 5 9 5 6 F  4 0 3
8 * 0 0 1 ft * 2ft * 34 6ft 1 3 3 5 1 ?9F + 03
P .  00 1 ft • 50 * 3 K 23 1 2 4 6 7 2 2 F + ,9 3
ROC. 1 ft • 7 ft . 3 5 8 0 1 1 6 0 8 ft 3 F + 0 3
P. * 0 0 1 6 * c o • 3 ft 3 ft 10 7 7 A 1 6 F + G 3
8 0 0 1 6 . 2 5 . 3 6 9 3 9 9 7 0 9 8 2 F + 0 2
8 * 0 0 1 6 * 5 G . 3 7 5 0 ^ 1 9 3 5 1 5 ^ + 0 2
8 * 0 0 1 ft • 7ft * 38 07 » 4 4 4 3 f t 4 F + n ?
r,»oo 1 7 * 0 0 * 3 8 6 4 7 7 2 3  4 85F+H?
8 * 0 0 1 7 * 2 5 * 3 9 2 0 7 0 3 1 3 1 6 F + 0 ?
M * 00 1 7 * 5 0 . 3 9 7 7 6 3 6 7  7R7F+02
ft * 0 0 1 7 * 7 6 . 4 0 3 4 ft 7 3 2 7 3 9 F  + 02
ft * 0 0 1 8 * 0 0 . 409 1 ft 12 5 9 0 9 F  + n?
f t *00 1 ft • 2 5 . 41 48 4 5 4 6 9 S 3 F + 0 ?
ft • 0 0 1 r * 5 c; • 4 3 0 5 3 9 9 5 5 9 2 F + .9 2
ft * 0 0 1 R * 7ft * 4 3 6 1 3 4 7 0 9 0 6 2 + 0 ?
f t *00 1 0 * 0 0 • 4 3 1 8 3 9 7 2 6 1 8 F+ 0 2
ft * 0 0 1 9 * 2 5 . 4 3 7 5 3 4 9 9 9 4 2 F + 0 ?
f t * 0 0 1 9 * 5 0 . 4 4 3 ? 3 0 5 2 1 5 3 E + 0 ?
ft • 00 1 9 • 75 * 4 4 8 9 16 2 8 4 6 7 F + 0 ?
ft* DC 3O* 0C . 4 5 4 5 1 22 s nf t2 F+ n ?
ft * 0 0 3 0 * 2 5 . 4 6 0 ? 85009f i f tF+n1
ft * 0 0 3 0 * 5 0 • 4 659 4 9 3 6 7 7 9 F + 0 1
ft • 00 3 0 *  75 * 4 71 ft 1 5 7 9 3 1 ftF+01
ft * 0 0 3 1 * 0 0 . 4 7 7 9 - 1 5 8 0 ft 3 I F  + 01
ft • 0 0 31 * 2 5 . 4 8 3 0 4 5 5 2 0 6 6 F + 0 1
ft * on 31 * 5 0 . 4 8 8 ft w 7 3 4 3 ̂  7 9 r + M
>■ • 0 ' 1 3 1 * 7  '• > . 404  9 m 0 9 6 5 4  98t r+nl
ft* 00 3 3 * 0 0 . 5 0 0 0 m 1 ? 4 ? f t 9 3 r + 9 3
ft • 0 0 3 3 *  25 . 5 0 5  7 - 1 4 7 3 3 9 7 ^ + 0 ?
ft • 0 ■ 33 * 5 . 5 1 1 4 - 1 ft 2 9 ̂ 3 ft F +02

Example of Output Data



193.
i.t’Lr T'U rK'-rct; * p.'; v ? r'-’f'1 s
*a .5 1 o 5 "'/ E + .*< v 5 • H b 9 A  f I9' 5 = 300
m / + O T X< *'TCK*'j\S ) X/C ST5M4
5 «•();; P? * 76 *5170 - . 1892229F + 0?
1 8 » 0 " 2 9 * Of. .5227 - *P08?1A??+0?
1 n*CV) 23. 26 • 5284 -•'->?6oi mr+-)p
1 v » j < ** *"s * t** ;f  ̂• w’ ‘ .531*5 * ♦ P 4 2 6 A 3 4 P 4. 0 3
l a • o :> 23* 76 .5392 - *?b831DPR+OP
in *00 24 • CC • 51* 5 5 -.27295725+0?
1 8 • DO 24*2 5 • 5511 -.2366993F+0?
1 8*00 ?4 • 50 .556A -.29953272 + 0?
18*01 j ?4* 7b *5625 "*3116 U64F + 0?
18*00 25*00 . bAS? -.32306272+0?
j X . 0 0 P5»?6 .5739 -  * 3337A59F + 0?
1 8 • 0 P5 * bo .5795 -.3438483F+0?
1 8 • 0 0 PR • 75 .565? - * 3533535r + 0?
1 8*00 PA • 00 .5909 - .36234PPR+02
1 A • 09 PA • 25 • 5966 -.37084242+0?
18*00 PA* 50 . A023 -.37R8997F+0?
IP *00 PA • 75 .6080 -*3S65508F: + 0?
1 h *oo 71 » 00 * 61 3 6 -.3938 3 132+n?
18*00 P 7 * 2 5 . A1 93 -.40077362+0?
1 8 * 0 0 ?7*5{; . 6?b0 -.40740752+02
18*00• 27*75 .6307 -•4137613F + 0?
1 8 * 00 PA *00 *6364 -.4 1986,042 + 0?
IP. *00 PA *25 * A 4 2 0 -•4257P35F+02
18*00 p k * 5 o .6477 -.49133792+0?
1A » 0 0 ?a * 75 . 6534 - .4368584R+0?
1 8*00 ?9»0C .6591 -*44?1584F+0?
18*00 P9»2b * 6648 - .4473048F + 0?
j 8*00 29*5o .6705 -.45231282+0?
IP* 00 29*76 .6761 -.4571QA7F + 0?
1**00 no* Co . 6 2  in -.46196902+0?
IP* 00 .?n • 25 .6675 -.4666418T+0?
IP* 00 3n»5c .693? -.47122545+0?
18*00 .30*75 .6989 - * 4757P89R + 0?
is* oo 31 *00 •70*5 ' -*4801616F+0?
1 P * L) Vj 31 *25 *710? -.4845314P+0?
IP *00 31 • bo *7159 -.4 3884432+0?
m  *oo 31 *75 .7216 -•4931073F+0?
1 8 » 00 3P • OC . 7273 -.49732A2F+0?
l* o n 3P ♦ 25 .7330 -.50150562+02
m . o o 3?#5C . 738 6 -.50b650?r+0?
in* on 3P* 75 . 74 43 -*509764ir+02
l n* no 33 • 0* ■ .  75 0-:: -•<-19351 3~ + 0?
1 a • 00 33*25 . 7557 -.51 791 4 4? + 0 ?
in *oo 33 * bO . 76 14 -*5219571r+0?
1 •  O'- 3 3*75 . 76 7C - • 5 259 '• 0 a [■' + 02

Example o f  .O u tp u t  Data



r>-i : -Lr T 'T r < ‘.c r.-r; = ^
194.

fi L j'' a *b <1'>5^7F + :>. '■«. T T F R «\ T J 9 ■■ 5 = 900

SO /40T X (i' 1 CRONS ) X/C SI5MA
1 y O:: rib or .7727 m 5 2 9 9 “890+02
3 y on rib 2 b . 77«4 m 53398252+02
1 h 0:1 94 50 • 7 F M - 5.379 6 39F + 02.
1 r 0 n ■?»* 7- • 7>.9f a* b 4 l 9 3 4 « - +02
1 8 on 93 00 . 7 9 5 5 m 545896 1 F + 0?
1 v 0 0 'IF 25 • F 011 m 5 4 98491F + 0?
1 i’ 00 35 bC » F 0 6 F •• 5537950F+0?
3 f DO 9 5 7 b • F1 25 «a ^ 5 7 7 3 4 R F + 0 2
3 y 00 IF 00 .81 82 m 56166952+02
i f 0 0 96 2b • F?39 - 56559922+02
IF 0 0 ”36 50 .8295 - 56952512+02
IF 0 0 “If 7 b • 8952 - 57344745+02
3 8 00 97 on . 8409 m 57736 71r+02
1 y 00 97 25 • 8466 - 58123992+02
IF 00 97 5o . 8523 M 53519845+02
IF 00 97 7 b . 85 8 C to 539111OF+o?
IF 00 9F 00 t 8 A 3 6 - 5930 2 25F+02
1 y Cj i .* 38 2b .869.": - -9699P1F+ 02
IF 00 9K 50 • 8750 to 6008405F+02
IF 00 9F 75 « 8807 - 6047479F+02
1 « 00 • 3'9. 00- • ’ .8864 " 60865452+0?
1 F 00 90’ 25 ♦ 8920 to Al?560?F + f)3
1 F 00 99 5C .8977 - 6 1 64651F + 0?
1 3 00 99 7b .9034 - 6203691P+O?
18 00 4 0 OC . 9091 m 6242726F+0?
3 R 00 40 2b .9148 m 6281769F+0?
IF 00 4 0 50 • 9204 m 6320793F + D?
i 8 on 40 75 . 9261 «* 6 3 5 9 8 2 1 F+0?
IF 00 41 Of) .9318 - 63988^6F+0?
IF 00 41 2b #9375 - 6437^692+0?
1 F 00 41 5C .9432 M 6 476tt.3FP+0?
IF 00 41 7 b .9489 - 6bl5909F+0?
IF 00 UP 00 • 9545 m 6554927E+0?
IF* 00 ■: u p 25' ■ ♦ 9602' mf "6 593 9 45 F + 0?
3 F on UP 50 .9659 - 6 632564F+0?
IF 00 UP 7  b . 9716 m 66719F0F+0?
1 F on 49 GO .9773 - 6 710994F +0?
1 F on 4 9 2 b . 9829 - 6 7 5 0 0 0 8 F + 0 2
4 ̂J **> 00 49 5o . 9886 - 6/.39C26F + 0?
IF 0 0 49 7b « 994 3 - 6 82804 O F + 0 ?
If 00 44 00 1 .0 0 O 0 m 6 3 6 7 0 5 3 F + 0 ?

s t ©' '# c

Example o f  Output  Data



T a b l e  5 .  L i s t i n g  o f  c o m p u t e r - c a l c u l a t e d  s t r e s s  d i s t r i b u t i o n s .

Couple 
t h i c k n e s s

I n t e r v a l  o f  
s t r e s s  c a l c u l a t i o n ,

Values ass igned  t o  C /4D t

— -  - - - H y p o t h e t i c a l  Coup les  —

20 0 .1 0 4 ,  8, 16, 18, 32, 64

4o 0 .1 0 4 ,  8, 16, 18, 32, 64

60 0 .1 0 4 ,  8, 16, 18, 32,  64

80 0 .25 4 ,  8, 16, 18, 32, 64

100 0 .2 5 4 ,  8, 16, 18, 32, 64

140 0 .2 5 4 ,  8, 16, 18, 32, 64

180 0 .25 4 ,  8, 16, 18, 32, 64

220 0 .25 4 ,  8, 16, 18, 32, 64

260 0 .25 4 ,  8, 16, 18, 32, 64

300 0 .1 0 4 ,  5> .6,  8 ,  9 ,  10, 11, 12,
• ' 14, 16 

56,  64
■, 18, 24, 32, 40,  48,

340 1 .0 4 ,  8, 16, 18, 32, 64

400 1 .0 4 ,  8, 16, 18, 32, 64

600 2 .0 8, 16, 18, 32, 64

1,000 10.0 4 ,  16, 18

10,000 100.0 4 ,  16, 18

88 0 .25 4 , 5 , 5 . 8 7 ,  6,  7 ,  8,  9,  10,
' .12, 1.4, • • v40, 44 ,  48- • -80

170 . 0 .25 4 ,  9, 18, 21 .9

335 0 .25 4 ,  9, 18, 57 -6 ,  85

2
a Severa l  o f  the  va lues  o f  C /4D t  r e p re s e n t  a c t u a l  e x p e r im e n ta l  coup les  

o t h e r s  were a s s igned  in  o r d e r  t o  a i d  gen e ra l  a n a l y s i s  o f  s t r e s s  d i s -  
t r  i bu t  i o n s .



A P P E N D I X  D

S u g g e s t e d  E x p e r i m e n t :  T h e  R e l a t i o n s h i p  B e t w e e n  P o r o s i t y ,  M a r k e r
S h i f t i n g ,  and Couple Bending

The r e s u l t s  o f  t h i s  r e s e a rc h  i n d i c a t e d  a s t r e s s - r e l a t e d  syne rg ism

between p o r o s i t y ,  marker  s h i f t i n g ,  and bend ing .  Th is  r e s u l t  r e q u i r e s

a s y s t e m a t i c  c o n f i r m a t i o n  o f  the type  suggested h e re .

1. P repare  s e v e r a l  t h i n - s h e e t  Ag/Au c o u p le s  o f  v a r i o u s  th ic k n e s s e s  

wh ich  e x p e r i e n c e  bend ing  d u r i n g  750°C d i f f u s i o n ,  say 40, 80,  and

1 20 yum.

2. Marker  a l l  cou p le s  w i t h  i r o n  o x i d e  p a r t i c l e s .

3 .  A p p ly  s h a l lo w  w e ld s  ( few yum) so t h a t  v a r i o u s  semi- i n f i n i t e  d i f f u -  . 

s i  on annea ls  may be a p p l i e d .

4 .  D i f f u s e  a t  750°C under  v a r i o u s  h y d r o s t a t i c  p re s s u re s  in  o r d e r  t o  

v a r y  the  amount o f  p o r o s i t y .  C o m m e r c i a l l y - a v a i1 a b le  argon w i l l  do 

t h i s  c o n v e n i e n t l y .  P ressu res  w h ich  t o t a l l y  e l i m i n a t e  p o r o s i t y  (1 ,500  

p s i )  w i l l  no t  a l t e r  the  d i f f u s i o n  k i n e t i c s  (see r e fe r e n c e s  40, 44,  54,

7 0 .

5 .  Measure ben d in g ,  marker  s h i f t i n g ,  and p o r o s i t y  volume.

* P o r o s i t y  volume measurements canno t  be made v i a  c o n v e n t i o n a l  m e t a l l o -  
g r a p h ic  p r e p a r a t i o n .  I t  i s  l i k e l y  t h a t  i t  can be d e te rm ined  by (1)  p re­
p a r i n g  c o n v e n t i o n a l  m e t a l l o g r a p h i c  c ro s s  s e c t i o n s ,  l i g h t l y  e t c h e d ,  (2) 
d e e p - p l a t i n g  and p r e s e r v i n g  the exposed p o r o s i t y  w i t h  ( W a t t ' s  b a th )  
n i c k e l ,  (3)  r e g r i n d i n g  l i g h t l y  w i t h  2 /0  o r  4 /0  SiC paper ,  and (4) f i n a l  
p o l i s h i n g  w i t h  diamond a n d /o re (  -A 1203- I f  t h i s  f a i l s  to  a d e q u a te l y  
p re s e rv e  the p o r o s i t y ,  a l t e r n a t e  p o r o s i t y - f i l l i n g  methods m igh t  be 
t r i e d ,  such as e l e c t r o l e s s  p l a t i n g  o r  v acuu m - im p regna t ion  w i t h  epoxy.

196.
4



6. A n a lyze  the r e s u l t s  w i t h  reg a rd  t o  the t r a d e - o f f  synerg isms 

between p o r o s i t y ,  marker  s h i f t i n g ,  and ben d in g .

7 .  U se fu l  m i c r o s t r u c t u r a l  i n f o r m a t i o n  c o n c e rn in g  th e  f o r m a t i o n  and 

shape o f  p o r o s i t y  m ig h t  a l s o  be o b ta in e d  f rom  the c o u p le .
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