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ABSTRACT

The n a t u r e  o f  th e  i n c r e a s e d  a d h e s io n  o f  

e v a p o r a t e d  r e f l e c t i n g  f i l m s  by  th e  p r e - d e p o s i t i o n  

o f  a s u b s t r a t e  l a y e r  o f  a n o th e r  m e ta l  h a s  been  

i n v e s t i g a t e d .  The a g e in g  o f  t h e  f i l m s  a t  room 

t e m p e r a tu r e  and a t  120°C . h a s  b e e n  s t u d i e d  and th e  

mechanism o f  t h e  i n c r e a s e d  a d h e s io n  a p p e a rs  t o  be one 

o f  i n t e r d i f f u s i o n  a t  t h e  m e t a l l i c  i n t e r f a c e  and t h e  

f o r m a t i o n  o f  a t r a n s i t i o n  s t r u c t u r e .  The s t r u c t u r e  

o f  th e  b e s t  a d h e s io n  p r o m o te r ,  chromium, h a s  b een  

i n v e s t i g a t e d  u s i n g  an e x t e n s i o n  o f  S c h o p p e r ’ s t h e o r y  

o f  e l l i p s o i d a l  p a r t i c l e s *
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CHAPTER 1 

INTRODUCTION

( a) Th in  F i lm s

The p r e p a r a t i o n  o f  s o l i d  t h i n  f i l m s  by th e  

t e c h n i q u e  o f  vacuum e v a p o r a t i o n  h a s  become of i n c r e a s i n g  

im p o r t a n c e ,  p a r t i c u l a r l y  on an i n d u s t r i a l  s c a l e .  The 

p r o c e s s  o f  vacuum e v a p o r a t i o n  c o n s i s t s  o f  r a i s i n g  t h e  

t e m p e r a tu r e  o f  a t h e r m a l l y  s t a b l e  m a t e r i a l  i n  vacuo  i n  

such  a manner t h a t  t h e  v a p o u r  p r e s s u r e  o f  t h e  m a t e r i a l  

becomes g r e a t e r  t h a n  t h e  r e s i d u a l  a i r  p r e s s u r e  and 

e v a p o r a t i o n  t a k e s  p l a c e .  The v ap o u r  co n d e n ses  o n to  

s u i t a b l e  s u r f a c e s  s u r r o u n d in g  th e  e v a p o r a t i n g  s o u r c e .

There can  be l i t t l e  o x i d a t i o n  a t  t h e  low p r e s s u r e  a t  which  

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

m o le c u le s  i s  g e n e r a l l y  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  

vacuum chamber d i m e n s io n s ,  t h u s  t h e r e  w i l l  be l i t t l e  r i s k  

o f  m o l e c u l a r  c o l l i s i o n s  i n  t h e  e v a p o r a t i n g  beam on a l a r g e  

s c a l e ,  and t h e  m a j o r i t y  of the  c o n d e n s in g  m o le c u le s  ^v l l l  

have a r r i v e d  d i r e c t l y  from  th e  s o u r c e .  T h is  g i v e s  a means 

o f  d e p o s i t i n g  on p r a c t i c a l l y  any g i v e n  s u r f a c e ,  t h a t  does  

n o t  o u t - g a s  u n d e r  vacuum, a m e t a l l i c  f i l m  w hich  c o n t o u r s  

th e  s u r f a c e  p e r f e c t l y .  Such f i l m s  can be u s e d  t o  

d e te rm in e  th e  s t r u c t u r e  t o p o g r a p h y  as i n  m u l t i p l e  beam



I n t e r f e r  orne t r i e  i n v e s t i g a t i o n s  and as f r o n t  ‘S u r f a c e  m i r r o r s .

The p r o d u c t i o n  o f  such  m i r r o r s  h a s  b ee n  c a r r i e d  

ou t  f o r  some t im e ,  a n o t a b l e  example b e i n g  t h e  l a r g e  m i r r o r  

a t  t h e  Mount Pa lom ar  O b s e r v a t o r y ,  b u t ,  u n f o r t u n a t e l y ,  f o r  

i n d u s t r i a l  u s e s  t h e  a d h e s io n s  o f  su ch  c o a t i n g s  t o  t h e i r  

b a c k in g  p l a t e s  i s  p o o r .  The c o n d e n s in g  p l a t e s  a re  commonly 

made o f  g l a s s  b e c a u s e  o f  t h e  d e g r e e  o f  s u r f a c e  f i n i s h  t h a t  

can be o b t a i n e d  and of  th e  two m e t a l s  commonly u s e d  as 

r e f l e c t o r s ,  aluminium and s i l v e r ,  t h e  fo rm er  h a s  t h e  b e t t e r  

a d h e s io n  t o  g l a s s .  I t  h a s  b ee n  known f o r  some t im e  t h a t  

th e  a d h e s io n  o f  such  c o a t i n g s  c o u ld  be i n c r e a s e d  by  th e  

p r i o r  d e p o s i t i o n  o f  some m a t e r i a l s  t h a t  had  th e m s e lv e s  

good a d h e s io n  to  th e  back ing ; .  I t  h a s  b e e n  s u g g e s t e d  t h a t  

chromium was such  a m e t a l  and an e a r l i e r  i n v e s t i g a t i o n  h as  

sho^'‘n  t h i s  t o  be t h e  ca se^*  .

( b ) P r e v io u s  ’"fork

A dhesions  o f  F i lm s

The i n c r e a s e s  i n  a d h e s io n  p ro d u c e d  by an u n d e r -  

l a y e r  ^ e r e  f i r s t  mea.sur e d  i n  a q u a n t i t a t i v e  way by 

H eaven s^ .  A s c r a t c h i n g  d e v i c e  ^^as u s e d  i n  w hich  a p o i n t e r  

^^dth a s p h e r i c a l  t i p  '̂ ’•as d r  arm a c ro s s  th e  s u r f a c e  o f  t h e  

r e f l e c t i n g  f i l m .  The a d h e s io n  o f  t h e  r e f l e c t i n g  f i l m  

^""here i t  had  b e e n  d e p o s i t e d  d i r e c t l y  o n to  t h e  g l a s s  i t s e l f



was f i r s t  m e a s u re d ,  t h e n  s i m i l a r  m easu rem en ts  were t a k e n  f o r  

th e  same f i l m  where i t  had  b e e n  d e p o s i t e d  on t o p  o f  an 

i n i t i a l  e v a p o r a t e d  l a y e r  o f  chromium and th e  d i f f e r e n c e  

b e tw een  t h e s e  two v a l u e s  was t a k e n  as  a m easure  o f  t h e  

i n c r e a s e  i n  a d h e s io n .  The a c t u a l  m easurem ent r e c o r d e d  

was t h e  l o a d  on th e  p o i n t e r  r e q u i r e d  t o  j u s t  remove th e  

f i l m s .  R e f l e c t i n g  f i l m s  o f  a lum in ium , s i l v e r  and g o ld  

were i n v e s t i g a t e d .  The t h i c k n e s s e s  o f  t h e  chromium f i l m s  

were v a r i e d  i n  t h e  r a n g e  0-500A and g ra p h s  c o n s t r u c t e d  

o f  t h e  i n c r e a s e s  i n  a d h e s io n  a g a i n s t  th e  t h i c k n e s s  o f  th e  

s u b s t r a t e  m a t e r i a l .  These a re  shovn i n  P i g .  1 .

The f i l m s  were p r e p a r e d  i n  a vacuum o f  b e t t e r  

t h a n  10"^  mm. o f  m e rc u ry  from  h i g h  p u r i t y  m e ta l  s a m p le s .

No d e t a i l s  were  g iv e n  f o r  t h e  t im e  l a p s e  b e tw e e n  e v a p o r a t i o n  

and m easu rem en t ,  w h ich  m ust  have  a t  l e a s t  b ee n  some m i n u t e s ,  

as t h e  spec im ens  would  have t o  be removed from t h e  

e v a p o r a t i n g  c h a m b e r . M ic rosco p e  s l i d e s  were u s e d  as 

c o n d e n s in g  p l a t e s  ; t h e y  were  c l e a n e d  i^dth a d e t e r g e n t  

and s u b j e c t e d  to  a g l o w  d i s c h a r g e  u n d e r  vacuum f o r  s e v e r a l  

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

was e v a p o r a t e d  u n t i l  i t  was j u s t  opaque ,  t h e  t h i c k n e s s  o f  

su ch  a f i l m  b e i n g ,  f o r  a lum in ium , 8 0 0 - 1 , COOA,

An i n v e s t i g a t i o n  by e l e c t r o n  d i f f r a c t i o n  was
o

u n d e r t a k e n  on s i m i l a r  f i l m s  by C o l l i n s  . I t  was found
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t h a t  t h e  s t r u c t u r e  o f  the  f i l m s  dep end ed  on th e  r a t e  of

e v a p o r a t i o n .  The f a s t e r  e v a p o r a t e d  f i l m s  t e n d e d  to  show

p r e f e r e n t i a l  o r i e n t a t i o n  on t h e  g l a s s  c o n d e n s in g  p l a t e ,

b u t  when e v a p o r a t e d  on to  th e  chromium s u b s t r a t e  no

o r i e n t a t i o n  was f o u n d .  Th is  was t a k e n  as e v id e n c e  by
?

Heavens and C o l l i n s  t h a t  t h e r e  was b e i n g  fo rm ed  a t  th e  

i n t e r f a c e  w i t h  the f i r s t  m o n o la y e r s  o f  t h e  r e f l e c t i n g  f i l m  

an embryo o f  d i f f e r e n t  o r i e n t a t i o n  from  t h a t  i n  w hich  th e  

r e f l e c t i n g  f i l m  p r e f e r r e d  t o  grow. The c o n f l i c t  i n  g ro w th  

forms t h e n  r e s u l t e d  i n  an u n - o r i e n t e d  s u r f a c e  l a y e r .  Thus 

th e  a d h e s io n  was s a i d  t o  be due t o  an o r i e n t e d  o v e rg ro w th  

e f f e c t •

I t  was s u g g e s t e d  t h a t  t h e  s t e p s  a p p a r e n t  i n  t h e  

g ra p h s  i n  F i g . 1 were due to  t h e  f o r m a t i o n  o f  a c r i t i c a l  

t h i c k n e s s  o f  th e  s u b s t r a t e  a t  w h ich  th e  s t r u c t u r e  became 

c o n t in u o u s  enough t o  s u p p o r t  t h e  embryo* The (110) p la n e  

o f  chromium h a v in g  a s t r u c t u r e  f i t t i n g  t h e  (110)  p la n e  o f  

a lum inium  ^^dth a low d e g r e e  m i s f i t ,  m ak ing  i t  s u i t a b l e  f o r  

o v e rg ro w th  phenomena t o  t a k e  p l a c e .  However, C o l l i n s  

c o u ld  n o t  f i n d  any t r a c e ,  by  e l e c t r o n  d i f f r a c t i o n ,  o f  a 

change i n  t h e  p r o p e r t i e s  o f  chromium i n  t h e  t h i c k n e s s  

r e g i o n  o f  300A. H eavens ,  h o w ev e r ,  d i d  f i n d  t h a t  when a i r  

was a d m i t t e d  i n t o  the  vacuum chamber a f t e r  e v a p o r a t i n g  t h e  

chromium and b e f o r e  e v a p o r a t i n g  t h e  a lum in ium , t h e r e  was



l i t t l e  i n c r e a s e  i n  a d h e s i o n .  T h is  was c o n s i d e r e d  t o  he 

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

chromium as a s u p p o r t  f o r  t h e  o v e r g ro w th .  Assuming t h a t  

th e  t h i c k e r  f i l m s  o f  chromium s u p p o r t e d  an o r i e n t e d  o v e r 

g row th ,  t h e  s m a l l  a d h e s io n s  o b t a i n e d  f o r  th e  t h i n n e r  f i l m s  

c o u ld  t h e n  be c a u s e d  by t h e s e  f i l m s  fo rm in g  as an 

a g g r e g a t e d  l a y e r  which  w ould  n o t  g iv e  t h e  c o n t in u o u s  

s t r u c t u r e  r e q u i r e d  f o r  o r i e n t a t i o n  i n  t h e  a lum inium  f i lm s *

A d hes ion  M easurem ents

O th e r  m ethods  o f  m e a s u r in g  t h e  a d h e s io n  o f  

e v a p o r a t e d  f i l m s  have b ee n  u s e É ' ^ . These p r i m a r i l y  g iv e  

a m easu re  o f  t h e  r e s i s t a n c e  t o  m a r r  o f  t h e  sp ec im en .

I n s t e a d  o f  a ro u n d e d  t i p  e i t h e r  r u b b e r ,  s t e e l  w ool ,  o r  

c o t t o n  wool has  b e e n  ru b b e d  a c r o s s  t h e  f i l m .  The number 

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

f i l m ,  o r  t o  i n c r e a s e  t h e  t r a n s m i s s i o n  o f  th e  f i l m  by a 

f i x e d  amount,  h a s  b ee n  t a k e n  as t h e  m easurem ent o f  t h e  

a d h e s i o n .  Such d e v i c e s  g iv e  o n ly  q u a l i t a t i v e  m e asu rem en ts ,  

c a u s e  b u r n i s h i n g ,  and can  h a r d l y  be u s e d  f o r  su ch  e x t e n s i v e  

e x a m in a t io n s  as t h o s e  c a r r i e d  o u t  by  H eavens .  The S c o tc h  

Tape method h a s  b een  f a v o u r e d  by a number o f  i n v e s t i g a t o r s .  

T h is  c o n s i s t s  o f  p r e s s i n g  o n to  t h e  s u r f a c e  o f  a  f i l m  a 

l e n g t h  o f  a d h e s iv e  S c o tc h  Tape ,  t h e n  s t r i p p i n g  t h e  t a p e



o f f .  The f r a c t i o n  o f  t h e  f i l m  a l s o  removed i s  t a k e n  as 

th e  a d h e s iv e  m e a su re m e n t .  T h i s ,  how ever , does  no t  a l l o w  

c o m p a ra t iv e  m easu rem en ts  t o  be made a c c u r a t e l y ,  and in d e e d  

o n ly  shows up t h e  w e a k ly  a d h e r e n t  a r e a s  i n  a p a r t i c u l a r  

d e p o s i t .  “̂"^here t h e  a d h e s io n s  o f  a  f i l m  a r e  s t r o n g  no 

m easurem ent i s  p o s s i b l e  as none o f  t h e  f i l m  can  be rem oved .

( c ) Scope o f  P r e s e n t  Work

The work p r e s e n t e d  i n  t h i s  t h e s i s  can be d i v i d e d  

i n t o  two s e c t i o n s ,  f i r s t  an e x t e n s i o n  o f  th e  e a r l i e r  work 

c a r r i e d  o u t  by H eav ens ,  t h e n  i n v e s t i g a t i o n s  i n t o  t h e  n a t u r e  

o f  t h e  t r a n s i t i o n  l a y e r  be tw een  th e  m e t a l  f i l m s ,  and i n t o  

t h e  s t r u c t u r e  of  f i l m s  o f  t h e  b e s t  a d h e s io n  p ro m o t in g  

m a t e r i a l  -  chromium.

Heavens* method o f  a d h e s io n  t e s t i n g  was u s e d  t o  

i n v e s t i g a t e  t h e  a d h e s io n s  o b t a i n e d  f o r  a l a r g e r  r a n g e  o f  

s u b s t r a t e  l a y e r  m e t a l s .  Aluminium was g e n e r a l y  t a k e n  as 

t h e  r e f l e c t i n g  f i l m  m a t e r i a l ,  b u t  s i l v e r ,  g o ld  and c o p p e r  

were a l s o  u s e d .  A number o f  t h e  t r a n s i t i o n  m e t a l s  were 

t a k e n  as th e  s u b s t r a t e  m a t e r i a l s ,  t h e  o n l y  m e t a l  from 

o u t s i d e  t h i s  g ro u p  b e i n g  l e a d .  A f t e r  t h e  f i l m s  h ad  been  

e v a p o r a t e d  and th e  a d h e s io n  v a l u e s  m easu red ,  i t  was fo und  

t h a t  a g e - h a r d e n in g  e f f e c t s  became n o t i c e a b l e .  T h is  was 

i n v e s t i g a t e d  f o r  th e  c o m p le te  r a n g e  o f  spec im ens  and g ra p h s



o f  a d h e s i o n / t h i c k n e s s  o f  s u b s t r a t e  l a y e r  were c o n s t r u c t e d  

f o r  t h e  i n i t i a l  a d h e s i o n s ,  and th e  v a l u e s  o b t a i n e d  a f t e r  

a g e in g .  I t  was fo u n d  t h a t  t h e  b e s t  a d h e s io n  i n c r e a s e s  

were o b t a i n e d  f o r  a s u b s t r a t e  l a y e r  m e t a l  and a r e f l e c t i n g  

f i l m  m e t a l  which c o u ld  form an a l l o y  s y s te m  c o n t a i n i n g  a 

l a r g e  number o f  t h e r m a l l y  s t a b l e  p h a s e s  a t  low t e m p e r a t u r e s .  

However, T’̂ here t h e r e  was p r e s e n t  i n  the  a l l o y  sy s tem  an 

i n t e r m e t a l l i c  c cmpound o f  su ch  h i g h  e n e r g y  o f  form a t  i  on 

t h a t  i t  c o u ld  f r e e z e  o u t  d i r e c t l y  from t h e  l i q u i d  p h a s e  on 

c o o l i n g ,  t h e r e  a p p e a re d  t o  be a d e c r e a s e  i n  t h e  a d h e s io n s  

o f  f i l m s  o f  t h a t  s y s te m ,  p a r t i c u l a r l y  f o r  th e  t h i c k e r  

s u b s t r a t e  l a y e r s .  A d h e s io n / t im e  c u r v e s  were  p r e p a r e d  and 

were fo u n d  t o  be i n  agreem ent  w i t h  t h o s e  e x p e c te d  

t h e o r e t i c a l l y  f o r  a g e - h a r d e n in g  phenomena a t  t h e  m e t a l l i c  

i n t e r f a c e .

F o r  two of  t h e  sys tem s  an e l e c t r o n  d i f f r a c t i o n  

i n v e s t i g a t i o n  was u n d e r t a k e n  t o  t r y  t o  show t h e  n a t u r e  o f  

t h e  t r a n s i t i o n  r e g i o n  b e tw e en  t h e  m e ta l  f i l m s ,  b u t  

t r a n s m i s s i o n  spec im ens  had  t o  be u s e d  and ,  c o n s e q u e n t l y ,  

t h e  m ethod o f  i n v e s t i g a t i o n  l i m i t e d  th e  r e s o l v i n g  power o f  

t h e  d i f f r a c t i o n  m e th o d .  F o r  t h e  two s y s t e m s " i n v e s t i g a t e d ,  

how ever ,  t r a n s i t i o n  s t r u c t u r e s  were o b t a i n e d  t h a t  were n o t  

d i r e c t  e x t e n s i o n s  o f  th e  l a t t i c e  s t r u c t u r e s  o f  t h e  m e t a l s  

c o m p r i s in g  t h e  e v a p o r a t e d  f i l m s .  These c o u ld  o n ly  be
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formed i f  t h e  p a r e n t  m e t a l s  i n t e r d i f f u s e d  t o  some e x t e n t .  

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

sys tem s h a s  n o t  b e e n  f u l l y  i n t e r p r e t e d  a t  p r e s e n t ,  b u t  t h e  

r e s u l t  o f  such  a d i f f u s i o n  p r o c e s s  would be t h e  f o r m a t i o n  

o f  t h e  t h e r m a l l y  s t a b l e  p h a s e s  i n  t h e  a l l o y  sy s tem .

The a l l o y  sy s tem s  of  t h e  m e t a l s  u s e d  i n  t h e  

i n v e s t i g a t i o n  were exam ined  and i t  was fo u n d  t h a t  th e  

a d h e s io n s  o b t a i n e d  were d e p e n d e n t  on t h e  ty p e  o f  t r a n s i t i o n  

s t r u c t u r e  fo rm ed  a t  t h e  i n t e r f a c e ,  deduced  from e q u i l i b r i u m  

diagrams. For  some o f  t h e  sp ec im en s  a l o s s  i n  r e f l e c t i v i t y  

a t  th e  r e f l e c t i n g  s u r f a c e  was n o t i c e d .  T h is  made i t  

e s s e n t i a l  t h a t  th e  r e f l e c t i v i t i e s  o f  t h e  r e f l e c t i n g  

s u r f a c e s  o f  t h e  s u b s t r a t e d  sp ec im en s  s h o u ld  be m easu red  

d u r i n g  a g e i n g .  On a g e in g ,  t h e  r e f l e c t i v i t i e s  o f  t h e  

m a j o r i t y  o f  t h e  spec im ens  showed s i m i l a r  ch ang es  t o  t h o s e  

o b t a i n e d  f o r  t h e  r e f l e c t i n g  f i l m  when d e p o s i t e d  by  i t s e l f  

w i t h o u t  a s u b s t r a t e  f i l m ,  b u t  f o r  one or two spec im ens  

t h e r e  was a d e f i n i t e  r e d u c t i o n  i n  t h e  r e f l e c t i n g  power due 

t o  th e  p e n e t r a t i o n  o f  t h e  s u b s t r a t e  f i l m  m a t e r i a l  t h r o u ^  

th e  t h i c k n e s s  o f  t h e  r e f l e c t i n g  f i l m .

The s t r u c t u r e  o f  chromium f i l m s  w a s - i n v e s t i g a t e d  

by  a n e w  o p t i c a l  t e c h n i q u e ,  and  f o r  th e  t h i n n e s t  f i l m s  

were fo un d  t o  be c o m p r i s e d  o f  v e r y  s m a l l  m e t a l l i c  p a r t i c l e s  

s u r ro u n d e d  by a t h i n  l a y e r  o f  o x i d e .  The o x id e  f i l m
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a p p e a rs  to  be formed, as the  f i l m s  a r e  c o n d e n s in g  s i n c e  

e v id e n c e  o f  i t s  p r e s e n c e  was found  i n  th e  f i r s t  l a y e r s  o f  

f i l m s  w hich  were  t o o  t h i c k  t o  a l lo w  o x i d a t i o n  i n s i d e  t h e  

f i l m  once i t  was fo rm ed .  The p r e s e n c e  o f  t h i s  o x id e  l a y e r  

was d e t e c t a b l e  i n  th e  t h i n n e s t  f i l m s  by  e l e c t r o n  d i f f r a c t i o n ,  

The t h i c k e r  f i l m s ,  how ever ,  c o u l d  be r e g a r d e d  as b e in g  

form ed o f  two l a y e r s ,  t h e  o r i g i n a l  d e p o s i t  p o s s e s s i n g  t h e  

p r o p e r t i e s  o f  t h e  b u l k  m a t e r i a l  d e s c r i b e d  above ,  and 

s u b s e q u e n t  l a y e r s  h a v in g  a lm o s t  b u l k  p r o p e r t i e s .
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CH^FTER 2 

APPARATUS

( a) I n t r o d u c t i o n

The e v a p o r a t i o n  o f  m e t a l l i c  f i l m s  r e q u i r e s  t h a t  

p r e s s u r e s  of th e  o r d e r  o f  10""^ mm. o f  m ercury  s h o u ld  be 

o b ta in e d *  P r e s s u r e s  i n  t h i s  r a n g e  ca n  e a s i l y  be r e a c h e d  

u s i n g  m e t a l  pumping sy s tem s  and o i l  d i f f u s i o n  pumps*

These r e q u i r e  no l i q u i d  a i r  c o o l i n g  and t h u s  a re  s i m p le r  

to  u se  t h a n  m e rc u ry  v a p o u r  pumps* The vacuum equipm ent 

u s e d  i n  th e  p r e p a r a t i o n  o f  th e  specim en s l i d e s  i s  d e s c r i b e d  

i n  t h i s  C h a p te r ,  as a re  t h e  a d h e s io n  t e s t i n g  a p p a r a t u s  and 

th e  m ethod o f  m e a s u r in g  t h e  t h i c k n e s s  o f  th e  e v a p o r a t e d  

s u b s t r a t e  f i l m  w h i l e  s t i l l  u n d e r  vacuum* The t h i c k n e s s e s  

o f  t h e  r e f l e c t i n g  f i l m s  were k e p t  c o n s t a n t  by  m o n i t o r i n g  

d u r i n g  e v a p o r a t i o n  end c e a s i n g  th e  e v a p o r a t i o n  when t h e  

f i l m s  were j u s t  becoming opaque*

(b ) Vacuum Equipment

The vacuum a p p a r a t u s  form ed one s e l f - c o n t a i n e d  

u n i t .  A r o t a r y  pump i n  th e  b a s e  a c t e d  as t h e  b a c k in g  

and ro u g h in g  pump f o r  th e  s y s te m ,  w i t h  an o i l  d i f f u s i o n  

pump mounted d i r e c t l y  be low  th e  e v a p o r a t i n g  chamber and 

c o n n e c te d  t o  i t  t h r o u g h  a f l a p  v a l v e .  A l a r g e  p y re x
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b e l l  j a r  was u s e d  as t h e  e v a p o r a t i n g  cham ber .  The w a te r  

vapour  i n  th e  sy s tem  was removed by  a t r a p  mounted on

t h e  vacuum s i d e  o f  t h e  r o t a r y  pump.

The s t e e l  b a s e  p l a t e  o f  th e  chamber was g round  

f l a t ,  and t h e  b e l l  j a r  was s e a l e d  t o  i t  by  means o f  a 

r u b b e r  r i n g  o f  L s e c t i o n .  I n s i d e  t h e  chamber t h e  b a s e - p l a t e  

had  b e e n  d r i l l e d  w i t h  a number o f  c o u n t e r - b o r e d  h o l e s .

These c o u l d  be s e a l e d  by  m e t a l  p lu g s  and r u b b e r  *0* r i n g s .

Most o f  th e  p lu g s  were h o l lo w  and s e a l e d  i n t o  them were 

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

e l e c t r o d e s  f o r  t h e  H T. gas d i s c h a r g e ,  i o n i s a t i o n  and 

P i r a n i  gauges  and a l e a k  t u b e . A p a i r  o f  th e  p lu g s  

c a r r i e d  r o t a t i n g  s h a f t s  u s i n g  m o d i f i e d  ’* ' i lson  s e a l s ,  one 

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

o t h e r  f o r  t h e  e v a p o r a t i n g  s h u t t e r *  The s l i d e  c a r r i e r  c a n  

be s e e n  i n  P i g .  2;  i t  c o u ld  be r o t a t e d  so t h a t  th e  

c o n d e n s in g  s l i d e  w ould  occupy  any one o f  a number o f  

p o s i t i o n s .  The f i r s t  o f  t h e s e ,  on t h e  h a l f  o f  th e  b e l l  j a r  n o t  

u s e d  f o r  e v a p o r a t i o n ,  was so a r r a n g e d  t h a t  t h e  co m p le te  s l i d e  

was ex po sed  t o  t h e  gas d i s c h a r g e  u s e d  f o r  the  f i n a l  c l e a n i n g .  

A f te r  c l e a n i n g  and o u t - g a s s i n g  o f  th e  h e a t e r s ,  t h e  s l i d e  

c a r r i e r  was r o t a t e d  u n t i l  i t  was d i r e c t l y  above t h e  f i r s t  

h e a t e r .  I n  t h i s  p o s i t i o n  one end  and t h e  m id d le  o f  th e  

s l i d e  had  t h e  s u b s t r a t e  f i l m  m a t e r i a l  d e p o s i t e d  o n to  i t .



P i g . 2 . The E v a p o ra tin g  Ghainber

A -  C ondensing P la te  E -  B a r r i e r  P h o to - c e l l

B -  S l id e  C a r r i e r  P -  Gas D isc h a rg e  E le c t r o d e s

C -  E v a p o ra tin g  S h u t t e r  G- -  R e f le c t in g  P rism

D -  H e a te r  E le c t r o d e s  H -  E v a p o ra tio n  S ou rces

I  -  D rive  M echanism f o r  th e  

S l id e  C a r r i e r .
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F u r t h e r  r o t a t i o n  a l l o w e d  the  o t h e r  end and t h e  m id d le  t o  be 

c o a te d  w i th  t h e  r e f l e c t i n g  f i l m .  The h e a v y  c u r r e n t s  

r e q u i r e d  f o r  t h e  e v a p o r a t i o n  p r o c e s s e s  were o b t a i n e d  from  

mains t r a n s f o r m e r s ,  t h e  c u r r e n t  o u t p u t  b e in g  r e g u l a t e d  by  

means o f  a V a r i a c  t r a n s f o r m e r  a c r o s s  t h e  p r i m a r y .  The 

p r e s s u r e  i n s i d e  th e  e v a p o r a t i n g  chamber was a lways  o b t a i n e d  

b e f o r e  e v a p o r a t i o n  commenced by  means o f  an i o n i s a t i o n  

gauge and no e v a p o r a t i o n  was c a r r i e d  o u t  a t  p r e s s u r e s  i n  

e x c e s s  o f  5 x 10"^ mm. Hg.

( c ) T h ic k n e s s  D e t e r m i n a t i o n

The t h i c k n e s s  o f  a t h i n  e v a p o r a t e d  f i l m  i s  

c o m p l e t e l y  d e p e n d e n t  on  th e  m ethod  o f  m easu rem en t .  Two 

p r i n c i p a l  t h i c k n e s s e s  on any one f i l m  c a n  g e n e r a l l y  be 

m e a s u re d ,  t h e  w e ig h t  t h i c k n e s s  d^^, and th e  a p p a r e n t  

t h i c k n e s s ,  d ^ ,  b e in g  o b t a i n e d  by  o p t i c a l  m e a s u re m e n ts .

The w e ig h t  t h i c k n e s s  i s  d e f i n e d  as t h e  t h i c k n e s s  o f  an 

e q u a l  w e ig h t  o f  b u l k  m a t e r i a l  o f  t h e  same s u r f a c e  a r e a .  

N e i t h e r  o f  t h e s e  g i v e s  a t r u e  r e p r e s e n t a t i o n  o f  t h e  f i l m  

as t h e  s t r u c t u r e  i s  g e n e r a l l y  a g g r e g a t e d  and n o t  i n  n e a r l y  

as r e g u l a r  a form as t h e  b u l k  m e t a l  would b e .  Due to  t h e  

p r e s e n c e  o f  v o i d s  w i t h i n  t h e  f i l m ,  and t o  t h e -  e f f e c t i v e  

r e d u c t i o n  o f  t h e  d e n s i t y  o f  t h e  f i l m ,  th e  w e ig h t  t h i c k n e s s  

r e p r e s e n t s  p r a c t i c a l l y  th e  s m a l l e s t  v a l u e  p o s s i b l e .  The
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a p p a re n t  t h i c k n e s s ,  d.^, can be t a k e n  as abou t  t h e  maximum

v a lu e  o f  t h i c k n e s s  p o s s i b l e .  A t r u e r  r e p r e s e n t a t i o n  o f

th e  a c t u a l  h e i g h t  o f  t h e  a g g r e g a t e  p a r t i c l e s  can  be
7o b t a i n e d  by i n t e r f e r o m e t r i c  m easu rem en ts  .

I n  a l l  th e  work d e s c r i b e d  h e r e , u n l e s s  n o t e  i s

made s p e c i f i c a l l y  t o  th e  o p p o s i t e ,  when t h e  t h i c k n e s s  o f

a s u b s t r a t e  m a t e r i a l  i s  g i v e n ,  i t  i s  t h e  w e ig h t  t h i c k n e s s

t h a t  i s  b e in g  r e f e r r e d  t o .  I t  wb.3 fo u n d  c o n v e n ie n t  to

m easu re  th e  t h i c k n e s s  o f  t h e  s u b s t r a t e  f i l m s  i n  v acuo

b e f o r e  d e p o s i t i o n  o f  t h e  r e f l e c t i n g  f i l m .  A b a r r i e r  t y p e

p h o t o c e l l  was mounted  d i r e c t l y  above t h e  c o n d e n s in g  p l a t e

and t h e  o p t i c a l  t r a n s m i s s i o n  o f  e a c h  f i l m  t o  a p a r a l l e l

beam o f  *^"hite* l i g h t  was o b t a i n e d .  From t h i s  t h e

t h i c k n e s s  was d e t e r m i n e d  by  means o f  t h e  c a l i b r a t i o n  c u r v e s

i n  F i g . 3 .  These were c o n s t r u c t e d  by  e v a p o r a t i n g  a s e r i e s

o f  t e s t  s l i d e s  f o r  e ach  m a t e r i a l  c o n s i s t i n g  o f  th e  s u b s t r a t e

f i l m  o n l y .  The t r a n s m i s s i o n  o f  t h e s e  f i l m s  was n o t e d

t h e n  t h e  f i l m s  were removed from  t h e  vacuum and i m m e d ia t e ly

m easu red  on a m i c r o b a l a n c e .  The t h i c k n e s s e s ,  d , werew
c a l c u l a t e d  assum ing  b u lk  d e n s i t y .  I n  th e  o p t i c a l  

i n v e s t i g a t i o n  on chromium d e s c r i b e d  l a t e r ,  t h e  o p t i c a l  

t h i c k n e s s e s  w ere  many t im e s  g r e a t e r  th a n  d^^. The r a t i o  

o f  d^^/d^ was g i v e n  t h e  symbol * q* and t h e  v a l u e  o f  q was 

l e s s  t h a n  0 . 4 .
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I n  o r d e r  t o  r e d u c e  th e  number o f  v a r i a b l e  

p a r a m e t e r s  t h e  t h i c k n e s s e s  o f  t h e  r e f l e c t i n g  f i l m s  were 

k e p t  a t  abou t  t h e  same v a l u e  f o r  e a c h  specimen* F o r  

c o n v e n ie n c e ,  t h i s  t h i c k n e s s  was ch o se n  as t h a t  a t  w h ich  

t r a n s m i s s i o n  j u s t  becomes zero* T h is  i s  t h e  s i m p l e s t  

c o n s t a n t  v a lu e  t,o o b t a i n  and g i v e s  f i l m  t h i c k n e s s e s  o f  

t h e  o r d e r  o f  1 , 0 0 0 A* The u p p e r  l i m i t  o f  th e  s u b s t r a t e  

t h i c k n e s s  i s  l i m i t e d  t h e o r e t i c a l l y  a t  t h e  same p o i n t ,  b u t  

p r a c t i c a l l y ,  i n  o r d e r  t o  make th e  t r a n s m i s s i o n  r e a s o n a b l y  

a c c u r a t e l y  m e a s u r a b l e ,  i t  was fo u n d  n e c e s s a r y  t o  c e a s e  

t h e  e v a p o r a t i o n  a t  t r a n s m i s s i o n s  o f  ab o u t  one p e r  c e n t .  

T h is  l i m i t e d  th e  t h i c k n e s s  o f  such f i l m s  t o  l e s s  t h a n  700A,

( d) A dhes ion  T e s t i n g

The a d h e s io n  o f  t h e  f i l m s  were m easu red  on a 

d e v ic e  s i m i l a r  t o  t h a t  u s e d  by H eaven s^ .  T h is  c o n s i s t e d  

o f  d ra w in g  over  th e  s u r f a c e  o f  t h e  f i l m  a h a rd e n e d  s t e e l  

p o i n t e r  o f  k n o m  t i p  r a d i u s ,  on w hich  t h e  l o a d  c o u l d  be 

v a r i e d .  The l o a d  on th e  p o i n t e r  r e q u i r e d  t o  j u s t  remove 

t h e  f i l m  from  i t s  c o n d e n s in g  p l a t e  was t a k e n  as a m easu re  

o f  t h e  a d h e s i o n  t o  t h e  f i lm *  "̂Then a s u b s t r a t e  l a y e r  had  

b een  e v a p o r a t e d  o n to  th e  c o n d e n s in g  s u r f a c e  f i r s t ,  i t  was 

fo und  t h a t  t h e  v a l u e  was a l t e r e d  and t h a t  a g r e a t e r  o r  

l e s s  l o a d  on th e  p o i n t e r  was r e q u i r e d  to  remove th e  f i l m .



P ig .if*  G e n e ra l View o f  th e  A dhesion  T e s t in g  A p p a ra tu s



20gms< 22 gras, 24gras*

(a )  Aluminium f i lm  on g l a s s  co n d en sin g  p l a t e .  

A dhesion  v a lu e  22gras.

423gras. 475gnis,

(b ) Aluminium f i lm  on g l a s s ,  w ith  a  s u b s t r a t e  

l a y e r  o f  286a o f  Ghroraiura#

a d h e s io n  v a lu e  475gms.

Pig*5* T y p ic a l  s c r a t c h e s  f o r  a  r e f l e c t i n g  f i lm  w i th ,  

and w i th o u t ,  a  s u b s t r a t e  l a y e r .  80 raagn.
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The d i f f e r e n c e  b e tw e en  t h e  v a l u e s  o f  a d h e s io n  f o r  a s i n g l e  

f i l m ,  and when th e  s u b s t r a t e  l a y e r  was i n t e r p o s e d ,  was 

ta k e n  as the  i n c r e a s e  o r  d e c r e a s e  i n  a d h e s io n  o b t a i n e d  by 

s u b s t r a t  i o n .

H ardened  s t e e l  gramophone n e e d l e s  were u s e d  as 

t h e  t e s t i n g  p o i n t s .  By means o f  a p r o j e c t i o n  m ic ro s c o p e  

t h e  d i a m e t e r s  o f  t h e  t i p s  o f  a l a r g e  number o f  t h e s e  were 

m easu red  a s  0 .0 6  mm. i  0 .0 1  mm. A d ia g ra m  o f  th e  

m e a s u r in g  a p p a r a t u s  i s  g iv e n  i n  P i g .  4 .  The m ain  beam 

was p i v o t e d  on s t e e l  k n i f e  e d g e s ,  and t h e  w e ig h t  pan  was 

mounted e x a c t l y  midway b e tw e en  t h e s e  and the  p o i n t e r #

The p o s i t i o n  o f  t h e  c o u n t e r  w e ig h t  c o u ld  be a d j u s t e d  so  

t h a t  t h e  beam ^ o u l d  come t o  r e s t  w i t h  t h e  p robe  t i p  

e x a c t l y  t h e  th ic k n ie s s  o f  a m ic ro s c o p e  s l i d e  above t h e  

s u p p o r t  t a b l e .  As t h e  m easu re  o f  a d h e s io n  t h e  v e r t i c a l  

l o a d  on t h e  p o i n t e r  was t a k e n ,  i . e .  h a l f  t h e  a c t u a l  l o a d  

i n  t h e  p an .

Three  t y p i c a l  s c r a t c h e s  a r e  sho^^n i n  P i g .  5 a .

The w e ig h t  i n c r e m e n t  be tw een  them  i s  2 g m . , and t h e  f i l m  

was a lum in ium . Por  t h e  l o w e s t  w e ig h t  i t  can  be see n  t h a t  

th e  f i l m  h as  b e e n  i n c o m p l e t e l y  s t r i p p e d  w h i l e ,  f o r  t h e  

o t h e r  two, t h e  s t r i p p i n g  i s  c l e a n  and e v e n . The lo w e s t  

v a lu e  a t  w hich  t h i s  t a k e s  p l a c e ,  i . e .  22 gm. was t a k e n  as 

t h e  a d h e s io n  v a l u e  o f  t h i s  f i l m .  A sec o n d  s e r i e s  o f
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s c r a t c h e s  f o r  t h e  same f i l m  i s  g iv e n  i n  P i g .  5 b .  P o r  t h i s  

spec im en ,  how ever ,  a s u b s t r a t e  l a y e r  o f  chromium was 

i n t e r p o s e d .  Here th e  a d h e s io n  i n c r e m e n t s  a re  25 gm. and 

th e  a d h e s io n  v a l u e  475 gm. T h is  g i v e s ,  f o r  t h i s  f i l m ,  

an i n c r e a s e  i n  a d h e s i o n  due t o  an u n d e r  l a y e r  o f  286A o f  

chromium, o f  453 gm.

( e ) P r e p a r a t i o n  o f  S l i d e s

Soda g l a s s  m ic ro sc o p e  s l i d e s  were  u s e d  as 

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

were c a r e f u l l y  c l e a n e d  b e f o r e  m o u n t in g  i n  t h e  e v a p o r a t i n g  

cham ber.  The s l i d e  was f i r s t  s c ru b b e d  w i th  c o t t o n  wool 

d ip p e d  i n  T e e p o l ,  a d e t e r g e n t  l i q u i d ,  t h e n  washed c l e a n  

w i th  h o t  w a te r  and d r i e d  r o u g h l y  w i th  more c o t t o n  w o o l .  

Complete d r y i n g  was c a r r i e d  o u t  w i th  a w e l l  l a u n d e r e d  

l i n e n  c l o t h .  The s l i d e s  were t h e n  p o l i s h e d  w i th  l e n s  

t i s s u e  u n t i l  no b r e a t h  f i g u r e s ®  were o b t a i n e d .  Care was 

t a k e n  d u r i n g  t h i s  p r o c e s s  so t h a t  t h e  c o n d e n s in g  s u r f a c e s  

o f  t h e  s l i d e  would n o t  become c o n ta m in a t e d  t h r o u g h  h a n d l i n g .  

They were t o u c h e d  a s  l i t t l e  as  p o s s i b l e  and, when n e c e s s a r y ,  

o n ly  a t  t h e  ends  f o r  on t h e s e  r e g i o n s  no a d h e s io n  m e a s u re 

m ents  were t a k e n .

A f t e r  p l a c i n g  them i n  t h e  s l i d e  c a r r i e r  t h e  s l i d e s  

were s u b j e c t e d  t o  a g l o w  d i s c h a r g e  c l e a n i n g  p r o c e s s .  An
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H.T. d i s c h a r g e  was p a s s e d  t h r o u g h  th e  chamber f o r  f i f t e e n  

m in u te s  a t  a p r e s s u r e  of 0 .0 1  rnm. o f  m e rc u ry .  T h is  i s  

s a i d  t o  s t r i p  from t h e  s u r f a c e  a d s o rb e d  w a te r  and l e a v e  i t
Q

p e r f e c t l y  c l e a n  . On one o c c a s i o n  t h e  f i l m s  were 

e v a p o r a t e d  onto  an unbombarded s l i d e  and th e  a d h e s io n  was 

found  t o  be much p o o r e r .  T h is  s l i d e  was t h e n  d i s c a r d e d .

I n  o r d e r  t o  I n c r e a s e  th e  p u r i t y  o f  the  m e t a l s  

u s e d  a s h u t t e r  was i n t e r p o s e d  b e tw een  t h e  s l i d e  and th e  

h e a t e r .  B e fo re  e v a p o r a t i o n  commenced t h e  h e a t e r  was 

r a i s e d  to  t h e  e v a p o r a t i n g  t e m p e r a t u r e  t h  t h e  s h u t t e r  i n  

p l a c e .  The h e a t e r  and i t s  c h a rg e  were k e p t  a t  t h i s  

t e m p e r a t u r e  u n t i l  t h e  more v o l a t i l e  i m p u r i t i e s  had  

e v a p o r a t e d  and b e e n  ca u g h t  by t h e  s h u t t e r .  The s h u t t e r  

was t h e n  swung o u t  o f  t h e  way and t h e  e v a p o r a t i o n  a l lo w e d  

t o  commence. The p r o c e s s  was s to p p e d  by r e p l a c i n g  th e  

s h u t t e r .  Some e a r l i e r  work was u n d e r t a k e n  w i t h o u t  t h e  

s h u t t e r  and th e  a d h e s io n s  o f  t h e  m e t a l l i c  f i l m s  i n  t h i s  

c a s e  were fo u n d  t o  be much l e s s  t h a n  when th e  s h u t t e r  was 

u s e d .

( f ) E v a p o r a t i o n  S o u rc e s

The e v a p o r a t i o n  s o u r c e s  can  be c l a s s i f i e d  i n t o  

two t y p e s ,  t h o s e  fo rm ed  from s h e e t  m e t a l ,  and t h o s e  wound 

from m e t a l  w i r e .  For t h e  l a t t e r  p r o c e s s  t u n g s t e n  v^rlve
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was u s e d ,  e i t h e r  a p l a i n  w ire  1 mm* i n  d i a m e t e r  o r  a 

s t r a n d e d  w i r e  fo rm ed  from  t h r e e  t h i n n e r  p i e c e s ,  h a v in g  th e  

same e x t e r n a l  s i z e .  Molybdenum s h e e t s  were u se d  f o r  t h e  

o t h e r  t y p e s .  I n  Tab le  I  a r e  l i s t e d  th e  t y p e s  o f  h e a t e r  

u s e d  f o r  each  e v a p o r a t i o n  and  t h e  m a t e r i a l .  The m e ta l  

sam ples  were e i t h e r  i n  t h e  form o f  a t h i n  ^rire o r  r o u g h l y  

c r y s t a l l i n e .  The c r y s t a l s  were g ro u n d  do^^n t o  g iv e  a 

c o a r s e  powder t h a t  c o u ld  be packed  i n t o  t h e  b a s k e t  t y p e  

o f  h e a t e r  t o  g iv e  a good t h e r m a l  c o n t a c t  b e tw e en  t h e  h e a t e r  

and t h e  m e t a l .  The w i r e  m a t e r i a l s  were wound ro u n d  a 

fo rm e r  t o  g iv e  a r o u g h ly  s p h e r i c a l  b a l l  shape  t h a t  f i t t e d  

i n t o  th e  ty p e  o f  h e a t e r  u s e d .

( g ) E v a p o r a t i o n  o f  A l lo y s

I n  some e x p e r im e n ts  a chrom ai a l l o y  was u se d  

i n s t e a d  o f  p u re  m e t a l  t o  p ro d u c e  an u n d e r l a y e r .

A method o f  d e t e r m i n i n g  t h e  r a t e s  o f  e v a p o r a t i o n  

o f  t h e  components  o f  an a l l o y  sys tem  h a s  been  d e v i s e d  by 

Dushman^ . I f  we l e t  th e  mass e v a p o r a t e d  p e r  u n i t  a r e a  i n  

u n i t  t im e  be g iv e n  by t h e  Langmuir e q u a t i o n ,  t h e n

E = kP (M /T)s ' ( 2 . 1 )

where P i s  t h e  v a p o u r  p r e s s u r e  a t  a t e m p e r a tu r e  T°K, M a 

mol o f  the  s u b s t a n c e  e v a p o r a t e d  and k i s  a c o n s t a n t .



TABLE I

Me t  a l
Form o f  

M eta l
Type o f  
H e a te r

H ea te r  
Mater i  a l

Ease o f  
E v a p o ra -  

t i  on

Aluminium 1 mm. w i re B a s k e t 1 mm. 
S t r a n d e d  
T u n g s ten

++

G h r  omium Sm all  c h i p s B a sk e t 1 mm. 
Tung 8t e n

+

C o b a l t Sm all  c h ip s B ask e t 1 mm.
T u n g s ten  -

— —

Copper T h in  s h e e t Boat Molybdenum
S h ee t

H—i~ +

Gold o013^’ r d r e B a s k e t 1 mm.
T u n g s te n

4- 4-

I r o n . 0 1 5 ’̂ , T^dre B ask e t 1 mm. 
T u ng s ten

4-

Lead 2 mm. s h e e t Boat Molybdenum 
She e t 4- 4*4-

Manganese Sm all  c h i p s B a s k e t 1 mm. 
T u n g s ten + 4-

N ic k e l . 2 mm. r e B ask e t 1 ram. 
S t r a n d e d  
T u n g s ten

-

S i l v e r .5 mm. w i r e B oat Molybdenum 
She e t 4- 4- 4-

Chromel .0 1 5 "  w ire Baske t 1 ram. 
S t r a n d e d  
T u n g s ten

4- 4-
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Then i f  we c o n s i d e r  an a l l o y  o f  c o m p o s i t i o n  

by  w e ig h t  whose com ponents  a re  met ads A and B, t h e n  

i t  f o l l o w s  t h a t  i n  o r d e r  to  o b t a i n  a f i l m  o f  the  same 

c o m p o s i t io n  i t  i s  n e c e s s a r y  t h a t  t h e  r a t e  o f  e v a p o r a t i o n  

Ea/Eb must be e q u a l  t o  th e  o r i g i n a l  c o n c e n t r a t i o n  o f  th e  

a l l o y .  Prom e q u a t i o n  ( 2 . 1 )

s  ■

where Pa and Pb a re  t h e  p a r t i a l  v ap o u r  p r e s s u r e s  o f  t h e  

com ponents ,  and Ma and Wo t h e i r  m o l e c u l a r  w e i g h t s .  I f ,  

how ever ,  R a o u l t * s Law i s  c o n s i d e r e d  a p p l i c a b l e  t o  t h e  

s y s te m ,  and i t  i s  u s e d  to  d e t e r m in e  t h e  p a r t i a l  v ap o u r  

p r e s s u r e s  o f  t h e  com ponen ts ,  i t  c a n  be sho^m t h a t  t h e  

m o l e c u l a r  f r a c t i o n  o f  a s o l v e n t  V i n  a s o l u t i o n  S i s  g iv e n

by

4  = V4  ( ^ - 3 )

where P^ i s  th e  v ap ou r  p r e s s u r e  o f  t h e  s o l u t i o n  and Py 

t h a t  o f  th e  s o l u t e .

Apply ing  t h i s  r e s u l t  t o  e q u a t i o n  ( 2 . 2 )  f o r  ou r  

sy s tem ,  we f i n d

S s  ^  2 s  (ËS)® • ( 2 . 4 )
Eb Xb Pb Mb

where Pa and Pb a re  t h e  v ap o u r  p r e s s u r e s  o f  t h e  pu re  m e t a l s  

A and B.
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I t  f o l l o w s  from  t h i s  t h a t

Ea ^ 25 Pa ( 2 . 5 )
Eb 'ATd Pb Ma

From t h e  v a l u e s  Dushman t a b u l a t e s  f o r  t h e  q u a n t i t i e s  P/Ms 

th e  e v a p o r a t i o n  r a t e s  o f  a ch rom el  a l l o y  o f  c o m p o s i t io n  

8 O/2O n i c k  e l -ch rom iu m  can  be c a l c u l a t e d .

6 .5 8  10 - ^  20

2 .1 6  1 0 -4  80
( 2 . 6 )

=  63

Thus the  f i l m  fo rm ed  by e v a p o r a t i o n  o f  th e  a l l o y  

i s  m a in ly  chromium. I f ,  h o w ev e r ,  t h e  e v a p o r a t i o n  were 

c a r r i e d  o u t  a t  a t e m p e r a t u r e  J u s t  b e low  t h e  e v a p o r a t i n g  

t e m p e r a t u r e  f o r  chromium i n  t h e  vacuum th e n  t h e r e  would be 

a p r e f e r e n t i a l  d i s t i l l a t i o n  o f  t h e  n i c k e l  component as  t h e  

m e l t i n g  p o i n t  o f  t h a t  m e t a l  a t  no rm al  a tm o s p h e r i c  p r e s s u r e  

i s  l e s s  t h a n  th e  m e l t i n g  p o i n t  o f  chromium. Care h a s  t h u s  

to  be t a k e n  v h en  e v a p o r a t i n g  t h i s  t y p e  o f  a l l o y  t h a t  th e  

t e m p e r a t u r e  o f  t h e  v a p o u r  s o u rc e  i s  h i g h  enough t o  a l lo w  

th e  com ponents  t o  e v a p o r a t e  f r e e l y .
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CHAPTER 3

THEORY OP METALS

( a) I n t r o d u c t l o n

I n  t h i s  c h a p t e r  ^  d e s c r i b e d  a number o f  s e p a r a t e  

b u t  r e l a t e d  t o p i c s  on t h e  s t r u c t u r e  and p r o p e r t i e s  o f  

a l l o y s ,  t h e  a g e in g  mechanism i n  a l l o y s ,  and t h e  o x i d a t i o n  

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

i n v e s t i g a t i o n  a r e  g iv e n  as a r e  t h e  t y p e  o f  phase  r e a c t i o n s  

e x p e c te d  b e tw e en  ea ch  r e f l e c t i n g  m e t a l  and s u b s t r a t e  m e t a l  

p a i r .  One s e c t i o n  d e s c r i b e s  t h e  t h e o r y  o f  t h e  f o r m a t i o n  

o f  o r i e n t e d  overgroTrbhs so t h a t  Heavens* r e s u l t s  may be 

f u l l y  c o n s i d e r e d .

( b ) S t r u c t u r a l  P r o p e r t i e s  o f  A l lo y  System s

The c o n d i t i o n s  f o r  t h e  e q u i l i b r i u m  o f  any a l l o y  

system  i n  which th e  t e m p e r a t u r e  and t h e  p r e s s u r e  a re  f i x e d  

i s  t h a t  a f u n c t i o n  o f  t h e  t e m p e r a t u r e ,  p r e s s u r e ,  and 

c o m p o s i t io n ,  c a l l e d  t h e  therm odynam ic  p o t e n t i a l  s h o u ld  be 

a minimum. E x p re s s e d  i n  te rm s  o f  e l e m e n ta r y  f u n c t i o n s  

t h i s  becomes

jZf = U -  TS + pV

where U i s  t h e  i n t e r n a l  e n e r g y ,  T t h e  a b s o l u t e  t e m p e r a t u r e .
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S th e  e n t r o p y ,  p t h e  p r e s s u r e  and V th e  volume o f  t h e  system, 

G e n e r a l ly  pV i s  s m a l l  and can be n e g l e c t e d .  ^Tnen t h i s  

t a k e s  p l a c e  th e  therm odynam ic p o t e n t i a l  d o es  no t  d i f f e r  

from th e  f r e e  e n e r g y ,  P ,  ’̂'h e r e

P = U -  TS

The c o n d i t i o n  o f  e q u i l i b r i u m  i s  t h e n  c a l l e d  t h e  p r i n c i p l e  

o f  l e a s t  f r e e  e n e r g y .

I f  i t  were p o s s i b l e  t o  c a l c u l a t e  t h e  f r e e  e n e rg y  

o f  an a l l o y  from a knowledge o f  th e  c h a r a c t e r i s t i c s  and 

c o m p o s i t io n  o f  i t s  component m e t a l s  t h e n  we would know t h e  

co m p le te  p h ase  s t r u c t u r e  o f  any a l l o y ,  o f  any c o m p o s i t io n ,  

and a t  any t e m p e r a t u r e .  However, we a re  u n a b le  to  do t h i s ,  

and i t  i s  o n l y  p o s s i b l e  to  p r e d i c t  r e s u l t s  from v e r y  

g e n e r a l  p r i n c i p l e s .  E xper im en t  a l l y  th e  s t r u c t u r e s  o f

most b i n a r y  a l l o y s  have  b een  i n v e s t i g a t e d  and th e  r e s u l t s  

a s sem b led  i n  t h e  fo rm  o f  e q u i l i b r i u m ,  o r  p h a s e ,  d i a g ra m s .  

These g iv e  t h e  r a n g e  of c o m p o s i t io n  and t e m p e r a tu r e  i n  

w hich  e v e r y  p h a s e  s t r u c t u r e  o f  t h e  a l l o y  sys tem  i s  s t a b l e .  

The d ia g ra m s  r e p r e s e n t  i n  d i f f e r e n t  ways each  o f  t h e  

r e a c t i o n s  t h a t  c a n  t a k e  p l a c e  and a re  th u s  b u i l t  up from 

a sm a l l  number o f  e l e m e n t a l  form s*

P o r  th e  s i m p l e s t  sy s te m  o f  two m e t a l s  t h a t  a re  

c o m p l e t e l y  s o l u b l e  i n  each  o t h e r  i n  t h e  s o l i d  s t a t e  th e
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f r e e  e n e rg y  c u r v e s  f o r  b o th  th e  s o l i d  and l i q u i d  s t a t e s  a r e  

of a s im p le  U form  ( P i g .  6a)  ^"dth one minimum v a lu e  o f  

f r e e  e n e rg y  a t  some v a l u e  o f  c o n c e n t r a t i o n .  The phase  

d iag ram  o f  such a sy s tem  can  be c o n s t r u c t e d  from th e  

i n t e r a c t i o n  o f  t h e s e  c u r v e s  as  t h e  t e m p e r a t u r e  o f  t h e  sys tem  

i s  d e c r e a s e d .  The form o f  t h e  e q u i l i b r i u m  d iag ram  o b t a i n e d  

can be s e e n  i n  F i g .  6b .  However, i n  o rd e r  t o  know th e  

s t a b l e  p h a s e s  a t  low  t e m p e r a t u r e s  i t  i s  o n l y  n e c e s s a r y  t o  know 

t h e  form o f  t h e  s o l i d  f r e e  e n e rg y  c u r v e ^ .  I t  can be shoiwi 

t h a t  where t h e r e  i s  a minimum i n  th e  f r e e  e n e rg y  curve  t h e r e  

w i l l  be a s t a b l e  p h a s e .  Thus t h e  sys tem  r e p r e s e n t e d  by  

F i g .  7 has  f o u r  s t a b l e  p h a s e s ,  t h e  a ,  p , Y and t h e  8 .  I f  

common t a n g e n t  l i n e s  be dra-^^n to  t h e s e  minima c u rv e s  t h e n  

th e  s t r u c t u r e  o f  an a l l o y  whose c o m p o s i t io n  l i e s  b e n e a th  

one o f  t h e s e  l i n e s  ^«dll be a m i x tu r e  o f  th e  s t a b l e  p h a se s  

a t  th e  ends o f  t h e  t a n g e n t  l i n e s .  The e x t e n t  o f  each  

s t a b l e  p hase  i s  g iv e n  by  the  c o n c e n t r a t i o n  ra n g e  l y i n g  

b e tw e en  t h e  p o i n t s  o f  c o n t a c t  on e a c h  minimum.

'% e re  a c h e m ic a l  compound i s  formed b e tw een  two 

m e t a l s  the  minimum w i l l  r e p r e s e n t  a v e r y  low  f r e e  e n e rg y ,  

and be s t r o n g l y  p e a k e d .  As t h e  c one en t  r a t i o n ^  d ev i  a t  e s  

from t h e  s t o c h i o m e t r i c  v a l u e  t h e  f r e e  e n e rg y  ' " d l l  r i s e  

r a p i d l y ;  t h i s  h a s  t h e  e f f e c t  o f  malcing t h e  c o n c e n t r a t i o n  

r a n g e s  o f  i n t e r m e t a l l i c  compounds v e r y  l i m i t e d .  ^lien such
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a compound i s  formed from  th e  l i q u i d  phase  d i r e c t l y  maxima 

are o b t a i n e d  i n  b o th  th e  s o l i d u s  and l i q u i d u s  c u rv e s  o f  th e  

phase e q u i l i b r i u m  d ia g r a m s ,  and su ch  a sys tem  d e n o te s  a 

l a r g e  d e c r e a s e  i n  t h e  f r e e  e n e rg y  a t  t h a t  c o n c e n t r a t i o n .  

I n t e r m e d i a t e  p h a s e s  can a l s o  be o b t a i n e d  by  p e r i t e c t i c  

r e a c t i o n s ;  t h e  ty p e  o f  f r e e  en e rg y  and phase  d iag ram s o b t a i n e d  

f o r  t h e s e  sys tem s  a re  g iv e n  i n  P i g .  8 .

The s t r u c t u r e  o f  an a l l o y  must by i t s  v e r y  

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

p r o p e r t i e s  o f  t h e  a l lo y *  I n  a weak s o l i d  s o l u t i o n  t h e  

p r e s e n c e  o f  th e  f o r e i g n  atoms T'dLll o b s t r u c t  th e  f lo w  and 

movement o f  d i s l o c a t i o n s ,  t h u s  c a u s i n g  t h e  h a r d n e s s  o f  t h e  

sy s tem  t o  I n c r e a s e .  The h a r d n e s s  ^ n l l  s t i l l  t e n d  t o  

i n c r e a s e  as we i n c r e a s e  t h e  p r o p o r t i o n  o f  ou r  f o r e i g n  

atoms u n t i l  t h e  s t r u c t u r e ,  assumed to  be c o m p le te ly  

m i s c i b l e ,  becomes r e l a t e d  more to  t h e  f o r e i g n  atoms t h a n  

t h e  o r i g i n a l  o n e s .  ^̂ -e now have a s t r u c t u r e  o f  f o r e i g n  

atoms i n  which th e  o r i g i n a l  atoms a r e  c a u s i n g  an i n c r e a s e  

i n  h a r d n e s s .  As t h e  c o m p o s i t io n  o f  t h e  o r i g i n a l  m e ta l  

d e c r e a s e s  so w i l l  t h e  h a r d n e s s  u n t i l  w@ r e a c h  a pure  m e ta l  

s t r u c t u r e *  T h is  s u g g e s t s  t h a t  f o r  th e  c o m p le te ly  m i s c i b l e  

sys tem  we c o u ld  e x p e c t  a s im p le  p a r a b o l i c  t y p e  of  

h a r d n e s s / c o n c e n t r a t i o n  c u r v e .  Such a r e s u l t  has  been
II

o b t a i n e d  e x p e r i m e n t a l l y .

I f ,  how ever ,  we c o n s i d e r  t h e  h a r d n e s s  o f  an a l l o y
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s y s t e m  i n  w hich  a phase  r e g i o n  e x i s t s ,  t h e n  i n  t h a t  r e g i o n  

t h e r e  would, be a  h ig h  d e g r e e  o f  o r d e r  and t h e  h a r d n e s s ,  o r  

r a t h e r  th e  r e s i s t a n c e  t o  f low^ would  d e c r e a s e  t o  a 

p a r t i c u l a r  v a l u e  d e p e n d e n t  on t h e  s t r u c t u r e  and i t s  d e g r e e  

o f  h o m o g e n e i ty .  T h is  has  a l s o  b e e n  e x p e r i m e n t a l l y  shoi^^Ti^ '̂, 

F i g .  9 .  The h a r d n e s s  o f  the  s i l v e r  magnesium a l l o y  sys tem  

was i n v e s t i g a t e d  by t h e  B r i n e l l  i n d e n t a t i o n  m ethod ,  and 

t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  same spec im ens  were 

a l s o  m e a s u re d ,  th e  c o n d u c t i v i t y  o f  an a l l o y  b e in g  a n o t h e r  

v e r y  s e n s i t i v e  s t r u c t u r a l  p r o p e r t y .  F or  .the sys tem  

i n v e s t i g a t e d  an i n t e r m e t a l l i c  compound AgMg was fo rm ed ,  

and i n  th e  r e g i o n  o f  50 /50  a tom ic  c o m p o s i t i o n  t h e  h a r d n e s s  

d e c r e a s e d  and t h e  c o n d u c t i v i t y  i n c r e a s e d .  The h a r d n e s s  

o f  t h e  compound a t  i t s  minimum v a l u e ,  how ever ,  was s t i l l  

t h r e e  t im e s  t h a t  o f  e i t h e r  o f  th e  c o n s t i t u e n t  m e t a l s .

( c ) D e s c r i p t i o n  o f  A l lo y  System s

The sy s te m s  o f  m e t a l s  i n v e s t i g a t e d  i n  t h i s  work 

can  be d i v i d e d  i n t o  t h r e e  c a t e g o r i e s  from t h e  ty p e  o f  

phase  d iag ra m s  t h a t  t h e y  fo rm .

( i ) C o m p le te ly  M i s c i b l e  S y s t e m s . The c o m p l e t e l y  

m i s c i b l e  sy s te m s  i n v e s t i g a t e d  were th e  a lu m in iu m / l e a d ,  

and t h e  s i l v e r / c h r o m i u m .  The e q u i l i b r i u m  d iag ra m s  f o r  

each  o f  t h e s e  sy s tem s  a r e  g i v e n  i n  F i g . 1 0 a .  F o r  t h e s e
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a l l o y s  t h e  f r e e  e n e rg y  c u r v e  w i l l  show a s i n g l e  minimum, 

and t h e  h a r d n e s s / c o m p o s i t i o n  cu rv e  a maximum. The r e q u i r e 

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

th e  c o n s t i t u e n t  m e t a l s  s h o u ld  have a p p r o x im a t e l y  t h e  same 

s t r u c t u r e ,  and t h e  same atom ic d i a m e t e r  i s  s i m i l a r  t o  t h e  

c o n d i t i o n s  r e q u i r e d  f o r  o r i e n t e d  o v e r g ro w th .  I n v e s t i g a t i o n  

o f  a number o f  m e t a l  sys tem s  t h a t  were knovn t o  form such  

o v e rg ro w th s  sho^^^ed t h a t  t h e  sy s tem s  d i d ,  i n  g e n e r a l ,  have  

s im p le  p h ase  d i a g r a m s .  I n  t h e  c a s e s  i n  -^^tiich t h e r e  was 

n o t  com ple te  m i s c i b i l i t y  t h e r e  was u s u a l l y  m i s c i b i l i t y  

o v e r  a w ide r a n g e  o f  c o m p o s i t i o n .  T ab le  I I  l i s t s  th e  

s t r u c t u r e , s p a c in g  and a tom ic  r a d i u s  o f  th e  m e t a l s  u s e d .

The a tom ic  r a d i i  l i s t e d  i n  t h e  t a b l e  a r e  t h e  d i s t a n c e  o f  c l o s e s t  

s p a c in g  i n  th e  e l e m e n t a l  l a t t i c e  s t r u c t u r e ;  t h i s  i t  i s  

thought^*^ r e p r e s e n t s  a t r u e r  a tom ic  d i a m e te r  t h a n  t h o s e  

s u g g e s t e d  by G o ld sm ith  and P a u l i n g ^ ^ .

( i i )  P a r t i a l l y  M i s c i b l e  S y s te m s . Examples o f  t h i s  

t y p e  o f  sys tem  were th e  g o ld /c h ro m iu m ,  t h e  cop pe r /ch rom iu m  

and t h e  s i l v e r / l e a d .  F o r  t h e s e  sys tem s  th e  f r e e  e n e rg y  

cu rve  T-'dll have two m in im a.  The common t a n g e n t  b e tw een  

t h e s e  r e p r e s e n t i n g  t h e  c o n c e n t r a t i o n  ran g e  o f  th e  m ixed  

p h a s e s .  T h is  t y p e  o f  sys tem  i s  u s u a l l y  o b t a i n e d  f o r  m e t a l  

p a i r s  t h a t  have s i m i l a r  s t r u c t u r e  b u t  l i t t l e  m u tu a l  s o l u b i 

l i t y .  From t h e  e q u i l i b r i u m  d ia g ra m s  ( F i g .  10b) i t  c an  be
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TABLE I I

M eta l S t r u c t u r e %  ^ 0
i n  Angstroms

I n t  e r  a tom ic  
Di s t a n c e  

i n  Angstroms

Aluminium F .C .C . 4 ,045 2 .8 6

Chromium B.C.Cc 2 ,879 2 .49

C ob 0I  t C.P.H»
e t  ab le

2 .5 1 4  4 .105  
be low  400°G.

2 .5 5

Copper P.CoC, 3 .6 08 2 .5 5

Gold PoC.C. 4 .07 0 2 .8 8

I r o n B .C .C . 2 .8 6 1 2 .5 3

Lead F .C .C . 4 .94 0 3 .50

M anganese I r r e g u l a r s t r u c t u r e  b a s e d  on c u b i c .

N ic k e l F .C .C .
s t a b l e

3 .5 1 7  
b e l  O'? 2 0 °C.

2 .49

C .P .H .
s t a b l e

2 .6 4  4 .3 2
above 20 C.

2 .6 4

S i l v e r P .C .C , 4 .078 2 .8 8
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s e e n  t h a t  t h e  f i r s t  o f  t h e s e  sy s tem s  has  l i m i t e d  s o l u b i l i t y  

a t  e a c h  end o f  th e  a l l o y  s y s t e m s ,  b u t  t h a t  t h e  l a s t  two 

have  one o f  t h e  com ponents  i n  s o l u t i o n  ^^ith  a s o l i d  s o l u t i o n .

( i i i )  I n t e r m e d i a t e  Phase  S y s te m s . T h is  g rou p  can  

be s u b d i v i d e d  i n t o  t h r e e .  Those sys tem s  t h a t  form an 

i n t e r m e t a l l i c  compound d i r e c t l y  from t h e  l i q u i d  s t a t e  w i t h  

a low f r e e  e n e r g y ,  t h o s e  t h a t  form one h a v in g  a l a r g e  f r e e  

e n e rg y  and t h e  sy s tem s  i n  i?^hlch th e  m e t a l l i c  compound i s  

form ed d u r i n g  a p e r i t e c t i c  r e a c t i o n .  I n  th e  f i r s t  c a t e g o r y  

we i n c l u d e  t h e  sy s tem s  a lu m i n iu m / n i c k e l  and a l u m i n i u m / c o b a l t ,  

i n  t h e  secon d ,  a l u m i n iu m / i r o n  and a lum in iur i i /m anganese , 

w h i l e  t h e  t h i r d  was r e p r e s e n t e d  by a lu m in iu m /c h r  omium.

A l l  o f  t h e s e  m e ta l  p a i r s  form a l a r g e  number o f  i n t e r m e d i a t e  

p h a s e s ,  i . e .  t h e  l a s t  sys tem  shows n i n e  p h a s e s  i n  a l l .  

A l though  such  sy s tem s  a re  g e n e r a l l y  form ed from  components 

t h a t  have no common s t r u c t u r a l  f e a t u r e s  i t  s h o u ld  be n o te d  

t h a t  t h e r e  i s  a s t r o n g  ag reem en t  b e tw een  t h e  a tom ic  

d im e n s io n s  i n  t h e  (11 0 )  p l a n e s  o f  aluminium and chromium.

The s p a c in g  o f  th e  aluminium s t r u c t u r e  i s  4 .0 4 5  x 2.858A 

^"hile t h a t  o f  chromium i s  4 .0 8 0  x 2 .879A .
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( d ) A ge-H arden ing  i n  A l lo y  System s

I n  the  p a s t  many t h e o r i e s  o f  a g e - h a r d e n in g  i n
16-18  ]_g

m e t a l l i c  a l l o y s  have b e e n  p u t  f o rw a rd  * P r e s e n t  ^ o r k

i n d i c a t e s  t h a t  t h e  phenomenaTv I s  one p r i m a r i l y  o f  c o h e r e n t

p h ase  p r e c i p i t a t i o n  and t h e  r e s u l t i n g  s t r a i n s  s e t  up i n

t h e  p a r e n t  l a t t i c e  s t r u c t u r e s *  '"lien a m e t a l l i c  s o l i d

s o l u t i o n  p r e c i p i t a t e s  i t  forms a new p h a s e ,  g e n e r a l l y

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

p a r e n t  one ,  and a d e p l e t e d  m a t r ix *  T̂ f̂ o t y p e s  o f

p r e c i p i t a t e  a re  r e c o g n i s e d ,  c o h e r e n t  and i n c o h e r e n t *  The

f o rm e r  a r e  t h o s e  f o r  w h ich  t h e r e  i s  some d e g re e  o f  f i t

b e tw e en  t h e  p a r e n t  l a t t i c e  and t h a t  o f  t h e  p r e c i p i t a t e *

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

n e c e s s a r y  f o r  the  p r e c i p i t a t e d  p a r t i c l e s  t o  ado p t  a

m e t a s t a b l e  s t r u c t u r e ,  o r  t o  s t r a i n  t h e  l a t t i c e  i n  such  a

way as t o  r e d u c e  t h e  d e g re e  o f  m ism a tc h .  T h is  i s  f o l l o w e d

by a s low  r e l e a s e  o f  th e  c o h e re n c y  s t r a i n s ,  and p o s s i b l e

t h e  c o m p le t i o n  o f  th e  p r e c i p i t a t i o n  p r o c e s s  t o  g i v e  t h e

f i n a l  p a r t i c l e  s t r u c t u r e *  I n c o h e r e n t  p r e c i p i t a t e s ,  f o r

^f^hich t h e r e  i s  no c o n t i n u i t y  o f  l a t t i c e ,  h a v e ,  ho'^’-ever ,

b e e n  fo u n d  t o  a r r a n g e  t h e  gro-^rth o f  t h e i r  s t r u c t u r e s  i n

such  a way as t o  re d u ce  t h e  d i s c o n t i n u i t y  a t  t h e  i n t e r f a c e

r e g i o n  t o  as  l i t t l e  as  p o s s i b l e .  I n  t h i s  p r o c e s s  o f

p r e c i p i t a t i o n  and r e l e a s e  o f  s t r a i n ,  i t  i s  g e n e r a l l y
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b e l i e v e d ,  l i e s  t h e  c a u s e  o f  a g e -h a rd e n in g *

The p r o c e s s  o f  p r e c i p i t a t i o n  can  o n l y  t a k e  p l a c e  

where t h e r e  h a s  b e e n  s u i t a b l e  n u c l é a t i o n .  I n c o h e r e n t  

p r e c i p i t a t e s  r e q u i r e  some d i s c o n t i n u i t y  o f  s t r u c t u r e  t o  

form n u c l e i ,  and t h o s e  t h a t  a r e  fo rm ed  h ave  t o  grow by  

random m i g r a t i o n  o f  s u i t a b l e  s t r u c t u r a l  e l e m e n t s  t o  a
20c e r t a i n  minimum s i z e  b e f o r e  t h e  g row th  p r o c e s s  can b e g i n  . 

From t h e  v e r y  n a t u r e  o f  t h e  c o h e r e n t  s t r u c t u r e  i t  c a n  be 

se e n  t h a t  l e s s  r i g o r o u s  c o n d i t i o n s  a r e  r e q u i r e d  f o r  

n u c l é a t i o n  and g r o w t h .

As th e  p r e c i p i t a t e d  p a r t i c l e s  i n c r e a s e  i n  s i z e  

and number t h e  d e p l e t e d  p a r e n t  s o l u t i o n  a p p ro a c h e s  th e  

e q u i l i b r i u m  v a l u e  o f  c o n c e n t r a t i o n .  However, due to  the
P1

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

and t o  t h e  s t r a i n  e n e r g y  o f  t h e  c o h e r e n t ,  a q u a s i - e q u i l i b r i u m  

i s  o f t e n  s e t  u p .  Once t h i s  p o i n t  h a s  b e e n  r e a c h e d  t h e  

e a r l i e r  form o f  gro^^fth s t o p s ,  and i t  h a s  b e e n  s u g g e s t e d  

a new form talées o v e r ,  n e c e s s i t a t i n g  a c o m p l e t e l y  new form 

o f  n u c l e u s  and ,  i t  was f u r t h e r  s u g g e s t e d ,  t h a t  t h i s  would  

g iv e  r i s e  t o  th e  d o u b le  and m u l t i p l e  ag e in g  peaks  t h a t  

have b e e n  e x p e r i m e n t a l l y  o b t a i n e d .

I t  i s  i m p o s s i b l e  t o  m easu re  th e  v e l o c i t i e s  o f  

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

e q u a t i o n ,  where

D = A. e
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T his  r e q u i r e s  t h a t  a d e c r e a s e  i n  t e m p e r a t u r e  T i n v o l v e

a r a p i d  d e c r e a s e  i n  t h e  d i f f u s i o n  c o n s t a n t  D, making th e  

r e a c t i o n s  v e r y  t e m p e r a t u r e  s e n s i t i v e  i n  t h e  low t e m p e r a t u r e  

r a n g e .

T h is  fonri o f  a g e in g  i s  co m p arab le  e x p e r i m e n t a l l y
nn

^vith t h e  t h e o r y  o f  a g e - h a r d e n in g  p ro p o s e d  by  G ay le r  i n  

1937. G ay le r  c o n s i d e r e d  t h a t  a  d i f f u s i o n  p r o c e s s  a l lo w e d  

t h e  f o r m a t i o n  o f  m o le c u le s  o f  t h e  p r e c i p i t a t e ,  s t i l l  i n  

s o l u t i o n  i ^ t h  t h e  p a r e n t  s o l i d  s o l u t i o n j  as  t h e  m o le c u le s  

g r e w  t h e  s t r u c t u r e  o f  th e  p a r e n t  m a t r i x  c o u ld  no lo n g e r  

c o n t a i n  them and a p r e c i p i t a t i o n  phenomena t o o k  p l a c e .

The e s s e n t i a l  p o i n t s  a b o u t  t h e s e  phenomena were t h a t  the  

f o r m a t i o n  o f  m o le c u le s  was a s s o c i a t e d  w i th  an i n c r e a s e  i n  

h a r d n e s s ,  and t h e  p r e c i p i t a t i o n  i^dth a d e c r e a s e ,  From 

t h e  s t a n d p o i n t  o f  t h e  new t h e o r y  we can see  t h a t  G a y l e r ’ s 

m o le c u le s  a r e  e q u i v a l e n t  t o  t h e  p r e c i p i t a t i o n  s t a g e ,  and 

G ay le r  * s p r e c i p i t a t i o n  p r o c e s s  t o  t h e  r e l e a s e  o f  th e  

c o h e re n c y  s t r a i n s .  The a p p a r e n t  a p p e a ra n c e  o f  t h e  

p r e c i p i t a t e  i n  two d i f f e r e n t  p l a c e s  i n  th e  t h e o r y  i s  due 

t o  th e  more advanced  m i c r o s c o p i c a l  t e c h n i q u e s  now i n  u s e .  

G a y le r  c o n s t r u c t e d  a d ia g ra m m a t ic  r e p r e s e n t a t i o n  o f  th e  

h a r d n e s s / t i m e  c u rv e s  f o r  a co m p le te  r a n g e  o f  a g e in g  

t e m p e r a t u r e s  : t h i s  i s  r e p r o d u c e d  i n  F i g .  11 .  T h is  s e t

o f  c u r v e s  i s  s t i l l  a p p l i c a b l e  and a g e in g  c u r v e s  such as



8t)

Time

P i g o l l .  G a y le r* 3 A geharden ing  C u rv es.

Curve A -  U pper R a te  L im it 6 f  A geing,

Curve B -  Second S ta g e  o f  Ageing^ S l i g h t  I n d ic a t io n  
o f  F i r s t  S ta g e .

Curve C -

C urve D -
F i r s t  and  Second S tage  b o th  Api)arent*

Cui"ve S -  F i r s t  S tag e  o f  A geing , S l i g h t  I n d ic a t io n  
o f  Second S ta g e ,

Curve P -  Lower R a te  L im it o f  A geing.

Reprinted from Jnst# Metals, Vol,60, 1937» p249o
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t h e s e  have been  o b t a i n e d  f o r  m ost  a g e - h a r d e n in g  a l l o y  s y s t e m s .  

The cu rve  d e s c r i b e d  by G ay le r  as t h e  r e s u l t  o f  t h e  f i r s t  

s t a g e  o f  a g e in g  o n l y  (E .  P i g .  11) c a n  be d e s c r i b e d  now as 

due e n t i r e l y  t o  s im p le  p r e c i p i t a t i o n ,  m t h  no r e l e a s e  o f  

s t r e s s .  T h is  i s  t h e  t y p e  o f  h a r d n e s s  cu rv e  t h a t  we m ig h t  

e x p e c t  from  a g e in g  an i n c o h e r e n t  a l l o y .  Curve B on th e  

o t h e r  hand  sho^^s th e  e f f e c t  o f  a p r e c i p i t  a t  i o n / q u a s i - e  qu i  l i 

b r i u m / r e - a r r a n g e m e n t  p ro c e s s *

Prom th e  d i f f u s i o n  e q u a t i o n  n o t e d  e a r l i e r  we c a n  

r e p l a c e  t h e  t e m p e r a tu r e  r a n g e  by a ra n g e  o f  d i f f u s i o n  

v e l o c i t i e s .  Thus ,  i f  we c a n  m easure  t h e  form o f  the  

a g e - h a r d e n in g  g r a p h s ,  a t  th e  same t e m p e r a t u r e ,  f o r  a l a r g e  

number o f  m e t a l  p a i r s  we m ig h t  e x p e c t  t o  o b t a i n  some, i f  

n o t  a l l ,  o f  t h e  form s o f  t h e  c u r v e s  o f  Pig* 1 1 .

( e ) Or i e n t a t i o n  i n  O vergrow ths

C ondensing  f i l m s  ca n  grow i n  one o f  two ways,  

e i t h e r  as s o l i d  a g g r e g a t e s  o r  as s t a b l e  m o n o la y e r s .  I f  

t h e  e n e rg y  o f  the  c o n d e n s in g  atoms i s  h i g h  t h e y  w i l l  have  

a h ig h  m o b i l i t y  on th e  c o n d e n s in g  s u r f a c e  and t e n d  to  

c l u s t e r  t o g e t h e r  t o  form t h r e e  d i m e n s i o n a l  g roups ,  t h e s e  

a r e  c a l l e d  a g g r e g a t e s .  Lower e n e r g y  atoms -^â l l  t e n d  t o  

form more c o n t i n u o u s  s t r u c t u r e s .  I n  e i t h e r  c a s e ,  t h e  

s t r u c t u r e  o f  t h e  b a s e  m a t e r i a l  c a n  i n f l u e n c e  t h e  form o f
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g ro w th  by o f f e r i n g  p r e f e r e n t i a l  atom s i t e s  t o  th e  i n i t i a l  

d e p o s i t .  I f  t h e r e  i s  a s t r o n g  e n e r g y  bond b e tw een  t h e  

atoms o f  t h e  f i l m  and t h o s e  o f  th e  c o n d e n s in g  s u r f a c e  t h e n  

t h e  c o n d e n s in g  atoms ^^dll t  aice up t h e s e  p o s i t i o n s  and grow 

w i t h  i t s  s t r u c t u r e  r e g u l a r l y  o r i e n t e d  to  t h a t  o f  th e  b a s e  

m a t e r i  a l .

A r e l a t i o n s h i p  b e tw e en  t h e  i n f l u e n c e  o f  t h e  b a se  

and th e  m u tu a l  a d h e s io n  was e x p e r i m e n t a l l y  d e t e r m i n e d  by 

P in c h  and Sun^^ i n  1936 .  They s t a t e d  t h a t  t h e  s u b s t r a t e  

n e a r l y  a lways a f f e c t s  th e  d e p o s i t ,  when i t  does  n o t  th e  

a d h e s io n  o f  t h e  d e p o s i t  i s  poor  • A m easu re  o f  t h e  

i n t e r a c t i o n  b e tw e en  b a s e  and f i l m  can be o b t a i n e d  by 

m e a s u r in g  th e  amount o f  i n d u c e d  o r i e n t a t i o n  i n  t h e  f i l m  

when e v a p o r a t e d  o n to  t h e  b a s e .  Most f i l m s  on an amorphous 

s u b s t r a t e  a r e  d e p o s i t e d  v d t h  one p a r t i c u l a r  p l a n e  p a r a l l e l  

o r  p e r p e n d i c u l a r  t o  t h e  s u b s t r a t e  f a c e ;  how ever ,  when 

d e p o s i t e d  on a c r y s t a l l i n e  s u b s t a n c e  t h e r e  may be a 

c o m p l e t e l y  d i f f e r e n t ,  o r  even n o ,  o r i e n t a t i o n  p r e s e n t .

The amount o f  e n f o r c e d  o r i e n t a t i o n ,  o r  th e  l a c k  o f  i t ,  c a n  

be t a k e n  as a m easu re  o f  t h e  i n t e r a c t i o n .

C r y s t a l  o r i e n t a t i o n s  a r e  fo rm ed  by i n t e r a c t i o n  

b e tw een  one a to m ic  l a y e r  and th e  n e x t ,  and f o r  a  new 

s t r u c t u r e  t o  be o r i e n t e d  i t  i s  n e c e s s a r y  to have  s t r o n g  

o r i e n t a t i o n  i n  t h e  f i r s t  m o n o la y e r ,  as w e l l  as a low
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m o b i l i t y .  The f i r s t  m o n o la y e r  t h e n  must be o f  r e g u l a r  

atomic p a t t e r n  and i f  t h e  o r i e n t a t i o n  i s  t o  be in d u c e d  

th e  a tom ic  p a t t e r n  m us t  be r e g u l a t e d  by th e  b ase  on to  which 

i t  i s  fo rm ed .  I t  i s  u s u a l  to  c a l l  t h i s  l a y e r  t h e  * embryo* 

o f  t h e  s t r u c t u r e .

I f  t h e  d e p o s i t  were t o  have  e x a c t l y  t h e  same

s t r u c t u r e  and i n t e r a t o m i c  d i s t a n c e s  as t h e  b a se  i t  would

be e x p e c t e d  t h a t  th e  atoms o f  t h e  embryo would t a k e  up

e q u i v a l e n t  p o s i t i o n s  t o  t h e  atoms o f  th e  b a s e .  Such a
?4-gro^vth h a s  b een  o b t a i n e d  f o r  cop pe r  e l e c t r i c a l l y  p l a t e d

25on to  a c o p p e r  c r y s t a l .  I t  h a s  b ee n  fo u nd ,  h o w ev e r ,  t h a t  

e q u i v a l e n t  p o s i t i o n s  a r e  t a k e n  up ^vlth s u i t a b l e  s t r u c t u r e s  

even  ■'«dth a m i s f i t  o f  n in e  p e r  c e n t ,  where th e  d e g r e e  o f  

m i s f i t  i s  e x p r e s s e d  as (b  - a ) / a ,  a and b b e i n g  t h e  c o r r e s 

pond ing  l a t t i c e  s p a c i n g s .  ’̂'^ ith a h i g h e r  d e g r e e  o f  m i s f i t  

t h e  number o f  d i s l o c a t i o n s  fo rm ed  a t  t h e  i n t e r f a c e  r i s e s  

r a p i d l y  and t h e  embryo no l o n g e r  becomes c h a r a c t e r i s t i c  

o f  t h e  s u b s t r a t e ,  any o r i e n t a t i o n  e f f e c t s  a re  l o s t  w i t h i n  

t h e  t h i c k n e s s  o f  a few m o n o la y e r s .  I o n i c  s u b s t r a t e s  can 

in d u c e  o r i e n t a t i o n  by  n a t u r e  o f  t h e  s t r o n g e r  a d h e s io n  

bonds t^dth an even  g r e a t e r  m i s f i t ^ ^  b e tw e e n  t h e  l a t t i c e

d im e n s io n s :  f o u r t e e n  p e r  c e n t  h a s  b e e n  fo u n d .  The e f f e c t s
27o f  i o n i c  s u b s t r a t e s  have been  i n v e s t i g a t e d  by Rhodir^and ,

el lem.8^^, w h i l e  P ra n k  and Van d e r  Merwe^^ have deduced
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t h e o r e t i c a l l y  t h a t  a m i s f i t  o f  f o u r t e e n  per  c e n t  i s  

g e n e r a l l y  a l l o w a b le  i f  t h e  a c t i v a t i o n  e n e rg y  f o r  g e n e r a t i o n  

o f  d i s l o c a t i o n s  be t a k e n  i n t o  a c c o u n t .

N ear  e q u a l i t y  o f  s p a c i n g  i s  n o t  enough, how ever ,
30t o  e n s u re  t h a t  one s u b s t a n c e  w i l l  form an embryo on a n o th e r  •

pq
I t  h a s  b een  s u g g e s t e d  t h a t  i n  o r d e r  t o  o b t a i n  embryo 

f o r m a t i o n  on a s u i t a b l e  s u b s t r a t e  f a c e t  i t  i s  n e c e s s a r y  

t o  have  some i r r e g u l a r i t i e s  e i t h e r  s t e p s  o r  c r a c k s  a long  

which t h e  g ro w th  ca n  o r i g i n a t e .  I f  t h e  s u r f a c e  were 

p e r f e c t l y  smooth t h e n  t h e  i n i t i a l  g ro w th  m ig h t  t a k e  t h e  

form o f  a number o f  v e r y  s m a l l  c l u s t e r s  o f  atoms occu p y in g  

th e  p r e f e r e n t i a l  l a t t i c e  s i t e s ,  b u t  h a v in g  no c o r r e l a t i o n  

one i r l t h  th e  o t h e r .  "̂ ê m igh t  t h u s  form a g row th  i n  which 

one p a r t i c u l a r  p l a n e  would be p a r a l l e l  t o  t h e  s u b s t r a t e  

and th e  o t h e r  two p r i n c i p a l  p l a n e s  i n  any d i r e c t i o n .  Such 

a s t r u c t u r e  i s  s a i d  to  have f i b r e  o r i e n t a t i o n ,

A t h e o r e t i c a l  ap p ro ach  to  o r i e n t e d  o v e rg ro w th s  

has  b e e n  e s t a b l i s h e d  by R hod in^^ ,  and sho^^n t o  g i v e  r e s u l t s  

o f  t h e  c o r r e c t  o r d e r  of m a g n i tu d e ,  assum ing  Van d e r  ^'^aal^ s 

f o r c e s .  The g r a p h  o f  p e r c e n t a g e  o r i e n t a t i o n  a g a i n s t  

s u b s t r a t e  t e m p e r a t u r e  o b t a i n e d  by  R hod in  f o r  a lum inium  

on a number o f  s u b s t r a t e  m a t e r i a l s  i s  g iv e n  i n  P i g .  1 2 .

P o r  each  b a s e  t e m p e r a t u r e  t h e  lo w e s t  v a p o u r  p r e s s u r e  o f  

th e  m e ta l  a t  w h ich  c o n d e n s a t i o n  c o u ld  t a k e  p l a c e  was
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d e t e r m i n e d ,  and a p r e s s u r e / t e m p e r a t n r e  r e l a t i o n s h i p  v»-as 

s u g g e s t e d

p .  . .e -* /* * ’'

where p = p r e s s u r e  o f  m e ta l  v a p o u r ,

a = a c o n s t a n t ,  i n s e n s i t i v e  t o  t e m p e r a t u r e ,

T = t h e  a b s o l u t e  t e m p e r a t u r e  o f  t h e  s u b s t r a t e ,

A = an e n e r g y  te rm  c h a r a c t e r i s t i c  o f  t h e  f i l m  

and s u b s t r a t e .

I t  has  b e e n  sho^'^n by "^oo^^, E s te rm ann ^^  and
33Sem enoff  t h a t

A = E +

•'^^here E i s  th e  a d h e s iv e  e n e rg y  o f  b i n d i n g  o f  t h e  m e ta l  

and s u b s t r a t e ,  and A  t h e  b i n d i n g  e n e rg y  o f  t h e  m e t a l  atoms 

i n  t h e  f i r s t  m o n o la y e r .  T ha t  i s  t o  s a y ,  t h e  c h a r a c t e r i s t i c  

e n e rg y  o f  t h e  m e ta l  f i l m .  R hodin  showed t h a t  t h e  

o r i e n t a t i o n  i n c r e a s e d  w i th  E, b u t  i f  A  was l a r g e r  t h a n  E 

th e  f i l m  mas r e l a t i v e l y  i n d e p e n d e n t  o f  th e  s u b s t r a t e  and 

t h e r e  mas l i t t l e  o r i e n t  a t io n *  The v a l u e s  o f  E a r e  o f  t h e  

some o r d e r  o f  m ag n i tu d e  as Van d e r  -"^aal’ s f o r c e s  be tw een  a 

s i n g l e  atom and an i n f i n i t e  p l a n e  s u r f a c e .  Thus,  t h e  

i n i t i a l  embryo ca n  a c t  as th e  b a s e  f o r  an o v e rg ro w th  

c o n t i n u i n g  i t s  o r i e n t a t i o n  i f  t h e  i n t e r  a tom ic  b i n d i n g  o f  

th e  c o n d e n s in g  atoms i s  n o t  s t r o n g e r  t h a n  t h e i r  b i n d i n g  t o
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t h e  s u b s t r a t e .  A c l a s s i f i c a t i o n  o f  a number o f  i o n i c  

s u b s t r a t e s  f o r  a lum inium  i s  g i v e n  by  R hodin  and t h e  

t h e o r e t i c a l  c l a s s i f i c a t i o n  a g r e e s  w i t h  a f a i r  d e g r e e  o f
34 .a c c u r a c y  t o  t h a t  d e t e r m i n e d  e x p e r i m e n t a l l y .  A p p leya rd  

has  b a s e d  a n o t h e r  method o f  c l a s s i f i c a t i o n  on th e  

L e n n a rd - J o n e s  t h e o r y  o f  a d s o r p t i o n .  The s u r f a c e  o f  t h e  

s u b s t r a t e  i s  r e g a r d e d  as  b e i n g  made up o f  a s e r i e s  o f  

p o t e n t i a l  t r o u g h s  and h i l l s ,  o v e r  t h e  atom s p a c e s  and th e  

atom s i t e s .  These may, o r  may n o t ,  a c t  as b a r r i e r s  t o  

t h e  movements o f  atoms on t h e  s u r f a c e ,  d ep e n d in g  on  t h e  

k i n e t i c  e n e r g i e s  o f  t h e  atoms and t h e  l a t e n t  h e a t  o f  

e v a p o r a t i o n  o f  t h e  m e t a l  from i t s e l f ,  Lm. I f  La i s  t h e  

l a t e n t  h e a t  o f  e v a p o r a t i o n  o f  th e  m e ta l  from t h e  s u b s t r a t e ,  

and i f  La "> Lm no s u r f a c e  m o t io n  c a n  t a k e  p l a c e ,  and a 

mon a tom ic s u r f a c e  f i l m  ^ ;d l l  be fo rm e d .  . I f  La Lm and 

L a >  U v , t h e n  a t  low t e m p e r a t u r e s  a l i m i t e d  m o b i l i t y  i s  

g iv e n  t o  the  atoms and s t a b l e  c o h e r e n t  f i l m s  ^^dll be fo rm e d .

I f  La < <  Lm t h e n  s u r f a c e  m o t io n  can  t a k e  p l a c e  a t  any 

t e m p e r a t u r e  and t h e  s u r f a c e  ;^d l l  be form ed o f  s o l i d  

a g g r e g a t e s .  Aluminium, g o ld  and c o p p e r  on g l a s s  f a l l

i n t o  th e  seco n d  o f  A pp ley a rd *s  c a t e g o r i e s  a c c o r d in g  t o
35 -, 36-37P i c k a r d  and D u f fe n d a c k  . E l e c t r o n  m i c r o s c o p i c a l  s t u d i e s

have shoimi t h a t  chrome, n i c k e l ,  c o b a l t ,  i r o n ,  m an g an e se ,

l e a d ,  s i l v e r  and c o p p e r  on g l a s s  condense  on t h e  form o f
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a g g r e g a t e s  and t h e s e  are  s e p a r a t e d  by i n t e r s t i c e s  much 

s m a l l e r  t h a n  t h e  s i z e  o f  th e  p a r t i c l e s . T h is  shows t h a t  

t h e s e  m e t a l s  a l s o  f a l l  i n t o  th e  second o f  A ppleyard*s  

c l a s s i f i e  a t i  ons •

Thus we see  t h a t  t h e  s u b s t a n c e s  u s e d  as s u b s t r a t e  

m a t e r i a l s ,  chromium, n i c k e l ,  c o b a l t ,  i r o n ,  manganese and 

l e a d ,  form f i l m s  t h a t  a re  r e l a t i v e l y  c o n t i n u o u s ,  and have  

some p o s s i b i l i t y  o f  s u p p o r t i n g  o r i e n t e d  o v e r g r o w th s .  From 

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

t h e r e  i s  l i t t l e  e v id e n c e  t o  show w h e th e r  ^?:âth th e  sy s tem s  

we a r e  i n v e s t i g a t i n g  o r i e n t e d  o v e rg ro w th s  a r e  o b t a i n e d  o r  

no te  Copper h a s  b e e n  found  t o  be s u i t a b l e  as a s u b s t r a t e  

f o r  t h e  g row th  o f  o r i e n t e d  f i l m s  o f  e l e c t r o - d e p o s i t e d  

chromium^®, t h e  (111) p la n e  o f  t h e  c o p p e r  l a t t i c e  b e in g  

th e  s u b s t r a t e  f a c e ,  and th e  chromium groaning w i th  i t s  (110) 

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

The e f f e c t  o f  chromium as s u b s t r a t e  t o  a lum in ium , 

s i l v e r  and g o l d ,  h a s  b ee n  i n v e s t i g a t e d  f o r  vacuum p r e p a r e d  

spec im ens  by C o l l i n s ^  as d e s c r i b e d  i n  C h ap te r  1 .  He found  

t h a t  t h e  m e t a l  f i l m s  when e v a p o r a t e d  on to  g l a s s  had  a 

d e f i n i t e  o r i e n t a t i o n  o f  t h e i r  o^ma. But when th e y  were 

e v a p o r a t e d  o n to  t h e  a l r e a d y  p r e p a r e d  chromium f i l m  no 

o r i e n t a t i o n  i n  t h e  u p p e r  f i l m  was v i s i b l e .  I t  was s u g g e s t e d  

t h a t  t h i s  was e v id e n c e  o f  t h e  f o r m a t i o n  of  an embryo i n  t h e  

u p p e r  f i l m  o f  d i f f e r e n t  o r i e n t a t i o n  from t h e  h a b i t u a l
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grow th  o f  th e  f i l m  m a t e r i a l .  However, as th e  same r e s u l t  

was o b t a i n e d  f o r  a l l  t h e  m e t a l s ,  w h e th e r  t h e y  were 

e v a p o r a t e d  o n to  a s lo w ly  e v a p o r a t e d  f i l m  of chromium which  

had no o r i e n t a t i o n ,  o r  w h e th e r  t h e y  were  e v a p o r a t e d  o n to  a 

q u i c k l y  e v a p o r a t e d  f i l m  o f  chromium which  had  t h e  (110)  

p la n e  p a r a l l e l  t o  t h e  s u r f a c e ,  and as t h e  m i s f i t  be tw een  

t h e  (110)  p l a n e s  o f  chromium and a lum in ium , s i l v e r  and 

g o ld  i s  l e s s  th a n  one pe r  c e n t ,  t h i s  r e s u l t  does  n o t  a p p e a r  

t o  be v e r y  c o n c l u s i v e .

( f  ) O x i d a t i o n  o f  M e t a l l i c  F i lm s

The r a t e  o f  g row th  o f  an o x id e  f i l m  i s  u s u a l l y  

g iv e n  as o b ey in g  a p a r a b o l i c  l aw ,

x^ = k . t  ( 3 . 1 )

where x  i s  t h e  t h i c k n e s s  o f  th e  o x id e  f i l m  a t  t im e t , and 

k i s  a c o n s t a n t  d e p e n d e n t  on t h e  c o n d i t i o n s  o f  o x i d a t i o n .  

The v a lu e  o f  k can  be c a l c u l a t e d  on th e  b a s i s  o f  d i f f u s i o n  

o f  the  r e a c t i n g  s u b s t a n c e s  th ro u g h  th e  ox id e  l a y e r ,  and

k = 2.D^ ( f g  - f ^ )  ( 3 . 2 )

where i s  t h e  c a t i o n  d i f f u s i o n  c o e f f i c i e n t ,  and f ^  and f ^  

t h e  f r a c t i o n  o f  d e f e c t s  a t  t h e  met a l - o x i d e  and o x id e -o x y g e n  

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

C ases  have been  found  i n  w hich  th e  growth f o l l o w s

a l o g a r i t h m i c  l a w  o f  t h i s  t y p e .
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X = a . l o g  (1  4- b t )  ( 3 . 3 )

An e x p l a n a t i o n  o f  t h i s  t y p e  o f  g row th  h a s  b e e n  g i v e n  by  
3QE v a n s ^ . I t  i s  b a s e d  on a mechanism i n v o l v i n g  r e p e a t e d

c r a c k i n g  and h e a l i n g  o f  th e  s u r f a c e  o f  t h e  f i lm *

A p o s s i b l e  mechanism f o r  t h e  gro^^^th o f  th e  o x id e  

l a y e r  on a lum in ium  h a s  b e e n  s u g g e s t e d  by M o t t^ ^ ;  i t  i s  

b a s e d  on t h e  f o r m a t i o n  o f  an e l e c t r i c  f i e l d  i n  t h e  o x id e  

l a y e r .  I f  oxygen atoms a r e  a b s o rb e d  on t h e  s u r f a c e  o f  

t h e  o x id e  f i l m  t h e y  w i l l  form v a c a n t  e n e rg y  l e v e l s  fo r  

e l e c t r o n s ,  as i n  P i g .  13c. E l e c t r o n s  p a s s i n g  t h r o u g h  th e  

o x id e  f i l m  s e t  up a f i e l d ,  by  fo rm in g  n e g a t i v e  i o n s ,

on f i l l i n g  t h e s e  l e v e l s .  A s t a t e  o f  q u a s i - e q u i l i b r i u m  

w i l l  be o b t a i n e d .  F i g .  13b ,  where a c o n s t a n t  p o t e n t i a l  

d i f f e r e n c e  V i s  s e t  up a c r o s s  th e  f i l m .  The e l e c t r i c  

f i e l d  s t r e n g t h  i^d l l  be g i v e n  by

F = V /x

F i g .  13c shows th e  p o t e n t i a l  e n e r g y  o f  an io n  

as i t  l e a v e s  t h e  m e ta l  and p a s s e s  i n t o  t h e  o x i d e .  The 

p o i n t  A r e p r e s e n t s  th e  p o s i t i o n  o f  an i o n  i n  th e  m e ta l  

and th e  p o s i t i o n  B an i n t e r s t i t i a l  p l a c e  i n  the  o x i d e .

The e n e rg y  i s  t h e n  th e  d i f f e r e n c e  i n  e n e r g y  o f  an i o n  i n  

t h e  two p o s i t i o n s ,  U i s  t h e  a c t i v a t i o n  e n e r g y  r e q u i r e d  t o  

move th e  i o n  i n  e i t h e r  d i r e c t i o n *
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I f  p i s  t h e  p r o b a b i l i t y  t h a t  p o s i t i o n  B i s  

o c c u p ie d ,  t h e n  th e  p r o b a b i l i t y  o f  an  i o n  jumping from  ^ 

t o  B i n  u n i t  t im e  i s

K , - ' ”  + ( 3 . 4 )

1/  b e i n g  t h e  f r e q u e n c y  o f  a tom ic v i b r a t i o n ,  assum ing  i t  t o  

be c o n s t a n t  and th e  same a t  A and B. The p r o b a b i l i t y  o f  

a jump from B t  o A i n  u n i t  t im e  i s

( 3 . 5 )

Thus p can  be o b t a i n e d ,  f o r  s t e a d y  c o n d i t i o n s ,  by e q u a t i n g  

( 3 . 4 )  and ( 3 . 5 ) ,  i . e .

p = ( 3 . 6 )

I n  a f i e l d  o f  s t r e n g t h  P th e  c u r r e n t  f lo w  ^ 'd l l

be

N.epvF

where N i s  th e  number o f  i n t e r s t i t i a l  p o s i t i o n s  p e r  u n i t  

volume i n  th e  o x id e  and v  t h e  m o b i l i t y  o f  an i o n .  I f  t h e  

t e m p e r a t u r e  i s  l a r g e ,  so t h a t  p i s  s m a l l  and t h e  b a r r i e r  

i n  F i g .  13c i s  d e p r e s s e d  by  aeF,  t h e  p r o b a b i l i t y  o f  an 

i o n  jum ping from  A t o  B i n  u n i t  t im e  i s

^  ^-(?7 + U -  a e P ) /k T  ( 3 . 7 )

The p r o b a b i l i t y  o f  jum ping b ac k  b e f o r e  jum ping  on a g a in
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i s  n e g l i g i b l e  and th e  number o f  i o n s  c r o s s i n g  u n i t  a r e a  i n  

u n i t  t im e i s  t h e n

-(W + U )/kT  aeP/kT 
n  ^ e .e  ( 3 .8 )

where n i s  th e  number of  i o n s  a t  t h e  ends  o f  l a y e r s  o f  

u n i t  a r e a .

^ 5  ^  -(W + U)/kT aeV/kTx
1 «G. cLt n v e  .8  ( 3 , 9 )

T h is  g i v e s  a more r a p i d  i n i t i a l  g row th  t h a n  th e  p a r a b o l i c  

law, which  i s  f o l l o w e d  by a more r a p i d  f a l l  o f f .

Verwey"^^ h a s  ded u ced  t h a t   ̂a ’ i s  o f  t h e  o r d e r  

o f  lOA, and U + W f o r  aluminium l .S e V .  A lthough  *n* i s  

n o t  knov,m i t  h a s  b e e n  s u g g e s t e d  t h a t  a b o u t  one atom i n  a 

h u n d re d  would  be r e a d y  to  jump from  t h e  m e t a l  i n t o  th e  

m e t a l l i c  o x i d e .  Then th e  number o f  l a y e r s  o f  m e t a l  atoms 

which p a s s  t h r o u g h  the  o x id e  i n  u n i t  t im e  a re

0 .0 1  ( 3 .1 0 )

where = W + U and x* = aeV/kT.

I f  y i s  t a k e n  as 10^^ and an i n s i g n i f i c a n t  r a t e  

i s  r l ien  one l a y e r  p a s s e s  i n t o  t h e  m e t a l  o x id e  i n  10^ s e c . ,  

t h e n  t h e  t h i c k n e s s  a t  w h ich  groiwbh s t o p s  i s  g iv en  by

exp.(7M -  a e P ) /k T  ^  10^^ ( 3 . 1 1 )

i . e .  X = eaV/(YJ» -  45kT).
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Thus a c r i t i c a l  t e m p e r a t u r e  T^ i s  o b t a i n e d ,  below which  

t h e  ox ide  f i l m s  have  a l i m i t i n g  t h i c k n e s s  and

T = I ? ' /4 5 k

= 300°C f o r  al'umlniixm
( 3 . 1 2 )

and

X = ( e a V / . 7 ' ) . ( l  -  T /600)  ( 3 . 1 3 )

At room t e m p e r a t u r e  t h i s  g i v e s ,  f o r  th e  l i m i t i n g

t h i c k n e s s ,  a v a lu e  o f  20A, and a t  120°C, 30A, when eV/7»
42i s  t a k e n  t o  be u n i t y .  However, Hass and S c o t t  have 

m easu red  t h e  t h i c k n e s s  o f  th e  o x id e  f i l m  a f t e r  i t  had  

r e a c h e d  i t s  l i m i t i n g  v a lu e  a t  room t e m p e r a tu r e  as 45A.

They found  t h a t  t h i s  l i m i t i n g  t h i c k n e s s  c o u l d  be i n c r e a s e d  

by i n c r e a s i n g  t h e  t e m p e r a t u r e  of  a g e i n g .  T h is  i s  i n  

agreem ent  w i t h  t h e  t h e o r y  e v o lv e d  and s u g g e s t s  t h a t  a 

v a lu e  o f  two m igh t  be  a b e t t e r  v a l u e  t o  choose  f o r  eV/7» ,

Th is  would th e n  g iv e  as th e  l i m i t i n g  t h i c k n e s s e s  40A f o r  

room t e m p e r a t u r e  a g e in g  and 60A when a g e in g  t o o k  p l a c e  a t  

1 2 0 ^0 .

D i f f i c u l t y  i s  found  i n  o b t a i n i n g  t h e  t im e  f a c t o r  

f o r  t h e  r a t e  o f  growth  of t h e  o x id e  l a y e r .  I f  an 

a p p r o x im a t io n  i s  made t o  t h e  p a r a b o l i c  l a w ,  t h e n  a c c e p t i n g  

t h a t  t h e  f i l m  grows to  the  l i m i t i n g  t h i c k n e s s  o f  40A, a t  

20^0,  i n  31 days  we can  f i n d  t h e  c o n s t a n t  k o f  e q u a t i o n  ( 3 . 1 ) ,
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where x  I s  t h e  t h i c k n e s s  o f  th e  o x id e  l a y e r  and t  t h e  t im e  

o f  g ro w th .  T h is  g iv e s

k  = x ^ / t

= 5 .9 4  X 10"^^  c m . ^ / s e c .

The form  o f  t h i s  p a r a b o l i c  g ro w th  i s  r e p r e s e n t e d  

i n  F i g .  1 4 ;  t h i s  g ra p h  a l s o  shows th e  forms o f  growth  

g i v e n  by e q u a t i o n s  ( 3 . 9 ) ,  as can  be seen  f o r  b o t h  th e  

a g e in g  t e m p e r a t u r e s  t h e  t h i c k n e s s  r i s e s  i n i t i a l l y  much 

f a s t e r  th a n  f o r  t h e  p a r a b o l i c  fo rm ,  b u t  s lows dovn to  a 

more d e c i s i v e  l i m i t i n g  v a l u e .

'Evidence to  s u p p o r t  t h i s  fo im  o f  g ro w th  h a s

b e e n  o b t a i n e d  by Hass"^^ who s t a t e s  t h a t  he fo u n d  t h a t

f i l m s  o f  a lum in ium  grew an o x id e  f i l m  o f  t h i c k n e s s  o f

15-20A a lm os t  i m m e d ia t e ly  a f t e r  e v a p o r a t i o n .  The f o r m a t i o n
44o f  an o x id e  f i l m  ^-^ath t im e  h as  b ee n  i n v e s t i g a t e d  by 

w e ig h in g  a sp ec im en  o f  pu re  a lum in ium  a f t e r  i t  had  b ee n  

s t r i p p e d  o f  i t s  o x id e  f i l m ,  ^"^eight m easu rem en ts  were 

made d u r i n g  t h e  f o r m a t i o n  o f  a new o x id e  l a y e r  ; t h e  

r e s u l t s  a r e  g ra p h e d  i n  F i g .  1 5 .  The spec im en  u se d  had  

a s u r f a c e  a r e a  o f  100 s q .c m .  and i f  t h e  f i l m  were p u r e l y  

amorphous Al^O^ t h e n  t h e  w e ig h t  i n c r e a s e  c o r r e s p o n d s  t o  a 

f i l m  lOOA t h i c k .  I f  t h e  f i l m  were  Al^O^.2 H2O t h e n  th e  

w e ig h t  i n c r e a s e  i s  e q u i v a l e n t  t o  a f i l m  1 3 5 A t h i c k .  The
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d i s c r e p a n c y  i n  the  r e s u l t s  may be due t o  e x p e r i m e n ta l  

f a c t o r s ;  however ,  t h e  sh ap e  of t h e  c u rv e  i s  i n t e r e s t i n g  

as i t  l i e s  be tw een  th e  t h e o r e t i c a l   ̂e l e c t r i c  f i e l d ^  cu rv e  

and t h e  pure  p a r a b o l i c  t y p e  *

The grow th  o f  an o x id e  l a y e r  on s i l v e r  has  n o t

r e c e i v e d  so much a t t e n t i o n  as t h a t  o f  a luminium as th e

o x id e  f i l m  i s  n o t  so t e n a c i o u s  and p r o t e c t i v e . However,
45i n  Pig* 16, th e  e x p e r im e n ta l  r e s u l t s  o f  an i n v e s t i g a t i o n

c a r r i e d  out  on th e  m e ta l  a r e  ^ v e n .  I n  th e  g rap h  a re  a l s o

sho '̂^m t h e  r e s u l t s  f o r  f i l m s  o f  ox id e  on c o p p e r  and i r o n .

The o x id e  f i l m s  h e r e  a re  t h i c k e r  t h a n  t h o s e  o f  e i t h e r

s i l v e r  or a lum in ium , and t h e  s e m i - p r o t e c t i v e  n a t u r e  o f

them h a s  been  i n v e s t i g a t e d  fully"^^ . ^"'hen co p p e r  and i r o n

are  o x i d i s e d  a t  advanced  t e m p e r a t u r e s  th e  o x id e  f i l m

formed i s  t h i c k  and t e n d s  t o  b l i s t e r  from t h e  s u r f a c e  of

th e  m e t a l ; t h i s  a l lo w s  more o x i d a t i o n  and t h e  p r o c e s s

becomes one o f  c o n t i n u a l  c h e m ica l  a t t a c k .  However, when

th e  f i l m s  a re  grown s lo w ly  a t  l o w  t e m p e r a t u r e s  t h e y  t e n d

to  c o n to u r  c l o s e l y  th e  u n d e r l y i n g  s u r f a c e  and a s s i s t  the

f o r m a t i o n  of a p r o t e c t i v e  c o a t i n g .  No e x p e r i m e n ta l

r e s u l t s  i n  t h i s  lo w er  t e m p e r a tu r e  r a n g e  were found f o r

t h e  o t h e r  m e t a l s  i n v e s t i g a t e d .  I t  i s  p r o b a b l e * t h a t

chromium, l i k e  a lum in ium , grows a v e r y  p r o t e c t i v e  c o a t i n g ;
47t h e  o x i d a t i o n  r a t e  at h i g h  t e m p e r a t u r e s  i s  known t o  be 

l i k e  a lum in ium , p a r a b o l i c .  Lead o x i d i s e s  r e a d i l y  g i v i n g
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an ox id e  t h a t  a d h e re s  s t r o n g l y  t o  t h e  s u r f a c e  o f  t h e  m e t a l .

N ic k e l  and c o b a l t  have t h e  same o x i d a t i o n  r e a c t i o n  b u t

c o b a l t  o x i d i s e s  a t  a r a t e  25 t im e s  as h ig h  as t h a t  o f  
45n i c k e l  • These m e t a l s ,  as w e l l  as m anganese ,  o x i d i s e  

w i th  a p a r a b o l i c  law  a t  h i g h  t e m p e r a t u r e s .  The form o f  

r e a c t i o n  a t  low  t e m p e r a t u r e s  i s  n o t  known b u t  i t  i s  

e x p e c te d  t h a t  i t  w i l l  be s i m i l a r  t o  t h a t  o f  a luminium 

and c o p p e r .
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CHAPTER 4

RESULT OF AGE-HARDENING INVESTIGATION

( a) Pr e s e n t a t i o n  o f  R e s u l t s

The m e t a l  p a i r s  i n v e s t i g a t e d  have b ee n  g rou ped  

t o g e t h e r  i n  the  same way as t h e y  were i n  C h ap te r  3 ( c ) ,  by  

t h e  ty p e  o f  e q u i l i b r i u m  d iag ram  t h a t  a l l o y i n g  t h e  m a t e r i a l s  

would g i v e ,  P o r  each  o f  th e  m e ta l  p a i r s  a number o f  

s l i d e s  were p r e p a r e d  as  d e s c r i b e d  e a r l i e r , and t h e  changes  

i n  s c r a t c h  v a l u e s  f o r  t h e  f i l m s  ■'^ere m easu red  d u r i n g  t h e  

ag e in g  p e r i o d s ,  -^^hich l a s t e d  t h r e e  weeks f o r  sp ec im en s  

aged a t  room t e m p e r a t u r e ,  and t h r e e  days  f o r  t h o s e  ovened  

a t  120^C, On each  o f  th e  spec im ens  i t  was p o s s i b l e  to  

m easure  th e  a d h e s io n  o f  t h e  s u b s t r a t e  f i l m  to  th e  g l a s s  

a lon e  w i th o u t  t h e  u p p e r  f i l m ,  t h e  s u b s t r a t e  f i l m  w i t h  the  

r e f l e c t i n g  f i l m  on t o p ,  and the  a d h e s io n  o f  th e  r e f l e c t i n g  

f i l m  when e v a p o r a t e d  by i t s e l f  o n to  th e  g l a s s  c o n d e n s in g  

p l a t e .  Prom th e  b a t c h  o f  s l i d e s  p r e p a r e d  f o r  e a c h  sys tem  

a r e p r e s e n t a t i v e  p a i r  were c h o s e n ,  one t h a t  h ad  b e e n  aged 

a t  20°C . and one a t  120°C. I t  i s  th e  r e s u l t s  o f  t h e s e  

spec im ens  which  -are g i v e n  i n  g r a p h i c a l  fo rm  i n  t h e  follo- '^dng 

p a g e s .  The sp ec im en s  were c h o s e n  as  b e i n g  r e p r e s e n t a t i v e  

o f  the  t y p e s  o f  r e a c t i o n s  o b t a i n e d  f o r  each sys tem  and 

t e m p e r a tu r e  and t h u s  t h e  t h i c k n e s s e s  o f  t h e  s u b s t r a t e  f i l m s



47

a re  n o t  t h e  same f o r  a l l  t h e  s p e c im e n s .  The a d h e s io n  

v a l u e s  o b t a i n e d  were fou nd  to  v a r y  w i t h  th e  t h i c k n e s s  o f  

t h e  s u b s t r a t e ;  t h e  foim o f  t h i s  v a r i a t i o n  i s  d e s c r i b e d  

i n  d e t a i l  i n  t h e  f o l l o w i n g  C h a p t e r .

I n  each  o f  t h e  d iag ram s  a re  g ra p h e d  th e  ad h e s io n s  

t o  th e  c o n d e n s in g  p l a t e s ,  n o t  o n ly  o f  th e  s u b s t r a t e d  f i l m s  

b u t  a l s o  the  i n d i v i d u a l  m e t a l  f i l m s .  The i n c r e a s e  i n  

a d h e s io n  o b t a i n e d  f o r  e a c h  spec im en  can  t h e n  be o b t a i n e d  

by s u b t r a c t i n g  from the  a d h e s io n  v a l u e  o f  t h e  compound 

f i l m  t h a t  o f  th e  r e f l e c t i n g  f i l m  a l o n e .  U s in g  t h i s  method 

o f  p r e s e n t a t i o n  i t  can be c l e a r l y  seen  how t h e  a g e in g  o f  

th e  s u b s t r a t e  l a y e r  and th e  r e f l e c t i n g  f i l m  a f f e c t  th e  

compound f i l m .  P o r  some o f  the  sy s tem s  i n v e s t i g a t e d  t h e  

a d h e s io n  o f  t h e  d ou b le  f i l m s  was l e s s  t h a n  t h o s e  o f  t h e  

r e f l e c t i n g  f i l m s  t o  t h e  g l a s s ;  t h i s  g i v e s  a n e g a t i v e  

i n c r e a s e  i n  a d h e s i o n .  O c c a s i o n a l l y  some o f  t h e  f i l m s  

were found  t o  be so s t r o n g l y  bonded to  t h e  g l a s s  t h a t  

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

s c r a t c h  v a lu e  was r e a c h e d .  T h is  g e n e r a l l y  h e l d  f o r  l o a d s  

i n  e x c e s s  o f  8 0 0 -1 ,0 0 0  gn. The v a l u e s  o b t a i n e d  i n  t h i s  

r e g i o n ,  and ab o v e ,  a re  th u s  o n l y  a p p r o x im a te .

( b) A ge-H arden ing  i n  S i n g l e  M e ta l  F i lm s

The s i n g l e  m e t a l  f i l m s  g e n e r a l l y  aged  i n  a 

p a r a b o l i c  o r  l o g a r i t h m i c  fo rm .  Ageing i n  t h e s e  f i l m s
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ca n n o t  be due to  p r e c i p i t a t i o n  phenomena as th e  m e t a l  

sam ples  u s e d  were pu re  and t h e r e  was no p o s s i b i l i t y  o f  

s u b s i d i a r y  phase  p r e c i p i t a t l o n *  The a g e in g ,  how ever ,  

c o u ld  be c a u se d  by t h r e e . d i s t i n c t l y  d i f f e r e n t  t y p e s  o f  

phenomena, and i s  p r o b a b l y  d e p e n d e n t  on each to  some d e g r e e .

I f  the  s c r a t c h  v a l u e  o f  th e  f i l m  i s  p r i n c i p a l l y  

d e p e n d e n t  on  t h e  a d h e s io n  o f  th e  f i l m  t o  i t s  s u b s t r a t e  

t h e n  t h e  i n c r e a s e  i n  a d h e s io n  m ust  be c a u s e d  by  a r e a c t i o n  

a t  th e  m e t a l - g l a s s  i n t  e r f  ace o At t h i s  i n t e r f a c e  t h e r e  

i "d l l  be some form  o f  b o n d in g  be tw een  t h e  r e g u l a r  s t r u c t u r e  

o f  t h e  m e ta l  and t h e  h i g h l y  i r r e g u l a r  s t r u c t u r e  of the  

g l a s s  as l a r g e  a d h e s io n  v a l u e s  were e n c o u n t e r e d .  I t  has  

b e e n  s u g g e s t e d  t h a t  t h e  b o n d in g  o f  the  m e t a l s  t o  t h e  g l a s s  

i s  due t o  t h e  f o r m a t i o n  i n  t h e  g l a s s  o f  a s u r f a c e  l a y e r  

o f  h y d ro x y l  i o n s ^ ,  and t h a t  t h e  m e ta l  r e p l a c e s  t h e  hy d rogen  

atoms from t h i s  s u r f a c e  l a y e r ,  fo rm in g  a s t r o n g  ch e m ic a l  

bond. I f  t h i s  i s  so t h e  i n c r e a s e  i n  a d h e s io n  w i l l  be due 

t o  d i f f u s i o n  o f  th e  m e ta l  i n t o  s u i t a b l e  p o s i t i o n s  i n  t h e  

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

T h is  t h e o r y  i s  s u p p o r t e d  by t h e  e v id e n c e  t h a t  t h e  s u b s t a n c e s  

showing t h e  b e s t  a d h e s io n  t o  g l a s s  a r e  t h e  m e t a l s  t h a t  

r e a d i l y  form o x i d e s .

I f  the  f i l m  s t r u c t u r e  h a s  b ee n  d e p o s i t e d  i n  t h e  

form o f  a g g r e g a t e s  i t  i s  p o s s i b l e  t h a t  some a r e a s  o f  th e
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g l a s s  m igh t  n o t  be i n  c o n t a c t  w i t h  th e  m e ta l  f i l m  and th e  

i n c r e a s e  i n  a d h e s io n  c o u ld  t h e n  be due t o  d i f f u s i o n  o f  t h e  

m e t a l  w i t h i n  t h e  f i l m  f i l l i n g  up t h e  v a c a n t  s u r f a c e  b o n d s .  

Prom t h e  v a s t  i n c r e a s e s  i n  a d h e s io n  o b t a i n e d  on ag e in g  i t  

i s  u n l i k e l y  t h a t  t h i s  c o u l d  ac co u n t  c o m p l e t e l y  f o r  t h e  ag e in g

As t h e  s c r a t c h  t e s t  i s  d e p e n d e n t  t o  some e x t e n t  

on t h e  a c t u a l  c o h e s io n  o f  t h e  f i l m s  t h e n  t h e  p r o c e s s  c o u ld  

be one o f  d i f f u s i o n  i n  t h e  f i l m  o n l y .  I t  i s  known t h a t  

m e t a l  f i l m s  condense  from  t h e  v a p o u r  w i th  a l a r g e  number 

o f  v a c a n t  l a t t i c e  s i t e s  and d i s l o c a t i o n i ^ . Random

m i g r a t i o n  o f  t h e  l a t t i c e  atoms would  a i d  t h e  r e d u c t i o n  o f  

t h e  f r e e  e n e rg y  of t h e  sys tem  t o  i t s  minimum v a l u e .  The 

v a c a n c i e s  would t h u s  t e n d  to  d i f f u s e  o u tw ard s  to  g r a i n  

b o u n d a r i e s ,  o r  i f  no g r a i n  b o u n d a r i e s  were p r e s e n t ,  t o  

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

would g ro u p  t o g e t h e r  and a s s i s t  b r e a k  up  o f  t h e  f i l m .  The 

p l a n e s  o f  maximum s t r e s s  would  form t h e  m ost  l i k e l y  s i t e s  

f o r  t h e  v a c a n c i e s  t o  m i g r a t e  t o  and th e  d i s l o c a t i o n  p a t h s  

t o  end a t .  Com parison  ^*âth th e  i n c r e a s e  i n  a d h e s io n  t h a t  

c o u ld  be e x p e c t e d  from t h i s  m ethod  o f  a g e in g  l e a d  u s  to 

t h e  c o n c l u s i o n  t h a t  a l t h o u g h  t h i s  p r o c e s s  m ig h t  a s s i s t  th e  

h a r d e n i n g  i t  c o u l d  n o t  c o n t r o l  i t .  Thus i t  a p p e a r s  t h a t  

t h e  f i r s t  t h e o r y  s u g g e s t e d ,  t h a t  o f  d i f f u s i o n  i n t o  t h e  

g l a s s  s t r u c t u r e  i t s e l f ,  i s  t h e  m os t  l i k e l y .
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I f  we c o n s i d e r  t h e  method u s e d  f o r  m e a s u r in g  

t h e  a d h e s io n s  o f  t h e  spec im ens  i n  d e t a i l  we can see  t h a t  

t h e  p r o c e s s  c an be t a k e n  as b e in g  composed o f  two p a r t s ,  

t h e  p robe  and t h e  sp ec im en .  I n  t h i s  p a r t i c u l a r  i n v e s t i g a 

t i o n ,  th e  s i z e  o f  t h e  probe h a s  b ee n  k e p t  c o n s t a n t  by  

exam in ing  a l a r g e  number o f  t h e  t i p s  o f  t h e s e  u n d e r  a 

m i c r o s c o p e .  They were  fo u n d  t o  be o f  p r a c t i c a l l y  c o n s t a n t  

d i a m e t e r .  However, th e  m ethod o f  m e a s u r in g  a d h e s io n  i s  

e s s e n t i a l l y  a p lo u g h in g  phenomenon and when t h e  c o h e s i o n a l  

f o r c e s  'f^dthin t h e  f i l m  a re  c o n s t a n t  i t  g i v e s  a r e l a t i v e  

m easure  of the a d h e s io n  o f  a f i l m .  I f  t h e  c o h e s io n  i s  

n o t  c o n s t a n t  t h e n  t h e  a p p a re n t  a d h e s io n  v a l u e s  ^?^dll be 

a l t e r e d .  Th is  i s  t h e  b a s i s  o f  t h e  f o r m a t i o n  o f  th e  

a g e - h a r d e n in g  c u r v e s  w hich  a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  

s e c t i o n s .

The spec im en  can  be c o n s i d e r e d  as made up o f  a 

number o f  s t r u c t u r a l  r e g i o n s  and t h e  m easu red  a d h e s io n  

v a lu e  o f  t h e  f i l m  t o  be a f f e c t e d  by t h e  i n d i v i d u a l  s t r e n g t h s  

o f  t h e s e  r e g i o n s .  The f a c t o r s  I n v o l v e d  a r e :

(1 )  A dhes ion  o f  s u b s t r a t e  t o  c o n d e n s in g  p l a t e .

(2 )  C o h es ion  o f  s u b s t r a t e  m a t e r i a l .

(3 )  A dhes ion  o f  s u b s t r a t e  f i l m  to  a l l o y  l a y e r .

(4 )  C o h es ion  o f  a l l o y  l a y e r .

(5 )  A dhes ion  o f  r e f l e c t i n g  f i l m  t o  a l l o y  l a y e r .



51

(6 )  C ohes ion  o f  r e f l e c t i n g  f i l m .

(7 )  S t r e n g t h  o f  a p r o t e c t i v e  c o a t i n g  on t h e  

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

The m ost  i m p o r t a n t  o f  t h e s e  a re  u n d o u b te d ly  ( 1 ) ,

( 2 ) ,  (4 )  and ( 6 ) .  The a d h e s io n s  (3 )  and (5 )  can  be 

c o n s i d e r e d  as  p a r t  of  the  a l l o y  l a y e r  and, i n d e e d ,  i f  a 

t r u e  t r a n s i t i o n  s t r u c t u r e  i s  o b t a i n e d  t h e r e  ?̂̂ 111 be no 

s h a r p  b o u n d a r i e s  from e i t h e r  o f  t h e  m e ta ls  i n t o  t h e  

t r a n s i t i o n  l a y e r .  The q u a n t i t i e s  (1 )  and (2 )  a r e  c l o s e l y  

r e l a t e d  and a p p e a r  t o  be i n s e p a r a b l e ,  f o r  a good a d h e s io n  

i n  a s i n g l e  f i l m  a p p e a r s  t o  be o b t a i n e d  f o r  a m a t e r i a l  

t h a t  h a s  a h i g h  c o h e s i o n a l  s t r e n g t h .  T h is  i s  i n  ag reem en t  

w i th  t h e  t h e o r y  t h a t  th e  a d h e s io n  i s  c a u s e d  b y  d i f f u s i o n  

o f  the  m e t a l  atoms i n t o  th e  g l a s s  s t r u c t u r e .

The p r e s e n c e  o f  a h a r d  s u r f a c e  l a y e r  c o u ld  

i n c r e a s e  t h e  r e s i s t a n c e  o f  the  f i l m  t o  m a r r ;  t h i s ,  h ow ever ,  

would t e n d  to  s h o w  up more i n  th e  o t h e r  m ethods  o f  a d h e s io n  

t e s t i n g ,  d e s c r i b e d  i n  C h a p te r  1 .  The l o a d s  u s e d  i n  t h i s  

i n v e s t i g a t i o n  a r e  enough t o  c a u s e  p l a s t i c  f lo w  i n  t h e  

r e f l e c t i n g  m e t a l  f i l m  -'"hich would  g iv e  no s u p p o r t  t o  a 

h a r d  o x id e  f i l m .  The i n c r e a s e  i n  a d h e s io n  o f  t h e  s i n g l e  

m e ta l  f i l m s  a re  c e r t a i n l y  n o t  due t o  t h i s  c a u se  as th e  

t im e  f o r  o x i d a t i o n  and a g e in g  a re  n o t  c o m p a r a t i v e .  Thus 

we a re  l e f t  w i t h  two p r i n c i p a l  f a c t o r s  to  c o n s i d e r ,
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( a) A dhes ion  and c o h e s io n  o f  s u b s t r a t e  f i l m ,

(b )  S t r e n g t h  o f  i n t e r f a c i a l  l a y e r .

The fo rm er  of t h e s e  i s  g iv en  b y  t h e  shape o f  t h e  

a d h e s io n  c u r v e  f o r  th e  s i n g l e  f i l m  o f  t h e  s u b s t r a t e  m e ta l  

and th e  summation o f  the  two must be t h e  t o t a l  a d h e s io n  

r e s u l t s  f o r  th e  s u b s t r a t e d  f i l m .  The d i f f e r e n c e  th e n  

g iv e s  the  q u a n t i t y  *b*. I t  can be s e e n  from  t h e  r e s u l t s  

t h a t  t h i s  g iv e s  n e g a t i v e  v a l u e s  fo r  t h e  s t r e n g t h  of  t h e  

i n t e r f a c i a l  l a y e r  as  w e l l  as p o s i t i v e  v a l u e s .

( c ) I n t e r m e d i a t e  Phase Systems
I

F iv e  m e ta l  sys tem s  were i n v e s t i g a t e d  h e r e  and 

t h e s e  have b ee n  s u b - d i v i d e d  i n t o  t h r e e  c a t e g o r i e s .  Two 

a l l o y  sys tem s form ed i n t e r m e d i a t e  compounds ^/ilth a h ig h  

e n e rg y  o f  f o r m a t i o n ,  a lu m in iu m -n ic k e l  and a lu m in iu m -c o b a l t  ; 

two form ed compounds w i t h  a l a r g e  f r e e  e n e rg y ,  a lu m in iu m - i ro n  

and a lum in ium -m anganese ; and t h e  l a s t  sys tem  form ed a l l  

i t s  compounds by  p e r i t e c t i c  r e a c t i o n ,  a lum inium -chrom ium.

For a l l  t h e s e  sy s tem s  alum inium  was u s e d  as the  r e f l e c t i n g  

f i l m  m a t e r i a l  and e v a p o r a t e d  on t o  th e  o t h e r s  w hich  formed 

th e  s u b s t r a t e  f i l m s .

A lu m in iu m -N ic k e l . The a d h e s io n  c u r v e s  o b t a i n e d  f o r  t h e

a d h e s io n  of the  aluminium f i l m s .  F i g .  17 , a re  r e p r e s e n t a t i v e



I
ë
s
1  
3

600

400 .

200

Ml
A l

200

Tine in Hours

120"C 
40A Ni

200

100 Al-Ni

~Ni

50 100
Tirae in Hours

Fig. 17. Ageing of Aluminium-Nickel Films a t  20^0 & 120^0



53

o f  a l l  th e  f i l m s  o f  a lum in ium  i n v e s t i g a t e d .  The spec im ens  

i n c r e a s e d  t h e i r  a d h e s io n s  r e g u l a r l y  i n  t h e  m anner p r e v i o u s l y  

d e s c r i b e d ,  r e a c h i n g  th e  maximum v a l u e s  i n  200 h o u rs  a t  20°C . 

and 20 h o u rs  a t  120^0 .  The a d h e s io n s  of  t h e  n i c k e l  f i l m s  

a re  co m p arab le  ^ndth th e  a lum in ium  ones  and th e  n a t u r e  o f  

t h e  b on d in g  a p p e a r s  t o  b e ,  as  s u g g e s t e d  e a r l i e r ,  fo r  b o th  

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

The s u b s t r a t e d  f i l m ,  ho w ev er ,  i s  e x t r e m e ly  

i n t e r e s t i n g .  Here we have an e x c e l l e n t  example  o f  t h e  

m u l t i p l e  s t e p  a g e in g  p r o c e s s  e x p e c t e d  from  an a l l o y  sy s tem  

c o n t a i n i n g  a number of  p u re  p h a s e s .  The sy s te m  

n i c k e l - a lu m i n i u m  h a s  t h r e e  o f  t h e s e ,  t h e  c u b ic  phase  

N lA l,  t h e  N iA lg ,  and t h e  N iA l^ ,  as ^^ell  as  a s o l i d  

s o l u t i o n  o f  a lum in ium  i n  n i c k e l . The compound w i t h  th e  

h ig h  en e rg y  o f  f o r m a t i o n  i s  th e  s im p le  i n t e r m e t a l l i c  

compound N iA l .  As shown i n  C h ap te r  3 ( c ) ,  t h e  a g e in g  

cu rve  r e p r e s e n t s  t h e  summation o f  th e  ag e in g  p r o c e s s e s  

t h a t  a r e  fo rm in g  th e  t r a n s i t i o n  l a y e r .  As t h e  p r e c i p i t a 

t i o n  s t r u c t u r e s  c h a n g e ,  so th e  h a r d n e s s  o f  t h e  t r a n s i t i o n  

l a y e r  i n c r e a s e s ,  a s  sho™  by t h e  room t e m p e r a t u r e  ag e in g  

c u r v e .  The even ed  g ra p h  shows a n o th e r  example* o f  th e  

ty p e  o f  a g e in g  o u t l i n e d  by G a y l e r . Here we can  see  t h a t  

t h e  r a p i d  p r e c i p i t a t i o n  h a s  a l lo w e d  t h e  a d h e s io n  to  i n c r e a s e  

t o  i t s  maximum v d t h i n  t e n  h o u r s  o f  t h e  commencement o f
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a g e in g .  The p r e c i p i t a t i o n  p r o c e s s  has  th e n  a l lo w ed  the  

s t r e s s e s  i n  t h e  l a t t i c e  t o  be e a s e d  and t h e  h a r d n e s s  has  

d e c r e a s e d .  T h is  i s  t h e  second p e r i o d  o f  a g e - h a r d e n in g  

p r o p e r .  The p r e c i p i t a t e d  p h ase  s h o u ld  be t h e  ^  and 

t h i s  h as  b een  c o n f i r m e d  ( s e e  C h ap te r  6 ) .  The p r o c e s s  

11 be e n t i r e l y  i n d e p e n d e n t  o f  t h e  t h i c k n e s s  o f  t h e
t

s u b s t r a t e  f i l m  once a c e r t a i n  minimum v a l u e  h a s  been  

r e a c h e d .  I f ,  however ,  the t h i c k n e s s  o f  t h e  n i c k e l  i s  

v e r y  sm a l l  t h e r e  m igh t  n o t  be enough o f  i t  t o  fo rm  a 

compound l a y e r  o f  s u f f i c i e n t  t h i c k n e s s  to  cau se  t h e  

p r e c i p i t a t i o n  s t r e s s e s  t o  be r e l e a s e d .  Thus i t  i s  

p o s s i b l e  t h a t  the  a d h e s io n  o f  th e  compound f i l m  would g iv e  

an a d h e s io n  v a lu e  i n  e x c e s s  o f  th e  spec im en ch o sen  h e r e  

f o r  t h i n n e r  s u b s t r a t e  f i l m s .

Aluminium-Cob a l t . I f  t h e  p r e c i p i t a t i o n  o f  t h e  ^  phase

o f  t h e  sy s tem  a l u m in iu m - n ic k e l  r e d u c e d  th e  a d h e s io n  o f  

t h e  compound f i l m  o f  t h e s e  m a t e r i a l s ,  p r e c i p i t a t i o n  o f  th e  

Y phase  o f  t h e  a lu m in ium -cob  a l t  sy s tem  removed th e  a d h e s io n  

c o m p l e t e l y .  The a d h e s io n  of th e  ovened and the  a i r  

h a rd e n e d  f i l m s  can  be s e e n  i n  F i g .  1 8 .  The pu re  f i l m s  

o f  a lum inium  and c o b a l t  aged as a l r e a d y  d e s c r i b e d ,  b u t  th e  

compound f i l m s  sho'^^ed no a d h e s io n  t o  t h e  c o n d e n s in g  s u r f a c e  

a t  a l l .  From t h e  p h ase  d ia g ra m s  o f  t h e s e  a n a la g o u s  

sys tem s  i t  c an be seen  t h a t  t h e  Y phase  h a s  a s l i g h t l y
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^ à d e r  c o n c e n t r a t i o n  ra n g e  t h a n  t h e  jB N lA l, b u t  t h e  e n e r g y  

o f  f o r m a t i o n  a p p e a r s  t o  be a b o u t  th e  same. T h ic k e r  f i l m s  

o f  a lum inium  s u b s t r a t e d  ■'”d t h  n i c k e l ,  ho^^^ever, showed t h e  

same d e c r e a s e  i n  a d h e s io n  as t h i s  r e l a t i v e l y  t h i n  f i l m  o f  

c o b a l t  and a lum in ium .

A lu m in iu m -I ro n . T h in  f i l m s  o f  i r o n  aged  v e r y  r a p i d l y  

and 7^ere much more t e n a c i o u s  than, t h e  m e t a l s  t h a t  have 

b een  a l r e a d y  d e s c r i b e d ,  F i g .  1 9 .  T h is  i s  i n  ag reem en t  

^^ith the  o x id e  t h e o r y  o f  s u r f a c e  bon d ing  as i r o n  i s  more 

r e a d i l y  o x i d i s e d  t h a n  a lum in ium , n i c k e l  o r  c o b a l t .  The 

phase  d ia g ra m  o f  t h e  a lu m in iu m - i r o n  sys tem  shows t h a t  th e  

c o n c e n t r a t i o n  ra n g e  i n  v h ic h  th e  compounds a r e  fo rm ed  i s  

v e r y  l i m i t e d ,  and t h a t  e a ch  s e p a r a t e  p h ase  h a s  an e x t r e m e ly  

n a r r c ^  c o n c e n t r a t i o n  r e g i o n .  The e f f e c t  o f  t h i s  on th e  

i n t e r f a c i a l  l a y e r  c an be s e e n  from  th e  s h a p e s  o f  t h e  ag e in g  

c u r v e s  f o r  t h e  compound f i l m s .  Both g ra p h s  show t h e  form 

o f  c u rv e  a l r e a d y  o b t a i n e d  f o r  t h e  n i c k e l - a l u m i n i u m  f i l m  

aged a t  120^0 .  T h is  f o l l o w s  d i r e c t l y  from t h e  narro^^ness  

o f  t h e  t r a n s i t i o n  r e g i o n  as v e r y  s l i g h t  d i f f u s i o n  i-'^ould be 

r e q u i r e d  t o  g iv e  l a r g e  s t r u c t u r a l  ch ang es  i^^dthin the  f i l m .  

From th e  sh ap e  o f  t h e  c u r v e s  i t  would ap p e a r  t h a t  th e  

p r e c i p i t a t i o n  and r e l e a s e  of  s t r a i n  p r o c e s s e s  have  been  

o b t a i n e d  i n  b o th  t h e  s p e c im e n s .  Ageing a t  t h e  e l e v a t e d  

t e m p e r a t u r e  h a s  o n l y  i n c r e a s e d  the  r a t e  o f  th e  r e a c t i o n .
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The i n i t i a l  and f i n a l  v a l u e s  o f  a d h e s io n  a p p e a r  to  be 

f a i r l y  c o n s t a n t ,  s u g g e s t i n g  t h a t  t h e  p r o c e s s  may be 

t h i c k n e s s  i n d e p e n d e n t .  T h is  c o u l d  o n l y  be so i f  t h e  

t r a n s i t i o n  r e g i o n  was o n l y  p e n e t r a t i n g  i n t o  t h e  s u b s t r a t e  

f i l m  t o  a s m a l l  d e p t h .

Alumi n i  urn "Man g ame s e .  As P i g .  20 shows, s i m i l a r  r e s u l t s

were o b t a i n e d  f o r  t h e  a lum in ium -m anganese  s y s te m .  I n  

b o th  f i l m s ,  how ever ,  t h e  o r i g i n a l  r a p i d  i n c r e a s e  a p p e a rs  

t o  have  t a k e n  p l a c e  b e f o r e  t h e  f i r s t  m easurem en t  c o u ld  be 

made and b o t h  f i l m s  s h o w  o n ly  a d e c r e a s e  i n  th e  a d h e s io n  

v a lu e  v l t h  t im e .  The lo w er  t e m p e r a t u r e  aged spec im en 

g i v e s  a much s lo w e r  r a t e  o f  d e c r e a s e  r e a c h i n g  a f i n a l  v a lu e  

l a r g e r  th an  t h a t  o f  th e  spec im en  aged a t  t h e  h i g h e r  

temper a t u r e .

The p r i n c i p a l  p o i n t  o f  i n t e r e s t  i n  t h e  spec im ens  

o f  t h i s  sys tem  a re  t h e  a g e in g  c u r v e s  f o r  th e  manganese 

f i l m s .  F or  b o t h  s p e c im e n s ,  we have  a pu re  m e t a l  f i l m  

e x h i b i t i n g  th e  a g e in g  h a b i t s  o f  an a l l o y .  The e x p l a n a t i o n  

o f  t h i s  i s  t h a t  manganese h a s  t h r e e  d i s t i n c t  s t r u c t u r e s ,  

t h e  a ,  t h e  ^  , and th e  Y. The f i r s t  o f  t h e s e  i s  s t a b l e  

a t  room t e m p e r a t u r e ,  and th e  o t h e r s  a r e  h ig h  t e m p e r a t u r e  

t r a n s f o r m a t i o n s .  I t  i s  n o t  known i n  w hich  form manganese 

' ï ' i l l  condense  f ro m  t h e  v a p o u r  p h a s e  b u t  i t  i s  p o s s i b l e  

t h a t  as t h e  e n e r g y  c o n t e n t  o f  t h e  c o n d e n s in g  f i l m  i s  h i g h
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t h a t  i t  m ig h t  form one or o t h e r  o f  t h e  more i r r e g u l a r  

s t r u c t u r e s *  Ageing a t  t e m p e r a t u r e s  ^^411 a s s i s t  th e

t r a n s f o r m a t i o n  o f  t h e s e  s t r u c t u r e s  i n t o  t h e  more s t a b l e  

a t y p e .  T h is  ^̂ 4̂11 r e q u i r e  n u c l é a t i o n  o f  t h e  nê r̂ p h a s e ,  

and p r e c i p i t a t i o n  o f  t h e  new s t r u c t u r e  w i l l  l e a d  t o  t h e  

a g e in g  phenomena o b t a i n e d  e x p e r i m e n t a l l y .  The t r a n s f o r m a 

t i o n  a p p e a r s  t o  h av e  had l i t t l e  e f f e c t  on t h e  a d h e s io n  o f  

t h e  compound f i l m .

Alumi n i  urn- C h r  omi um, T h is  sy s tem  showed t h e  s im p le r  form 

o f  s u b s t r a t e  l a y e r  a g e in g  c u r v e s ,  F i g .  2 1 .  The a g e in g  o f  

th e  compound f i l m  a t  t h e  lo w er  t e m p e r a t u r e  was v e r y  

s i m i l a r  to  the  a d h e s io n  c u r v e s  f o r  t h e  manganese f i l m s .

I t  can  be s e e n  t h a t  the  a g e in g  p r o c e s s  i s  t a k i n g  p l a c e  as 

two d i s t i n c t  p a r t s ,  b o t h  i n c r e a s i n g  t h e  a d h e s io n  o f  t h e  

sp ec im en .  The e q u i l i b r i u m  d ia g ra m  f o r  t h e  sys tem  shows 

th e  p r e s e n c e  o f  a l a r g e  number o f  s t a b l e  p h a s e s ,  none o f  

them h a v i n g  such a h i g h  e n e rg y  o f  f o r m a t i o n  t h a t  t h e r e  

would be a t e n d e n c y  to  form  one p a r t i c u l a r  p h ase  a t  th e  

expense  o f  th e  o t h e r s ,  n e i t h e r  i s  t h e r e  su ch  a l a r g e  r e g i o n  

o f  s o l i d  s o l u b i l i t y ,  n o r  such  a s m a l l  complex  p h ase  r e g i o n  

as i n  t h e  c a s e  o f  i r o n .  From t h e  a g e in g  g ra p h s  i t  a p p e a r s  

t h a t  th e  d i f f u s i o n  p r o c e s s  i s  l i m i t e d  and t h a t  s o l i d  

s o l u t i o n s  a r e  fo rm e d .  The t r a n s i t i o n  r e g i o n  t h e n  w i l l  be 

s m a l l ,  b u t  n o t  t o o  s m a l l  t o  c a u s e  i n t e r a c t i o n  from th e
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d i f f e r e n t  p h ase  b o u n d a r i e s .  The r a i s i n g  o f  th e  a g e in g  

t e m p e r a tu r e  c a u s e s  b o th  t h e  a g e in g  p r o c e s s e s  t o  f o l l o w  on 

d i r e c t l y  as  e x p e c t e d .

F or  b o th  t h e s e  spec im ens  th e  a d h e s io n  o f  the  

s u b s t r a t e d  f i l m  i s  g r e a t e r  th a n  t h a t  o f  e i t h e r  o f  t h e  

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

t h a t  i t  i s  o n ly  t h e  a d h e s io n  o f  t h e  s u b s t r a t e  t h a t  i s  

a f f e c t i n g  t h e  a d h e s io n  o f  t h e  s u b s t r a t e d  f i l m .  The r a p i d  

i n c r e a s e  o f  a d h e s io n  i n  the  f i r s t  few h o u r s  s u g g e s t s  t h a t  

when t h e  f i l m s  a r e  f i r s t  p r e p a r e d  t h e  a d h e s io n  a t  th e  

i n t e r f a c e  i s  v e ry  s m a l l ,  and t h e  v a l u e s  i n i t i a l l y  o b t a i n e d  

a re  no t  so much a m easure  o f  t h e  a d h e s io n  o f  th e  a c t u a l  

m e t a l  p a i r  as a m easure  o f  th e  t im e  t h a t  h a s  e l a p s e d  

b e tw e en  e v a p o r a t i o n  o f  t h e  f i r s t  m o n o lay e r  and th e  m e a s u r e 

ment o f  a d h e s i o n .  T h is  would seem t o  be t r u e  o f  t h e  

m easu rem en ts  made on t h e  s i n g l e  m e t a l  f i l m s  a l s o .  I n  

p a r t i c u l a r ,  r h e n  r e s u l t s  were b e i n g  o b t a i n e d  f o r  f i l m s  

o f  chromium, t h e  f i l m  was found t o  be i n c r e a s i n g  i t s  

a d h e s io n  ^ h i l e  b e i n g  m e a s u re d .

( d) P a r t i a l l y  M i s c i b l e  Systems

The m e t a l l i c  sy s tem s  i n v e s t i g a t e d  h e r e  were t h e  

s i l v e r - l e a d ,  th e  goId -ch rom ium , and th e  c o p p e r-ch ro m iu m .

The f i r s t  and l a s t  o f  t h e s e  a r e  o n ly  s l i g h t l y  n o n - m i s c i b l e ,
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l e a d  b e in g  s l i g h t l y  s o l u b l e  i n  s i l v e r ,  and chromium s l i g h t l y  

s o l u b l e  i n  c o p p e r  a t  t e m p e r a t u r e s  i n  e x c e s s  o f  500^0 .

S i l v e r - Lea d . The a d h e s io n s  o f  the  s i l v e r - l e ad compound

f i l m s  are  e x t r e m e ly  d ep e n d en t  on the  n a t u r e  o f  th e  s u b s t r a t e  

l a y e r .  As f i l m s  o f  l e a d  a p p e a r  t o  have  a poor  a d h e s io n  

to  t h e  c o n d e n s in g  p l a t e ,  and as l e a d  i s  a v e r y  s o f t  m e t a l  

t h i s  g i v e s  s m a l l  a d h e s io n  v a l u e s  f o r  t h e  compound f i l m s .

The p r e s e n c e  o f  t h e  s i l v e r  l a y e r  can  be s e e n  as t h e  l o a d s  

r e q u i r e d  fo r  th e  compound f i l m s  a r e  always g r e a t e r  t h a n  

t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  p u re  l e a d  f i l m s .  The 

r e s u l t s  o b t a i n e d  f o r  t h e  p a i r  o f  spec im ens  are  g iv e n  i n  

P ig *  22* The a d h e s io n s  o f  th e  s i l v e r  f i l m s  a re  com parab le  

t h  t h o s e  o f  t h e  f i l m s  o f  a lum in ium .

'"'1th t h i s  sys tem  t h e r e  can be no doub t  as t o  t h e  

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

specim en ovened  a t  120^0 .  th e  p r e s e n c e  o f  l e a d  c o u l d  be 

c l e a r l y  s e e n  i n  t h e  r e f l e c t i n g  s u r f a c e  o f  t h e  s i l v e r  f i lm *  

T h is  means t h a t  t h e  l e a d  atoms m ust  have d i f f u s e d  c o m p l e t e l y  

t h r o u g h  t h e  t h i c k n e s s  o f  t h e  s i l v e r  f i l m .  The l o s s  i n  

r e f l e c t i v i t y  c a u s e d  by t h i s  i s  d e s c r i b e d  i n  d e t a i l  i n  

C h a p te r  1 0 .  The p r e s e n c e  o f  t h e  r e l a t i v e l y  m o b i le  l e a d  

atoms i n  t h e  s i l v e r  s t r u c t u r e  w ould  a lm os t  c e r t a i n l y  c a u s e  

t h e  s o l i d  s o l u t i o n  o f  l e a d  i n  s i l v e r  t o  be fo rm e d .  T h i s ,  

how ever ,  ^^^ould n o t  b r i n g  abou t  a p r e c i p i t a t i o n  p r o c e s s ,  and
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t h e r e  would be no c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  s t r e n g t h  

o f  t h e  i n t e r f a c i a l  l a y e r .

U s in g  l e a d  as a s u b s t r a t e  d i f f i c u l t y  was fo u n d  

i n  o b t a i n i n g  a d h e s io n  m easu rem en ts  o v e r  a p e r i o d  o f  t im e  

as  th e  l e a d ,  p a r t i c u l a r l y  ■'^hen o v en e d ,  a p p e a re d  to  be 

e i t h e r  e v a p o r a t i n g  away f rom  t h e  g l a s s  o r  fo rm in g  a 

n o n - a b s o r b i n g  o x i d e .  B ecause  o f  t h i s  i t  became i m p o s s i b l e  

t o  v i e w  th e  s c r a t c h e s  and r e s u l t s  c o u ld  n o t  be o b t a i n e d  f o r  

t h e  l a t e r  s t a g e s  o f  a g e in g ,

Gold-Chromium. t h i n  f i l m s  o f  g o ld  h ad  a poor  a d h e s io n  t o  

t h e  g l a s s  c o n d e n s in g  s u r f a c e .  B e ing  a n o b le  m e ta l  i t  i s  

n o t  r e a d i l y  o x i d i s e d  and t h u s  would  n o t  be e x p e c t e d  to  

show a h i g h  a d h e s i o n .  However, t h e  a d h e s io n s  o f  t h e  

s u b s t r a t e d  f i l m s ,  P i g .  23 ,  were e x c e l l e n t .  The compound 

f i l m s  show t h a t  t h e  p h a s e  d iag ram  o f  the  m e t a l  sy s tem  i s  

more com plex  t h a n  f o r  th e  l a s t  c a s e ,  and i n d e e d  two m i s c i b l e  

s o l i d  s o l u t i o n s  a re  fo rm ed .  I n i t i a l l y  t h e  compound f i l m s  

showed l a r g e r  a d h e s io n  v a l u e s  t h a n  t h e  c o r r e s p o n d i n g  

s u b s t r a t e  f i l m s .  However, t h e  sp ec im en  aged a t  room 

t e m p e r a t u r e  gave t h e  form of a g e in g  c u rv e  a l r e a d y  o b t a i n e d  

f o r  t h e  a lu m in iu m - i r o n  s p e c i n e n s .  T h is  m ust  be due t o  th e  

f o r m a t i o n  o f  t h e  m i s c i b l e  s o l i d  s o l u t i o n s .  As no g r e a t  

change i n  t h e  r e f l e c t i v i t y  of  t h e  g o l d  s u r f a c e  was n o t i c e d  

we may assume t h a t  t h e  d i f f u s i o n  o f  g o ld  and chromium was
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l i m i t e d .  The s o l i d  s o l u t i o n s  t h e n  im u ld  be form ed w i t h i n  

a v e r y  n a r ro w  r e g i o n .  T h is  w i l l  a l l o w  s t r a i n s  to  b e  s e t  

up w h ich  w ould  i n c r e a s e  t h e  h a r d n e s s  o f  t h i s  r e g i o n .  I f  

t h e  s t r e s s  c o n c e n t r a t i o n  becomes g r e a t e r  t h a n  some 

p a r t i c u l a r  v a l u e  i n t e r n a l  s l i p  would t a k e  p l a c e  and t h e  

h a r d n e s s  o f  th e  r e g i o n  would d e c r e a s e .

I f  th e  same f i l m  were  t o  be aged a t  an advanced  

t e m p e r a tu r e  t h e  m o b i l i t y  of  t h e  atoms w ould  be i n c r e a s e d ;  

t h i s  would a l lo w  th e  f o r m a t i o n  o f  a b u f f e r  o f  t h e  m i x tu r e  

o f  t h e  m i s c i b l e  s o l i d  s o l u t i o n s  t  o be form ed b e tw een  t h e  

phase  b o u n d a r i e s .  The s t r e s s  w i l l  t h u s  be l e s s e n e d  and 

i f  t h e  c o n c e n t r a t i o n  o f  s t r e s s  s t a y s  be low  t h e  c r i t i c a l  

v a l u e  th e  i n t e r f a c i a l  l a y e r  v d l l  i n c r e a s e  i t s  h a r d n e s s  

w i t h o u t  c a u s i n g  s l i p  t o  be g e n e r a t e d .  T h is  c o u l d ,  o f  

c o u r s e ,  o n ly  t a k e  p l a c e  where t h e  c o h e s io n  o f  th e  s u b s t r a t e  

l a y e r  i s  g r e a t  and i t  i t s e l f  i s  s t r o n g l y  r e s i s t i n g  

d i s t o r t i o n  o f  t h e  s t r u c t u r e  i n  t h e  t r a n s i t i o n  r e g i o n .

Copper-Chromium. The phase  d iag ra m  o f  t h i s  s y s te m  i s

v e r y  s i m i l a r  t o  t h a t  o f  t h e  s i l v e r - l e a d  s y s t e m ,  b u t  th e  

a g e in g  c u r v e s .  F i g .  24 ,  a r e  c o m p l e t e l y  d i f f e r e n t .  T h is  

i s  u n d o u b te d ly  due t o  th e  g r e a t e r  c o h e s iv e  s t r e n g t h  o f  th e  

s u b s t r a t e  f i l m  m a t e r i a l .  L i t t l e  a g e - h a r d e n in g  c o u ld  be 

d i s c e r n e d  i n  t h e  c o p p e r  f i l m s ,  b u t  the  a d h e s io n  v a lu e  was 

as good as any o f  th e  r e f l e c t i n g  f i l m  m a t e r i a l s .  I f  th e
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a d h e s io n  i s  c a u s e d  b y  t h e  p r e s e n c e  o f  a t h i n  l a y e r  o f

oxygen bet-'^^een t h e  m e t a l  f i l m  and th e  g l a s s  s u r f a c e  t h e n

c o p p e r ,  h a v i n g  a h i g h  r a t e  o f  o x i d a t i o n  c o u l d ,  by a

g e t t e r i n g  a c t i o n  on th e  r e m a in in g  gas  i n  t h e  vacuum cham ber ,

form  a co m p le te  l a y e r  o f  c o p p e r  o x id e  b e f o r e  t h e  m e t a l
49

b e g a n  t o  c o n d e n se  . Then w h ereas  t h e  o t h e r  f i l m s  i n c r e a s e  

t h e i r  a d h e s io n  a f t e r  d e p o s i t i o n  b y  d i f f u s i o n  o f  th e  o x id e ,  

t h e  c o p p e r  f i l m s  ■'^^ould show a c o n s t a n t  a d h e s io n  v a l u e .

T h is  :':Quld a l s o  mean t h a t  u n d e r n e a t h  t h e  

s u b s t r a t e d  c o p p e r  f i l m s  t h e r e  ^j^ould be t r a p p e d  a l a y e r  

o f  c h e m i c a l l y  bonded  oxygen fo rm in g  an i n t e r f a c i a l  l a y e r  

bet^’'"sen th e  chromium s u b s t r a t e  and t h e  c o p p e r  r e f l e c t i n g  

f i l m .  The m e t a l s ,  ho^^^ever, w i l l  p r o b a b ly  d i f f u s e  r i g h t  

t h r o u g h  t h i s  b a r r i e r  end i n t e r a c t  t o  g ive  t h e  s o l i d  

s o l u t i o n .  The p r o c e s s  o f  d i f f u s i o n  w i n ^  how ever ,  fo im  

s t r e s s e s  i n  th e  o x id e  l a y e r  ^^hich would i n c r e a s e  r a p i d l y  

w i th  the  d e g re e  o f  p e n e t r a t i o n ,  ' '^ i th  i n c r e a s i n g  s t r e s s  

th e  o x id e  would b r e a k  up u n d e r  a s h e a r i n g  a c t i o n  and th e  

h a r d n e s s  o f  t h e  l a y e r  would i n c r e a s e  r a p i d l y .

I f ,  however,  t h e  a c t i o n  t a k e s  p l a c e  a t  a 

t e m p e r a t u r e  a t  w h ich  t h e  co p p e r  atoms a r e  r e l a t i v e l y  f r e e  

t o  d i f f u s e  t h r o u g h  th e  o x id e  l a y e r  t h e n  th e  co p p e r  w i l l  

d i f f u s e  t h r o u g h  r e a d i l y  and th e  o x id e  w i n  become d i s p e r s e d  

i n  th e  co p p e r  f i l m  w i t h o u t  e x c e p t i o n a l l y  h i g h  s t r e s s e s  b e i n g
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s e t  u p .  I n  t h i s  c a s e ,  t h e  s o l i d  s o l u t i o n s  formed w i n  

g iv e  a f u r t h e r  i n c r e a s e  i n  t h e  h a r d n e s s  b y  t h e  p r o c e s s
IP

o u t l i n e d  by  Desch . As t h e  s t r e s s e s  do n o t  r e a c h  th e  

v a lu e  a t  which  s l i p  would  o cc u r  t h e r e  ■'^111 be no peal^ i n  

t h e  a g e - h a r d e n in g  g r a p h .

( e ) M i s c i b l e  Systems

Aluminium-l e ad and s i l v e r - c h r o m iu m  were th e  o n ly  

m i s c i b l e  sys tem s  i n v o l v e d .  At h i g h e r  t e m p e r a t u r e s  t h a n  

t h o s e  u s e d  f o r  ag e in g  t h e r e  i s  a p o s s i b i l i t y  o f  chromium 

b e in g  s l i g h t l y  s o l u b l e  i n  s i l v e r .

Alumi n i  um-Le a d . The h a r d n e s s  r e s u l t s  f o r  t h e  spec im en  

o f  t h e  compound f i l m ,  aged a t  t h e  lo w e r  t e m p e r a t u r e .

P i g .  25 ,  f o l l o w e d  t h e  p a t t e r n  o f  th e  s i l v e r - l e a d  s p e c im e n s .  

The a d h e s io n  v a l u e s  were  u n d o u b te d ly  s t r o n g l y  i n f l u e n c e d  

by th e  n a t u r e  o f  t h e  s u b s t r a t e  m a t e r i a l .  I t  was o bv ious  

t h a t  the  r a t e  o f  d i f f u s i o n  o f  l e a d  i n  aluminium was g r e a t e r  

' th a n  t h a t  o f  l e a d  i n  s i l v e r  as t h e  p r e s e n c e  of  l e a d  on th e  

r e f l e c t i n g  s u r f a c e  o f  t h i s  spec im en  was q u i t e  n o t i c e  a b l e , 

and f o r  t h e  s i l v e r  spec im ens  a g e in g  a t  120^0 .  was r e q u i r e d  

b e f o r e  th e  d e p th  o f  p e n e t r a t i o n  of t h e  l e a d  atoms became 

com parab le  to  t h e  t h i c l m e s s  of  th e  r e f l e c t i n g  f i l m .

The o t h e r  spec im en  f o r  t h i s  sys tem  showed an
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anomalous i n c r e a s e  i n  a d h e s io n .  T h is  was n o t  accom panied  

by a c o r r e s p o n d i n g  i n c r e a s e  i n  th e  a d h e s io n s  o f  t h e  s i n g l e  

m e ta l  f i l m s ,  ^dnich b eh a v e d  q u i t e  n o r m a l l y ,  n o r  r̂ias t h i s  

ty p e  o f  a g e in g  found  i n  any o f  t h e  s i l v e r - l e  ad s p e c im e n s .

The r e a c t i o n  m us t  be due to  t h e  i n c r e a s e d  r a t e  o f  d i f f u s i o n  

o f  l e a d  i n  alum inium  a t  1 . and i t  i s  s u s p e c t e d  t h a t  i t

i s  c a u s e d  by  an o x i d a t i o n  p r o c e s s .  T h is  would r e q u i r e  

f u r t h e r  i n v e s t i g a t i o n  by  o t h e r  means i n  o r d e r  to  o b t a i n  

a c c u r a t e  i n f o r m a t i o n  on t h e  co m p le te  c o m p o s i t i o n  o f  th e  

f i l m .  Both a lum in ium  and l e a d  o x i d i s e  r e a d i l y  and th e  

o x id e  o f  aluminium i s  e x t r e m e l y  h a r d .  Assuming t h a t  th e

r e a c t i o n  i s  an o x i d a t i o n  phenomena i t  11 be c o m p le te d

r e l a t i v e l y  q u i c k l y  i n  th e  t h i n n e r  f i l m s ,  o r  r a t h e r  t h o s e  

h a v in g  a t h i n n e r  s u b s t r a t e  l a y e r .  ■’' l i e r e ,  how ever ,  th e  

l e a d  t h i c k n e s s  i s  l a r g e  t h e  r e a c t i o n  - ^ i l l  p r o b a b l y  n o t
à

r e a c h  f i n a l i t y .  “'"■e would t h u s  e x p e c t  t h e r e  t o  b e ^ c r i t i c a l  

v a l u e  o f  t h i c k n e s s  a t  ^^hich the  h a r d n e s s  would  r e a c h  a 

maximum v a l u e .

S i lv e r - C h r o m iu m. The a d h e s io n  c u r v e s  f o r  t h i s  sys tem  are  

g iv e n  i n  F i g .  2 6 .  The p a r t i c u l a r  sp ec im en  o f  s i l v e r  

ch o sen  f o r  t h e  120^0 .  ag e in g  showed a d e c r e a s e  i n  a d h e s io n  

i^'dth t im e  t h a t  was no t  g e n e r a l l y  fo u n d ;  how ever ,  t h e  form 

o f  th e  compound f i l m  c u rv e  i s  r e p r e s e n t a t i v e  o f  the  o t h e r  

spec im ens  of  t h e  s y s te m .  The chromium g r a p h s  a re  e x c e l l e n t
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exam ples  o f  t h e  t y p e s  of  ag e ing  c u r v e s  o b t a i n e d  f o r  t h i s  

m e t a l .  Chromium i^as an e x t r e m e ly  c o n s i s t e n t  m e t a l  to  

work v d th  as  can be see n  from t h e  o t h e r  sy s tem s  i n  which 

i t  was u s e d  as th e  s u b s t r a t e  l a y e r .

Both compound f i l m s  showed an i n i t i a l  a d h e s io n  

v a l u e  l e s s  t h a n  t h a t  o f  th e  s u b s t r a t e  l a y e r  b u t  t h e  f i l m  

aged a t  20 ^0 .  i n c r e a s e d  i t s  a d h e s io n  u n t i l  i t  became 

s l i g h t l y  g r e a t e r  t h a n  t h a t  o f  t h e  chromium f i l m .  ^ 'hen, 

how ever ,  from t h i s  v a lu e  i s  t a k e n  away t h e  a d h e s io n  o f  

t h e  s i l v e r  f i l m  a lo n e ,  t h e  i n c r e a s e  i n  a d h e s io n  a p p e a rs  

t o  be e q u a l  t o  t h e  a d h e s io n  o f  t h e  chromium s u b s t r a t e  

l a y e r .  T h is  s u g g e s t s  t h a t  t h e  s i l v e r  was a c t u a l l y  p e e l i n g  

o f f  t h e  s u r f a c e  o f  the  chromium and t h a t  th e  i n c r e a s e  i n  

a d h e s io n  was due e n t i r e l y  t o  t h e  p r e s e n c e  o f  t h e  s u b s t r a t e .  

I n  a few o f  t h e  f i l m s  i t  was n o t i c e a b l e  t h a t  t h e  s i l v e r  

was p e e l i n g ,  l e a v i n g  b e h in d  some o f  t h e  chromium. However, 

as th e  s c r a t c h  m ark ,  when v iew ed  u n d e r  a m ic r o s c o p e ,  was 

q u i t e  e v e n  t h i s  l o a d  was t a k e n  as t h e  a d h e s io n  v a l u e  o f  

t h e  f i l m .  The e a r l y  p a r t  o f  th e  a g e in g  c u r v e ,  how ever ,  

shows t h a t  th e  s i l v e r  and chr  cmium d i d  n o t  behave 

c o m p l e t e l y  as i n d e p e n d e n t  l a y e r s  and t h e  h i g h  t e m p e r a tu r e  

ag e in g  g r a p h s  showed t h a t  t h e  a d h e s io n  o f  th e  compound 

f i l m ,  i n  t h i s  c a s e , i s  much l e s s  t h a n  t h a t  of th e  s u b s t r a t e .

As th e  two m e t a l s  a r e  e n t i r e l y  m i s c i b l e  t h e r e
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can  be no h a r d e n i n g  a t  t h e  i n t e r f a c i a l  l a y e r  and the  

a d h e s io n  o f  t h e  s u b s t r a t e d  f i l m  a p p e a r s  to  be c o m p l e t e l y  

c o n t r o l l e d  b y  t h e  a d h e s io n  of  t h e  s u b s t r a t e  f i l m .  Some 

i n t e r d i f f u s i o n  i s  u n d o u b te d ly  ta lc in g  p l a c e ,  b u t  under  

s t r a i n  t h e  s i l v e r  l a y e r  p e e l s  o f f  th e  chromium. A ltho ug h  

f a i r  a d h e s io n  v a l u e s  have been  o b t a i n e d  i t  i s  p o s s i b l e  t h a t  

t h e s e  f i l m s  w ou ld  n o t  show su ch  a good m a r r  r e s i s t a n c e  as 

t h e  o t h e r  s p e c im e n s .

( f  ) D i s c u s s i o n  of  R e s u l t s

Prom t h e  r e s u l t s  d e s c r i b e d  some b r o a d  

g e n e r a l i t i e s  can  be c o n s i d e r e d  on th e  q u e s t i o n  o f  th e  

a d h e s io n  o f  a m e t a l l i c  f i l m  when a m e t a l l i c  f i l m  o f  

a n o th e r  m a t e r i a l  h a s  b e e n  i n t e r p o s e d  b e tw een  th e  f i l m  and 

t h e  c o n d e n s in g  p l a t e .

( i )  There  i s ,  f o r  c e r t a i n  met a l - s u b s t r a t e  p a i r s ,  

a h ig h  i n i t i a l  a d h e s i o n ,  as m e a su re d  by  the  s c r a t c h  

t e s t  m e th o d .  T h is  a d h e s io n  can  be g r e a t e r  t h a n  t h a t  

o f  e i t h e r  o f  t h e  s i n g l e  m e ta l  f i l m s  t o  th e  c o n d e n s in g  

p l a t e .

( i i )  I f  t h e  m e t a l s  a r e  a l lo w e d  to  r e m a i n  a t  one 

t e m p e r a t u r e  f o r  a p e r i o d  o f  t im e t h e n  t h e  v a l u e  o f  th e  

a d h e s io n  o f  b o t h  t h e  s i n g l e  m e t a l  f i l m s  and t h e  compounded
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f i l i n s  do n o t  r e m a in  c o n s t a n t .

( i i i )  The c h a n g e s  fo u n d  i n  th e  compounded f i l m s  

ca n n o t  be r e l a t e d  d i r e c t l y  to  th e  ch a n g es  i n  t h e  s i n g l e  

m e ta l  f i l m s  fo rm in g  th e  d o u b le  l a y e r .

From th e  f i r s t  and l a s t  o f  t h e s e  i t  would a p p e a r  

t h a t  t h e  p r o c e s s  m us t  be one o f  m u tu a l  i n t e r a c t i o n  a t  th e  

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

e a c h  p a r t i c u l a r  p a i r ,  i s  e q u i v a l e n t  to  an a l l o y i n g ,  and ,  

from ( i i )  t h e  r e s u l t a n t  a g e - h a r d e n i n g .  H e re ,  h o w ever ,  

i n s t e a d  o f  s t a r t i n g  o f f  i?;!th an a l l o y  m ix tu r e  we have 

i n i t i a l l y  t h e  two components  i n  i n t i m a t e  c o n t a c t  a lo n g  a 

common b o u n d a ry  p l a n e . The p r o c e s s  i s  t h u s  l i m i t e d  and 

d e p e n d e n t  e n t i r e l y  on  th e  r a t e  o f  i n t e r d i f f u s i o n  of t h e  

m e t a l l i c  com ponents  i n  one d im e n s io n .  I t  i s  e x t r e m e ly  

u n l i k e l y ,  e x c e p t  f o r  h ig h  r a t e s  o f  d i f f u s i o n ,  t h a t  a 

p e r f e c t l y  homogeneous a l l o y  l a y e r  w i l l  be fo rm e d .  The 

more r e a s o n a b l e  c o n c l u s i o n  t o  d raw  i s  t h a t  t h e r e  11 be 

fo rm ed ,  a t  th e  i n t e r f a c e ,  a t r a n s i t i o n  r e g i o n  b i e n d i n g  

i n t o  t h e  p a r e n t  m e ta l  s t r u c t u r e s  on e i t h e r  s i d e .  The 

s t r e s s e s  form ed by  t h i s  d i f f u s i o n  p r o c e s s  wi 11 be 

c o n c e n t r a t e d  i n  t h i s  t r a n s i t i o n  r e g i o n  and ,  u n d e r  c e r t a i n  

c i r c u m s t a n c e s ,  t h e y  ^>'111 c a u s e  p r e c i p i t a t i o n  o f  an a l l o y  

p hase  from  t h e  s o l i d  s o l u t i o n s .
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CHAPTER 5 

RESULTS OF THICKNESS INVESTIGATION

C a ) P r e s e n t a t i o n  o f  R e s u l t s

T h is  c h a p t e r  d e s c r i b e s  th e  r e s u l t s  o f  t h e  

m easu rem en ts  made on a l a r g e  number o f  spec im ens  o f  ea ch  

o f  the  m e t a l l i c  s y s te m s  d e s c r i b e d  i n  d e t a i l  i n  th e  

p r e c e d i n g  c h a p t e r .  The s l i d e s  were p r e p a r e d  h a v in g  

v a r i o u s  t h i c k n e s s e s  o f  s u b s t r a t e  f i l m ,  and t h e  i n c r e a s e  

i n  a d h e s io n  o b t a i n e d  f o r  each  sp ec im en  i s  p l o t t e d  a g a i n s t  

th e  t h i c k n e s s  o f  th e  s u b s t r a t e  l a y e r .  M easurem ents  were 

made i m m e d ia t e ly  a f t e r  t h e  sp ec im en s  were removed from 

t h e  e v a p o r a t i o n  u n i t  and a f t e r  t h e  p e r i o d s  o f  a g e in g .

As b e f o r e ,  two a g e in g  c o n d i t i o n s  were c h o s e n :  th e  f i r s t

a t  room t e m p e r a t u r e  f o r  t h r e e  weeks and t h e  o t h e r ,  f o r  

spec im ens  a t  1 2 0 ° C . ,  f o r  t h r e e  d a y s .  The r e s u l t s  a r e  

p l o t t e d  as i n c r e a s e s  i n  a d h e s io n ,  t h a t  i s ,  f rom t h e  

a d h e s io n  v a l u e  o f  t h e  compound f i l m  was s u b t r a c t e d  t h e  

a d h e s io n  o f  t h e  r e f l e c t i n g  f i l m  o f  t h e  same specimen to  

t h e  same g l a s s  b a s e .  T h is  does  n o t  g iv e  a d i r e c t  m easure  

o f  the  s t r e n g t h  o f  t h e  i n t e r  f a c i a l  l a y e r  w h ich  can  be 

o b t a i n e d  by s u b t r a c t i n g  from  t h e  a d h e s io n  v a l u e  o f  t h e  

compound f i l m  t h a t  o f  t h e  s u b s t r a t e  l a y e r , b u t  i s  more
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r e p r e s e n t a t i v e  o f  t h e  d u r a b i l i t y  and r e s i s t a n c e  to  a b r a s i o n  

o f  the  compound f i l m  as com pared  w i t h  th e  r e f l e c t i n g  f i l m  

a l o n e .

The h i g h e r  t e m p e r a t u r e  a g e in g  was i m r e s t i g a t e d  

more t h o r o u g h l y  as  i t  was f e l t  t h a t  t h i s  would shoiv up 

d e l e t e r i o u s  ag e in g  e f f e c t s  t h a t  ^^ould o n ly  be n o t i c e a b l e  

i n  t h e  specim ens i n  ^-hich a low er  r a t e  o f  d i f f u s i o n  

p r e v a i l e d  a f t e r  a lo n g  p e r i o d  o f  a g e i n g .  I n  d o in g  so 

we were f o l l o ^ ’i n g  i n d u s t r i a l  p r a c t i c e  i n  w hich  aluminium 

r e f l e c t i n g  f i l m s  a re  ovened a f t e r  e v a p o r a t i o n .

( b ) A dhes ion  o f  S i n g l e  M eta l  F i lm s

I n  th e  f i r s t  of t h e  spec im ens examined t h e r e  

ap p e a re d  t o  be no r e g u l a r  v a r i a t i o n  i n  th e  a d h e s io n  o f  

t h e  s i n g l e  m e t a l  f i l m s  fo rm in g  t h e  s u b s t r a t e  and 

r e f l e c t i n g  l a y e r s  w i t h  t h e i r  t h i c k n e s s ,  and t h u s  no th o ro u g h  

i n v e s t i g a t i o n  was c a r r i e d  o u t  f o r  t h e s e  f i l m s .  Some 

v a r i a t i o n  i n  a d h e s io n  was o b t a i n e d  f o r  t h e  more s t r o n g l y  

bonded m e ta l  f i l m s ,  b u t  t h i s  was p r o b a b ly  due t o  a 

d i f f e r e n c e  i n  t h e  t im e  l a g  be tw een  e v a p o r a t i o n  and 

m easu rem en t ,  f o r  t h e  a d h e s io n s  of t h e s e  f i l m s  i n c r e a s e d  

im mensely  j u s t  a f t e r  e v a p o r a t i o n .  The p e r i o d  o f  t im e 

b e tw e en  e v a p o r a t i o n  and a c t u a l  m easu rem en t  was k e p t  t o  a 

minimum, b u t  even  t h e n  i t  c o u l d  n o t  be l e s s  t h a n  ab ou t
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t h r e e  m i n u t e s .  The g r e a t e s t  p a r t  o f  t h i s  was t a k e n  up

i n  allo^-hng a i r  i n t o  t h e  e v a p o r a t i o n  cham ber.  The

a d h e s io n s  of  m e ta l  f i l m s  f o r  v a r y i n g  t h i c k n e s s  and

c o n d e n s in g  s u r f a c e  m a t e r i a l  h a s  b een  i n v e s t i g a t e d  by 
50B enjam in  , who r e p o r t s  t h a t  he fo un d  n e g l i g i b l e  changes  

i n  a d h e s io n  w i t h  t h i c k n e s s .

( c ) I n t e r m e d i a t e  Phase Systems

Alumin i u m -N ic k e l . The spec im ens  f o r  t h i s  sys tem  a l r e a d y

d e s c r i b e d  i n  d e t a i l  showed t h a t  when t h e  f i l m s  were aged 

a t  20^0 .  t h e r e  was a l a r g e  i n c r e a s e  i n  t h e  h a r d n e s s  o f  th e  

f i l m  due t o  an i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  s t r e s s  a t  

t h e  compound f i l m  i n t e r f a c e .  ' fhen  aged a t  1 2 0 ^ 0 . ,  

ho^^'ever, th e  s t r e s s  i n c r e a s e d  above t h e  c r i t i c a l  v a l u e  

and th e  r e s u l t i n g  p r e c i p i t a t i o n  o f  th e  i n t e r m e d i a t e  

compound r a p i d l y  r e d u c e d  th e  h a r d n e s s  o f  the  i n t e r f a c i a l  

l a y e r .  I t  c a n  be s e e n  from P i g .  27 t h a t  t h e  l a t t e r  

p r o c e s s  i s  d e p e n d e n t  on t h e  t h i c k n e s s  o f  t h e  s u b s t r a t e  

l a y e r .

I n i t i a l l y  t h e  f i l m s  showed a good a d h e s io n  and 

ag e in g  a t  room t e m p e r a tu r e  i n c r e a s e d  t h i s . The t h i n n e r  

f i l m s  when o ven ed ,  however ,  showed o n l y  a s l i g h t  d e c r e a s e  

i n  a d h e s io n ,  p re su m a b ly  due t o  i n s u f f i c i e n t  n i c k e l  c o n t e n t  

’’̂ d .thin t h e  f i l m s  t o  b r i n g  abou t  t h e  p r e c i p i t a t i o n  p r o c e s s .
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however,  as  th e  t h i c k n e s s  o f  t h e  n i c k e l  s u b s t r a t e  l a y e r  

i n c r e a s e s  t h e  c o n c e n t r a t i o n  o f  s t r e s s ,  and r e s u l t a n t  

p r e c i p i t a t i o n  i n c r e a s e s  and t h e  a d h e s io n s  become e x t r e m e ly  

s m a l l .  I t  can  be s e e n  t h a t  a b o u t  75Â o f  n i c k e l  i s  

r e q u i r e d  t o  b r i n g  ab o u t  t h e  p r e c i p i t a t i o n  phenomena and 

as t h e  p r e f e r e n t i a l  compound i s  t h e  p phase  or Ni Al 

ccmpound, t h i s  would t h e n  r e q u i r e  about  t h e  same t h i c k n e s s  

o f  a lum inium  t o  r e a c t  w i th  as t h e  a tom ic  volum es a re  

a p p r o x im a te ly  e q u a l*  The t r a n s i t i o n  r e g i o n  would t h e n  

be abo u t  150& t h i c k .

The ovened  h a rd e n e d  compound f i l m s  whose 

t h i c k n e s s e s  a r e  i n  e x c e s s  o f  50A c e r t a i n l y  hav e  an a d h e s io n  

l e s s  t h a n  t h a t  o f  t h e  s i n g l e  n i c k e l  f i l m s .  T h is  g i v e s  a 

n e g a t i v e  v a l u e  f o r  the  h a r d n e s s  o f  th e  i n t e r f a c i a l  l a y e r  

and shows t h e  e x t e n t  o f  t h e  p r e c i p i t a t i o n  p r o c e s s .

A lu m in iu m -C o b a l t . As b e f o r e ,  s i m i l a r  r e s u l t s  were 

o b t a i n e d  f o r  t h i s  s y s te m .  P i g .  2 9 ,  as f o r  th e  l a s t ,  b u t  

t h e  p r o c e s s  a p p e a r s  t o  have b een  c a r r i e d  t h r o u g h  a t  a f a r  

h i g h e r  r a t e .  N e i t h e r  o f  t h e  spec im ens  chosen  i n  th e  l a s t  

c h a p t e r  gave p o s i t i v e  v a l u e s  f o r  th e  i n c r e a s e  i n  a d h e s io n  

on s u b s t r a t  i o n  and t h i s  i s  t y p i c a l  f o r  a lm os t  t h e  com ple te  

t h i c k n e s s  r a n g e  o f  t h e  s y s t e m ,  P or  two o f  t h e  spec im ens  

t h e  i n i t i a l  v a l u e s  were j u s t  p o s i t i v e ,  b u t  a f t e r  a g e in g  

t h e y  became n e g a t i v e .  T h is  peak  i n  t h e  g r a p h  o c c u r r e d
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a t  a t h i c k n e s s  v a l u e  o f  40A o f  c o b a l t .  For  a l l  o t h e r  

t h i c k n e s s e s  o f  s u b s t r a t e  th e  a d h e s io n  d e c r e a s e d .

The peak  which  o c c u r s  f o r  th e  aged f i l m s  as w e l l ,  

i n  t h e  g r a p h  a g a i n s t  t h i c k n e s s  o f  s u b s t r a t e , m u s t  be fo im ed  

by t h e  i n t e r a c t i o n  o f  two t y p e s  o f  a g e in g  phenomena. 

T h ic k e r  f i l m s  w i l l  g iv e  s t r e s s  c o n c e n t r a t i o n s  more th a n  

enough to  cau se  p r e c i p i t a t i o n ,  as was o b t a i n e d  f o r  t h e  

t h i c k e r  f i l m s  i n  t h e  a lu m ln iu m -n ic k e l  s y s te m .  I n  th e  

t h i n n e r  f i l m s  d i f f u s i o n  o f  t h e  a lum inium  atoms th r o u g h  

t h e  d e p th  o f  t h e  n i c k e l  f i l m  a p p e a r s  t o  be a f f e c t i n g  th e  

a d h e s io n  v a lu e  o f  t h e  s u b s t r a t e  f i l m s ;  t h i s  t y p e  o f  

r e a c t i o n  was n o t  o b t a i n e d  p r e v i o u s l y ,  b u t  c o b a l t  i s  known 

to  o x i d i s e  more r a p i d l y  t h a n  n i c k e l  and th e  aluminium 

atoms m ig h t  be fo rm in g  a complex  ^/'dth th e  c o b a l t  o x id e  

i n t e r f a c e .  T h is  seco nd  r e a c t i o n  ^"^ould become l e s s  

e f f e c t i v e  as th e  t h i c k n e s s  o f  th e  f i l m s  i n c r e a s e d ,  and 

as t h e  p r e c i p i t a t i o n  r e a c t i o n  i s  p r o p o r t i o n a l  i n  some 

d e g re e  to  t h e  t h i c k n e s s  o f  t h e  s u b s t r a t e  f i l m ,  t h e r e  w i l l  

be b e tw een  t h e  t ^ o  some s u b s t r a t e  t h i c k n e s s  a t  which  th e  

a d h e s io n  v a l u e  s h o u ld  r e a c h  a maximum. T h is  a p p e a r s  t o  

h o ld  f o r  f i l m s  40A t h i c k .

A lu m in iu m -I ro n . For  a l l  t h i c k n e s s e s  o f  s u b s t r a t e  t h e

a d h e s io n  v a l u e s  o f  compounded f i l m s  o f  a lu m in iu m - i r o n  were 

h i g h .  The v a l u e s  o b t a i n e d  show l i t t l e  change I’d . th  th e
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t h i c k n e s s  o f  t h e  s u b s t r a t e  l a y e r ,  and a re  c l o s e  t o  t h e  

v a lu e  o f  l o a d i n g  a t  which s h a t t e r i n g  i n  t h e  g l a s s  to o k  

p l a c e .  The l a r g e  s c a t t e r  o f  r e s u l t s  o b t a i n e d .  F i g .  29 ,  

i s  p r o b a b ly  due to  v a r i a t i o n s  i n  the  s t r e n g t h s  o f  th e  

g l a s s  m ic ro sc o p e  s l i d e s .  A p p a r e n t l y  t h e  d e g r e e  o f  

p e n e t r a t i o n  o f  a lum inium  i n t o  i r o n  i s  s m a l l  f o r  t h e r e  was 

o n ly  a s l i g h t  d e c r e a s e  i n  th e  a d h e s io n  v a l u e s  o f  t h e  

t h i n n e s t  i r o n  f i l m  m e a s u re d ,  w h ich  was ab o u t  20A t h i c k .

The p h ase  d iag ram  f o r  t h e  sys tem  shows t h a t  t h e  i n t e r m e t  a l i i  c 

p h a s e s  a re  g ro u p e d  t o g e t h e r  n e a r  t h e  a lum inium  end o f  t h e  

phase  d ia g ra m ,  and t h a t  t h e y  a r e  o n ly  fo rm ed  o v e r  v e r y  

l i m i t e d  c o n c e n t r a t i o n  r a n g e s .  This ,  would a s s i s t  p h ase  

p r e c i p i t a t i o n  as l i t t l e  d i f f u s i o n  would be r e q u i r e d  t o  

g iv e  t h e  c o m p le te  ra n g e  o f  s t a b l e  p h a s e s .  There  a p p e a r s  

t o  be no e v id e n c e  o f  t h e  e f f e c t  n o t i c e d  f o r  t h e  t h i n n e r  

f i l m s  o f  th e  l a s t  sy s tem  o f  t h e  d i f f u s i n g  aluminium atoms 

d e c r e a s i n g  th e  a d h e s io n  b e tw e e n  th e  g l a s s  s u r f a c e  and th e  

s u b s t r a t e  f i l m .

Aluminium-Manganes e . The r e s u l t s  o b t a i n e d  f o r  t h i s  sy s tem

are  so  s c a t t e r e d  t h a t  i t  i s  d i f f i c u l t  t o  form any c o n c l u s i o n s  

about  t h e  change o f  t h e  a d h e s io n  v a l u e s  i " l t h  t h i c k n e s s  o f  

s u b s t r a . t e . I n i t i a l l y  t h e  i n c r e a s e s  i n  a d h e s io n ,  F ig* 30 ,  

were good b u t  t h e y  d ro p p e d  as t h e  spec im ens were aged .

An u n e x p e c te d  t h i c k n e s s  p e a k  was o b t a i n e d  f o r  th e  ovened
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f i l m s  a t  a s u b s t r a t e  t h i c k n e s s  v a l u e  o f  200A.

I t  h a d  a l r e a d y  b e e n  s u g g e s t e d  t h a t  t h e  d e c r e a s e  

i n  a d h e s io n s  on a g e in g  was due t o  a r e o r g a n i s a t i o n  ^ rd th in  

t h e  s t r u c t u r e  o f  t h e  m anganese  f i l m s .  C h a p te r  4 ( c ) .  I t  

i s  s h o ' ^  l a t e r  t h a t  chromium f i l m s  grow i n  two d i s t i n c t l y  

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

t h a t  t h e  p e c u l i a r  peak d e n o t e s  a t r a n s i t i o n  r e g i o n  i n  t h e  

t y p e  o f  s t r u c t u r e  b e i n g  fo rm e d  by t h e  m e t a l l i c  a to m s ,  o r  

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

Aluminium-Chromium. The g r a p h  o f  a d h e s i o n  a g a i n s t  , 

t h i c k n e s s  o f  s u b s t r a t e  f o r  a lum in ium  e v a p o r a t e d  o n to  

chromium i s  g i v e n  i n  P i g .  31 .  The i n i t i a l  v a l u e s  show 

a s l i g h t  d i f f e r e n c e  from t h o s e  o b t a i n e d  by  H eavens^  f o r  

t h e  same s y s t e m .  The g r a p h ,  ho^’̂’-ever ,  s t i l l  r e t a i n s  t h e  

p e c u l i a r  s t e p  r e g i o n  a t  300A. The a d h e s io n  v a l u e s  above 

t h i s  f o r  t h e  f r e s h l y  e v a p o r a t e d  sp e c im e n s  a g r e e  w e l l  w i t h  

t h e  r e s u l t s  o f  t h e  p r e v i o u s  i n v e s t i g a t i o n ,  b u t  t h e  t h i n n e r  

v a l u e s  a r e  no l o n g e r  n e g l i g i b l e .  Ageing i n c r e a s e s  t h e  

a d h e s io n  o f  a l l  t h e  sp e c im e n s  b u t  ^^hereas t h e  s t e p  i s  

even  more a p p a r e n t  i n  t h e  oven h a r d e n e d  f i l m s ,  i t  h a s  

d i s a p p e a r e d  i n  t h e  f i l m s  aged a t  room t e m p e r a t u r e .

H eavens  c o n s i d e r e d ,  as  d e s c r i b e d  i n  C h a p te r  1 ( b ) ,  

t h a t  t h e  s t e p  was c a u s e d  by  t h e  d e p o s i t i o n  o f  t h e  r e f l e c t i n g  

f i l m  on t h e  t h i c k e r  s u b s t r a t e  f i l m s  as an o r i e n t e d  o v e r g r o w t h .
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F or  t h i s  t o  he p o s s i b l e  t h e  t h i c k e r  f i l m s  must be a b l e  t o  

p r e s e n t  t o  t h e  c o n d e n s in g  f i l m  a r e l a t i v e l y  l a r g e ,  

u n i c r y s t a l l i n e , p u r e , chrcmium s u r f a c e .  However, chromium 

does  n o t  condense  t o  g iv e  t h i s  ty p e  o f  f i l m .  The t h i n n e r  

f i l m s ,  and th e  i n i t i a l  d e p o s i t  i n  t h e  t h i c k e r  o n e s ,  form 

v e r y  sm a l l  a g g r e g a t e s ' ^  h a v in g  t h e  shape o f  e l l i p s o i d s  o f  

r e v o l u t i o n  w i th  t h e  u n iq u e  a x i s  p e r p e n d i c u l a r  to  t h e  

c o n d e n s in g  s u r f a c e . These p a r t i c l e s  ap p e a r  t o  be s u r ro u n d e d  

by a t h i n  l a y e r  o f  o x id e  which h a s  b e e n  fo rm ed  by a 

g e t t e r i n g  a c t i o n  as th e  p a r t i c l e s  were d e p o s i t e d .  As t h e  

t h i c k n e s s ,  o f  th e  f i l m s  i n c r e a s e s  t h e  e l l i p s o i d s  become 

more and more p l a t e  l i k e  u n t i l  t h e  s u r f a c e  i s  e x h i b i t i n g  

b u lk  p r o p e r t i e s .  I f  t h e  t h i c l n e s s  of th e  o x id e  l a y e r  i s  

s e v e r e l y  l i m i t e d  i t  would be p o s s i b l e ,  as  Heavens s u g g e s t s ,  

t h a t  l i m i t e d  o v e rg ro w th s  c o u ld  be form ed on th e  t h i c k e r  

s u b s t r a t e  f i l m s ,  b u t  t h e r e  would be no p o s s i b l e  mechanism 

o f  i n c r e a s i n g  th e  a d h e s io n  o f  t h e  r e f l e c t i n g  f i l m s  a f t e r  

d e p o s i t i o n .  The t h i n n e r  f i l m s  w ould  be c o m p l e t e l y  

u n s u i t a b l e  as b a s e s  on w hich  overgro%:rth c o u l d  be fo rm ed ,  

and y e t  l a r g e  a d h e s io n  v a l u e s  were found  f o r  t h e s e  f i l m s .

I t  i s  p o s s i b l e ,  ho w ev e r ,  t o  e x p l a i n  the  p r e s e n c e  

o f  t h e  s t e p ,  not  as t h e  o n s e t  o f  a new g ro w th  form i n  t h e  

a luminium f i l m s ,  b u t  as b e in g  c a u s e d  by a d i f f e r e n c e  i n  

t h e  t y p e  o f  d i f f u s i o n  b e tw e e n  t h e  chromium and t h e  aluminium
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f i l m s ,  - l ie r e  the  chromium l a y e r  i s  t h i n  th e  d i f f u s i o n  of 

a luminium i n t o  chromium ^^dll be a n a lo g o u s  t o  a g r a i n  

b ou n d a ry  d i f f u s i o n  p r o c e s s ,  and as t h e  p a r t i c l e s  a re  s m a l l  

i t  ^"111 be a s im p le  m a t t e r  f o r  them to  d i s t o r t  i n  su c h  a 

way as to  m in im ise  t h e  s t r e s s e s  s e t  up by  the d i f f u s i o n  

p r o c e s s .  ^^here, how ever ,  t h e  aluminium atoms a re  f a c e d  

^"dth l a r g e r  chromium p a r t i c l e s  t h e  g r a i n  b ou n dary  t y p e  o f  

d i f f u s i o n  w i l l  d e c r e a s e  i n  im p o r ta n c e  and t h e  p r o c e s s  ^'^dll 

become one o f  i n t e r p e n e t r a t i o n  i n  one d im e n s io n .  The 

h ig h  k i n e t i c  and th e r m a l  e n e r g i e s  of th e  c o n d e n s in g  atoms 

’"^111 a s s i s t  b o t h  d i f f u s i o n  p r o c e s s e s  and g ive  t h e  i n i t i a l  

v a l u e s  o f  a d h e s io n .  Ageing w i l l  I n c r e a s e  t h e  amount o f  

s t r a i n  i n  the  t h i c k e r  f i l m s  as more and more aluminium 

^v ll l  be a l lo w e d  i n t o  s o l i d  s o l u t i o n .  Prom th e  shape of  

t h e  a g e in g  c u r v e s  i t  does n o t  a p p e a r  t h a t  th e  s t r e s s  

c o n c e n t r a t i o n  i n  any o f  th e  f i l m s  r e a c h e d  t h e  c r i t i c a l  

v a lu e  a t  H a ic h  p r e c i p i t a t i o n  would be n u c l e a t e d .  I n  t h i s  

sys tem  t h e r e  i s  no p r e f e r e n t i a l  compound h a v in g  a l a r g e  

en e rg y  o f  f o r m a t i o n  '"h ich  would a s s i s t  p r e c i p i t a t i o n .

The d i f f u s i n g  atoms, how ever ,  w i l l  n o t  be so 

m ob i le  a t  t h e  low er  age in g  t e m p e r a tu r e  and th e .  s t r e s s e s  s e t  

up i n  th e  l a r g e r  chromium p a r t i c l e s  ■̂’id.l l  be l e s s  t h a n  f o r  

t h o s e  aged a t  1 2 0 ^ 0 , ;  ho^^^ever, f o r  t h e  same r e a s o n ,  th e  

s m a l l e r  p a r t i c l e s  11 n o t  be a b le  t o  d i s t o r t  so r e a d i l y  

and th e  s t r e s s  i n  t h e s e  f i l m s  w i l l  i n c r e a s e .  Thus t h e
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lo w er  t e m p e r a t u r e  aged f i l m s  showed a f t e r  ag e in g  a 

r e l a t i v e l y  c o n s t a n t  h a r d n e s s  and t h e  aged  f i l m s  an even  

more p ronounced  s t e p  r e g i o n .

The ag e in g  p r o c e s s e s  i n  th e  t h i c k e r  f i l m s  i s  

s i m i l a r  t o  t h o s e  a l r e a d y  o b t a i n e d  f o r  o t h e r  s y s t e m s ,  b u t  w i t h  

t h e  t h i n n e r  f i l m s  t h e  s i t u a t i o n  h a s  become much more 

complex by  t h e  f o r m a t i o n  o f  th e  h i g h l y  a g g r e g a t e d  s t r u c t u r e .  

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

sys tem  a lum in ium -m anganese  a l s o  have t h e i r  b a s i s  i n  t h e  

grow th  p r o c e s s  o f  t h e  s u b s t r a t e  f i l m .  An i n v e s t i g a t i o n  

i n t o  t h e  change i n  s t r u c t u r e  o f  f i l m s  o f  t h i s  m e ta l  would 

be r e q u i r e d  b e f o r e  a f u l l  knowledge o f  t h e  a d h e s io n  p r o c e s s  

c o u ld  be known. However, m anganese  i s  c h e m i c a l l y  s i m i l a r  

to  chromium and j u s t  as r e a d i l y  o x i d i s e d ;  t h u s  t h e  

s t r u c t u r e  m ig h t  be v e r y  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  t h e  

chromium f i l m s .  I n  th e  a l l o y  d iag ram  f o r  t h i s  sy s tem  

t h e r e  i s  a compound ^ n t h  a s l i g h t l y  h i g h e r  f o r c e  e n e rg y  

t h a n  th e  component m e t a l s  and t h i s  c o u ld  w^ell b r i n g  on 

p r e c i p i t a t i o n  i n  t h e  t h i c k e r  s u b s t r a t e d  f i l m s ,  vh.ich would 

d e c r e a s e  t h e  h a r d n e s s  o f  t h e  i n t e r f a c i a l  l a y e r  and lo w er  

t h e  a d h e s io n  o f  t h e s e  f i l m s .
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( d ) P a r t i a l l y  M i s c i b l e  Systems

S i l v e r - L e a d .  The r e s u l t s  f o r  t h e  s i l v e r - l e  ad sy s te m  a r e  

s t r o n g l y  i n f l u e n c e d  by t h e  n a t u r e  o f  t h e  s u b s t r a t e  f i l m  

m e t a l .  Only  f o r  th e  t h i n n e s t  sp ec im en  were  p o s i t i v e  

a d h e s io n s  r e c o r d e d .  The room t e m p e r a t u r e  ag ed  sp e c im e n s  

showed l a r g e r  d e c r e a s e s  i n  a d h e s io n  a f t e r  a g e in g  t h a n  th e  

oven  aged o n e s .  T here  can  be  no d o u b t  as t o  t h e  m o b i l i t y  

o f  l e a d  i n  s i l v e r  as t h e  ovened  f i l m s  a l l  gave  a v e r y  d u l l  

r e f l e c t i n g  s u r f a c e  a f t e r  t h e y  h a d  b e e n  aged ;  t h i s  was n o t  

n o t i c e a b l e  i n  t h e  a i r  h a r d e n e d  s p e c im e n s .  As l e a d  i s  

o n l y  s l i g h t l y  s o l u b l e  i n  s i l v e r  t h e  e v e n in g  w ould  p r o b a b l y  

form a r e l a t i v e l y  homogeneous a l l o y  f i l m .  T h i s ,  h ow ever ,  

c o u l d  be e x p e c t e d  t o  g iv e  good h a r d n e s s  v a l u e s  and t h u s  

t h e  a d h e s io n  o f  t h e  f i l m s  m ust  be p r i n c i p a l l y  d e p e n d e n t  

on th e  a d h e s i o n  o f  t h e  b a s e  m a t e r i a l  t o  t h e  c o n d e n s in g  s u r f a c e ,  

b u t  as l e a d  o x i d i s e s  q u i t e  r e a d i l y  i t  i s  s u r p r i s i n g  t o  

r e c o r d  t h e s e  low a d h e s io n  v a l u e s .  From F i g . 32 i t  c a n  

be s e e n  t h a t  f o r  t h e  same t h i c k n e s s  o f  l e a d  f i l m  t h e  

a d h e s io n  o f  t h e  a i r  h a r d e n e d  sp ec im en  i s  l e s s  t h a n  t h a t  

o f  t h e  ovened  one and ,  assum ing  t h a t  t h e  a c t u a l  a d h e s io n  

v a lu e s  o f  t h e  l e a d  f i l m s  a r e  ab o u t  t h e  same i n  e a c h  c a s e  

as we o b t a i n e d  e a r l i e r ,  t h e n  t h e  d i f f e r e n c e  i n  a d h e s io n  

m ust  be due to  t h e  t h i c k n e s s  o f  t h e  l e a d  f i l m  ^^ihich i s  n o t  

d i s s o l v e d  i n  th e  s i l v e r *  Thus ,  on s c r a t c h i n g ,  we c o u l d
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be l e a v i n g  a t  t h e  g l a s s  i n t e r f a c e  a u n i - m o l e c u l a r  f i l m  o f  

l e a d  bonded d i r e c t l y  t o  t h e  g l a s s .  T h is  would be 

u n t r a c e a b l e  b y  c o n v e n t i o n a l  m ethods  o f  e x a m i n a t i o n  and 

would g iv e  th e  a p p e a ra n c e  o f  a p e r f e c t l y  c l e a r  s c r a t c h .

I f  t h i s  i s  t h e  c a s e  t h e n  th e  a d h e s io n  o f  t h e  f i l m  i s  n o t  

so much d e p e n d e n t  on th e  a d h e s io n  o f  t h e  s u b s t r a t e  f i l m  

and th e  h a r d n e s s  o f  th e  i n t e r f a c e  as  t h e  c o h e s io n  o r  

h a r d n e s s  o f  th e  s u b s t r a t e  f i l m  m a t e r i a l .

Gold-Chromium. The i n i t i a l  r e s u l t s  f o r  t h e  go ld -chrom ium  

sys tem  are i n  c l o s e  ag reem ent  w i t h  t h o s e  o b t a i n e d  by 

Heavens ,  t h e  s t e p ,  however,  b e i n g  o b t a i n e d  a t  500A, P i g . 33, 

and n o t  300A as i n  t h e  p r e v io u s  i n v e s t i g a t i o n .  L i t t l e  

i n c r e a s e  i n  a d h e s io n  was sho-^m by  t h e  t h i n n e r  s u b s t r a t e d  

f i l m s  im m e d ia te ly  a f t e r  e v a p o r a t i o n ,  o r  a f t e r  a g e in g  a t  

room t e m p e r a t u r e .  T h is  was ca u se d  by a t e n d e n c y  f o r  t h e  

g o ld  t o  s t r i p  away from  t h e  chromiimi s u b s t r a t e ,  w h ich  was 

p a r t i c u l a r l y  n o t i c e a b l e  on t h e  t h i n n e r  f i l m s  b u t  d i d  no t  

o cc u r  on th e  t h i c k e r  o n e s .  No s t r i p p i n g  was a p p a r e n t  

f o r  th e  f i l m s  aged  a t  120°C . and a.t t h a t  t e m p e r a t u r e , t h e  

a d h e s io n s  o f  th e  t h i n n e r  f i l m s  i n c r e a s e d  v a s t l y .

S t r i p p i n g  a t  t h e  m e ta l  i n t e r f a c e  would a g ree  

w i th  th e  t h e o r y  o f  i n t e r f a c i a l  s t r e s s  t h a t  was s u g g e s t e d  

from t h e  form o f  t h e  a g e in g  c u r v e s .  '"'here no s t r i p p i n g  

t a k e s  p l a c e  th e  s t r e s s e s  m ust  be accommodated by l o c a l i s e d
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s h e a r i n g  w i t h i n  t h e  t h i c k n e s s  o f  th e  s u b s t r a t e .  Not o n l y  

a h i g h e r  a g e in g  t e m p e r a t u r e  b u t  a l s o  t h i c k e r  s u b s t r a t e  

l a y e r s  a p p e a r  to  a l l o w  t h i s  l a t t e r  p r o c e s s  to  t a k e  p l a c e .

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

when chromium i s  u s e d  as t h e  s u b s t r a t e  m a t e r i a l  i n d i c a t e s  

t h e  ch ang e  from  e l l i p s o i d  p a r t i c l e  g ro w th  t o  a more 

c o n t i n u o u s  l a y e r  o f  chromium, i . e .  a change  f ro m  d i f f u s i o n  

a lo n g  t h e  g r a i n  b o u n d a r i e s  t o  one t h r o u g h  t h e  a c t u a l  d e p t h  

o f  t h e  p a r t i c l e s .  The s e c o n d  o f  t h e s e  would  c e r t a i n l y  

a s s i s t  a d h e s io n  m ore t h a n  t h e  f i r s t ,  and a g e in g  a t  t h e  

adv anced  t e m p e r a t u r e  would  a i d  th e  l a t t e r  p r o c e s s  as t h e  

g o ld  vnould d i f f u s e  i n t o  t h e  body o f  t h e  chromium p a r t i c l e s  

from t h e  g r a i n  b o u n d a r i e s .

C opper-Chrom ium . No a c t u a l  a d h e s io n  v a l u e s  have  b e e n  

g iv e n  f o r  t h i s  system, by  Heavens and C o l l i n s  a l t h o u g h  i t  

was i n v e s t i g a t e d .  However, t h e  i n c r e a s e s  i n  a d h e s io n s  

were s a i d  to  be  i n d e p e n d e n t  o f  t h e  s u b s t r a t e  t h i c k n e s s .

I f  t h i s  i s  so t h e n  i t  would c e r t a i n l y  a p p e a r  to  be  e v id e n c e  

i n  s u p p o r t  o f  t h e  t h e o r y  o f  e p i t a x i a l  o v e r g ro w th  as 

chromium and c o p p e r  have  no d i r e c t l y  f i t t i n g  l a t t i c e  p l a n e s .  

The r e s u l t s  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  a re  g i v e n  i n  

F i g .  34 and i t  c a n  be s e e n  t h a t  a l t h o u g h  t h e  r e s u l t s  a r e  

h i g h l y  s c a t t e r e d  t h e y  are  t o  some d e g r e e  d e p e n d e n t  on t h e  

t h i c k n e s s  o f  t h e  s u b s t r a t e  l a y e r .  I n  p a r t i c u l a r ,  th e
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o ven ed  f i l m s  show a s t e p  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  b o th  

t h e  s y s te m s  a l r e a d y  d e s c r i b e d  i n  w h ic h  chromiimi was u s e d  

as  th e  s u b s t r a t e  m a t e r i a l .

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

due t o  t h e  p r e s e n c e  o f  t h e  o x id e  l a y e r  a t  t h e  m e t a l l i c  

i n t e r f a c e  and ,  a f t e r  a g e in g ,  t o  th e  d e g r e e  t o  w hich  t h e  

o x id e  h a s  become d i s p e r s e d  i n  t h e  ovened  f i l m s .  The 

i n i t i a l  v a l u e s  a r e  o n l y  s l i g h t l y  d e p e n d e n t  on th e  t h i c k n e s s  

o f  t h e  s u b s t r a t e  f i l m ,  showing t h a t  t h e  a c t i o n  i s  n o t ,  as  

was t h e  c a s e  b e f o r e ,  d e p e n d e n t  on t h e  s t r u c t u r e  o f  t h e  

f i l m s  b u t  on t h e  e x t e n t  o f  o x i d a t i o n  a t  t h e  m e t a l l i c  

i n t e r f a c e .  On a g e in g  t h e  h a r d n e s s  v a l u e s  become more 

s t r u c t u r e  s e n s i t i v e  as t h e  d i f f u s i o n  p r o c e s s  p r o g r e s s e s ,  

and t h e  f i n a l  r e s u l t  shows t h e  s t e p  o b t a i n e d  f o r  t h e  o t h e r  

sys tem s i n  w h ich  chromium was. u s e d  as t h e  s u b s t r a t e  m a t e r i a l .

( e ) M i s c i b l e  Systems

A lu m in ium -L eado The anomalous b e h a v i o u r  o f  t h i s  s y s tem  

w hich  was r e f e r r e d  t o  i n  t h e  p r e c e d i n g  c h a p t e r  c a n  be 

c l e a r l y  s e e n  i n  th e  g r a p h  g i v e n  i n  P i g . 35 .  ’̂’̂ hereas  th e  

i n i t i a l  and low  t e m p e r a t u r e  aged  v a l u e s  f o r  t h e  i n c r e a s e s  

i n  a d h e s io n  were  c o m p a ra b le  i^rith t h e  r e s u l t s  f o r  t h e  

s i l v e r - l e a d  sy s te m  t h e  o v en e d  f i l m s  gave  p o s i t i v e  v a l u e s  

and a v e r y  p ro m in e n t  peak f o r  a s u b s t r a t e  l a y e r  t h i c k n e s s
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o f  150A. Ho^^'^ever, t h e  u s e  o f  l e a d  as a s u b s t r a t e  m a t e r i a l  

c o u ld  n o t  be recommended as t h e  l e a d  d i f f u s e d  t h r o u g h  a l l  

t h e  f i l m s  o f  a lum in ium  f o r  b o t h  t y p e s  o f  a g e in g  and gave 

d i f f u s e ,  d u l l ,  r e f l e c t i n g  s u r f a c e s .

As th e  a l l o y  sy s te m  i s  v e r y  s i m i l a r  t o  t h a t  o f  

t h e  o n l y  s l i g h t l y  n o n - m i s c i b l e  s i l v e r - l e a d  sys tem  th e  

p o s i t i v e  a d h e s io n s  m u s t  be c a u s e d  by t h e  d i f f e r e n c e s  

b e tw e en  t h e  n a t u r e  o f  th e  t ^ o  r e f l e c t i n g  m a t e r i a l s .  The 

a d h e s io n s  o f  s i l v e r  and a lum in ium  t o  t h e  g l a s s  c o n d e n s in g  

p l a t e s  were  c o m p a ra b le  and c a n  bé n e g l e c t e d  as a s o u r c e  

o f  t h e  i n c r e a s e  i n  a d h e s i o n .  From t h e  a p p e a ra n c e  o f  l e a d  

a t  t h e  r e f l e c t i n g  s u r f a c e  o f  th e  a lum in ium  f i l m  a lm o s t  

i m m e d ia t e l y  a f t e r  e v a p o r a t i o n  we c a n  s a y  t h a t  th e  r a t e  o f  

d i f f u s i o n  o f  l e a d  t h r o u ^  a lum in ium  i s  g r e a t e r  t h a n  t h a t  

o f  l e a d  t h r o u g h  s i l v e r ,  bu t  no g r e a t  change  i n  t h e  

r e f l e c t i v i t y  a t  t h e  g l a s s  s u p p o r t  was n o t i c e d  f o r  e i t h e r  

s y s tem  and t h u s  i t  would  a p p e a r  t h a t  t h e  d i f f u s i o n  r a t e  

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

t h a n  t h a t  o f  a lum in iu m  or  s i l v e r  t h r o u g h  l e  ad .

I t  h a s  a l r e a d y  b e e n  s u g g e s t e d  t h a t  t h e  p r e s e n c e  

o f  a number o f  o x i d i s e d  m e t a l l i c  p a r t i c l e s  d i s t r i b u t e d  

w i t h i n  t h e  f i l m s  c o u l d  i n c r e a s e  t h e  h a r d n e s s  o f  th e  compound 

f i l m ,  and as a lum in ium  o x i d i s e s  t o  a g r e a t e r  e x t e n t  t h a n  

s i l v e r  we m ust  t a k e  t h i s  f e a t u r e  i n t o  c o n s i d e r a t i o n .  The
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poor  a d h e s io n s  o f  t h e  s i l v e r - l e a d  f i l m s  was a t t r i b u t e d  n o t

t o  t h e  a p p a r e n t l y  poor  a d h e s io n  o f  l e a d  b u t  t o  i t s  p oo r

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

m ig h t  w e l l  form a s u r f a c e  l a y e r  h a v in g  good a d h e s io n  w hich ,

how ever ,  was u n a b l e  to  a s s i s t  th e  o v e r a l l  h a r d n e s s  o f  th e

l a y e r s .  T h is  mechanism would h o l d  good f o r  t h e  lo w er

t e m p e r a tu r e  a g e in g  o f  o u r  spec im ens  and f o r  t h e  m easu rem en ts

made im m e d ia t e l y  a f t e r  e v a p o r a t i o n .  However, i n  t h e  low

t e m p e r a t u r e  r a n g e  th e  d i f f u s i o n  c o n s t a n t s  a re  v e r y

t e m p e r a t u r e  s e n s i t i v e  and r a i s i n g  th e  a g e in g  t o  120^0 .

i n c r e a s e s  t h e  a c t i v i t y  w i t h i n  t h e  f i l m s  g r e a t l y .  '̂ ê have

t o  assume t h a t  f o r  t h e  t h i n n e r  f i l m s  th e  aluminium h a s ,  t o

some e x t e n t ,  d i f f u s e d  i n t o  t h e  s u b s t r a t e  l a y e r .  Th is

"""ould form a homogeneous m i x tu r e  i n c r e a s i n g  th e  h a r d n e s s
12by th e  p r o c e s s  o u t l i n e d  by Desch . I t  f o l l o w s  t h a t  as  

th e  t h i c k n e s s  o f  t h e  s u b s t r a t e  l a y e r  i n c r e a s e s  and th e  

r e l a t i v e  c o n c e n t r a t i o n  o f  l e a d  i n  a lum inium  i n c r e a s e s ,  the  

h a r d n e s s  o f  t h e  m i x t u r e  w i l l  a l s o  i n c r e a s e ,  t h e  compound 

f i l m  b e in g  f i r m l y  bonded t o  th e  g l a s s  t h r o u g h  th e  t h i n  

l a y e r  o f  l e a d  o x id e  a t  t h e  s u r f a c e , However, t h e  mean

p e n e t r a t i o n  o f  alum inium  i n t o  l e a d  ^^dll s t i l l  be l i m i t e d  

and a f t e r  a c e r t a i n  t h i c k n e s s  h a s  been  r e a c h e d  th e  a d h e s io n  

i v i l l  d e c r e a s e  as more and more p u re  l e a d  m i l  be l e f t  a t  

t h e  l e a d  o x id e  i n t e r f a c e .  Random m i g r a t i o n ,  how ever ,  w i l l  

e n s u re  t h a t  t h e  f a l l  o f f  i s  r e l a t i v e l y  g r a d u a l ,  and t h a t
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th e  l e a d  s t i l l  c o n t a i n s  some a lum inium  atoms w h ich  vd 11 

i n c r e a s e  i t s  r e s i s t a n c e  to  sh ea r*

S i Iv e r -C h ro m iu m * As ^^ith t h e  o t h e r  chromium sys tem s

t h i s  g r a p h ,  F ig  « 36, shows a d ep en dence  on th e  t h i c k n e s s  

o f  t h e  chromium s u b s t r a t e  l a y e r  t h i c k n e s s ,  h a v in g  a s t e p  

i n  t h e  r e g i o n  o f  350A. Com parison w i t h  Heavens* r e s u l t s .  

Fig* 1 ,  shows t h a t  t h e  same d i f f e r e n c e s  have b e e n  o b t a i n e d  

b e tw een  t h e s e  r e s u l t s  and t h o s e  o f  th e  e a r l i e r  i n v e s t i g a 

t i o n ,  as  was o b t a i n e d  f o r  t h e  sys tem  a lu m in i um-chromiurn, 

i . e  o n o n - n e g l i g i b l e  a d h e s io n s  f o r  t h e  t h i n n e r  f i l m s  and 

a sm oother  t r a n s i t i o n  r e g i o n .  Comparable v a l u e s ,  how ever ,  

were o b t a i n e d  b e tw e en  the  m easu rem en ts  made im m e d ia t e ly  

a f t e r  e v a p o r a t i o n  and Heavens* v a l u e s  f o r  th e  t h i c k e r  

r a n g e  o f  s u b s t r a t e s .

As t h e r e  i s  no compound f o r m a t i o n  b e tw e e n  t h e  

m e t a l s  o f  t h i s  s y s te m ,  t h e  p r o c e s s  o f  a g e -h a rd e n in g  m ust  

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

r e s u l t i n g  i n  s t r e s s e s  w i t h i n  th e  non-homogeneous i n t e r f a c e  

r e g io n *  The s t e p  b e in g  c a u s e d  by  th e  same d i f f e r e n c e  i n  

d i f f u s i o n  method as was d e s c r i b e d  f o r  t h e  a lu m in iu m -c h r  omium 

sy s tem .  T h is  s y s te m ,  how ever ,  i s  v e r y  s i m i l a r  t o  t h e  

a lum inium -chrom ium  w i t h i n  t h e  t e m p e r a t u r e  ra n g e  we have 

b een  i n v e s t i g a t i n g ,  f o r  i n  t h e  d i s c u s s i o n  on  spec im ens  o f  

t h e  o t h e r  sys tem  t h e  c o n c l u s i o n  was r e a c h e d  t h a t  th e  s t r e s s
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c o n c e n t r a t i o n  h ad  n o t  r e a c h e d  t h e  c r i t i c a l  v a l u e  f o r  

p r e c i p i t a t i o n  and t h a t  t h e  i n t e r f a c e  was e x i s t i n g  i n  t h e  

form o f  a r a n g e  o f  s o l i d  s o l u t i o n s ;  i n  t h i s  c a s e  no 

p r e c i p i t a t i o n  i s  p o s s i b l e  and t h e r e  i s  o n l y  one s o l i d  

s o l u t i o n ,  b u t  th e  h a r d n e s s  i s  a t t r i b u t a b l e  t o  th e  same 

c a u s e  *

( f  ) A l lo y  S u b s t r a t e  M a t e r i a l

As some d i f f i c u l t y  was e x p e r i e n c e d  i n  e v a p o r a t i n g  

t h i c k  f i l m s  o f  chromium, p a r t i a l l y  due t o  a l l o y i n g  o f  th e  

m o l te n  m e t a l  w i th  t h e  t u n g s t e n  h e a t e r ,  b u t  m a i n l y  due t o  

o v e r h e a t i n g  o f  th e  g l a s s  b e l l - j a r  by  r a d i a n t  he a t  f rom  

t h e  a lm o s t  •'^^hite h o t  t u n g s t e n  b a s k e t ,  a c h r  omium a l l o y  was 

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

an a l l o y  o f  c o m p o s i t i o n  BO/20 n i c k e l  and chromium 

r e s p e c t i v e l y .  As sho^^n i n  C h a p te r  2 ( g )  t h i s  e v a p o r a t e s  

o f f  th e  chromium p r e f e r e n t i a l l y .  The a l l o y  i s  known 

c o m m e r c ia l ly  as C h ro m e l , and th e  p a r t i c u l a r  sample u s e d  

was m a n u f a c t u r e d  by  ^Tiggln & C o . ,  B irm ingham , as e l e c t r i c a l  

r e s i s t a n c e  ^^Ire, B r i g h t  r a y  C.

E x a c t l y  t h e  same i n v e s t i g a t i o n  was c a r r i e d  o u t  

as i n  th e  p r e v i o u s  c a s e s .  The a g e in g  c u r v e s  f o r  th e  

s u b s t r a t e  f i l m s  showed t h e  d o u b le  a g e in g  form s i m i l a r  t o  

t h o s e  o b t a i n e d  f o r  m a n g a n e se .  T h is  i n d i c a t e s  t h a t  some
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n i c k e l  m ig h t  have  e v a p o r a t e d  w i t h  t h e  chromium, and as th e  

m e l t i n g  p o i n t  o f  n i c k e l  i s  much l e s s  t h a n  t h a t  o f  chromium 

a low s o u r c e  tem p e r a t u r e  would a s s i s t  t h e  e v a p o r a t i o n  o f  

t h e  more v o l a t i l e  com ponen t .  R e s u l t s  were  o b t a i n e d  u s i n g  

b o t h  a lum in ium  and s i l v e r ,  and o n l y  a g e in g  f o r  t h r e e  days  

a t  120*^0. ; t h e s e  a r e  g iv e n  i n  F i g . 37 .  The a d h e s io n s  

o b t a i n e d  a r e  s i m i l a r  t o  t h o s e  f o r  t h e  same r e f l e c t i n g  

f i l m s  h a v i n g  chromium s u b s t r a t e s  e x c e p t  f o r  t h e  t h i n n e r  

f i l m s .  Here t h e  p r e s e n c e  o f  th e  s m a l l  n i c k e l  c o n t e n t  

a p p e a r s  t o  h av e  a s s i s t e d  th e  a d h e s io n  o f  b o t h  s i l v e r  and 

chromium. N i c k e l  fo rm s  a p a r t i a l l y  m i s c i b l e  s o l i d  

s o l u t i o n  w i t h  s i l v e r ,  and as h a s  a l r e a d y  b e e n  shown, 

l i m i t e d  q u a n t i t i e s  o f  n i c k e l  c a n  i n c r e a s e  t h e  a d h e s i o n  o f  

a lu m in iu m .  The s t e p  h a s  b e e n  c o m p l e t e l y  e l i m i n a t e d  f rom  

t h e  g r a p h ,  and t h e  r e s u l t s ,  a l t h o u g h  s c a t t e r e d ,  a r e  

c o n s i s t e n t .

( g ) D i s c u s s i o n  o f  R e s u l t s

C o n s i d e r i n g  th e  n a t u r e  o f  t h e  m ethod  u s e d  f o r  

a d h e s io n  t e s t i n g ,  t h e  r e s u l t s  o b t a i n e d  a r e  i n  good ag reem en t  

w i t h  t h o s e  o b t a i n e d  by H ea v en s .  The p r i n c i p a l  d i f f e r e n c e  

i s  i n  t h e  i n c r e a s e  i n  a d h e s io n s  o f  t h e  t h i n n e r  s u b s t r a t e d  

f i l m s  f o r  t h e  s y s t  em s aluminium-chromium. and s i  I v e r - c h r  omium 

The r e s u l t s  f o r  t h e  g o l d -  c h r  omi um sys tem  a g r e e  e x t r e m e l y
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w e l l .  The a c t u a l  a d h e s io n  v a l u e s  i n  t h i s  i n v e s t i g a t i o n ,  

how ever ,  a r e  much l a r g e r  t h a n  t h o s e  g i v e n  by H eavens ,  

a l t h o u g h  t h e y  f o l l o w  t h e  same p a t t e r n .  The same t i p  

r a d i u s  was u s e d  i n  b o t h  i n v e s t i g a t i o n s ,  t h u s  t h e  d i f f e r e n c e  

ca n n o t  be due t o  a change  i n  t h e  w id th  o f  th e  c h a n n e l  b e i n g  

t o r n  o u t  o f  t h e  f i l m ,  b u t  may be due t o  some s l i g h t  

d i f f e r e n c e  i n  t h e  e v a p o r a t i o n  t e c h n i q u e .

Good a d h e s i o n s  were o b t a i n e d  when s i l v e r  and 

c o p p e r  were s u b s t r a t e d  w i t h  chromium , and when a lum inium  

was s u b s t r a t e d  w i t h  i r o n ,  m anganese  and chromium. These 

r e s u l t s  s h o w  t h a t  one o f  t h e  p r i n c i p a l  q u a l i t i e s  r e q u i r e d  

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

t h e  n a t u r e  o f  t h e  a d h e s i o n / t i m e  g r a p h s  i t  would  a p p e a r  t h a t  

t h e  p r o c e s s  i s  one o f  i n t e r d i f f u s i o n ,  and t h e  a p p a r e n t l y  

s lo w e r  r a t e  o f  d i f f u s i o n  o f  t h e  t r a n s i t i o n  m e t a l s  s u g g e s t s  

t h a t  th e  i n c r e a s e  i n  a d h e s i o n  i s  due l a r g e l y  t o  t h e  

f o r m a t i o n  o f  a h a r d  compound l a y e r  a t  t h e  i n t e r f a c e .  '"Tien, 

h o w ever ,  t h e  s t r u c t u r e  o f  t h e  s u b s t r a t e  f i l m  i s  h i g h l y  

a g g r e g a t e d  th e  f o r m a t i o n  o f  t h i s  compound l a y e r  t a k e s  p l a c e  

th r o u g h  a c o n s i d e r a b l e  t h i c k n e s s  o f  t h e  f i l m .  From t h e  

form  o f  t h e  g r a p h  o f  a d h e s i o n / t h i c k n e s s  o f  s u b s t r a t e  i t  

would a p p e a r  t h a t  t h e r e  i s  a change  i n  t h e  s t r u c t u r e  o f  

t h e  m a j o r i t y  o f  t h e  s u b s t r a t e  f i l m s  a t  abou t  3 0 0 -5 0 0 A 

t h i c k n e s s .  I t  w i l l  be sho**^ i n  C h a p te r  9 t h a t ,  f o r  

chromium, t h i s  c o r r e s p o n d s  to  a change i n  t h e  d e g r e e  o f
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a g g r e g a t i o n  and t h a t  t h e  s t r u c t u r e  o f  t h e  f i l m s ,  f o r  

s m a l l e r  v a l u e s  o f  t h i c k n e s s ,  a r e  h i g h l y  a g g r e g a t e d .  The 

p o s s i b i l i t y  c a n n o t  be i g n o r e d  t h a t  t h e  a g g r e g a t e s  a c t  as 

a k e y in g  s u r f a c e  t o  th e  r e f l e c t i n g  f i l m ,  b u t  i n  t h i s  c a s e  

we w ou ld  e x p e c t  t h a t  as the  s i z e  o f  t h e  a g g r e g a t e  p a r t i c l e s  

i n c r e a s e d  t h e r e  w ou ld  be a d e c r e a s e  i n  a d h e s i o n  as  t h e  

number o f  a g g r e g a t e  i n t e r s t i c e s  d e c r e a s e d .  That t h i s  was 

n o t  f o u n d  m ust  be t a k e n  as e v i d e n c e  to  show t h a t  th e  k e y i n g  

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

The m e t a l l i c  s y s t e m s  p o s s e s s i n g  a l a r g e  number 

o f  t h e r m a l l y  s t a b l e  p h a s e s  w ould  n a t u r a l l y  e x p e c t  t o  show 

a g e - h a r d e n i n g  e f f e c t s  s t r o n g e r  t h a n  s y s t e m s  '^nh.ich were t o  

a g r e a t  e x t e n t  m i s c i b l e .  The ch a n g es  i n  t h e  a d h e s io n s  

o b t a i n e d  f o r  t h e  n i c k e l  sy s tem  a r e  a good example  o f  t h i s .  

■'"Tiere th e  amount o f  n i c k e l  i s  l i m i t e d  t h e  a d h e s i o n s  a r e  

h i g h ,  b u t  f o r  t h e  t h i c k e r  f i l m s  t h e y  d e c r e a s e  r a p i d l y .  

However, where  t h e  same f i l m s  have b ee n  aged a t  a s l i g h t l y  

low er  t e m p e r a t u r e ,  t h e r e b y  d e c r e a s i n g  th e  r a t e  .and e x t e n t  

o f  th e  d i f f u s i o n  and ,  c o n s e q u e n t l y ,  t h e  p r e c i p i t a t i o n  

p r o c e s s ,  l a r g e  a d h e s io n s  were o b t a i n e d .

The c h r o m iu m - n ic k e l  a l l o y ,  c h ro m e l ,  g i v e s  

e x c e l l e n t  a d h e s i o n  v a l u e s  and w ou ld  be m ost  s u i t a b l e  to  

u s e  c o m m e r c i a l l y .  As was shown i n  C h a p te r  2 ( g ) ,  th e  a l l o y  

e v a p o r a t e s  chromium p r e f e r e n t i a l l y ,  b u t  f o r  t h e  t h i n n e r
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f i l i n s ,  where  p o s s i b l y  t h e  s o u r c e  h a s  b e e n  k e p t  a t  a s l i g h t l y  

lo w e r  t e m p e r a t u r e ,  t h e  p r e s e n c e  o f  some n i c k e l  c o n t e n t  c an 

be c l e a r l y  s e e n .
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CHAPTER 6 

DIFFUSION IN THIN FILMS

( a) I n t r o d u c  t i  on

d e s c r i b i n g  the  a g e - h a r d e n i n g  e f f e c t s  i n  

t h e  f i l m s  i n  t h e  p r e c e d i n g  c h a p t e r ,  i t  was assumed t h a t  

d i f f u s i o n  t o o k  p l a c e  a t  the  i n t e r f a c e  b e tw e en  t h e  two 

m e t a l s .  No c o n c l u s i o n s  were dravm , h o w ev e r ,  on  t h e  r a t e s  

o f  t h e  d i f f u s i o n  p r o c e s s ,  o r  i t s  e x t e n t .  I n  t h i s  p r e s e n t  

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

t o  t h e  t y p e  o f  s y s t e m  we a r e  c o n s i d e r i n g ,  and some e l e c t r o n  

d i f f r a c t i o n  i n v e s t i g a t i o n s  t h a t  were  c a r r i e d  o u t  i n  o r d e r  

t o  d e t e r m i n e  w h e t h e r  t r a n s i t i o n  s t r u c t u r e s  were b e i n g  

fo rm ed  a t  t h e  i n t e r f a c e .  Some w ork  u n d e r t a k e n  by  o t h e r  

i n v e s t i g a t o r s  i s  c o n s i d e r e d  i n  d e t a i l  and an e s t i m a t e  i s  

made o f  t h e  a c t u a l  d i s t a n c e s  o f  i n t e r p r e t a t i o n  f o r  a few  

o f  th e  s y s t e m s .

( t)) T heory  o f  D i f f u s i o n  P r o c e s s

One of  t h e  g r e a t e s t  e x p e r im e n t  a l  d i f f i c u l t i e s  

i n  m ak ing  d i f f u s i o n  e x p e r im e n t s  i s  i n  p l a c i n g  t h e  two 

com ponents  o f  t h e  d i f f u s i n g  sys tem  i n t o  i n t i m a t e  c o n t a c t .  

The t e c h n i q u e  o f  e v a p o r a t i o n  e n s u r e s  t h a t  t h i s  i s  c a r r i e d  

o u t ;  ho w ev e r ,  t h e  l i m i t e d  t h i c k n e s s  of t h e  l a y e r s  does  n o t  

a l l o w  m e a su re m e n ts  t o  be made t h r o u g h  t h e  d e p t h  o f  th e  f i l m
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5?The changes  i n  r e f l e c t i v i t y  a t  t h e  s u r f a c e s  have b e e n  u s e d  

i n  an a t t e m p t  t o  m easu re  t h e  d i f f u s i o n  c o n s t a n t s  i n  f i l m s  

o f  z i n c  and g o l d .  The i n v e s t i g a t o r s  fo u n d  t h a t  t h e r e  was 

l i t t l e  d i f f e r e n c e  b e tw e en  t h e  v a l u e s  t h e y  o b t a i n e d  and 

t h o s e  a l r e a d y  kno^m f o r  th e  b u l k  m a t e r i a l s .  E l e c t r o n
C p R ?

D i f f r a c t i o n  and X - r a y  m easu rem en ts  have  a l s o  b ee n  made.

L e t  u s  c o n s i d e r  th e  s im p le  ca se  o f  a p e r f e c t  

i n t e r f a c e  b e tw een  th e  m e t a l s .  ca n  t h e n  assume t h i s  t o

be a c a s e  o f  one d i m e n s io n a l  d i f f u s i o n ,  and a t  z e ro  t i m e ,  

th e  c o n d i t i o n  a t  t h e  i n t e r f a c e  c a n  be r e p r e s e n t e d  by  a 

d iag ram  o f  th e  t y p e  sho'^ui i n  P i g .  38 . A f t e r  a t im e  t h e  

cone e n t r â t  i o n / d i s p l a c e m e n t  g r a p h  w i l l  become more l i k e  

t h e  t  * c u r v e ,  and a f t e r  an i n f i n i t e  t im e  th e  c o m p o s i t io n  

’'’d . l l  be th e  same every^«k.ere, and o n ly  d e p e n d e n t  on t h e  

amounts o f  m a t e r i a l  o r i g i n a l l y  p r e s e n t .  ’-̂ e assume f o r  

s i m p l i c i t y  t h a t  t h e s e  a r e  e q u a l  so t h a t  t h e  homogeneous 

c o m p o s i t i o n  i s  5 0 /5 0 .  The s e r i e s  of c u r v e s  t h a t  we have 

c o n s t r u c t e d  a r e  the  norm al  c onee n t r â t i o n / t i m e  g ra p h s  f o r  

a s i n g l e  p h a se  sys tem  o f  i n t e r d i f f u s i n g  m e t a l s .  I f  we 

l e t  t h e  d i f f u s i o n  c o n s t a n t  o f  Me* i n t o  Me* * be D^ and t h a t  

i n  t h e  o p p o s i t e  d i r e c t i o n  D^^, t h e n  f o r  th e  c a s e  we have 

c o n s t r u c t e d

D^ = = a c o n s t a n t ,

Where D  ̂ ^ D^^ c o n d i t i o n s  w i l l  be  s i m i l a r  t o  t h o s e  sh o ’̂ 'd
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g r a p h i c a l l y  i n  P i g ,  39 .  F o r  a  sys tem  s u c h  as t h i s  t h e  

d i f f u s i o n  e q u a t i o n

I s  = A  (D hÇ)
 ̂ t  'hx % X

c a n n o t  be r e p l a c e d  by t h e  more f a m i l i a r  form

^ t  ^

as t h e  s o - c a l l e d  d i f f u s i o n  c o n s t a n t  D i s  c o n c e n t r a t i o n  

d e p e n d e n t •

F o r  t h e s e  s im p le  s y s te m s  ■’̂ ê assume t h a t  th e  

p a r e n t  m e t a l s  a r e  c o m p l e t e l y  m i s c i b l e ,  and i n  a f i n i t e  

t im e  we would  o b t a i n  a p e r f e c t  g r a d a t i o n  o f  s t r u c t u r e  

e l e m e n t s .  I n  such a s y s te m  as t h i s  t h e r e  c o u ld  be l i t t l e  

a g e - h a r d e n i n g ,  b u t  t h e r e  w i l l  be some h a r d n e s s  i n c r e a s e  

due t o  t h e  presgfence o f  f o r e i g n  atoms i n  t h e  s t r u c t u r e ,  as 

shown b y  D esc h ^ ^ .  At th e  low t e m p e r a t u r e s  c o n s i d e r e d  

h e r e  i t  would  be p r a c t i c a l l y  i m p o s s i b l e  t o  o b t a i n  a 

p e r f e c t l y  homogeneous f i l m ,  and t h e  m o s t  l i k e l y  s t r u c t u r e  

t o  be o b t a i n e d  a f t e r  a g e in g  would  be t h a t  o f  two p r a c t i c a l l y  

p u re  l a y e r s  o f  m e t a l  w i t h  a t r a n s i t i o n  r e g i o n  b e tw e e n  them .

"̂' ĥen we c o n s i d e r  th e  e x t e n s i o n  o f  t h i s  s im p le  

c a s e ,  t h a t  i s ,  w here  t h e  two d i f f u s i o n  c o n s t a n t s  fo rm  o n e ,  

o r  a number o f  d i s t i n c t  p h a s e s ,  we h av e  to  a p p ro a c h  t h e
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s i t u a t i o n  f ro m  a more a p p ro x im a te  b a s i s .  I t  i s  kno-^m^^ 

t h a t  t h e  d i f f u s i o n  c o n s t a n t  D, w h ich  i s  g e n e r a l l y  n o t  

c o n s t a n t  o v e r  a w ide  c o n c e n t r a t i o n  r a n g e  i s  l e a s t  f o r  

m e t a l s  t h a t  fo rm  a c o n t i n u o u s  s e r i e s  o f  m ixed  c r y s t a l s ,  

i . e .  t h a t  a re  p e r f e c t l y  m i s c i b l e ,  and i s  g r e a t e r  f o r  sy s tem s  

o f  l i m i t e d  s o l u b i l i t y .  Thus i t  f o l l o w s  t h a t  f o r  a sy s tem  

o f  o n ly  two p h a s e s  t h e  o v e r a l l  d i f f u s i o n  c o n s t a n t  would  be 

l e s s  t h a n  t h a t  f o r  one h a v i n g  a l a r g e  number o f  p h a s e  

r e g i o n s .  From t h e  work o f  '7agner  as r e p o r t e d  by J o s t ^ ® ,  

p u re  phase  r e g i o n s  w i l l  t e n d  t o  grow a t  t h e  e x p e n s e  o f  

r e g i o n s  o f  m ixed  p h a s e s .

Let  u s  c o n s i d e r  t h e  e f f e c t  o f  t h e s e  s t a t e m e n t s

when a p p l i e d  t o  su ch  a sy s tem  as  t h a t  shoTO i n  F i g .  40 .

H ere  we have  s i x  d i s t i n c t  p h a s e s ,  one o f  them , t h e  ^  ,

b e i n g  u n s t a b l e  a t  l o w  t e m p e r a t u r e .  I f  t h e  two p u r e  m e t a l s

a re  e v a p o r a t e d  i n  s u c c e s s i o n  t h e n  t h e  c o n c e n t r a t i o n

d i s p l a c e m e n t  a c r o s s  th e  b o u n d a ry  i m m e d ia t e ly  a f t e r  t h e

e v a p o r a t i o n  o f  t h e  f i l m s  w i l l  be o f  t h e  fo rm  sho^n. i n

F i g .  41 ( t - 0 ) .  However, a f t e r  th e  f i l m s  h ave  b e e n  a l lo w e d
56 57t o  i n t e r d i f f u s e  t h e  form o f  t h e  g r a p h  m ig h t  w # H  ' be 

t h a t  shown i n  F i g .  41 ( t = t ) .  Here  we can  d i s t i n c t l y  s e e  

t h e  e f f e c t  o f  t h e  c o n c e n t r a t i o n  d e p e n d e n t ,  and* th e  p h a se  

r e g i o n  d e p e n d e n t ,  d i f f u s i o n  c o n s t a n t .  As we c a n n o t  

d e t e r m i n e  t h e  fo rm  o f  t h i s  c u r v e  ^^dth any a c c u r a c y  we m ust
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r e p l a c e  i t  ^ a t h  t h e  s i m p le r  c u r v e  o f  F ig  « 42. Then a t  a 

t im e  ^ t ’ t h i s  g i v e  a t r a n s m i s s i o n  r e g i o n  o f  w id th  à x

i n  ’'"hich t h e  s t a b l e  p h a s e s  were  p r e s e n t  i n  a r e g u l a r  m ann er .  

Apply ing  "’’̂ agner^s r e s u l t s  t o  t h i s  sy s tem  would  g iv e  the. 

t r a n s i t i o n  s t r u c t u r e  r e p r e s e n t e d  i n  P i g .  4 3 a .  F u r t h e r  

a g e in g  w i l l  i n c r e a s e  t h e  ^vidth o f  t r a n s i t i o n  r e g i o n  b u t  

n o t  a l t e r  the  r e l a t i v e  c o m p o s i t io n s  « I f  t h e  p u re  p h ase  

r e g i o n s  gro^”" a t  t h e  ex p e n se  o f  t h e  mixed p h a s e s  t h e n  th e  

form o f  t h e  t r a n s i t i o n  band  w i l l  become as shown i n  F i g . 43b

'"'̂ e can  t h u s  s a y  t h a t  f o r  t h e  i n t e r d i f f u s i o n  o f  

a m e t a l l i c  p a i r  t h a t  form s t a b l e  i n t e r m e d i a t e  p h a s e s  t h e r e  

rd 11 be fo rm ed  a t  t h e  i n t e r f a c e  a t r a n s i t i o n  r e g i o n .  I n  

t h i s  r e g i o n  w d l l  be p r e c i p i t a t e d  a l l  th e  t h e r m a l l y  s t a b l e  

p h a s e s  o f  the  a l l o y  s y s te m ,  and as t h e  ^"ddth o f  the  r e g i o n  

grows w i th  t im e  t h e r e  w i l l  be a c o n s t a n t  s t a t e  o f  

p r e c i p i t a t i o n  and r e - p r e c i p i t a t i o n  due to  th e  b o u n d a ry  

m ovements .  The r e l a t i v e  ^vldths o f  e a c h  r e g i o n  c a n n o t  be 

d e t e r m i n e d  f rom  t h e  p h ase  d ia g ra m  as t h e  fo rm  o f  the  

c o n c e n t r a t i o n  d i s p l a c e m e n t  g ra p h  w i l l  n o t ,  i n  g e n e r a l ,  be 

r e a d i l y  a v a i l a b l e .  However, the  maximum number o f  s t a b l e  

p h a se s  can be o b t a i n e d  i n  t h i s  way and t h i s  g i v ^ s  a m easure  

o f  t h e  d e g r e e  o f  c o m p le x i ty  t o  be e x p e c t e d .  The phase  

b o u n d a ry  movements ^ d l l  s h o w  a g e - h a r d e n i n g  e f f e c t s  i n  th e  

t r a n s i t i o n  l a y e r  as t h e  p h a s e s  a r e  p r e c i p i t a t e d .  The



95

e f f e c t ,  h o w ever ,  ^"dll n o t  be s e e n  as s h a r p l y  as  i n  a 

p e r f e c t l y  homogeneous volume o f  a l l o y  i n  w h ich  a g e in g  t a k e s  

p l a c e  e q u a l l y  w i t h i n  e v e ry  s m a l l  p a r t i c l e .  The e f f e c t s  

o b t a i n e d  from  th e  d i f f u s i o n  p r o c e s s  w i n  be a d d i t i v e  o v e r  

t h e  whole t r a n s i t i o n  r e g i o n  and o n ly  g e n e r a l  c h a n g e s  i n  

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

( c ) L i m i t a t i o n s  o f  t h e  Method o f  E l e c t r o n  D i f f r a c t i o n

E l e c t r o n  d i f f r a c t i o n  i s  one o f  t h e  s i m p l e s t  

m ethods  o f  d e t e r m i n i n g  t h e  s t r u c t u r e  o f  th e  v e r y  t h i n  

m e t a l l i c  f i l m s  p r e p a r e d  b y  t h e  vacuum e v a p o r a t i o n  t e c h n i q u e . 

Many i n v e s t i g a t i o n s  o f  m e t a l  and a l l o y  f i l m s  have  been  

c a r r i e d  o u t  u s i n g  t h i s  t e c h n i q u e ,  and some o f  t h e  r e s u l t s  

o b t a i n e d  f ^ i l l  be d e s c r i b e d  l a t e r .  F o r  t h e  p u rp o s e  o f  

t h i s  i n v e s t i g a t i o n ,  ho w ev er ,  t h e  m ethod  p ro v e d  r a t h e r  

u n s u i t a b l e .  Two t y p e s  o f  d i f f r a c t i o n  by t h i n  f i l m s  can  

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

from  th e  s u r f a c e .  F o r  t h e  fo r m e r  t h e  maximum t h i c k n e s s  

a l lo w e d  i n  t h e  sp ec im en s  i s  a b o u t  300A. I f  t h i c k e r  f i l m s  

a r e  u s e d  t h e  p a t t e r n  becomes b l u r r e d  and t o o  few d i s t i n c t  

r i n g s  can  be o b t a i n e d  t o  g iv e  an  a c c u r a t e  s t r u c t u r e  

d e t e r m i n a t i o n .  Much t h i n n e r  f i l m s ,  on  t h e  o t h e r  h a n d ,  

g iv e  t o o  few  d i f f r a c t i o n s .

The r e f l e c t i o n  t e c h n i q u e  r e q u i r e s  a spec im en  

h o l d e r  p o s s e s s i n g  a l a r g e  number o f  d e g r e e s  o f  f r e e d o m .
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As t h e  i n s t r u m e n t  a v a i l a b l e  was an e l e c t r o n  m i c r o s c o p e ,  

and th e  d i f f r a c t i o n  mechanism  was o n l y  s u b s i d i a r y  t o  t h e  

m i c r o s c o p i c a l  u s e s ,  t h i s  t y p e  o f  e x a m i n a t i o n  was n o t  

f e a s i b l e .  The r e f l e c t i o n  t e c h n i q u e  c o u l d  o n l y  have  

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

was n o t  i n  a c c o rd a n c e  w i t h  t h e  e x p e r i m e n t a l  t e c h n i q u e .

For t h i s  r e a s o n  o n l y  a l i m i t e d  i n v e s t i g a t i o n  was c a r r i e d  

o u t  u s i n g  t h e  t r a n s m i s s i o n  t y p e  o f  p a t t e r n .

As w e l l  as t h e  t y p e  o f  o r i e n t a t i o n s  d e s c r i b e d  

i n  C h a p te r  3 ( e ) ,  t h i n  f i l m s  can  a l s o  fo rm  a n o t h e r  t y p e  o f  

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

o b t a i n e d  when t h e  m e t a l  atoms c r y s t a l l i s e  T ^ th  one o f  

t h e i r  p l a n e s  p a r a l l e l  t o  t h e  c o n d e n s in g  s u r f a c e ,  and t h e  

o t h e r  ax e s  a re  d i s t r i b u t e d  a t  random . By d i f f r a c t i o n  

methods  w i t h  t h e  beam p e r p e n d i c u l a r  t o  t h e  sp ec im en  

c o m p le te  r i n g s  a r e  o b t a i n e d  s i g n i f y i n g  t h a t  t h e  spec im en  

i s  ran d o m ly  o r i e n t e d :  how ever ,  when t h e  s p ec im en  i s  t i l t e d

t h e s e  r i n g s  b r e a k  up i n t o  a r c s .  I n  o r d e r  to  i n v e s t i g a t e  

f o r  t h i s  ty p e  o f  o r i e n t a t i o n  th e  sp ec im en s  u s e d  were 

exam ined  a t  no rm al  i n c i d e n c e  and a g a in  a t  45^ t o  t h e  n o r m a l . 

I n  t h i s  way f i b r e  o r i e n t a t i o n  c a n  be  q u i t e  c l e a r l y  

d e t e c t e d .  No t r a c e  o f  t h i s  t y p e  o f  g ro w th  was o b t a i n e d  

i n  any of  t h e  s p ec im en s  i n v e s t i g a t e d .

The sp e c im e n s  were p r e p a r e d  u n d e r  e x a c t l y  t h e
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same c o n d i t i o n s  as th e  f i l m s  u s e d  f o r  a d h e s io n  t e s t i n g .

E l e c t r o n  m i c r o s c o p e  c o p p e r  g r i d s  c o v e r e d  w i t h  f i l m s  o f

fo rm v a r  were  m oun ted  a l o n g s i d e  t h e  m ic r o s c o p e  s l i d e s  i n

th e  s l i d e  h o l d e r  and p r e s e n t e d  t o  t h e  same c o n d e n s in g  beam

o f  m e t a l .  T h ree  sp e c im e n s  were e v a p o r a t e d  a t  each

p r e p a r a t i o n .  One o f  e ach  o f  th e  p a r e n t  m e t a l s  and a

c o m p o s i te  f i l m  o f  t h e  tw o ,  Form var was u s e d  as t h e
5Rc o n d e n s in g  s u r f a c e  a s  i t  h a s  b e e n  s u g g e s t e d  t h a t  t h i s  

r e p r e s e n t e d  more n e a r l y  t h e  s t r u c t u r e  o f  g l a s s  t h a n  t h e  

c o l l o d i e n  f i l m s  commonly u s e d  as s u p p o r t s .  , The g r i d s  

were s h i e l d e d  f rom  the  g a s  d i s c h a r g e  d u r i n g  t h e  pumping 

c y c l e ,

Due t o  th e  p r o j e c t o r  l e n s  o f  t h e  m ic r o s c o p e  

t h e  d i f f r a c t i o n  p a t t e r n s ,  u n l e s s  s t a n d a r d i s e d  f o r  e a c h  

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

p a r a m e t e r s  o f  t h e  s t r u c t u r e  b e i n g  i n v e s t i g a t e d .  However, 

from  t h e  r a t i o s  o f  t h e  r a d i i  o f  t h e  p a t t e r n s  t h e  t y p e  of 

s t r u c t u r e  o f  t h e  u n i t  c e l l  c a n  be ,  o b t a i n e d ,  f o r  f rom  the  

B rag g  Law

n , \  = 2 , d . s i n  0 ( 6 , 1 )

where X i s  t h e  w a v e le n g th  o f  th e  e l e c t r o n  beam*, d t h e  

l a t t i c e  s p a c i n g ,  0 t h e  a n g u l a r  d e v i a t i o n  o f  t h e  e l e c t r o n s ,  

and n  an i n t e g e r ,  b u t  f o r  any one s e t t i n g  o f  t h e  l e n s  s y s te m

r  s i n  0
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where r  i s  th e  r a d i u s  o f  th e  r i n g  on t h e  p h o t o g r a p h i c  p l a t e  

i n s e r t e d  i n t o  th e  d i f f r a c t e d  be am. Thus

r ^  s i n ^  0 = n ^ \ ^ / 4 d ^  ( 6 . 3 )

f o r  a c u b ic  s t r u c t u r e .

r ^  = ( X ^ / 4 a ^ ) . x  (h ^  + + 1^) (G .4 )

Thus = B .(N „)  o r  = B. (N„) ( 6 . 5 )O 1 u

where B and B^ a re  c o n s t a n t s  d e p e n d e n t  on  t h e  w a v e le n g th

o f  t h e  e l e c t r o n  beam, t h e  s i d e  o f  th e  u n i t  cube ,  and t h e

p r o j e c t o r  l e n s  s e t t i n g ,  and D i s  t h e  d i a m e t e r  o f  a r i n g .

The q u a n t i t y ,  N , which  m ust  be a ■'^hole nu inber,  can be
C

d e t e r m i n e d  f rom  t h i s  e q u a t i o n  and from  t h e  s e r i e s  o f  

v a l u e s  o f  t h e  s t r u c t u r e  o f  t h e  u n i t  c e l l  c a n  be 

o b t a i n e d  i f  i t  i s  o f  a s im p le  n a t u r e ,  f o r

N -  =

where ( h , k , l )  a re  t h e  M i l l e r  i n d u c e s  o f  t h e  d i f f r a c t i n g

p l a n e s .  P a r t i c u l a r  s t r u c t u r e s  s u p p r e s s  some of  t h e  v a l u e s

o f  h ,  k o r  1 and t h u s  g iv e  d i f f e r e n t  v a l u e s  f o r  N . I f
u

th e  s t r u c t u r e  i s  n o t  c u b ic  th e  a n a l y s i s  i s  more d i f f i c u l t .
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( d ) R e s u l t  s o f  E l e c t r o n  D i f f r a c t i o n  I n v e s t i g a t i o n

T hree  i n v e s t i g a t i o n s  ^^^ere c a r r i e d  o u t  by  means 

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

compound fo rm e d  by  t h e  i n t e r d i f f u s  i o n  o f  n i c k e l  and 

a lum in ium  was e x a m in e d .  Then two i n v e s t i g a t i o n s  were  

c a r r i e d  o u t  on a lum in ium -chrom ium  f i l m s .  The f i r s t  o f  

t h e  l a t t e r  p a i r  f a i l e d  t o  show any u s e f u l  i n f o r m a t i o n  as 

t h e  t h i c k n e s s  o f  t h e  f i l m s  even  a l t h o u g h  r e d u c e d  from  

t h o s e  n o r m a l l y  u s e d ,  was s t i l l  t o o  g r e a t  t o  a l l o w  t h e  

t r a n s i t i o n  l a y e r  t o  g iv e  an o b s e r v a b l e  d i f f r a c t i o n  p a t t e r n .  

The f i l m  t h i c k n e s s e s  were  d e c r e a s e d  i n  t h e  l a s t  o f  t h e  

e x p e r i m e n t s  and some I n f o r m a t i o n  on t h e  n a t u r e  of  t h e  

t r a n s i t i o n  s t r u c t u r e  ^^as t h e n  o b t a i n e d .

Ni c ke 1 -  Alumi n i  um. I n  o r d e r  t o  o b t a i n  a p e r f e c t l y

homogeneous f i l m  t h a t  w ould  a i d  t h e  i n t e r m e d i a t e  s t r u c t u r e  

d e t e r m i n a t i o n  a compound f i l m  o f  t h e  m e t a l s  was p r e p a r e d  by  

e v a p o r a t i n g  o n to  t h e  spec im en  g r i d  o f  fo rm v a r  a s e r i e s  o f  

v e r y  t h i n  f i l m s ,  a l t e r n a t e l y  a lum in ium  and  n i c k e l .  The 

mean t h i c k n e s s  o f  t h e s e  f i l m s  w ou ld  be o f  t h e  o r d e r  o f  

1Û-20Â by w e i g h t ,  and f i v e  l a y e r s  o f  e a c h  were  d e p o s i t e d .  

The f i l m  was a l l o w e d  t o  age i n  a d e s s i c a t o r  f o r  t h r e e  d ays  

and t h e n  i n v e s t i g a t e d .  R e p r o d u c t i o n s  o f  t h e  r i n g  p a t t e r n s  

o b t a i n e d  can  be s e e n  i n  P i g .  4 4 .  The p o s i t i v e  p r i n t s  a re  

n o t  v e r y  c l e a r  as  t h e  sp ec im en  t h i c k n e s s  was s m a l l  and t h u s



Alurain iuin-N ic k e  1

N ic k e l A lum inium

F ig .44. E lectron  D iffra c tio n  p a tte in s  from a confound

specimen o f Aluminium and N ick el.
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t h e  beam i n t e n s i t y  f e l l  o f f  v e r y  r a p i d l y  r d t h  i n c r e a s i n g  

r a d i u s .  Prom t h e  p a t t e r n s  i t  c an  be s e e n  t h a t  t h e  

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

t h e  p a r e n t  m e t a l s ,  whose d i f f r a c t i o n  p a t t e r n s  a r e  a l s o  

g i v e n .  The r i n g  d i a m e t e r s  w ere  m e a s u re d  by means o f  a 

low powered  t r a v e l l i n g  m ic ro s c o p e  and t h e  s t r u c t u r e  d e t e r m i n a 

t i o n  o f  t h e  compound f i l m  i s  g iv e n  i n  T a b le  I I I .  The 

s t r u c t u r e  was fo u n d  t o  be c u b i c  and t h e r e  was some i n d i c a 

t i o n  t h a t  n i c k e l  and a lum i n i  imi w ere  a s s i s t i n g  th e  d i f f r a c t i o n .  

The s m a l l  d e g r e e  o f  m ism a tch  b e tw e e n  t h e i r  s t r u c t u r e s  ca n  

be s e e n  f rom  t h e  c l o s e n e s s  of  t h e i r  l a t t i c e  s p a c i n g s  f o r  

c e r t a i n  p l a n e s .  Talcing th e  P . C .C .  r i n g s  o f  a lum in ium  as 

s t a n d a r d ,  t h e  s i z e  o f  th e  u n i t  c e l l  o f  t h e  compound 

s t r u c t u r e  was c a l c u l a t e d  as 2 .89Â . The s t r u e t u r e o f  

t h e  p  phase  o f  t h e  n i c k e l - a l u m i n i u m  s y s te m  i s  B .G .C .  w i t h  

l a t t i c e  p a r a m e t e r s  2 .87A  a t  40 p e r  c e n t  n i c k e l ,  2 .88A  a t  

50 p e r  c e n t  and 2 . 8 6 A a t  60 p e r  c e n t  n i c k e l .  The exam ined  

s t r u c t u r e  c o u l d  t h e n  be a d i s t o r t e d  form o f  t h e  j3 p h a s e ,  

and as  t h a t  p h a s e  i s  fo rm ed  ^ i t h  a lum in ium  a t  t h e  cube  

c o r n e r s  and n i c k e l  atoms a t  t h e  cube  c e n t r e s  t h e  s im p le  

c u b ic  s t r u c t u r e  o b t a i n e d  c o u ld  be c a u s e d  by  t h e  absence  

o f  some n i c k e l  a to m s .

Alumin i um-C h r  omi um. The f i r s t  sp ec im en s  p r e p a r e d  f o r  

i n v e s t i g a t i o n  by  means o f  e l e c t r o n  d i f f r a c t i o n  f o r  t h e



TABLE I I I

STRUCTURE OF NICKEL-ALïïiîINIUM COMPOUND FILM

r B h c ^PC

Oc 35 0 .1 2 3 2 0 .0 6 1 5 -

0 .4 5 5 0 .2 0 8 4 0 .0 5 2 2

0 .5 6 0 .3 1 5 6 0 .0 5 1 - 3

0 .6 5 0 .4 2 5 8 0 .0 5 3 4 4

Oc71 0 .5 1 0 10 0 .0 5 1 - -

0 .7 9 5 0 .6 3 5 12 0 .0 5 3 6 -

0 .9 1 5 0 .8 4 1 16 0 .0 5 3 8 8

0 .9 6 0 .9 2 4 18 0 .0 5 1 - -

1 .0 2 5 1 .0 5 6 20 0 .0 5 3 10 —
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sy s tem  aluminium-chromium c o n s i s t e d  o f  an alum inium  f i l m  

200Â t h i c k  and a chromium f i l m  lOOA t h i c k .  The r a t e  o f  

c o n d e n s a t io n  o f  th e  chromium f i l m  was 3 A /s e c .  and o f  t h e  

a luminium f i l m  2 0 A /s e c .  The f i l m s  were examined 300 h o u r s  

a f t e r  p r e p a r a t i o n ,  and be tw een  e v a p o r a t i o n  and e x a m in a t io n  

t h e y  were s t o r e d  I n  a d e s s i c a t o r .

P o s i t i v e  p r i n t s  o f  t h e  d i f f r a c t i o n  p a t t e r n s  

o b t a i n e d  a re  g iv e n  I n  Plg« 45 .  Both th e  p a r e n t  m e t a l  

p a t t e r n s  a re  I n d i c a t i v e  o f  th e  b u lk  s t r u c t u r e s  o f  the  m e t a l s .  

The r i n g  d i a m e t e r s  o f  t h e  d o u b le  f i l m  a r e  l i s t e d  i n  T ab le  IV, 

as a r e  th o s e  o f  th e  p a r e n t  m e t a l s .  Prom t h e  Tab le  i t  c a n  

be seen  t h a t  t h e  p a t t e r n  o b t a i n e d  f o r  the  compound f i l m  I s  

a summation o f  t h e  p a t t e r n s  o f  t h e  p a r e n t  m e ta l  f i l m s .

T h is  shows e i t h e r  th e  f  ormat io n  o f  a v e ry  t h i n  t r a n s i t i o n  

s t r u c t u r e  l a y e r  as compared t o  th e  t h i c k n e s s  o f  th e  o t h e r  

m e t a l s ,  o r  t h e  a b se n c e  o f  an I n t e r f a c l a l  l a y e r  o f  d i f f e r i n g  

s t r u c t u r e  from t h a t  o f  th e  b u l k  m e t a l s .

Â second  specim en was p r e p a r e d  I n  which  t h e  

t h i c k n e s s  o f  th e  alum inium  f i l m  was 70A and t h e  chromium 

f i l m  was 30A. The i n v e s t i g a t i o n  was c a r r i e d  ou t  as b e f o r e  

and the  p r i n t s  o f  t h e  p a t t e r n s  a r e  shoT^n I n  P i g .  46 .  The 

p a t t e r n s  o b t a i n e d  d i d  n o t  a g r e e  w i t h  t h o s e  o f  P i g .  45, 

a l t h o u g h  th e  p e r i o d  o f  ag e in g  was about  t h e  same, 360 h o u r s .  

I n  t h i s  c a s e  th e  alumlnlura a p p e a r s  t o  h ave  o x i d i s e d



Aluminium-Chroraiiim

Chromium Alum inium

P ig .45• E lectron  D iffr a c tio n  patterns from a th ick

specimen o f Aluminium-Chromium.



A lurain iura- Chromium

Chromium Alum inium

P ig .46. E lectron  D iffra c tio n  p atterns from a th in

specimen o f  Aluminium-Chromium.



TABLE IV

STRUCTURE OP CHROMIUlvI-ALUIiUNIUM COMPOUND P I M

C r /A l Al Cr

D D D

1 .0 8 1 .1 1
1 .2 6 1 .2 9 1 .2 4
1 .7 9 1 .7 7 1 .7 8
2 . 1 3 2 .1 0
2 .1 9 2 .1 5 2 .1 7
2 c 56 2 .6 5
2 .8 5 2 .8 1 2 . 8 4
2 .8 9 2 .8 8 -,
3 .1 8 3 .2 0 3 .1 5
3 .4 3 3 .4 1 3 .3 9
3 .7 1 3 .7 5 3 .6 8
3 .9 3 3 .8 4 3 .9 0
4 .1 6 4 .2 7 4 .1 5
4 ,4 0 4 .4 2 4 .36
4 .6 3 4 .6 0
4 .8 6 4 .8 5 4 ,8 1

T h ic k n e s s  o f  Aluminium 

T h ic k n e s s  o f  Chranium

20 G A 

100 â
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c o m p l e t e l y ,  g i v i n g  a sem i-am orph ou s  p a t t e r n .  The chromium 

f i l m  a l s o  shows t h e  p r e s e n c e  o f  an o x i d e ,  b u t  some m e t a l  

r e m a i n s .  T ab le  V l i s t s  t h e  m e a s u r a b l e  r i n g  d i a m e t e r s  and 

t h e  f i l m  s t r u c t u r e .  The compound f i l m ,  i n  t h i s  c a s e ,  

shows a s t r u c t u r e  t h a t  c a n n o t  be o b t a i n e d  d i r e c t l y  from  

t h e  p a r e n t  m e t a l  f i l m s .  Prom t h e  i n v e s t i g a t i o n  c a r r i e d  

o u t  on t h e  s t r u c t u r e  o f  t h e  f i l m .  T ab le  V I ,  i t  c a n  be s e e n  

t h a t  t h i s  c o r r e s p o n d s  t o  a c u b ic  s t r u c t u r e ,  e i t h e r  

b o d y - c e n t r e d  o r  s i m p l e .  I f  th e  b o d y - c e n t r e d  s t r u c t u r e  i s  

p r e f e r r e d  t h e  l e n g t h  o f  u n i t  c e l l  i s  2 .92A , and i f  t h e  

s im p le  c u b i c ,  4 .1 3 A .  The f o r m e r  c o u l d  be a s o l i d  s o l u t i o n  

o f  a lum in ium  i n  chromium w i th  an a p p r o x im a te  c o n c e n t r a t i o n  

o f  87 p e r  c e n t .  None o f  th e  o t h e r  p h a s e s  i n  t h e  p h ase  

d i a g r a m  i s  c u b i c .  The p o s s i b i l i t y  does  e x i s t  t h a t  t h e  

s t r u c t u r e  m ig h t  be t h e  t e t r a g o n a l  p  p h a s e ,  w h ich  i s  

composed o f  a s t a c k i n g  o f  t h r e e  o f  t h e  u n i t  c e l l s  o f  t h e  

oL s o l i d  s o l u t i o n  '̂1 t h  a r e a r r a n g e m e n t  o f  some o f  t h e  a tom s.

'"Tiichever s t r u c t u r e  i s  fo rm e d ,  i t  c e r t a i n l y  i s  

n o t  e i t h e r  o f  th e  p u re  m e t a l s  and t h u s  r e p r e s e n t s  a 

t r a n s i t i o n  s t r u c t u r e .  From th e  p h ase  d ia g ra m  o f  t h e  

s y s te m .  P i g .  1 0 c ,  i t  would a p p e a r  t h a t  t h e  o n l y  p h a se  t h a t  

m ig h t  grow t h i c k  enough t o  c a u s e  d i f f r a c t i o n  i n  t h i s  way 

would be t h e  s o l i d  s o l u t i o n s .



TABLE V

INVESTIGATION OP STRIJCTNRE OP 30A THICK CHROEIUlvI FILM

D N % d Cr
^^2^3

1 .0 1 1 .0 2 - - 2 .4 9  A - 2 . 4 9 A (1 10 )

1 . 2 3 1 .5 1 2 0 .7 5 5 2.04A 2.039A 2.17A (1 13 )

1 .7 1 2 .9 2 4 0 .7 3 0 1.47A 1 .4 1 9  A 1.47A (214)  
1 .4 3 1  (300)

2 .0 7 4 .29 6 0 .7 1 4 1 .2 1  A 1.174A 1 .0 9 6  (226)

2 .8 5 8 .1 2 10 0 .8 1 2 0 .88Â 0.912A 0.948A (324)

TTiBLE VI

INVESTIGATION OP STRUCTURE OP

CHROÎTIUÎ'J-ALUÎvUNIIBÎ COMPOUND PILM

D N ^ i

1 .2 6 1 .5 9 1 2

1 .7 9 3 .2 0 2 4

2 . 1 3 4 .5 4 3 6

2 .5 0 6 .2 5 4 8

The Bj, s t r u c t u r e  i s  s im p le  c u b ic  and t h e  B^ body c e n t r e d  c u b i c .
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( e ) P r e v io u s  R e s u l t s  u s i n g  E l e c t r o n  D i f f r a o t l o n

S i m i l a r  i n v e s t i g a t i o n s  by E l e c t r o n  D i f f r a c t i o n  

have been  c a r r i e d  o u t  by T r i l l a t ^ ^  and M ic h e l^ ^ .  M iche l  

p r e p a r e d  t h e  a l l o y  f i l m s  by a number o f  m e th o d s ,  i n c l u d i n g  

e v a p o r a t i o n  o f  a l l o y s ,  s p u t t e r i n g  o f  a l l o y s ,  s im u l t a n e o u s  

e v a p o r a t i o n  o f  th e  co m p on en ts ,  and d i f f u s i o n  from 

e l e c t r o - d e p o s i t e d  and e v a p o r a t e d  l a y e r s .  The t e m p e r a tu r e  

ra n g e  o f  p r e p a r a t i o n  end a g e in g  was m a i n t a i n e d  c l o s e  t o  

20*^C, By s i m u l t a n e o u s  e v a p o r a t i o n  c o m p le te  a l l o y  f i l m s  

were o b t a i n e d ,  as w© have sho^^n f o r  t h e  d i s c o n t i n u o u s  

e v a p o r a t i o n  o f  n i c k e l  and a lum in ium , b u t  by th e  d i f f u s i n g  

t e c h n i q u e  no a l l o y i n g  c o u l d  be d e t e c t e d  f o r  t h e  sys tem s  

s i l v e r - m a g n e s iu m ,  c o p p e r -a lu m in iu m  and c o p p e r - g o l d ,  w hereas  

t h e  sy s tem s  s i l v e r - z i n c  and s i l v e r - t i n  gave  sp o n ta n e o u s  

a l l o y  f o r m a t i o n .  The l a t t e r  two a l l o y s  form e u t e c t i c  

phase  m i x t u r e s ,  t h e  f i r s t  two form  an i n t e r m e t a l l i c  compound 

d i r e c t l y  from the  l i q u i d  s t a t e ,  and t h e  c o p p e r - g o l d  system  

i s  c o m p l e t e l y  m i s c i b l e  a t  h i g h  t e m p e r a t u r e s ,  b u t  complex 

i n  th e  low er  t e m p e r a t u r e  r a n g e .

I f ,  as i n  C h a p te r  3 ( d ) ,  th e  d i f f u s i o n  c o n s t a n t  D 

i s  d e f i n e d  as

D = Dg • ( 6 . 6 )

and  we assume t h a t  t h i s  r e l a t i o n s h i p  i s  t o  some e x t e n t  

r e p l a c e a b l e  by a p a r a b o l i c  e x p r e s s i o n ,  th e  r i g h t  hand  s i d e
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c a n  be r e p l a c e d  by

D = x V s t  ( 6 . 7 )

where X r e p r e s e n t s  t h e  mean p e n e t r a t i o n  of  t h e  d i f f u s i n g  

p a r t i c l e s ,  and ' t '  i s  t h e  t im e  o f  d i f f u s i o n .  T h is  ty p e  

o f  e q u a t i o n  which  was e v o lv e d  f o r  g a s e o u s  d i f f u s i o n ^ ^  g i v e s  

o n ly  an a p p r o x im a t io n  i n  t h e  p r e s e n t  c a s e .  But th e  r e s u l t s  

o b t a i n e d  u s i n g  t h i s  v a l u e  can  be t a k e n  q u a l i t a t i v e l y .  For 

t h e  sy s te m s  t h a t  M iche l  i n v e s t i g a t e d  he o b t a i n e d  t h e  r e s u l t s  

l i s t e d  i n  T ab le  V I I .  E x a m in a t io n  o f  t h e  v a l u e s  o b t a i n e d  

f o r  X shows t h a t  t h e r e  i s  some d e g re e  o f  agreem ent  b e tw een  

th e  d e p th  o f  p e n e t r a t i o n  as d e t e r m in e d  by  th e  p r e s e n c e  of 

an a l l o y  l a y e r  and t h e  m ag n i tu d e  o f  X. The f i r s t  two 

sys tem s  l i s t e d  i n  t h e  Tab le  g i v i n g  a l l o y  d i f f r a c t i o n  

im m e d ia te ly  a f t e r  e v a p o r a t i o n ,  and t h e  l a t t e r  two showing 

o n ly  th e  p r e s e n c e  o f  th e  p a r e n t  m e t a l s  a f t e r  some t im e  o f  

ag e in g  a t  room t e m p e r a t u r e .

The r e s u l t s  q u o ted  by M iche l  a r e  o n ly  ap p ro x im a te  

as t h e  d i f f u s i o n  c o n s t a n t  and a c t i v a t i o n  e n e rg y  v a l u e s  a re  

e x t r a p o l a t e d  from  v a l u e s  o b t a i n e d  a t  much h i g h e r  t e m p e ra 

t u r e s  and f o r  l i m i t e d  c o n c e n t r a t i o n  r a n g e s .  But t h i s  

ca n n o t  a l t o g e t h e r  I n v a l i d a t e  t h e  d e g r e e  o f  c o n s i s t e n c y  

obt a i  ne do
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( f  ) D i s c u s s i o n  o f  R e s u l t s  o f  I n v e s t i g a t i o n

F or  t h e  sys tem s  t h a t  ’̂ e have b e e n  i n v e s t i g a t i n g  

l i t t l e  r e s e a r c h  seems t o  have  b ee n  c a r r i e d  ou t  on t h e
63m easurem ent o f  t h e  d i f f u s i o n  c o n s t a n t s .  I n  an i n v e s t i g a t i o n  

on t h e  e f f e c t  o f  v a c a n c i e s  on t h e  d i f f u s i o n  o f  n i c k e l  i n  

a l l o y s  o f  n i c k e l - a lu m i n i u m ,  r e s u l t s  have been  p u b l i s h e d  f o r  

th e  v a l u e  o f  D f o r  a r a n g e  o f  t e m p e r a t u r e s  and c o n c e n t r a t i o n s ,  

b u t  no r e s u l t s  a r e  g iv en  f o r  the  a c t i v a t i o n  e n e r g y .  U sing  

t h e  r e l a t i o n s h i p  g iv e n  i n  e q u a t i o n  ( 6 . 6 )  t h e  d i f f u s i o n  

c o n s t a n t  and th e  a c t i v a t i o n  e n e r g y  E were c a l c u l a t e d  

from th e  r e s u l t s  g i v e n  f o r  one p a r t i c u l a r  v a l u e  o f  

c o n c e n t r a t i o n ,  and t^ îa v a l u e s  o f  t e m p e r a t u r e .  S i m i l a r l y ,  

v a l u e s  were o b t a i n e d  f o r  t h e  m ang an ese -a lum in iu m  sys tem ,  

u s i n g  t h e  d i f f u s i o n  values^"^ p u b l i s h e d  f o r  low c o n c e n t r a t i o n s  

o f  m anganese i n  aluminium a t  t e m p e r a t u r e s  o f  600^0 .  and 

650°C. B a r r e r ^ ^  l i s t s  b o th  t h e  c o n s t a n t s  f o r  t h e  system 

s i l v e r - l e a d ,  and t h e  v a l u e s  o f  X a t  27 ^0 .  and 127°C . were 

e a s i l y  c a l c u l a t e d .  The r e s u l t s  g iv e n  i n  T ab le  V I I I  were 

o b t  a i n e do

For t h e  sys tem  c o b a l t - a l u m i n i u m ,  o n ly  t h e  change 

o f  d i f f u s i o n  c o n s t a n t  a t  one t e m p e r a t u r e ,  b u t  f o r  a r a n g e  

o f  c o m p o s i t io n s  were  o b t a i n a b l e ^ ^ ; b u t  as  t h e  sy s tem  i s  

e x t r e m e ly  s i m i l a r  t o  th e  n i c k e l - a l u m i n i u m  th e  a c t i v a t i o n  

e n e rg y  c a l c u l a t e d  f o r  the  l a t t e r  was u s e d .  I t  was fo u n d  

i m p o s s i b l e  t o  o b t a i n  r e s u l t s  f o r  th e  d i f f u s i o n  o f  chromium.
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w hich  was u n f o r t u n a t e  as t h i s  would have  b e e n  v e r y  

i n s t r u e t i v e .

Prom t h e  r e s u l t s  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n ,  

and t h e  T"-ork p u b l i s h e d  e l s e w h e r e ,  i t  seems t h a t  u n d o u b t e d l y  

t h e r e  i ^ i l l  be some p h a se  p r e c i p i t a t i o n  at  an i n t e r f a c e  

b e tw een  two e v a p o r a t e d  f i l m s .  I t  i s  i m p o s s i b l e  t o  say  

from  e i t h e r  d i f f r a c t i o n  r e s u l t s  o r  p h a s e  d ia g ra m  c o n s t r u c 

t i o n s ,  e x a c t l y  w hich  p h a s e  ^^dll be p r e c i p i t a t e d ,  o r  th e  

e x t e n t  o f  t h e  p r e c i p i t a t i o n  p r o c e s s .  From t h e  t h e o r y  

o f  d i f f u s i o n  i t  w ould  a p p e a r  t h a t  t h e  p u re  p h a s e  r e g i o n s  

grow a t  th e  e x t e n t  o f  t h e  mixed o n e s .  No d i r e c t  

e x p e r i m e n t a l  e v id e n c e  h a s  been  f o u n d  e i t h e r  t o  s u p p o r t  

o r  c o n t r a d i c t  t h i s .  However, some ag reem en t  h a s  b e e n  

fo u n d  b e tw e e n  th e  mean p e n e t r a t i o n  o f  t h e  m e t a l  a tom s ,  

assum ing  a p a r a b o l i c  l a w  to  h o l d ,  and t h e  d e g r e e  o f  

f o r m a t i o n  o f  i n t e r  f a c i a l  a l l o y  l a y e r s .
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CHAPTER 7

OPTICAL METHODS OF INVESTIGATION

( a) I n t r o d u c t i o n

Two t y p e s  o f  o p t i c a l  i n v e s t i g a t i o n  w ere  c a r r i e d  

outo  F o r  a number o f  compound s p e c im e n s  th e  ch a n g es  i n  

r e f l e c t i v i t y  d u r i n g  a g e in g  were m e a s u re d  u s i n g  a 

r e f l e  ctome t e r . The r e s u l t s  o f  t h i s  e x a m i n a t i o n  a re  g i v e n

i n  C h a p te r  1 0 .  Some i n f o r m a t i o n  was o b t a i n e d  I n  t h i s  way

o f  th e  r a t e s ,  and e x t e n t ,  o f  th e  d i f f u s i o n  p r o c e s s e s .

The o t h e r  t y p e  o f  i n v e s t i g a t i o n  was much more 

d e t a i l e d .  U s in g  o p t i c a l  t e c h n i q u e s  t h e  s t r u c t u r e  o f  

chromium f i l m s  was i n v e s t i g a t e d  o v e r  a t h i c k n e s s  r a n g e .

T h is  t y p e  o f  e x a m i n a t i o n  I s  p o s s i b l e  b e c a u s e  th e  e f f e c t i v e  

r e f r a c t i v e  i n d e x  o f  t h e  f i l m s  i s  a  f u n c t i o n  o f  t h e  f i l m  

s t r u c t u r e .  Many t h e o r i e s  have  b ee n  p u t  f o rw a rd  as t o  t h e  

e x a c t  n a t u r e  o f  t h e  f u n c t i o n ,  and some o f  t h e s e  a r e  

d e s c r i b e d  I n  s e c t i o n  ( c )  o v e r l e a f .  F o r  t h i s  i n v e s t i g a t i o n  

I t  was n e c e s s a r y  to  I n c l u d e  t h e  m easu rem en t  o f  t h e  b u l k  

r e f r a c t i v e  I n d e x  o f  chromium from  a number o f  m e t a l  sam p les  

I n  t h i s  C h a p te r  I s  o u t l i n e d  t h e  t h e o r i e s  u s e d  i n  t h e s e  

i n v e s t i g a t i o n s  and t h e  eq u ip m en t  c o n s t r u c t e d  f o r  t h e  

r e f l e c t i v i t y  m e a s u r e m e n t s .
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( b ) O p t ic  a l  P r o p e r t i e s  o f  a R e f l e c t i n g  S u r f a c e

I n  th e  t h e o r y  o f  th e  r e f l e c t i o n  o f  l i g h t  from an 

a b s o r b i n g ,  b u t  r e f l e c t i n g ,  s u r f a c e  two c a s e s  have to  be 

c o n s i d e r e d  a c c o r d i n g  t o  w h e th e r  t h e  e l e c t r i c  v e c t o r  o f  th e  

i n c i d e n t  wave i s  p a r a l l e l  o r  p e r p e n d i c u l a r  t o  t h e  p la n e  o f  

i r c l d e n e e . G e n e r a l l y  t h e  p h ase  s h i f t  and t h e  r e f l e c t i o n  

c o e f f i c i e n t s  a r e  d i f f e r e n t  i n  t h e  two c a s e s .  Drude^"^ 

c o n s i d e r e d  t h e  case  o f  an i n c i d e n t  beam p l a n e - p o l a r i s e d  

a t  tl/ 4 to  t h e  p la n e  o f  i n c i d e n c e , and showed t h a t  g e n e r a l l y  

t h e  r e f l e c t e d  beam w ould  be e l l i p t i c a l l y  p o l a r i s e d  and t h a t  

t h e  o p t i c a l  c o n s t a n t s  o f  th e  s u r f a c e  c o u l d  be deduced  from 

t h e  deg ree  o f  e l l l p t i c l t y .

The e q u a t i o n s  t h a t  Drude o b t a i n e d  f o r  r e f l e c t i o n  

a t  an an g le  o f  i n c i d e n c e  0  t o  t h e  no rm al  were

s l n ^  tanjZS c o s  2 y- / r.  ̂ \
n  = ------------------------------ —  ( 7 . 1 )

1 + cos  A s i n  2% 

k = n  s i n  A t a n  2 'Y- ( 7 . 2 )

where t h e  r e f r a c t i v e  in d e x  o f  t h e  s u r f a c e  I s  g i v e n  by

N = n  -  I k

and t a n ' X  = t h e  r a t i o  o f  t h e  r e f l e c t i o n  c o e f f i c i e n t s

f o r  p a r a l l e l  and p e r p e n d i c u l a r  i n c i d e n c e  

A  = th e  r e l a t i v e  p h a s e  s h i f t  i n t r o d u c e d

be tw een  t h e  two com ponen ts .
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T his  m ethod  h a s  b e e n  ^*ddely u s e d  to  o b t a i n  t h e

o p t i c a l  c o n s t a n t s  o f  r e f l e c t i n g  s u r f a c e s .  The r e s u l t s

o b t a i n e d  f rom  i t  s h o u ld  be c o n s t a n t s  f o r  a l l  a n g l e s  o f
68

i n c i d e n c e .  Drude , how ever ,  e x t e n d e d  h i s  t h e o r y  t o  c o v e r  

t h e  c a s e  I n  w h ich  a n o n - a b s o r b i n g  f i l m  i s  p r e s e n t  on t h e  

r e f l e c t i n g  s u r f a c e .  I f  X  and A  r e m a in  as t h e  r a t i o  o f  

t h e  r e f l e c t i o n  c o e f f i c i e n t s  and t h e  p h ase  s h i f t  f o r  

r e f l e c t i o n  a t  t h e  c l e a n  m e ta l  s u r f a c e  o f  r e f r a c t i v e  i n d e x  

(n  -  i k )  and "X and A  a r e  th e  c o r r e s p o n d i n g  v a l u e s  f o r  

t h e  same s u r f a c e  c o v e r e d  w i t h  t h e  f i l m  o f  r e f r a c t i v e  i n d e x ,  

n ^ ,  and t h i c k n e s s ,  L, t h e n

n- 1 +
2(1^ - >  )(cos^jZ( -  a) 

(A  -  Z\) a^ s i n  S'X

1__

cos^M
( 7 . 3 )

A  -  A
( 7 . 4 )

whe r e  a  = and a ’ = 2nk

(n ^  + U ) ^

and where A =
4 ti cos '̂ s in^j^ (cos^j^ -  a) 

^  ( c o s ^ ^  -  a )^  4- a*^
( 7 . 5 )

Thus i f  t h e  r e f r a c t i v e  i n d e x  o f  th e  m e t a l  and 

t h e  a n g le s  %  and A  a r e  kno-'^m, o r  i f  m easu rem en ts  can  

be made on a c l e a n  s u r f a c e  o f  t h e  m e t a l  i n  o r d e r  t o  o b t a i n
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t h e  q u a n t i t i e s ,  by m e a s u r in g  t h e  same q u a n t i t i e s  on t h e  

c o a t e d  s u r f a c e  th e  r e f r a c t i v e  i n d e x  and t h i c k n e s s  o f  t h e  

f i l m  c o u l d  be m e a s u r e d .  I f ,  how ever ,  i t  i s  i m p o s s i b l e  t o  

t a k e  m easu rem en ts  on a c l e a n  s u r f a c e  t h e n  i t  a p p e a r s  t h a t  

t h e r e  i  s no s o l u t i o n  t o  t h e  above e q u a t i o n s ,

( c ) O p t i c a l  P r o p e r t i e s  o f  T h in  F i lm s

T h in  e v a p o r a t e d  f i l m s  a r e  known t o  have  e l e c t r i c a l

and o p t i c a l  p r o p e r t i e s  d i f f e r i n g  f rom  t h e  b u l k  m e t a l .  The

c h a n g es  i n  t h e s e  p r o p e r t i e s  c a n n o t  o n l y  be due to  t h e

l i m i t e d  t h i c l o i e s s  o f  t h e  f i l m s  and i t  h a s  b e e n  sho^m., i n
35—7many c a s e s ,  t h a t  t h e  f i l m s  have an a g g r e g a t e d ,  s t r u c t u r e  ~ .

A number o f  i n v e s t i g a t i o n s  have b e e n  u n d e r t a k e n  i n  o r d e r  t o  

c o r r e l a t e  t h e  t h e o r e t i c a l  o p t i c a l  p r o p e r t i e s  o f  a g g r e g a t e d  

s t r u c t u r e s  w i t h  t h e  r e s u l t s  o b t a i n e d  from a c t u a l  m e a s u r e 

m ents  on t h i n  f i l m s .  I f  th e  a g g r e g a t e d  s t r u c t u r e  p a r t i c l e s  

i n  su ch  a f i l m  b eh a v e  i n  e x a c t l y  t h e  same way t h r o u g h o u t  

t h e  g ro w th  o f  t h e  f i l m  t h e n  t h e  f i l m ,  th o u g h  a g g r e g a t e d ,  

i s  hom ogeneous .  I f ,  h o w ev e r ,  t h e  p r o p e r t i e s  o f  th e  

a g g r e g a t e s  change  ^^ith th e  t h i c k n e s s  o f  t h e  f i l m ,  due t o  

s t r u c t u r a l  ch an g es  w i t h i n  t h e  a g g r e g a t e s ,  t h e  f i l m  fo rm ed  

i^d l l  be in h o m o g e n e o u s . G e n e r a l l y  t h e  t h e o r e t i c a l  m e th od s  

im p ly  t h a t  t h e  f i l m  m ust  be homogeneous and a p p l i c a t i o n  

h a s  o n l y  b e e n  made to  m e t a l l i c  f i l m s  t h a t  grow i n  t h i s  way.
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The o p t i c a l  p r o p e r t i e s  o f  s m a l l  s p h e r i c a l

p a r t i c l e s  embedded i n  a d i e l e c t r i c  medium have  b e e n  i n v e s t i -
69

g a t e d  by  M a x w e l l - G a r n e t t  . The p ro b le m  he was c o n s i d e r i n g

was t h a t  o f  a t h i c k  l a y e r  o f  d i e l e c t r i c  i n  w hich  were

p r e s e n t  a  number o f  p a r t i c l e s  whose d i a m e t e r s  w ere  a l l

sm a l l  com pared  t o  th e  w a v e le n g th  o f  i n c i d e n t  l i g h t .  T h is

a p p ro a c h  h a s  b e e n  a p p l i e d  t o  t h i n  e v a p o r a t e d  m e t a l  f i l m s

as an a g g r e g a t e d  s t r u c t u r e  i s  i n  seme ways a n a lo g o u s  t o

t h e  s p h e r i c a l  p a r t i c l e s .  Such a f i l m  w i l l  c o n t a i n  a l a r g e

volume o f  v o i d s  i f  t h e  p a r t i c l e s  a re  a l l  assum ed t o  have

n e a r l y  t h e  same d i a m e t e r s *  Thus t h e  e f f e c t i v e  d e n s i t y  o f

t h e  f i l m  w i l l  be d e c r e a s e d ,  and i f  th e  t h i c k n e s s  o f  such  a

f i l m ,  d ^ ,  i s  m e a s u r e d  by a g r a v i m e t r i c  m e th o d ,  i t  w i l l  be

fo u n d  to  be much l e s s  t h a n  t h e  o p t i c a l  t h i c k n e s s ,  d ^ . The

r a t i o  d ^ d ^ ,  i s  c a l l e d  t h e  p a c k in g  f a c t o r  o f  t h e  f i l m  and

g i v e n  t h e  symbol * q* . The M a x w e l l -G a r n e t t  t h e o r y  s t a t e s

t h a t  i f  th e  f i l m  c a n  be r e p r e s e n t e d  by  t h i s  volume f r a c t i o n

q o f  m e t a l  o f  r e f r a c t i v e  i n d e x ,  n-^, i n  a medium o f  r e f r a c t i v e

i n d e x  u n i t y ,  t h e  e f f e c t i v e  r e f r a c t i v e  i n d e x  n* , i s  g i v e n  b ye

n»^ " 1 -  1
•— —  = q- — %—  ( ? . 6 )
n> + 2 + 2

e b

S l i g h t  ag reem en t  w i t h  e x p e r i m e n t a l  m e a s u re m e n ts  

h a s  b e e n  g e n e r a l l y  fo u n d  u s i n g  t h e  M a x w e l l - G a r n e t t  t h e o r y .
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I t  h a s ,  ho w ev e r ,  b e e n  e x t e n d e d  t o  a more c o m p re h en s iv e  form
70 71by David and S ch o p p e r  . They assumed t h a t  t h e  p a r t i c l e s

were more e l l i p s o i d a l  t h a n  s p h e r i c a l ,  and t h a t  t h e

e l l i p s o i d s  were f i g u r e s  o f  r o t a t i o n  w i t h  th e  u n iq u e  a x i s

p e r p e n d i c u l a r  t o  th e  c o n d e n s in g  s u r f a c e .  Then i f  th e

f i l m  c o u l d  be r e p r e s e n t e d  by  a s u b s t a n c e  o f  d i e l e c t r i c

c o n s t a n t  , i n  a medium o f  d i e l e c t r i c  c o n s t a n t ,  , and 
7PMadelung^ s e l l i p s o i d a l  c o o r d i n a t e s  w ere  u s e d  I n  which 

( x , y , z )  a r e  r e p l a c e d  by  (;p, ) ,  where

x = a ( j i  + l ) ^ ( l - >  ) ® c o s  

y = ( 1  -  s i n  ^  ( 7 . 7 )

z = a p.

t h e n  I t  f o l l o w s  t h a t  f o r  t h i s  s y s tem  p  = a c o n s t a n t  d e f i n e s

t h e  e l l i p s o i d a l  s u r f a c e ,  "̂"e c o n s i d e r  such  a s u r f a c e  and

l e t  t h e  axes be a ,  b and b .  Then

. (7.3)
= a(;iQ " + 1)®

where a I s  a c o n s t a n t  land u  = p. d e f i n e s  t h e  s u r f a c e  o fo
t h e  e l l i p s o i d .

The e l l i p s o i d  i s  t h e n  c o n s i d e r e d  to  be p l a c e d  i n  

an e l e c t r i c  f i e l d  o f  v a l u e  u n i t y  i n  t h e  x  d i r e c t i o n .  The 

s o l u t i o n  o f  t h e  L a p l a c e i a n  e q u a t i o n  f o r  t h e  p o t e n t i a l
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w ith in  the p a r t i c l e  i s

=  «  X +• -  t a n " ^  ) i j u  +

and , p  ̂ ( 7 . 9 )
o u ts id e  = -  x + Cx^- -  tan" p. -  p / (  1 + p ) ;

where C i s  a co n sta n t dependent on the shape o f  the e l l i p s o i d .

At the boundary the d isp la cem en ts  must be eq u al  

acro ss  the boundary. I . e .

-.'e ■

On s u b s t i t u t io n  fo r  0 ,  one o b ta in s  th e  f o m

ea
+ C ^ ( - 5 - t a n " b - m / ( 1 + M ^ )  + C x ( - « ^ t a n  L  -  ^  ( -  g ) ) |

( 7 .1 1 )

but —  = — ^  ^  t e n " V  =  2  ̂ f  ~2bp l+;i^  l+ / i  (l+jui^)

and as the e q u a l i t y  i s  at th e  boundary p = p .
o

Thus, on s u b s t i t u t io n  in to  eq u a tio n  ( 7 . 1 1 )  we



1 1 4

o b t a i n

Thus 2 \
^ 0 ^ 1 + ^ o  )

C = —--------------  ,   ( 7 . 1 3 )
{ ( t ^  -  G j f  + 2

r e  f  =  i P g d  +  P q ^ )  f  -f -  t s n " ^  - ) i y ( l  +  ; i ^ ^ ) j  .

But t h e  p a r t  o f  0 ^  w h ich  i s  d i s t u r b e d  by th e  

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

t o  t h e  l i m i t

C x [ |  -  t a n “ V  -  p / ( l + p ^ ) ] - ^  Cx;a2(2/3) C a ^ 2 x / ( 3 r ^ )

( 7 . 1 4 )

where r = â (jn̂  - + 1),

T h is  i s  t h e  p o t e n t i a l  o f  a d i p o l e  o f  s t r e n g t h
CP

Ca ( 2/ 3 ) .  From t h e  r e l a t i o n s h i p  D = E + 4oi P , we c a n  see  

t h a t  th e  c o r r e s p o n d i n g  d i s p l a c e m e n t  m i l  be

D = 4% C a ^ e y  2 / 3 )  ( 7 . 1 5 )

But t h e  t o t a l  e l e c t r i c  p o l a r i s a t i o n  o f  a t h i n
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l a y e r  i s  g iv e n  by

p.Vs = (Ej_ -  Eg_)e^^.EVs ( 7 . 1 6 )

where Vs i s  t h e  volume p e r  u n i t  a r e a  o f  s u r f a c e  o f  th e  l a y e r  

I f  t h e  l a y e r  i s  made up o f  a number o f  d r o p l e t s ,  e a c h  

c o n t r i b u t i n g  t o  t h e  p o l a r i s a t i o n ,  t h e  t o t a l  p o l a r i s a t i o n  

from e a c h  d r o p l e t  i s  g i v e n  by

Pa = ( 7 .1 7 )

where V i s  t h e  t o t a l  volume o f  t h e  d r o p l e t s ,  and D i s  
k

th e  d i s p l a c e m e n t  p e r  u n i t  volume o f  t h e  f i l m  m a t e r i a l *

I f  N i s  th e  number of  d r o p l e t s  p e r  u n i t  a r e a  t h e  t o t a l  

d i s p l a c e m e n t  i s

N .p  = D.N.V, e E = D.d  s E ( 7 . 1 8 )a, K o w o

th e  w e ig h t  t h i c k n e s s ,  b e i n g  g iv e n  by th e  p r o d u c t ,  N.V^.

Here we a r e  assum ing  t h a t  th e  sh ap e  o f  th e  d r o p l e t s  i s  

c o n s t a n t ,  t h e n  i t  f o l l o w s  t h a t

( S i  _ e J a ^ E . V g  = D .d ^ .a ^ E  ( 7 . 1 9 )

and t h u s  D = ( -  6^) . d^/d^^^ ( 7 .2 0 )

E q u a t i n g  e q u a t i o n s  ( 7 . 1 5 )  and ( 7 . 2 0 ) ,  we o b t a i n  

t h e  d i s p l a c e m e n t  r e l a t i v e  t o  volume t o  be

4 (  0^ _ e p  %  j  Ga^ ( 8 ^ 3 )  _
-iJi-lr - —  V ' ^ ̂ JL J

A v  Av
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b u t  t h e  volume o f  an e l l i p s o i d  i n  t h e s e  c o o r d i n a t e s  i s

A Y  = ab^ 7i/S = . 4 / 3  ( 7 . 2 2 )

Thus i t  f o l l o w s  t h a t

C = -i-p ( 1+p 2 ) .  A  5 I f L L l s l  . Î 2  I ( 7 . 2 3 )

T h e r e f o r e ,  e q u a t i n g  e q u a t i o n s  ( 7 . 1 3 )  and ( 7 . 2 3 )

I f  t h e  sys tem  i s  c o n s i d e r e d  t o  be r e p r e s e n t i n g  

a m e ta l  o f  r e f r a c t i v e  i n d e x  ( n  -  i k )  i n  a i r ,  t h e n  th e  

above e q u a t i o n  r e s o l v e s  t o  g iv e

d 1 ( n - i k ) ^ - l
-  1) 3 ^ ]  .

w h ich  i s  t h e  fo rm  S ch op per  u s e d .

F or  t h e  f i l m s  exam ined  th e  volume i s  o n ly  ch a n g in g  

by v i r t u e  o f  th e  ch a n g e  i n  t h i c k n e s s  o f  t h e  f i l m .  Change 

w i t h  r e s p e c t  to  volume A V can  t h e n  be r e p l a c e d  by  t h e  

change r e l a t i v e  t o  t h i c k n e s s  A t .  Thus th e  r i g h t  hand  

s i d e  o f  th e  e q u a t i o n  s h o u ld  d e s c r i b e  t h e  changes, i n  

r e f r a c t i v e  i n d e x  t o  be e x p e c t e d  ^"dth v a r y i n g  t h i c k n e s s .

The q u a n t i t y  f  r e p r e s e n t s  a  f u n c t i o n  o f  t h e  a x i a l  r a t i o  o f
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t h e  e l l i p s o i d a l  p a r t i c l e s ,  and i s  i n d i c a t i v e  o f  t h e  sh ape  

o f  the  p a r t i c l e s .  The fo rm  o f  t h e  f u n c t i o n  i s  g i v e n  i n  

F i g .  47 ,  where i t  c a n  be s e e n  t h a t  f o r  b%^ a, f  t e n d s  t o  

z e ro  and b u l k  v a l u e s  a r e  o b t a i n e d .  F o r  f  a b o u t  0 . 3  t h e  

a x i a l  r a t i o  i s  u n i t y  and th e  p a r t i c l e s  become s p h e r i c a l .

S c h o p p e r ,  ho w eve r ,  c o n s i d e r e d  t h a t  th e  p a r t i c l e s  

i n  a f i l m  were  n o t  a l l  t h e  same s h a p e ,  b u t  d i s t r i b u t e d  

about  a me an v a l u e  i n  a G a u s s i a n  f a s h i o n .  Assuming th e  

mean v a l u e  o f  f  t o  be f  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  t h e n

and C i n  e q u a t i o n  ( 7 . 9 )  i s  r e p l a c e d  by  a mean v a l u e  C 

where
( n ^ i k )  -  1

J C . g ( f )  d f
-------------  ( 7 . 2 6 )I6 ( f )  d f

T h is  fo rm  o f  t h e  e q u a t i o n  was a p p l i e d  by S ch o p p e r  

t o  t h e  c h a n g e s  i n  r e f r a c t i v e  i n d i c e s  o f  g o ld  f i l m s  w i t h  

t h i c k n e s s ,  w i t h  some s u c c e s s .  He e l i m i n a t e d  th e  p r o b le m  

o f  c o r r e l a t i n g  t h e  f  f u n c t i o n  and t h e  t h i c k n e s s  by 

c o n s i d e r i n g  t h a t  as  f  was a f u n c t i o n  o f  t h e  s i z e  o f  t h e  

p a r t i c l e s ,  i t  c o u l d  be u s e d  t o  r e p l a c e  t h e  t h i c k n e s s  f u n c t i o n



I 1

0 . 2

A xia l Pu'itio b /a

F i r . 2 7 . Grarih o f  the fu t ic t io n  ’ f '  a g a in s t  a>;i£i,l r a t i o  
o f  e l l i p s o i d a l  p a r t i c l e s .
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Graphs w ere  c o n s t r u c t e d  o f  t h e  r e a l  and i m a g i n a r y  p a r t s  o f  

"C as f u n c t i o n s  o f  f .  The e x p e r i m e n t a l l y  d e t e r m i n e d  p o i n t s  

were t h e n  f i t t e d  t o  t h e  g r a p h  o f  t h e  r e a l  f u n c t i o n  

I r r e s p e c t i v e  o f  th e  t h l c l o a e s s  o f  t h e  s p e c im e n s .  I t  was 

fo u n d  t h a t  f  d e c r e a s e d  ^'^dth I n c r e a s i n g  t h l c l m e s s .  The 

g r a p h  gave f o r  each  o f  t h e  e x p e r i m e n t a l  p o i n t s  an f  v a l u e .  

Onto t h e  g r a p h  o f  t h e  i m a g i n a r y  f u n c t i o n  were t h e n  p l o t t e d  

t h e  c o r r e s p o n d i n g  e x p e r i m e n t a l  p o i n t s ,  u s i n g  t h e  f  v a l u e s  

a l r e a d y  o b t a i n e d .  The a g re e m e n t  bet^^’-een t h e s e  p o i n t s  and 

t h e  t h e o r e t i c a l  c u r v e  was t a k e n  as showing  t h a t  t h e  f u n c t i o n  

d e s c r i b e d  t h e  ch a n g es  I n  r e f r a c t i v e  I n d i c e s  o f  t h e  g o ld  

f l1 m s  c

( d ) The W o l t e r  R e l a t i o n s h i p

A l th o u g h  In h o m o g e n l ty  c a n  be  d e s c r i b e d  I n  a

q u a l i t a t i v e  way I t  i s  v e r y  d i f f i c u l t  t o  e x p r e s s  e i t h e r  t h e

d e g r e e  o f  i n h o m o g e n e i t y  I n  d e t a i l  o r  t o  m e a su re  c h a n g e s  I n

t h e  f u n c t i o n .  The m ost  commonly u s e d  means o f  m e a s u r in g
73

t h e  q u a n t i t y  I s  t h a t  due t o  ^ ^ o l te r  , c a l l e d  t h e  ' l o i t e r  

r e l a t i o n s h i p .  I t  was sho^^n t h a t  f o r  an a b s o r b i n g  f i l m  

l y i n g  I n  a i r  on a s u b s t r a t e  o f  r e f r a c t i v e  i n d e x  n^ ,  t h e  

a b s o r p t i o n  o f  l i g h t  p a s s i n g  f rom  th e  a i r  s i d e  (A) c o u l d  

be r e l a t e d  to  t h a t  I n  t h e  o p p o s in g  d i r e c t i o n  (A O  i f  t h e  

f i l m  was hom ogeneous .  The r e l a t i o n s h i p  s u g g e s t e d  was

n  A = A* ( 7 . 2 7 )
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T h is  o n l y  h o l d s  v h e r e  t h e  t r a n s m i s s i o n  i s  m e a s u r a b l e ,  t h a t  

i s ,  Inhere t h e  t h i c k n e s s  o f  t h e  f i l m  i s  v e r y  s m a l l  com pared  

t o  t h e  w a v e le n g th  o f  t h e  i n c i d e n t  l i g h t ,

The a b s o r p t i o n s  o f  t h e  f i l m s  ca n  be d e t e r m i n e d  

d i r e c t l y  from  m easu rem en ts  o f  t h e  r e f l e c t i v i t i e s  and 

t r a n s m i s s i o n s .  I f  th e  r e f l e c t i v i t i e s  o f  t h e  f i l m  on  t h e  

a i r  and s u b s t r a t e  s i d e s  a r e  r e s p e c t i v e l y  R and R*, and t h e  

t r a n s m i s s i o n  o f  t h e  f i l m  i s  T, th e n

A = 1 -  R -  T and A» = 1 -  fc» -  T

( 7 . 2 3 )

The r e l a t i o n s h i p  o n l y  h o l d s  a c c u r a t e l y  f o r  v e r y  t h i n
74

homogeneous f i l m s

( e ) R e f l e c t i v i t y  M easu rem en ts

R e f l e c t i v i t y  m easu rem en ts  were  made on t̂ "̂ o 

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

r e f l e c t i v i t y  a t  an an g le  o f  i n c i d e n c e  o f  45^ ,  u s i n g

m e rc u ry  g r e e n  f i l t e r s  i n  c o n j u n c t i o n  ’̂d . t h  w h i t e  l i g h t  

s o u r c e s ,  and t h e  o t h e r  i n c o r p o r a t e d  a m onochrom ator  and 

p h o t o m u l t i p l i e r  t u b e . The f o r m e r  was c o n s t r u c t e d  u s i n g  

a l o n g  o p t i c a l  b e n c h  and a Brodhun-hummer p h o to m e te r*  A 

d ia g ra m  o f  t h e  a p p a r a t u s  i s  g i v e n  i n  P ig*  48 .  As th e  

r e f l e c t i n g  f i l m s  h a d  b e e n  e v a p o r a t e d  o n to  3 ” x  1 ” m i c r o 

scope  s l i d e s  a s l i d e  h o l d e r  was c o n s t r u c t e d  as sho-^^n.



%
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P ig ,43 . F ix ed  W avelength R efl e ctome ter*
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T h is  h e l d  th e  s l i d e s  7 , 4  crn, a p a r t  and p a r a l l e l  a t  an 

a n g le  o f  45^ t o  th e  m a in  a x i s  o f  th e  b e n c h .  One o f  t h e  

r e f l e c t i n g  f i l m s  was m ounted  l e v e l  ^^dth t h e  p h o to m e te r  

-""dndo^":, and t h e  s o u rc e ^  was d i s p l a c e d  i n  th e  same

d i r e c t i o n  as t h e  o t h e r  m i r r o r ,  and by  t h e  same d i s t a n c e .

Then when t h e  r e f l e c t i v i t i e s  o f  t h e  m i r r o r s  a r e  and R^, 

and d l  i s  t h e  h o r i z o n t a l  p o s i t i o n  o f  t h e  s o u r c e  S
o 2

S ^ /d ^  = R ^ ( S g / d '^ )  ( 7 . 2 7 )

w h e re ,  i f  d^  was t h e  d i s p l a c e m e n t  o f  th e  m i r r o r s  and th e  

s o u rc e

d '  = d '  + d '  and = (R, x  R„)o m 1 2

I f  t h e  m i r r o r s  be removed and r e s e t  t o  i t s  

o r i g i n a l  p o s i t i o n  on t h e  o p t i c a l  a x i s ,  and t h e  s o u r c e ,  S^, 

k e p t  i n  th e  same p o s i t i o n ,  t h e n  on r e s e t t i n g  t h e  p h o to m e te r  

t h e  new p o s i t i o n  of  3^ w i l l  be d ’  ̂ , ""’■here

3^/d .^  = 8 g / d ' d

thu3  R^ = d ' ^ / d ' ( 7 . 30)

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

t h e  same c o n d i t i o n s ,  t h e n  R^ w i l l  e q u a l  R^, t h a t  i s ,  t h e y  

r d l l  b o t h  be e q u a l  t o  R . T hus ,  f o r  t h i s  p a r t i c u l a r  c a s e

R = d V d '  ' ( 7 . 3 1 )
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T h is  fo rm  o f  r e f l e c t o m e t e r  was fo u n d  v e r y  c o n v e n ie n t  

f o r  m e a s u r in g  t h e  r e f l e c t i v i t i e s  o f  a number o f  f i l m s  as  t h e y  

ag ed ,  and was u s e d  f o r  t h i s  p u r p o s e .

The o t h e r  r e f l e c t o m e t e r  was c o n s t r u c t e d  i n  o r d e r  

t o  m easu re  t h e  r e f l e c t i v i t y  c o e f f i c i e n t s  o f  e v a p o r a t e d  

f i l m s  o v e r  t h e  c o m p le te  v i s i b l e  s p e c t r u m .  A h i g h l y  

s t a b i l i s e d  p h o t o m u l t i p l i e r  c e l l  was u s e d  as t h e  m e a s u r in g  

d e v i c e .  T h is  c o u l d  be m ounted  i n  e i t h e r  o f  two p o s i t i o n s  

i n s i d e  a l i g h t  t i g h t  b o x .  One p o s i t i o n  was u s e d  f o r  

m e a s u r in g  t h e  t r a n s m i s s i o n s  o f  t h e  f i l m s ,  and th e  o t h e r  

f o r  r e f l e c t i v i t i e s  a t  an a n g le  o f  7*̂  t o  t h e  n o rm a l .

The d e s i g n  o f  t h e  m onochrom ator  i s  g i v e n  i n  

P i g .  49 .  L i g h t  from  th e  f i l a m e n t  s t r i p  s o u r c e  3 was 

f o c u s s e d  t o  g iv e  an image o f  t h e  f i l a m e n t  a lo n g  t h e  s l i t  

T. The p r i s m ,  p,  m oun ted  on t h e  s i d e  o f  t h e  body t u b e , 

was u s e d  t o  r e f l e c t  t h e  l i g h t  f rom  T t h r o u g h  t h e  l e n s ,  L^, 

o n to  th e  p r i s m  P. As t h e  s l i t  T was i n  t h e  f o c a l  p l a n e  

o f  L^, a p a r a l l e l  beam of l i g h t  was t h u s  o b t a i n e d .  The 

p r i s m ,  P, was s e t  so as  t o  g iv e  minimum d e v i a t i o n  o f  t h e  

beam, w h ich  w ou ld  t h e n  have g i v e n  a s p e c t r u m  band  a t  

i n f i n i t y ,  b u t  f o r  t h e  m i r r o r  M, T h i s  m i r r o r  r e f l e c t e d  

t h e  l i g h t  b ac k  t h r o u g h  th e  p r i s m  and f o c u s s e d  th e  d o u b ly  

d i s p e r s e d  s p e c t r u m  on  th e  f o c a l  p l a n e  o f  L^.  The s l i t  

T̂  mount ed i n  t h i s  p l a n e  t h e n  s e l e c t e d  t h e  p a s s - b a n d  o f
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t h e  I n s t r u m e n t ,  as T* was a l s o  m ounted  i n  t h e  f o c a l  p l a n e  

o f  t h e  l e n s ,  L^, a p a r a l l e l ,  sem i-m o n o ch ro m at ic  beam was 

o b t a i n e d .  The w a v e l e n g t h  o f  th e  p a s s - b a n d  c o u ld  be a l t e r e d  

by  s m n g i n g  t h e  p r i s m ,  P, and t h e  m i r r o r ,  M, abou t  th e  a x i s  

a t  0 .  A c a l i b r a t e d  drum and r e v o l u t i o n  c o u n t e r  were 

mounted  on t h e  body t o  m easu re  th e  p o s i t i o n  o f  t h e  si^dnging 

arm.

The m onochrom ato r  was c a l i b r a t e d  a g a i n s t  a 

s t a n d a r d  s p e c t r o s c o p e ,  and th e  c a l i b r a t i o n  and p a s s - band  

w id th  g r a p h  i s  g i v e n  i n  F i g .  5 0 ,  The i n s t r u m e n t  was 

r i g i d l y  m oun ted  o u t s i d e  t h e  l i g h t  t i g h t  b o x ,  and a l i g h t  

s e a l  was i n t e r p o s e d .  The i n t e n s i t y  o f  t h e  i n c i d e n t  beam 

was m e a s u re d  d i r e c t l y  on a g a l v a n o m e t e r ,  ""dthout t h e  

sp ec im en  and as th e  c h a r a c t e r i s t i c s  o f  t h e  s y s t e m  were  

fo u n d  t o  be l i n e a r  t h e  t r a n s m i s s i o n  end r e f l e c t i v i t i e s  

""’■ere fo u n d  by  d i r e c t  r a t i o  o f  t h e  c o r r e s p o n d i n g  r e a d i n g s .

I n  f r o n t  o f  th e  m e a s u r in g  c e l l  a g rou nd  g l a s s  s c r e e n  and 

n a r ro w  s l i t  w ere  f i t t e d  to  r e d u c e  t h e  e f f e c t  o f  s c a t t e r e d  

l i g h t .

^"Tien t h e  r e f l e c t i v i t i e s  and t r a n s m i s s i o n s  of  

t h e  t h i n n e r  chromium s l i d e s  w ere  b e i n g  m e a s u re d  i t  was 

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

c o n d e n s in g  p l a t e ,  and r e f l e c t i o n s  a t  t h e  m e t a l  g l a s s  

i n t e r f a c e .  I f  t h e  m easu red  r e f l e c t i v i t i e s  w ere  t a k e n
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as R and R* f o r  r e f l e c t i o n  from t h e  f i l m  s i d e  and from  
o o

t h e  g l a s s  s i d e ,  r e s p e c t i v e l y ,  and t h e  t r a n s m i s s i o n  o f  t h e

co m p le te  s y s te m  T , t h e n  i t  can  be s e e n ,  ^^^here t h e
o

a b s o l u t e  v a l u e s  a r e  R, R* and T t h a t ,  from  P i g .  51a

R' = R + T^R' (1  + R R' + R ^ ' ^  + ........... ) ( 7 . 3 2 )
o g S S o

where t h e  r e f l e c t i v i t y  o f  one s u r f a c e  o f  t h e  g l a s s  i s  R ,
S

and th e  t r a n s m i s s i o n  i s  T • I n  th e  c a s e  above we have
S

n e g l e c t e d  f u r t h e r  r e f l e c t i o n s  from th e  a i r  s i d e  o f  th e  

m e t a l  f i l m s .  T h is  i s  j u s t i f i e d  a s ,  f o r  t h e s e  r e f l e c t i o n s ,  

t h e  f i l m  h a s  t o  be t r a v e r s e d  t i^d ce ,  and f o r  such  f i l m s ,  

t h e  a b s o r p t i o n  i s  h i g h .

Thus m
T ^  R !

R* = R + ----- §------- ( 7 . 3 3 )
°  ® 1 -  R R'

and b y  s i m p l i f y i n g  f o r  R*

Rg -  K
R t  -  ^ -  ( 7 . 3 4 )

R^ _ T -  R’ R 
S g O S

R' -  R
 2 S  s i n c e  R + T = 1 ( 7 . 3 5 )
R R ' - R + T  S S

S o  g g
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Fig.pl* Calculation of Correction Factors fo r  Multiple

Reflections within the Condensing P late .
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Prom F i g s .  51b and 51c i n  a s i m i l a r  m anner i t  can  be s e e n  

t h a t

R = R — o

( 7 .5 6  )

Y. ĥen th e  t r a n s m i s s i o n s  o f  t h e  f i l m s  a r e  low ,

R = R and T = T , b u t  a c o r r e c t i o n  f a c t o r  h a s  s t i l l  t o  o o '
be a p p l i e d  f o r  t h e  r e f l e c t i o n  c o e f f i c i e n t  R’ .
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CHAPTER 8 

OPTICAL PROPERTIES OF BULK CHROMUM

( a) I n t r o d u c t i  on

Some e x p e r i m e n t a l  work h a s  a l r e a d y  b e e n  u n d e r t a k e n

on t h e  m easu rem en t  o f  t h e  r e f l e c t i o n  and t r a n s m i s s i o n
75 ,76

c o e f f i c i e n t s  o f  e v a p o r a t e d  f i l m s  o f  chromium , and
76s p u t t e r e d  f i l m s  o f  chromium . The e a r l i e r  i n v e s t i g a t o r s  

were h o p in g  t o  m e a s u re  t h e  r e f r a c t i v e  i n d e x  o f  b u l k  chromium 

by  m e a s u r i n g  t h e  o p t i c a l  c o n s t a n t s  o f  v e r y  t h i c k  f i l m s  o f  

t h e  m e ta lo  The r e s u l t s  t h a t  were  o b t a i n e d  were v e r y  

v a r i e d  and d i d  n o t  compare w i t h  t h e  p u b l i s h e d  r e s u l t s  f o r  

t h e  b u l k  m e t  a lp  These l a t t e r ,  h o w ev e r ,  when m e a su re d  by 

d i f f e r e n t  o b s e r v e r s  sho^ '̂-ed a l a r m in g  v a r i a t i o n s  (T a b le  IX)*

As i t  was i n t e n d e d  t o  m easu re  th e  s t r u c t u r e  o f  chromium 

f i l m s  by  means o f  an  o p t i c a l  i n v e s t i g a t i o n  i t  was f e l t  

n e c e s s a r y  t o  o b t a i n  th e  b u l k  r e f r a c t i v e  i n d e x  o f  t h e  m e t a l  

^"d.th a f a i r  a c c u ra c y *  Thus t h r e e  b u l k  m e t a l  spec im ens  

o f  t h e  p u r e s t  s a m p le s  a v a i l a b l e ,  and th e  t h i c k e s t  chromium 

f i l m  u s e d  i n  th e  o p t i c a l  i n v e s t i g a t i o n ,  were ex a m in ed .

I t  was o n l y  p o s s i b l e  t o  u se  t h i s  t h i c k e s t  sam ple  as 

r e f l e c t i o n  from  t h e  g l a s s  b a c k in g  p l a t e  would have  i n t e r 

f e r e d  ^"Ith t h e  m e a s u re m e n ts  o f  t h e  d e g r e e  o f  e l l i p t i c i t y *



TABLE IX

SIIivIMARY OF PXJBLISHED VALUES FOR THE 

OPTICAL CONSTANTS OF BULK AND EVAPORATED CHROMIUIVI

n k Wavelength Source

2 .9 7 4 .8 7 5790Â ^■Wortenburg^^

5 .5 3 4 .4 1 5460A P h y s i k a l i s c h
Chemische
T a b e l l e n

5 .2 8 4 .3 5 5460A
83

S enne t t  & S c o t t

2 .4 9 2 .5 0 + 5460Â 75Abeles

+ T h is  l a s t  spec im en  vras vacuum e v a p o r a t e d .
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( b ) Expe P im e n ta i

The e x p e r i m e n t a l  m easu rem en ts  on t h e  sp ec im ens

’’̂ ere made u s i n g  a m o d i f i c a t i o n  o f  Drude^s  m e thod  due to  
72T r o n s t a d  . I n  t h i s  a c o m p e n s a to r  was p l a c e d  i n  t h e  l i g h t  

beam b e f o r e  t h e  s p e c im e n  b u t  a f t e r  th e  p o l a r i s e r ,  g i v i n g  an 

i n c i d e n t  beam t h a t  was e l l i p t i c  a l l y  p o l a r i s e d .  The 

e l l i p t i c i t y  o f  t h e  beam c o u l d  be a d j u s t e d  t o  g iv e  p l a n e  

p o l a r i s e d  l i g h t  a f t e r  r e f l e c t i o n  a t  th e  sp ec im en  s u r f a c e .  

The co m p e n sa to r  u s e d  was a m ica  q u a r t e r - w a v e  p l a t e  w i t h  

i t s  p r i n c i p a l  a x i s  a t  7i/4 t o  t h e  p l a n e  o f  i n c i d e n c e ,  t h e  

e l l i p t i c i t y  was a d j u s t e d  by r o t a t i n g  t h e  p o l a r i s e r .  P la n e  

p o l a r i s e d  l i g h t  was d e t e c t e d  by o b t a i n i n g  an e x t i n c t i o n  

p o s i t i o n  f o r  t h e  a n a l y s e r .  I f  P and A be t h e  r e q u i r e d  

a n g l e s  o f  r o t a t i o n  o f  p o l a r i s e r  and a n a l y s e r  f rom  t h e  z e ro  

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

i t  c a n  be sho^^n t h a t  t h e  r e l a t i v e  p h ase  s h i f t  A  and t h e  

a n g le  "Y- b e tw e e n  t h e  e l e c t r i c  v e c t o r  o f  t h e  r e f l e c t e d  beam 

and t h e  p l a n e  o f  i n c i d e n c e  a r e  g i v e n  by  t h e  r e l a t i o n s h i p s

s i n  A  = cos  2P
(8 . 1 )

t a n  Y- = t a n  A

A d ia g ra m  o f  th e  a p p a r a t u s  i s  g iv e n  i n  F i g .  52 .  

T h is  i s  b a s e d  on T ro n s ta d ^  s p o l a r i s i n g  s p e c t r o s c o p e .  I n  

t h e  o r i g i n a l  i n s t r u m e n t  a h a l f  shade  d e v i c e  was u s e d  t o  

d e t e c t  t h e  p l a n e  o f  p o l a r i s a t i o n  o f  th e  r e f l e c t e d  beam;
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i n  o vr  eq u ip m en t  t h i s  ^ a s  n o t  used, b u t  i n s t e a d ,  t h e  n i c o l  

a n a l y s e r  r̂ âs a d j u s t e d  t o  g i v e ,  i n  c o n j u n c t i o n  w i t h  t h e  

p o l a r i s e r ,  an e x t i n c t i o n  p o s i t i o n .  T h is  u n d o u b t e d l y  

r e d u c e s  t h e  a c c u r a c y  o f  th e  m ethod ,  p a r t i c u l a r l y  f o r  t h e  

h i g h e r  a n g l e s  o f  i n c i d e n c e ,  b u t  i t  was fo u n d  t o  be c o n v e n i e n t ,

A h i g h  p r e s s u r e  m e rc u ry  lamp was u s e d  as th e  

s o u r c e ,  S ,  ^«dth a m e r c u r y  g r e e n  f i l t e r  t o  o b t a i n  t h e  5461A 

l i n e .  A d i f f u s i n g  s c r e e n  and a p e r t u r e  were m oun ted  i n  

f r o n t  o f  t h e  lamp a t  t h e  f o c a l  d i s t a n c e  o f  t h e  l e n s ,  L , 

from t h e  l e n s .  T h i s  gave  a p a r a l l e l  beam o f  m o no ch rom at ic  

l i g h t ;  a s e c o n d  a p e r t u r e  was i n t r o d u c e d  i n t o  th e  beam j u s t  

b e f o r e  t h e  P o l a r o i d  p o l a r i s e r  t o  r e d u c e  th e  s c a t t e r e d  

l i g h t .  The p o l a r o i d  s h e e t  was m ounted  i n  a l a r g e  b a l l  

r a c e ,  c a r r y i n g  a 360^ s c a l e .  A f t e r  th e  p o l a r i s e r  a 

q u a r t e r - w a v e  p l a t e  was i n s e r t e d  w i t h  i t s  p r i n c i p a l  

d i r e c t i o n s  a t  45° t o  t h e  p la n e  o f  i n c i d e n c e  o f  t h e  s p e c im e n .

A n i c o l  p r i s m  was u s e d  as th e  a n a l y s e r ,  b e i n g  m oun ted  i n  a 

90°  -  0 -  90^ s c a l e  w i t h  a v e r n i e r  a t t a c h m e n t .

T hree  s a m p le s  o f  b u l k  chromium were  i n v e s t i g a t e d  

and r e p r e s e n t e d  t h e  p u r e s t  spec im en  a v a i l a b l e ,  A v i s u a l  

s p e c t r o g r a p h i c  c o m p a r i s o n  o f  t h e i r  p u r i t y  w i t h  a sam ple  o f  

known p u r i t y  i s  g i v e n  i n  T a b le  X. The f o u r t h  sample 

l i s t e d  i n  t h a t  t a b l e  was t h a t  o f  t h e  chromium c h i p s  u s e d  

f o r  t h e  e v a p o r a t i o n  o f  a vacuum p r e p a r e d  sp e c im e n .  The



T ^ L S  X

PURITY OF CHROraUM SPECIMENS

I m p u r i t y No. 1 No, 2 No. 3 No. 4 S t a n d a r d

I r o n 4 1 2 3 1 (2ppm)

S i l i c o n 6 1 5 4 1 (Ippm)

Copper 2 2 4 5 1 (Ippm)

Mang anese 2 1 4 3 1 (Ippm)

M agne s ium 1 1 1 1 1 (Ippm)

S u D p l i e r s  o f  M e ta l  S am p les :

No • 1 . U nion  C a rb id e  Co. Americ a

No. 2o AireCO M eta l  C orpn , Germany

N 0. 3. Henry  W igg in  & C o .L td , Birm ingham , E n g la n d .

No • 4 . H opkin  & 111 ains • E s s e x ,  E n g l a n d .
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i m p u r i t i e s  o f  th e  s t a n d a r d  a r e  l i s t e d  i n  p a r t s  pe r  m i l l i o n .  

The s p e c t r o g r a p h i c  c o m p a r is o n  i s  o n l y  q u a l i t a t i v e ,  i . e .  

where an i m p u r i t y  i s  l i s t e d  as tw ic e  t h a t  i n  t h e  s t a n d a r d  

i t  means t h a t  i t  i s  p r e s e n t  t o  a g r e a t e r  e x t e n t ,  b u t  n o t  

n e c e s s a r i l y  e x a c t l y  d o u b l e .  The b u lk  m e t a l  spec im ens  were 

p o l i s h e d  t o  g iv e  a s u r f a c e  a r e a  o f  abou t  two c e n t i m e t r e s  

s q u a r e ,  b u t  a s l i g h t  g r a i n i n e s s  was l e f t  on t h e  s u r f a c e  

due t o  th e  d i f f i c u l t y  o f  p o l i s h i n g  such  a h a r d  and b r i t t l e  

m e ta l  as chromium.

The e v a p o r a t e d  spec im en  was p r e p a r e d  u n d e r  

e x a c t l y  th e  same c o n d i t i o n s  as th e  a d h e s io n  t e s t e d  s a m p le s .  

T h is  p a r t i c u l a r  sp ec im en  was e v a p o r a t e d  a t  a r a t e  o f  

lO A /s e c .  i n  a vacuum o f  4.10'"'^ mrri.Hg. and th e  t h i c k n e s s  o f  

th e  sp ec im en  by w e ig h t  was 537A.

( c ) R e s u l t s  o f  O p t i c a l  M easurem ents

Table  XI shows t h e  v a l u e s  o b t a i n e d  f o r  t h e  

a n g le s  and A  f o r  th e  sp e c im e n s .  I t  c an be s e e n  t h a t  

t h e r e  i s  no c o n s t a n t  d e v i a t i o n s  from  a mean v a lu e  f o r  

any o f  t h e  b u lk  m e t a l  s u r f a c e s .  The r e l a t i v e l y  l a r g e r  

s c a t t e r  o f  r e s u l t s  f o r  th e  h i g h e r  a n g le s  o f  i n c i d e n c e  were 

due m a in ly  t o  t h e  d i f f i c u l t y  o f  o b t a i n i n g  s h a r p  e x t i n c t i o n  

s e t t i n g s  a t  t h o s e  v a l u e s  o f  For t h i s  r e a s o n  th e  v a l u e s

o b t a i n e d  f o r  t h e s e  h i g h  an g le  v a l u e s  are  t r e a t e d  ^^ith



TÆBLE XI

BXPERItlENTAL VmTES OBTAIl'IED FOR THE AITOLES X  SMD^ 

POR THE RANGE OP SPECIMENS

Angle of  
I n c i d e n c e V a lu e s  o f  "X-

Mean o f  Bulk
Ho. 1 No • 2 No e 3 Nos, 1 ,  2& 3 No. 4

30° 4 3 .2 ° 4 3 .5 ° 4 3 .1 3 ° 4 3 .2 ° 4 2 .0 °
35° 4 2 .4 ° 4 2 ,5 ° 4 2 .3 ° 4 2 .4 ° 4 0 ,9 °
40° 4 1 .3 ° 4 1 .4 ° 4 1 .6 5 ° 4 1 .5 ° 3 9 .1 7 °
45° 4 0 .4 ° 4 0 . 5 ° 4 0 .2 ° 4 0 .4 ° 3 8 .2 °
50° 3 9 .1 ° 3 9 .2 5 ° 3 8 .6 ° 3 9 ,2 ° 3 6 .6 9 °
55° 3 7 .3 ° 3 7 ,3 ° 3 7 .2 ° 3 7 ,3 ° 3 4 ,6 5 °
60° 3 5 .5 ° 3 4 .8 ° 3 5 .9 ° 3 5 .5 ° 3 2 .2 2 °

V a lu e s  o f

30° 1 7 1 .8 1 7 1 .0 ° 1 7 2 .0 ° 1 7 1 .7 1 7 2 .4 °
35° 1 6 9 .1 ° 1 6 8 .1 ° 1 6 9 .1 ° 1 6 8 .8 ° 1 6 9 .5 °
40° 1 6 5 .6 ° 1 6 5 .1 ° 1 6 4 .0 ° 1 6 5 .1 ° 1 6 5 .8 °
45° 1 6 2 .6 1 6 0 .9 ° 1 6 0 .4 ° 1 6 1 .3 ° 1 6 1 .3 °
50° 1 5 8 .8 ° 1 5 6 .0 ° 1 5 6 .0 ° 1 5 6 .5 ° 1 5 6 .0 °
55° 1 5 2 .7 ° 1 5 1 .0 ° 1 5 0 .7 ° 1 5 1 .5 ° 1 4 8 .7 °
50° 1 4 6 .0 ° 1 4 3 .8 ° 1 4 2 .0 ° 1 4 3 .8 ° 1 4 1 .0 °
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ca u ü io n o  Complete  ag reem en t  was n o t  o b t a i n e d  b e tw e e n

t h e  e v a p o r a t e d  sp ec im en  and th e  o t h e r s  b u t  t h i s  was n o t

u n e x p e c t e d  as t h e  o p t i c a l  c o n s t a n t s  o f  t h i n  f i l m s  u s u a l l y
78d i f f e r  f rom  t h o s e  o f  t h e  b u l k  m a t e r i a l  • The h i g h  ang le  

s e t t i n g s  f o r  the  e v a p o r a t e d  sp ec im en  were much e a s i e r  to  

o b t a i n  as th e  s u r f a c e  o f  the  sam ple  was much s m o o th e r  t h a n  

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

o b t a i n i n g  s h a r p  s e t t i n g s  *

The v a l u e s  o f  t h e  c o n s t a n t s  n  and k assum ing  a

s im p le  m e t a l / a i r  i n t e r f a c e  w ere  c a l c u l a t e d  from e q u a t i o n s  

( 7 . 1 )  and ( 7 . 2 ) ,  and a r e  l i s t e d  i n  T ab le  X I I .  The t^âde 

r a n g e  o f  t h e s e  v a l u e s  was n o t  e x p e c t e d  from  t h e  t h e o r y  

o f  a s im p le  r e f l e c t o r .  I f  chromium d o es  n o t  r e f l e c t  

s im p ly  i n  t h i s  way,  t h e n  t h e  wrong t h e o r y  h a s  b e e n  a p p l i e d .  

However, no a l lo w s j ic e s  were made i n  t h e  e a r l i e r  p u b l i s h e d  

work f o r  t h e  p r e s e n c e  o f  any fo rm  o f  s u r f a c e  f i l m .  As 

t h e  p u b l i s h e d  r e s u l t s  do n o t  a p p e a r  t o  be c o n s i  s t e n t , o t t  

T ab le  X, and as t h e  s u r f a c e  o f  th e  e v a p o r a t e d  f i l m  h a d  

r e c e i v e d  no p o l i s h i n g  o r  a b r a d i n g ,  i t  a p p e a r e d  r e a s o n a b l e  

t h a t  t h e  d i s a g r e e m e n t s  were due t o  th e  p r e s e n c e  o f  a 

s u r f a c e ,  o r  p o l i s h ,  l a y e r .

I f  we I'd sh  t o  i n v e s t i g a t e  t h i s  l a y e r ,  h ow ev er ,  

we need  t o  o b t a i n  m easu rem en ts  on a p e r f e c t l y  p u r e  m e t a l l i c  

chromium s u r f a c e ,  i n  o r d e r  t o  m easu re  ^  and A  and to  

c a l c u l a t e  n and k .  T h i s ,  ho w ev er ,  was fo u n d  t o  be i m p o s s i b l e



TABLE X II

RESULTS OP CALCULATION OP REFRACTIVE INDICES

Angle o f Mean o f  B ulk Ev a p o r a t e d

I n c i d e n c e Mo t  a l V a l u e s Specimen V alues

n k n k

30° 1 .2 5 3 .4 0 2 .1 9 2 .7 6

35° 1 .4 5 3 .3 8 2 .1 7 2 .6 3

40° 1 .6 3 3 .3 5 2 .1 5 2 .5 6

45° 1 .7 8 3 .4 3 2 .1 2 2 .6 3

50° 1 .9 1 3 .5 0 2 .1 0 2 .8 5

55° 2 .0 1 3 .5 1 2 .1 5 3 .4 0

60° 2 .0 9 3 .5 2 2 .1 7 3 .97
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The d i f f i c u l t y  can o n ly  be r e s o l v e d  by p o s t u l a t i n g  f o r  

ch ro n iu m  a r a n g e  o f  n  and k .  Then f o r  e a c h  p a i r  o f  t h e s e  

from  e q u a t i o n s  ( 7 , 1 )  and ( 7 . 2 )  c a n  c a l c u l a t e  t h e  v a l u e s  

o f  X  and A  . The e x p e r i m e n t a l  m e a su re m e n ts  have  a l r e a d y  

f u r n i s h e d  u s  w i t h  v a l u e s  f o r  % and A . I n  t h i s  way n^ 

and L ca n  be c a l c u l a t e d  from  e q u a t i o n s  ( 7 . 3 )  and ( 7 . 4 )  f o r  

t h e  r a n g e  o f  a n g l e s  o f  i n c i d e n c e .  '^Tien a p a i r  o f  ( n , k )  

v a l u e s  had  b e e n  o b t a i n e d  t h a t  gave  c o n s t a n t  v a l u e s  f o r  n^  

and L f o r  a l l  ^  ^̂ ê w ould  h ave  o b t a i n e d  a t  t h e  same t im e  t h e

r e f r a c t i v e  i n d e x  o f  t h e  b u l k  m e t a l ,  ( n - i k ) ,  t h e  r e f r a c t i v e  

in d e x  o f  t h e  s u r f a c e  f i l m ,  and th e  t h i c k n e s s  o f  t h e

s u r f a c e  f i l m ,  L. T h is  c a l c u l a t i o n  was c a r r i e d  o u t  f o r  

t h e  e x p e r i m e n t a l  v a l u e s  a l r e a d y  o b t a i n e d .

The m ethod  ^̂ âs a t  f i r s t  c a l c u l a t e d  t h r o u g h  f o r  

t h e  e v a p o r a t e d  spec im en  as t h e  and ^  v a l u e s  o b t a i n e d  

^^rere more c r i t i c a l .  The c a l c u l a t i o n  was found  t o  be 

r a t h e r  l a b o r i o u s ,  and ,  a t  f i r s t ,  t h e  r e f r a c t i v e  i n d e x  o f  

t h e  s u r f a c e  1 a y e r  was c a l c u l a t e d  f o r  o n l y  f o u r  a n g le s  o f  

i n c i d e n c e ,  ( /  = 30^ ,  4 0 ° ,5 0 °  and 6 0 ° )  . As t h e  v a l u e s  f o r  

n^  became more c o n s t a n t  t h e y  vrere c a l c u l a t e d  f o r  e v e ry  

f i v e  d e g r e e s  o f  a n g le  o f  i n c i d e n c e ,  and u l t i m a t e l y ,  t h e  

v a l u e s  l i s t e d  i n  T a b le  X I I I  were o b t a i n e d .  The f i n a l l y  

a c c e p t a b l e  v a l u e s  f o r  t h i s  s p ec im en  were t a k e n '  as

N = 1 .1 8  - i O . 9 4 4  ; n^  = 2 .2 3 0  ; L = 5 0 A
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The f i n a l  s t a g e s  o f  t h e  above c a l c u l a t i o n  were 

r e p e a t e d  u s i n g  t h e  e x p e r i m e n t a l  r e s u l t s  o f  t h e  t h i r d  b u lk  

m e ta l  sp e c im e n ,  and f o r  t h i s  spec im en  t h e  v a l u e s  o b t a i n e d .  

Tab le  XIV, were

N = 1 .1 8  -  i l . 06 ; n^ = 2 .4 2  ; L = 50A

Some o f  t h e  e a r l i e r  r e s u l t s  a r e  l i s t e d  i n  T ab le  XV, and 

i t  can  be s e e n  t h a t  a l t h o u g h  t h e  r e f r a c t i v e  i n d e x  components  

s h o w  o n l y  s l i g h t  v a r i a t i o n  t h e  t h i c k n e s s  v a l u e s  a r e  e x t r e m e ly  

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

( d) P i  s e u s s i o n

The r e f r a c t i v e  in d e x  v a l u e  o b t a i n e d  f o r  t h e

s u r f a c e  f i l m  a g r e e s  f a i r l y  w e l l  t h  t h a t  o f  2 .5  l i s t e d  i n  t h e  
7Qt a b l e s  ^  as t h e  r e f r a c t i v e  i n d e x  o f  chromium o x i d e .  The 

s l i g h t l y  lo w e r  v a l u e  o b t a i n e d  f o r  t h e  e v a p o r a t e d  sp ec im en  

^^dll i n d u b i t a b l y  be due t o  th e  p r e s e n c e  o f  v o id s  w i t h i n  th e  

e v a p o r a t e d  f i l m .  Prom th e  r e s u l t  f o r  t h a t  spec im en  and 

t h e  l i s t e d  v a l u e ,  i t  would a p p e a r  t h a t  about  tw e lv e  p e r  c e n t  

by volume o f  th e  f i l m  i s  i n  t h e  form o f  v o i d s .  T h is  i s  

no t  u n r e a s o n a b l e  and h i g h e r  v a l u e s  have  b e e n  o b t a i n e d  i n
Q  Q

d i e l e c t r i c  f i l m s  . M e c h a n ic a l  p o l i s h i n g  does n o t  ap p e a r  

t o  have had  any p ro n o u n ced  e f f e c t s  upon the  n a t u r e  and 

t h i c k n e s s  o f  t h e  s u r f a c e  f i l m .  The t h i c k n e s s  o f  a b o u t  

50A o b t a i n e d  p r o b a b l y  r e p r e s e n t s  t h e  maximum v a l u e  f o r
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g ro '^ th  o f  th e  o x i d e  f i l m  a t  room t e m p e r a t u r e .  T h is  r e s u l t  

i s  i n  ag reem en t  ^ i t h  t h e  o x i d a t i o n  t h e o r i e s  o u t l i n e d  i n  

C h a p te r  3 .  The v a r i a t i o n  i n  t h i c k n e s s  o f  t h e  s u r f a c e  l a y e r  

f o r  d i f f e r e n t  v a l u e s  o f  t h e  a n g le  o f  i n c i d e n c e  a re  p r o b a b l y  

due t o  t h e  l a c k  o f  a c l e a r  c u t  m e t a l - m e t a l  o x id e  i n t e r f a c e .

A t r a n s i t i o n  r e g i o n  i s  n o r m a l l y  s e t  u p  a t  su ch  a b o u n d a ry  

and t h i s  ^^dll c e r t a i n l y  e f f e c t  t h e  s t a t e  o f  p o l a r i s a t i o n  

o f  a r e f l e c t e d  beam o f  l i g h t .  The more t h e  beam a p p r o a c h e s  

n o rm a l  i n c i d e n c e  t h e  l e s s  s h o u ld  be t h e  e f f e c t  o f  t h e  

t r a n s i t i o n  r e g i o n .
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CHAPTER 9

OPTICAL PROPERTIES OF EVAPORATED CHROMIUIVI FILMS

( a) I n t r o d u c t i o n

35— 7E l e c t r o n  m ic r o s c o p e  and e l e c t r o n  d i f f r a c t i o n  

i n v e s t i g a t i o n s  have  sho^^^n t h a t  t h e  s t r u c t u r e  o f  t h i n  f i l m s  

c a n n o t  be  c o n s i d e r e d  t o  be  r e g u l a r  e x c e p t  i n  v e r y  

e x c e p t i o n a l  c i r c u m s t a n c e s . F o r  a l a r g e  number o f  m e t a l s  

a g g r e g a t e d  p a r t i c l e s  have  b e e n  fo u n d  t o  fo rm ,  and t h e  s i z e s  

o f  t h e s e  a g g r e g a t e s  v a r y  w i t h  t h e  f i l m  m a t e r i a l  and t h i c k n e s s ,  

f rom  f r a c t i o n s  o f  a m i l l i m e t r e  i n  d i a m e t e r  down to  t h e  l i m i t  

o f  r e s o l u t i o n  o f  t h e  e l e c t r o n  m i c r o s c o p e .  Chromium, when 

e v a p o r a t e d  o n to  a c o n d e n s in g  s u r f a c e  a t  room t e m p e r a t u r e ,  

fo rm s  a v e r y  f i n e l y  a g g r e g a t e d  s t r u c t u r e .  I n  one m i c r o 

s c o p i c a l  i n v e s t i g a t i o n  i t  was f o u n d  t h a t  w i t h  t h e  h i g h e s t  

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

c o n t i n u o u s  a p p e a r a n c e ^ ^ , b u t  from e l e c t r i c a l  r e s i s t i v i t y  
8 4m easu rem en ts  i t  was kno^n t h a t  t h i s  c o u ld  n o t  be  s o .

Thus t h e  p a r t i c l e s  m us t  be e x t r e m e l y  sm a l l*

T h i s  p r e s e n t  c h a p t e r  d e s c r i b e s  an i n v e s t i g a t i o n  

c a r r i e d  o u t  u s i n g  o p t i c a l  t e c h n i q u e s  t o  a s c e r t a i n  t h e  

s t r u c t u r e  o f  su ch  f i l m s .  From t h e  r e f l e c t i o n  and 

t r a n s m i s s i o n  c o e f f i c i e n t s  t h e  e f f e c t i v e  r e f r a c t i v e  i n d e x
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and t h i c k n e s s  o f  e a c h  f i l m  was d e t e r m i n e d .  Then, by  

assum ing a number of  s t r u c t u r a l  m od e ls  a t t e m p t s  were made 

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

as t h e y  b o t h  v a r i e d  w i th  the  t h i c k n e s s  o f  t h e  spec im en  

c o n s i d e r e d .  The b e s t  f i t  was o b t a i n e d  u s i n g  a new ty p e

o f  s t r u c t u r a l  m o d e l ,  b a s e d  on t h e  e l l i p s o i d  ty p e  o f  p a r t i c l e
70 71d e s c r i b e d  by David  and S ch o p p er  . The d e r i v a t i o n  o f

t h e  t h e o r y  and f i t t i n g  o f  t h e  e x p e r i m e n t a l  r e s u l t s  a re  

g i v e n  i n  d e t a i l .

The f i l m s  a l l  e v a p o r a t e d  u n d e r  t h e  same

c o n d i t i o n s  as t h o s e  u s e d  i n  t h e  a d h e s i o n  i n v e s t i g a t i o n *

The r a t e  o f  e v a p o r a t i o n  was ab ou t  l O A / s e c . ,  and a t  no t im e 

d i d  t h e  e v a p o r a t i n g  p r e s s u r e  ex ceed  5.10**^ mm. Hg. As 

l i t t l e  change i n  t h e  o p t i c a l  r e f l e c t i v i t i e s  h ad  b e e n  fo u n d ,  

t h e  f i l m s  were  allo-^^^ed t o  age f o r  t h r e e  weeks b e f o r e  b e i n g  

m e a s u re d .  The r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s  

^^ere m e asu red  on t h e  a p p a r a t u s  d e s c r i b e d  i n  C h a p te r  7 ( e ) .

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

s i d e d  g l a s s  c o n d e n s in g  p l a t e s  were c a r r i e d  o u t .

( b ) C a l c u l a t i o n  o f  R e f r a c t i v e  In d e x

Numerous m ethods have  been  e v o lv e d  f o r  t h e  

m easurem en t  o f  t h e  r e f r a c t i v e  in d e x  o f  a t h i n  a b s o rb in g  

f i l m .  Most of  th e  m ethods  assume t h a t  t h e  f i l m  i s
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hom ogeneous,  and bounded  by t-'̂ '̂ o p l a n e  and p a r a l l e l  s u r f a c e s .

U s in g  t h e s e  s i m p l i f y i n g  assum pti  ons t h e  r e f r a c t i v e  i n d e x  o f

t h e  f i l m  ( n - i k ) ,  and o c c a s i o n a l l y  t h e  t h i c k n e s s ,  d ^ ,  c a n  be

c a l c u l a t e d  i f  s u i t a b l e  m easu rem en ts  a r e  made on th e

s u r f a c e s  o f  t h e  f i l m .  The commonest m easu rem en ts  t o  make

a re  t h e  ch a n g es  i n  a m p l i tu d e  and p h ase  o f  r e f l e c t e d  l i g h t

f rom  e i t h e r  s i d e  o f  t h e  f i l m .  I n  a m ethod  o r i g i n a t e d  by 
85Male o n l y  t h r e e  m easu rem en ts  a r e  r e q u i r e d ,  and each  o f  

t h e s e  i s  a s im p le  r a t i o  o f  i n t e n s i t i e s .  These a r e :  t h e

c o e f f i c i e n t  o f  t r a n s m i s s i o n  o f  a beam o f  l i g h t  a t  n o rm a l  

i n c i d e n c e  t o  th e  f i l m ;  th e  c o e f f i c i e n t  o f  r e f l e c t i o n  o f  

t h e  r e f l e c t e d  com ponen t ,  R; and t h e  c o e f f i c i e n t  o f  

r e f l e c t i o n  from  t h e  g l a s s  s u b s t r a t e  s i d e  o f  t h e  f i l m ,  R ^ .

I n  t h i s  m ethod  o f  c a l c u l a t i o n ,  a r a n g e  o f

r e f r a c t i v e  i n d i c e s  h a s  t o  be assum ed,  where n  and k a r e

a l lo w e d  t o  v a r y  i n d e p e n d e n t l y ,  t o g e t h e r  i^^dth a r a n g e  of

t h i c k n e s s e s ,  d . The r e f l e c t i o n  and t r a n s m i s s i o no
c o e f f i c i e n t s  a r e  t h e n  c a l c u l a t e d  and g rap h ed  as f u n c t i o n s  

o f  S f o r  e a c h  p a i r  o f  n , k  v a l u e s  o v e r  t h e  r a n g e  o f  d ^ ,

6 b e i n g  g iv e n  by 4TLnd^/\, The c a l c u l a t i o n s  c an be made
86

by a r e l a t i v e l y  s im p le  g r a p h i c a l  m e thod  a l s o  due t o  M ale .  

T h is  g i v e s  a s e r i e s  o f  c u r v e s  o f  R, R ’ and T r e s p e c t i v e l y  

a g a i n s t  &, e a c h  c u r v e  c o r r e s p o n d i n g  t o  a p a i r  o f  n , k  v a l u e s .  

U s in g  t h e  m e a su re d  v a l u e s  o f  T f o r  a g iv e n  f i l m ,  a 

h o r i z o n t a l  l i n e  can  be d raw n to  c r o s s  t h e  t h e o r e t i c a l
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t r a n s m i s s i o n  c u r v e s ,  P ig*  5 3 a .  Each i n t e r s e c t i o n  w i t h  th e  

c u r v e s  g i v i n g  a v a l u e  o f  6 and v a l u e s  o f  n  and k w hich  v^ould 

t o g e t h e r  s a t i s f y  th e  t r a n s m i s s i o n  c o n d i t i o n *

Each  s e t  o f  n , k  and 6 a s so c ia te d ^ - 'd th  an i n t e r 

s e c t i o n  e n a b l e s  th e  c o r r e s p o n d i n g  v a l u e s  o f  R and t o  

be o b t a i n e d  from  t h e  s e r i e s  o f  r e f l e c t i v i t y  c u r v e s  a l r e a d y  

dra^’̂ n. U s in g  t h e  f i g u r e s  t h u s  o b t a i n e d ,  R c a n  be p l o t t e d  

a g a i n s t  n  f o r  each g i v e n  k v a l u e ,  and s i m i l a r l y  f o r  R’ .

T h is  g i v e s  t̂ ^̂ o s e t s  o f  c u r v e s  and from e a c h  s e t  a s e r i e s  

o f  n , k  v a l u e s  can  be o b t a i n e d  by d ra w in g  a h o r i z o n t a l  l i n e  

a t  a l e v e l  c o r r e s p o n d i n g  to  t h e  o b s e rv e d  r e f l e c t i o n  

c o e f f i c i e n t s .  Pig* 53b .  The f i r s t  s e r i e s  o f  n , k  s a t i s f y  

s i m u l t a n e o u s l y  th e  R and T c o n d i t i o n s ,  and t h e  secon d  s e t  

t h e  R' and T c o n d i t i o n s *  U s ing  t h e s e  two s e r i e s  o f  v a l u e s  

two c u rv e s  c a n  be o b t a i n e d  by p l o t t i n g  k a g a i n s t  n  and th e  

i n t e r s e c t i o n  o f  t h e s e  two c u r v e s .  F i g .  5 3 c ,  g i v e s  u n iq u e  

n , k  v a l u e s  which s a t i s f y  th e  o b s e r v e d  v a l u e s  o f  R, R* and T*

Knowing t h e  r e f r a c t i v e  in d e x  ( n  - i k  ) o f  t h e  f i l m ,  t h e  66 e
v a l u e  can be r e a d i l y  o b t a i n e d  from  p l o t s  o f  n  a g a i n s t  6 
f o r  t h e  g i v e n  k v a l u e s .  Hence th e  a p p a r e n t  t h i c k n e s s ,  d ^ ,  

can  be o b t a i n e d .

■As a c h e c k  on t h e  a c c u r a c y  o f  t h e  d e t e r m i n a t i o n ,  

t h e  r e f l e c t i v i t i e s  and t r a n s m i s s i o n s  were r e c a l c u l a t e d  from 

t h e  n_ and k_ v a l u e s .  T h is  r e v e r s e  c a l c u l a t i o n  e l i m i n a t e d
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any p o s s i b i l i t y  o f  e r r o r s  and c o m p a r i s o n  b e tw e en  t h e s e  and 

t h e  e x p e r i m e n t a l  v a l u e s  gave an i n d i c a t i o n  o f  the  ac cu r  any 

o f  t h e  m eth o d .  The r e c a l c u l a t e d  v a l u e s  were fo u n d  to  a g re e  

c l o s e l y  w i t h  th e  e x p e r i m e n t a l  v a l u e s .

These r e s u l t s ,  P i g .  54 ,  a r e  i n  g e n e r a l  ag reem en t  

^ n t h  t h e  p u b l i s h e d  ^^nrk o f  o t h e r  a u t h o r s  f o r  a number o f  

d i f f e r e n t  m e ta l  f i l m s  "* , -^here t h e  r e a l  p a r t  o f  t h e  

r e f r a c t i v e  i n d e x  i n c r e a s e s  as t h e  f i l m  t h i c k n e s s  d e c r e a s e s  

and th e  i m a g i n a r y  p a r t  t e n d s  t o  z e r o  w i t h  t h e  t h i c k n e s s .  

These  v a r i a t i o n s  a re  n o t  p u r e l y  t h i c k n e s s  e f f e c t s  o f  t h e  

t y p e  e n c o u n t e r e d  i n  e l e c t r i c a l  c o n d u c t i v i t y ^ ,  and i n d e e d  

i t  h a s  b e e n  fo u n d  i m p o s s i b l e  t o  e x p l a i n  t h i s  t y p e  o f  

e x p e r i m e n t a l  r e s u l t  by  c o n s i d e r i n g  th e  f i l m  as  c o n t in u o u s  

o r  hom ogeneous.

( c ) A p p l i c a t i o n  o f  t h e  M a x w e l l -G a rn e t t  Theory

The p a c k in g  f a c t o r ,  q, o f  th e  M a x w e l l -G a rn e t t

e q u a t i  on^^

n*^ 1 n^^ - 1
q b

where n* i s  th e  e f f e c t i v e  r e f r a c t i v e  i n d e x  o f  t h e  f i l m  e
and n ’ t h e  b u l k  r e f r a c t i v e  i n d e x  was c a l c u l a t e d  f o r  a 

b
number o f  f i l m s .  F o r  one o r  t̂ ^̂ o o f  t h e  f i l m s  i t  was a l s o
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c a l c u l a t e d  f o r  a number of t h e  p u b l i s h e d  v a l u e s  o f  t h e  b u l k  

r e f r a c t i v e  i n d e x ,  as •'-^ell as t h e  b u l k  v a l u e  o b t a i n e d  i n  th e  

p r e v io u s  c h a p t e r .  Some of  the  r e s u l t s  a r e  g i v e n  i n  T ab le  XV. 

I t  can  be s e e n  t h a t ,  i n  a l l  c a s e s ,  q ^̂ âas a complex number,  

and f o r  one p a r t i c u l a r  b u l k  v a l u e ,  q was g r e a t e r  t h a n  u n i t y .  

For  ti n̂o p a r t i c u l a r  v a l u e s  o f  r e f r a c t i v e  in d e x  t h e  q v a l u e s  

were c a l c u l a t e d  t h r o u g h o u t  t h e  t h i c k n e s s  r a n g e .  Assuming

t h a t  th e  b u l k  r e f r a c t i v e  in d e x  was 0 .6 2  -  i l .25  ^ h i c h  was 

o b t a i n e d  by e x t r a p o l a t i n g  t h e  g r a p h  i n  F i g . 54 t o  i n f i n i t e  

t h i c k n e s s ,  t h e  v a lu e  o f  th e  im ag in& ry  component was 

a p p r o x im a t e l y  c o n s t a n t ,  b u t  t h e  r e a l  component i n c r e a s e d  

w i t h  t h i c k n e s s .  U s ing  Abeles^ r e s u l t s  t h e  Im a g in e ry  

component i n c r e a s e d  w i t h  th e  t h i c k n e s s  o f  t h e  f i l m s .  Even

w i t h  th e  b u l k  v a l u e  o b t a i n e d  i n  the  e a r l i e r  i n v e s t i g a t i o n  

th e  p a c k in g  f a c t o r  ^̂ âs a lways com plex .

From th e  d e f i n i t i o n  o f  t h e  p a c k in g  f a c t o r  as th e  

r a t i o  o f  t h e  a c t u a l  amount o f  m e t a l  i n  t h e  f i l m  to  t h e  

volume o f  th e  f i l m ,  q must be r e a l  and ^h en  t h e  n a t u r e  o f  

t h e  f i l m s  i s  c o n s i d e r e d ,  q m ust  be l e s s  t h a n  u n i t y ,  and 

p r o b a b ly  i n c r e a s e s  w i t h  t h i c k n e s s .  U s in g  t h e  o p t i c a l  

t h i c k n e s s e s  o b t a i n e d  from th e  r e f r a c t i v e  i n d e x  c a l c u l a t i o n ,  

and t h e  w e ig h t  t h i c k n e s s e s  o b t a i n e d  from  th e  t r a n s m is s io n -  

c a l i b r a t i o n ,  an e x p e r i m e n t a l  v a l u e  o f  q, q^ wgs o b t a i n e d .

T ab le  XVI, I t  can be s e e n  t h a t  th e  v a l u e s  o f  t h i s  f u n c t i o n  

do n o t  ag ree  w i t h  t h e  q v a l u e s  c a l c u l a t e d  e a r l i e r .  U s in g



139

t h i s  p a c k in g  f a c t o r ,  ho^-^ever, and th e  e x p e r i m e n t a l  r e f r a c t i v e  

i n d e x  v a l u e s ,  no c o n s t a n t  r e f r a c t i v e  i n d e x  c o u ld  be o b t a in e d ^  

Thus i t  seems u n l i k e l y  t h a t  t h e  M a x w e l l - G a r n e t t  t h e o r y  

s u p p l i e s  u s  ' '"1th a s u i t a b l e  s t r u c t u r a l  m o d e l ,  r e p r e s e n t i n g  

t h e  f i l m s  we a r e  i n v e s t i g a t i n g .

( d ) A p p l i c a t i o n  o f  Schopper  T heory

Due t o  the  f a i l u r e  of t h e  M a x w e l l - G a rn e t t  fo rm

o f  s t r u c t u r a l  model i t  became n e c e s s a r y  t o  c o n s i d e r  t h e
70 71more s o p h i s t i c a t e d  form due t o  D av id  and S ch o p p er

The S ch op per  e q u a t i o n  can be e x p r e s s e d .  C h a p te r  7 ,  f o r  a

f i l m  o f  m a t e r i a l  o f  b u l k  r e f r a c t i v e  i n d e x ,  n ^ ,  and

e f f e c t i v e  r e f r a c t i v e  i n d e x ,  n^ , as' o '

A t ( . . 1 ,
‘b  _ l ]  f+1

where f  i s  a f u n c t i o n  o f  th e  shape  o f  t h e  p a r t i c l e s ,  which

a re  g e n e r a l l y  assumed t o  be e l l i p s o i d s  o f  r e s o l u t i o n  w i t h

t h e  u n iq u e  a x i s  p e r p e n d i c u l a r  t o  t h e  s u b s t r a t e .  I f

n i  = n  - i k  and n* = n , - i k ,  , t h e n  i t  f o l l o w s  t h a t  e e 6 p b o '

= ( n /  -  kgS _ S l n ^ k p  and “ 2 i n ^ k ^ ) .

I f  """0 n o w  l e t  (n ^ ^  -  k^^ -  1) = A, and (2 n ^ k ^ )  -  B, i t



1 4 0

f o l l o w s  from e q u a t i o n  ( 9 . 1 )  t h a t

.  + B ^ ) f  4. (A -  IB),

(Af + 1 ) ^  +

T h is  f u n c t i o n  was fo u n d  c o n s i d e r a b l y  e a s i e r  t o  

h a n d le  t h a n  t h e  fo rm  g i v e n  i n  e q u a t i o n  ( 9 . 1 )  i n  th e  

c a l c u l a t i o n  o f  the  chan ge  o f  t h e  o p t i c a l  c o n s t a n t s  w i t h  

v a r y i n g  f  v a l u e s .  U s in g  th e  b u l k  v a l u e s  o f  chromium, 

c a l c u l a t e d  e a r l i e r  v a l u e s  o f  S c h o p p e r ’ s f u n c t i o n  were 

c a l c u l a t e d  f o r  t h e  r a n g e  o f  f  from  z e ro  t o  0 . 5 .  The 

g r a p h s  o b t a i n e d  a r e  g iv e n  i n  F i g .  5 5 .  The r e s u l t s  sho^^n 

do n o t  a g ree  w i t h  th e  e x p e r i m e n t a l  f u n c t i o n s  g i v e n  i n  

T a b le  XVII and F i g . 5 6 ,

From t h e  e l e c t r o n  d i f f r a c t i o n  i n v e s t i g a t i o n .  

C h a p te r  6 ,  r e s u l t s ,  i t  was d ed u c ed  t h a t  t h e  chromium f i l m s  

c o n t a i n e d  n o t  o n l y  t h e  p u re  m e t a l ,  b u t  some o x id e  as w e l l . 

The system, t h e n  m ig h t  be b e t t e r  r e p r e s e n t e d  by S c h o p p e r ’ s 

t h e o r y  i f  we were t o  c o n s i d e r  t h e  m e t a l  p a r t i c l e s  su sp e n d e d  

i n  a d i e l e c t r i c  medium fo rm ed  by  th e  o x id e  o f  th e  m e t a l .

The form o f  S c h o p p e r ’ s t h e o r y  t o  u s e  i n  t h i s  c a s e  i s ,  from  

e q u a t i  on ( 7 . 2 3 )
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^rher8 V i s  t h e  r e f r a c t i v e  i n d e x  o f  th e  o x i d e . I f  -'̂ ê non  

l e t  A = k-j^̂  -  and B = 2n ^k^ ,  rre o b t a i n  th e  form

+ B^)f + (A  - iB)|= ------------------------------------------- L_ ( 9 . 5 )
(Af 4- +  B^f^

I n  t h i s  fo rm ,  i n  o r d e r  to  o b t a i n  a peak  i n  the  

im a g i n a r y  cu rv e  i t  i s  n e c e s s a r y  f o r  A to  be e x t r e m e ly  l a r g e  

and n e g a t i v e .  F or  t h e  v a l u e s  o f  A and B o b t a i n e d  from  th e  

e x p e r i m e n t a l  r e f r a c t i v e  i n d e x  v a l u e s  no peaks  i n  e i t h e r  

cu rv e  "'^ere o b ta in e d , .

F i lm s  of  chromium, ho^^ever, u n l i k e  t h o s e  o f  g o ld ,
75u s e d  by S chopper  h ave  b ee n  s a i d  t o  be inhom ogeneous 

The d e g r e e  o f  i n h o m o g e n e i ty  o f  t h e  f i l m s  i n v e s t i g a t e d  h e r e  

^ a s  m e a su re d  by t h e  " ' o l t e r  r e l a t i o n s h i p .  The d i s c r e p a n c i e s  

o b t a i n e d  are  l i s t e d  i n  T ab le  X V II . The v a l u e s  t e n d e d  

to^^ards a maximum f o r  t h e  t h i c k e r  f i l m s  and t o  z e ro  as th e  

t h i c k n e s s  d e c r e a s e d .  T h is  i s  ^^^hat would be e x p e c t e d  from  

a ran g e  o f  inhom ogeneous f i l m s .  F o r  t h e  t h i n n e s t  v a l u e s  

t h e r e  be no a b s o r p t i o n ,  so n^A ^^ i l l  be e q u a l  t o  ,

and f o r  t h e  t h i c k e r  f i l m s  t h e  r e f l e c t i o n  f a c t o r s  a re  c o n s t a n t
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so t h e  a b s o r p t i o n s  r h l l  t e n d  to w a rd s  t h e  c o n s t a n t  maximum 

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

T ab le  XVII shows c o n c l u s i v e l y  t h a t  t h e  f i l m s  

a re  inhomogeneous and v e r y  d i f f e r e n t  f rom  t h o s e  c o n s i d e r e d  

by S c h o p p e r .  I f  t h e  b a s i s  o f  th e  in h o m o g e n e i ty  i s  due to  

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

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

from l a y e r  t o  l a y e r  t h r o u g h  t h e  f i l m ,  we w ould  be wrong i n  

a p p ly in g  a s t a t i s t i c a l  d i s t r i b u t i o n  to  t h e  v a l u e  o f  f ,  A 

more c o n s i s t e n t ,  though  n o t  p e r h a p s  p e r f e c t ,  d i s t r i b u t i o n  

f u n c t i o n  would  be t o  c o n s i d e r  t h e  d i s t r i b u t i o n  as so sm a l l  

t h a t  i t  c o u ld  be n e g l e c t e d .  T h is  would c e r t a i n l y  a id  u s  

i n  a t t e m p t i n g  t o  o b t a i n  peaked  c u r v e s ,  f o r  the  p r e s e n c e  

o f  a d i s t r i b u t i o n  o f  any s o r t  t e n d s  to  a c t  as a summation 

f a c t o r  and sm ooth  o u t  r a p i d l y  ch a n g in g  v a l u e s .

( e ) C a l c u l a t i o n  o f  E f f e c t i v e  R e f r a c t i v e  I n d e x

I f  t h i s  i s  t h e  c a s e ,  t h e n  as chromium form s
51e x t r e m e ly  sm a l l  p a r t i c l e s  , we w ould  e x p e c t  s c a t t e r i n g  

from t h e  p a r t i c l e  s u r f a c e s ^ ^  and w e  c o u ld  h a r d l y  e x p e c t  

t h e  S chopper  t h e o r y  t o  h o l d  f o r  th e  t h i n n e r  f i l m s .  I n  

an a t t e m p t  t o  o b t a i n  t h e  e f f e c t i v e  b u l k  r e f r a c t i v e  i n d e x  

o f  th e  p a r t i c l e s  c u rv e s  were  c o n s t r u c t e d  o f  th e  f u n c t i o n s
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(Af + 1 ) ^  + (A f :+ 1 )^  +

f o r  t h e  r a n g e  o f  f ,  and a r a n g e  o f  v a l u e s  o f  A and B i n  

such a way t h a t  th e  c u r v e s  would f i t  b o th  s e t s  o f  e x p e r i m e n ta l  

p o i n t s  a t  t h e  same t i m e .  I n  o r d e r  t o  r e p ro d u c e  t h e  peaked  

e f f e c t  o f  t h e  e x p e r i m e n ta l  c u r v e s .  Table  XVII, i t  was found 

t o  be n e c e s s a r y  t h a t  A s h o u ld  be n e g a t i v e  and B n u m e r i c a l l y  

much s m a l l e r  t h a n  A. No c u rv e s  were o b t a i n e d  t h a t  f i t t e d  

a l l  t h e  e x p e r i m e n ta l  p o i n t s  b u t  em phasis  was p l a c e d  more 

d i r e c t l y  on t h e  f i t  o f  th e  lower t h i c k n e s s  v a l u e s  as t h e s e  

c o r r e s p o n d  more d i r e c t l y  t o  the t h e o r e t i c a l  a s su m p t io n  of 

a number o f  i n d i v i d u a l  p a r t i c l e s .  The b e s t  f i t  was 

o b t a i n e d .  F i g .  5^ ,  f o r  t h e  v a lu e s

A = - 9 . 0  J B = 2 .0

T h is  f i t  was o b t a i n e d  indthout t h e  a i d  o f  a 

d i s t r i b u t i o n  f u n c t i o n .  I f  s t a t i s t i c a l  d i s t r i b u t i o n  o f  

any m d t h  i s  c o n s i d e r e d  th e n  i t  becomes im p o s s ib l e  t o  

r e p ro d u c e  th e  p eaks  i n  the  c u r v e s ,  w i t h o u t  A and B 

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

These v a l u e s  fo r  A and B gave f o r  th e  e f f e c t i v e  r e f r a c t i v e  

i n d e x  o f  th e  b u lk  m e ta l  o f  the e l l i p s o i d  p a r t i c l e s

n» = 0 .36  -  1 2 .8 0
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a r e s u l t  t h a t  i s  i n  c o m p le te  d i  ag reem en t  w i t h  any o f  t h e  

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

chromium e

"Ve h a d ,  h o w e v e r ,  a l r e a d y  o b t a i n e d  f o r  t h i s  

p a r t i c u l a r  f i l m  from  t h e  c a l c u l a t i o n  o f  t h e  r e f r a c t i v e  

i n d e x  by  Male * s m ethod

n» * » = 0 .6 4  -  i l . 15

end f o r  t h e  same f i l m  from  t h e  p o l a r i m e t r i c  i n v e s t i g a t i o n

n* » = 1 .1 8  -  i O .9 4 4

I t  w ould  a p p e a r ,  t h e n ,  t h a t  ^̂ ê have  o b t a i n e d  f o r  

one f i l m  o f  chromium, by  t h r e e  d i s t i n c t l y  d i f f e r e n t  m ethods  

o f  m e a s u re m e n t ,  t h r e e  c o m p l e t e l y  d i f f e r e n t  v a l u e s  o f  

r e f r a c t i v e  i n d e x .  I f  we assume t h a t  e a c h  o f  them  i s  

c o r r e c t  w i t h i n  t h e  l i m i t a t i o n s  im po sed  b y  t h e  m e tho d s  o f  

m easu rem en t  t h e n  i t  s h o u ld  be p o s s i b l e  t o  c o r r e l a t e  t h e  

t h r e e  v a l u e s  •

As M a le ’ s m ethod u s e s  t h e  r e f l e c t i o n  c o e f f i c i e n t s  

from  b o t h  s u r f a c e s  o f  t h e  f i l m  as w e l l  as th e  t r a n s m i s s i o n  

c o e f f i c i e n t  t h r o u g h  t h e  f i l m ,  i t  c o u l d  p o s s i b l y  r e p r e s e n t  

a mean v a l u e  o f  t h e  r e f r a c t i v e  i n d e x  o f  t h e  f i l m  i f  t h e  

r e f r a c t i v e  i n d e x  c h a n g ed  t h  t h e  t h i c k n e s s  o f  t h e  f i l m .

The p o l a r i m e t r i c  t e c h n i q u e ,  on  t h e  o t h e r  h a n d ,  i s  m a i n l y  

d e p e n d e n t  on t h e  p r o p e r t i e s  o f  t h e  l a y e r ,  t h a t  i s  f i n a l l y
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d e p o s i t e d ,  w h ereas  th e  e f f e c t i v e  r e f r a c t i v e  in d e x  o f  th e  

m a t e r i a l  composing t h e  r e f l e c t i n g  s u r f a c e  on th e  s u b s t r a t e  

s i d e  i s  g iv e n  b y  t h e  r e s u l t  o f  f i t t i n g  S c h o p p e r ’ s c u r v e s  

t o  t h e  e x p e r i m e n t a l  v a l u e s  f o r  t h e  t h i n n e r  f i l m s . I f  we 

c o n s i d e r  t h a t  t h e  f i l m  c a n  be r e p r e s e n t e d  by  a s t r u c t u r e  

c o n s i s t i n g  o f  two d i s t i n c t  homogeneous l a y e r s ,  one th e  

r e f l e c t i n g  s u r f a c e  on t h e  s u b s t r a t e  s i d e ,  and t h e  o t h e r  

t h e  r e f l e c t i n g  s u r f a c e  on t h e  a i r  s i d e ,  and t h a t  t h e  r e l a t i v e  

t h i c k n e s s  o f  t h e  fo rm e r  i s  s ,  t h e n  i t  f o l l o w s  t h a t  the  

r e l a t i  o n s h ip

n * ’ ’ = s . n ’ + (1  -  s ) n ’ ’ ( 9 . 6 )

s h o u ld  h o l d  where n ’ , n ’ ’ and n ’ ’ ’ a r e  t h e  r e f r a c t i v e  i n d e x  

v a l u e s  g i v e n  ab o v e .  The f r a c t i o n  s m u s t  be r e a l  and l e s s  

t h a n  u n i t y .  I f  t h e  f r a c t i o n  i s  r e a l  t h e n  e q u a t i n g  t h e  

r e a l  p a r t s  o f  e q u a t i o n  ( 9 . 6 )  s h o u ld  g iv e  t h e  same v a lu e  

f o r  8 as e q u a t i n g  t h e  im a g in a r y  p a r t s . P e r f e c t  ag reem en t  

would n o t  be e x p e c t e d  as th e  s i m p l i f y i n g  a s s u m p t io n s  made 

i n  o b t a i n i n g  e q u a t i o n  ( 9 . 6 )  o re  p r o b a b l y  n o t  f u l l y  

j u s t i f i a b l e .  Upon s u b s t i t u t i n g  i n t o  t h e  e q u a t i o n  f o r  n ’ , 

n ’ ’ and n ’ ’ ’ , e q u a t i n g  t h e  r e a l  p a r t s  gave f o r  s ,  0 .6 5 9 ,  

and t h e  i m a g i n a r y ,  0 ,1 5 4 .  T h is  d i s a g r e e m e n t  i s  t o o  g r e a t  

t o  be c o n s i d e r e d  as o n ly  c a u s e d  by t h e  s i m p l i f y i n g  a s s u m p t io n s

E x a m in a t io n  o f  n ’ , n ’ ’ and n ’ ’ ’ shows t h a t  t h e  

r e s u l t  m ost  l i k e l y  t o  be i n  e r r o r  i s  t h a t  o b t a i n e d  from
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f i t t i n g  t h e  c u rv e  t o  t h e  e x p e r i m e n t a l  p o i n t s  by  S c h o p p e r ’ s 

t h e o r y .  The p o l a r i m e t r i c  r e s u l t s  h ave  b een  shown.

C h ap te r  8 ( d ) ,  t o  be s i m i l a r  t o  v a l u e s  o b t a i n e d  f o r  t h e  

b u lk  r e f r a c t i v e  i n d e x  o f  chromium and t h e  r e s u l t  o b t a i n e d  

from  t h e  r e f l e c t i v i t y  m easu rem en ts  I s  s u p p o r t e d  by t h e  

c o n t i n u i t y  o f  th e  g ra p h  o f  t h e  change  i n  r e f r a c t i v e  i n d i c e s  

^ t h  t h i c k n e s s .  F i g . 54 .

^̂ ê c o n s i d e r e d  t h a t  t h e  i n h o m o g e n e i t i e s  o f  th e  

chromium f i l m s  were o n l y  due t o  t h e  ab se n c e  o f  a d i s t r i b u t i o n  

f a c t o r ,  and In d e e d  have  fo u n d  t h a t  t h e  p r e s e n c e  o f  a 

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

e x p e r i m e n t a l  c u r v e s  o f  th e  chan ges  i n  S c h o p p e r ’ s f u n c t i o n s  

w i t h  t h i c k n e s s .  However, t h e r e  i s  a n o t h e r  d i f f e r e n c e  

b e tw e e n  t h e  p r o p e r t i e s  o f  t h e  f i l m s  s t u d i e d  by Schopper  

and t h o s e  we a r e  c o n s i d e r i n g .  Gold i s  a v e r y  p a s s i v e  

m e t a l ,  ^^hile chromium o x i d i s e s  r e a d i l y  fo rm in g  a v e r y  t h i n  

to u g h  p r o t e c t i v e  c o a t i n g .  E v iden ce  o f  t h e  p r e s e n c e  o f  

t h e  o x id e  i n  v e r y  t h i n  l a y e r s  o f  chromium •'^̂ as fo u n d  by 

e l e c t r o n  d i f f r a c t i o n  i n  C h a p te r  6 ( b ) ,  and  d u r i n g  th e  

p o l a r i m e t r i c  i n v e s t i g a t i o n  o f  t h i s  p a r t i c u l a r  f i l m  we a re  

c o n s i d e r i n g .  I f  t h e  chromium m e t a l  p a r t i c l e s  o x i d i s e  as 

t h e y  a r e  fo rm e d ,  and even  u n d e r  vacuum t h i s  h*as b ee n  shown 

t o  be q u i t e  p o s s i b l e ,  t h e n  t h e  a s s u m p t io n  o f  a number o f  

e l l i p s o i d a l  p a r t i c l e s  l y i n g  i n  a i r  i s  i n  e r r o r  and c a n n o t  

be u s e d  to  d e s c r i b e  t h e  sys tem  we a r e  i n v e s t i g a t i n g .
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( f ) Ex t e n s i o n  o f  D av id  and S c h o p p e r ’ s Theory

â more a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  s t a t e  o f  

th e  chromium f i l m s  would be g i v e n ,  t h e n ,  by  c o n s i d e r i n g  a 

number o f  m e t a l  p a r t i c l e s ,  e l l i p s o i d a l  i n  s h a p e ,  o f  

d i e l e c t r i c  c o n s t a n t ,  , s u r r o u n d e d  b y  a v e r y  t h i n  l a y e r  

o f  o x id e  o f  d i e l e c t r i c  c o n s t a n t ,  i n  a d i e l e c t r i c

medium, Then f o i l n g  David  and Schopper  th e

p o t e n t i a l  e q u a t i o n s  f o r  t h e s e  t h r e e  m ed ia  when t h e  p a r t i c l e s  

a r e  p l a c e d  i n  u n i t  e l e c t r i c  f i e l d  i n  th e  x - d i  r e c t i  on a r e

0  ̂ = -  X + Cx^ I  -  t a n “ l  -  u y C l  +

0 ^  = ~ X + C x[ -  -  t a n " ^  ( 9 . 7 )

;Z! = -  x  + C x ( g  -  t a n "  ja -  j i / ( l  + j i ^ ) j

Here w© a r e  assum ing t h a t  th e  s u r f a c e  l a y e r  i s

so t h i n  t h a t  p  , w h ich  d e f i n e s  t h e  s u r f a c e  o f  our  e l l i p s o i d ,  

i s  c o n s t a n t  t h r o u g h o u t  and e q u a l  t o  th e  v a l u e  d e f i n i n g  th e  

b o u n d a ry  o f  t h e  m e t a l l i c  p a r t i c l e *  A t e a c h  o f  t h e  two 

b o u n d a r i e s  t h e  d i s p l a c e m e n t  w i l l  be e q u a l ,  and i f  t h e  l a y e r  

i s  v e r y  t h i n  t h e  d i s p l a c e m e n t  ^'"ill be c o n t i n u o u s  t h r o u g h  

th e  o x id e  l a y e r ,  i . e .
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and th u s

I f  we s u b s t i t u t e  f o r  th e  a p p r o p r i a t e  v a l u e s  o f  0  

and d i f f e r e n t i a t e ,  we o b t a i n

Thus .  ̂  ̂ P

C  ---------------------------------------- .   ( 9 . 1 1 )
(2s> a — £ ) f  + £ 21 o a a

’̂ rhere f  = (  2 “ -  ^ ^ / (  1 +

F o r  l a r g e  v a l u e s  o f  x  th e  e q u a t i o n  ( 7 . 1 4 )  s t i l l  

h o ld s  and t h u s

A ( , 1
i ;  i ■ '« d  r

I f  we c o n s i d e r  t h a t  t h i s  e q u a t i o n  a p p l i e s  to  "a sys tem  

c o n s i s t i n g  o f  a m e t a l  o f  r e f r a c t i v e  in d e x  ( n - i k ) ,  s u r ro u n d e d
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by a v e r y  t h i n  o x id e  l a y e r  o f  r e f r a c t i v e  i n d e x ,  v ,  and t h a t  

th e  sys tem  i s  l y i n g  i n  a i r ,  t h e n  th e  e q u a t i o n  becomes

2 ( n - l k )  -  -  1

{ 2 ( n - i k ) ^  + l
( 9 . 1 3 )

■"'here as b e f o r e  (n „  -  i k  ) l a  t h e  v a l u e  f o r  t h e  e f f e c t i v ee e
r e f r a c t i v e  i n d e x  o f  th e  f i l m  and d^^/d^ t h e  p a c k in g  f r a c t i o n .  

I f  we now l e t  - ,

A ' = 2 ( M  -  k ^ )  -  v ^  -  1 ( 9 . 1 4 )

and B ’ = 4nk

t h e n  i t  f o l l o w s  t h a t

A’ -  iB*
—  ( n^ -  k^ -  1 ) -  Bin k  1 —  I  =
4 t   ̂ ® ^ ^ ) A’ f  + 1 - i B ’ f

2 2 
(A ’ 4- B’ ) f  + (A’ -  i B ’ )

( A ' f  + 1 ) ^  + B '^ f ^
( 9 . 1 5 )

which i s  t h e  same form as e q u a t i o n  ( 9 . 3 ) .

”’'e now have  to  s u b s t i t u t e  i n t o  th e  v a l u e s  f o r  A’ 

and B’ t o  g e t  n  and k ,  M iere  as b e f o r e  t h e  b e s t  f i t  i s  

g i v e n  by A’ -  i B ' = - 9 , 0  -  i 2 , 0 .
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The r e f r a c t i v e  i n d e x  o f  the  o x id e ,  v ,  fo rm ed  on 

t h e  e v a p o r a t e d  f i l m s  h a s  b e e n  a l r e a d y  m easu red  as 2 .2 3 0 ,  

g i v i n g ,  a f t e r  s u b s t i t u t i o n  i n t o  e q u a t i o n  ( 9 . 1 4 )

n i  = 0 .4 9  -  i l . 32

I f  i t  i s  assumed t h a t  t h i s  r e p r e s e n t s  th e  t r u e  

r e f r a c t i v e  in d e x  o f  t h e  f i r s t  l a y e r s  o f  th e  f i l m ,  and t h a t  

t h e  s t r u c t u r e  o f  t h e  f i l m  c o u ld  a g a i n  be r e p r e s e n t e d ,  t o  a 

f i r s t  a p p r o x im a t i o n ,  as composed o f  two l a y e r s  o n l y ,  w i th  

t h e  u p p e r  l a y e r  h a v in g  as b e f o r e  t h e  r e f r a c t i v e  i n d e x

n* » = 1 .1 8  " iO .9 4 4

th e n  "̂̂ e c a n  r e c a l c u l a t e  t h e  r e l a t i v e  t h i c k n e s s  f a c t o r ,  s .

This  ^ a s  c a r r i e d  o u t  and by e q u a t i n g  t h e  r e a l  p a r t s  a v a l u e  

o f  8 was o b t a i n e d  o f  0 . 3 0 8 ,  and f rom  th e  i m a g i n a r y ,  0 .2 9 5 .  

These f i g u r e s  a r e  i n  r e m a r k a b l e  ag reem en t  and show t h a t  

t h e  r e f r a c t i v e  i n d e x ,  as o b t a i n e d  by  M a le ’ s m ethod  a p p e a r s  

t o  be an a c c u r a t e  a v e ra g e  o f  t h e  r e f r a c t i v e  i n d i c e s  o f  th e  

f i r s t  and l a s t  l a y e r s  o f  t h e  f i l m .

(g)  D i s c u s s i o n

The m o d i f i e d  e l l i p s o i d a l  s t r u c t u r e 'm o d e l  t h a t  

we have u s e d  a p p e a r s  t o  be t r u e  f o r  f i l m  t h i c k n e s s e s  l e s s  t h a n  

lOOA. For  any  t y p e  o f  homogeneous f i l m  o f  t h i s  o r d e r  o f
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t h i c k n e s s  the  ' ' b i t e r  r e l a t i o n s h i p  s h o u ld  h o l d  a c c u r a t e l y  

and t h e  change i n  t h e  r e l a t i o n s h i p  f o r  t h e  f i l m  i s  i n d i c a t i v e  

t h a t  t h e  g row th  p r o c e s s  i s  t a k i n g  p l a c e  i n  l a y e r s  and t h a t  

t h e  f  v a l u e  v a r i e s  f rom  l a y e r  t o  l a y e r .  The changes  i n  

f  v a l u e  do n o t  a p p e a r  to  be c o n t i n u o u s  above 1 00 Â and i t  

h a s  a l r e a d y  been  sho-'-m, i n  C h a p te r  8 ,  t h a t  t h e  r e f r a c t i v e  

i n d e x  o f  t h e  s u r f a c e  of  t h e  t h i c k e r  f i l m s  do n o t  d i f f e r  

g r e a t l y  from t h a t  o f  t h e  b u l k  m a t e r i a l .  T h is  i s  i n  

ag reem ent  ''"i.th t h e  e x i s t i n g  e v id e n c e  on f i l m  g ro w th .

The t r a n s i t i o n  a t  a p p r o x im a t e l y  100A from an 

a g g r e g a t e d  s t r u c t u r e  t o  a c o n t in u o u s  m e ta l  f i l m  would 

e x p l a i n  t h e  s u c c e s s  o f  o u r  a p p r o x im a t io n  r e g a r d i n g  a t h i c k e r  

f i l m  as b e in g  composed o f  t ^ o  l a y e r s  o n l y .  F o r  t r a n s m i s s i o n  

p r o p e r t i e s  t h i s  would c e r t a i n l y  h o l d  as t h e  p r o p e r t i e s  o f  

t h e  u n d e r  l a y e r  w ould  be d e te r m in e d  m a i n l y  by  t h e  l a y e r  o f  

l a r g e r  a g g r e g a t e s ,  and v e r y  l i t t l e  by  th e  much t h i n n e r  

l a y e r  o f  s m a l l e r  a g g r e g a t e s .

The v a lu e  u l t i m a t e l y  o b t a i n e d  f o r  t h e  r e f r a c t i v e  

in d e x  o f  t h e  b u lk  m a t e r i a l  c o m p r i s i n g  t h e  s m a l l  p a r t i c l e s  

c e r t a i n l y  shows l i t t l e  ag reem en t  w i t h  t h e  e a r l i e r  r e s u l t s  

f o r  t h e  b u lk  m e t a l .  I t  h as  b e e n  s u g g e s t e d  t h a t  t h i s  i s  

p r i m a r i l y  due t o  e l e c t r o n  s c a t t e r i n g  a t  t h e  s^urface o f  t h e  

e l l i p s o i d a l  p a r t i c l e s .  I t  c o u l d ,  how ever ,  be c a u sed  by  

th e  m e t a l l i c  p a r t i c l e s  e x i s t i n g  ^^^ithin e a c h  a g g r e g a t e  i n
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a more open s t r u c t u r e  th a n  i n  th e  b u l k  m e t a l .  T h is  would

accou n t  f o r  t h e  d e c r e a s e d  v a l u e s  o f  t h e  r e a l  p a r t  o f  th e

r e f r a c t i v e  i n d e x  and f o r  th e  i n c r e a s e d  a b s o r p t i o n  c o e f f i c i e n t ,
92by h a v in g  a h i g h e r  i n i t i a l  r e s i s t i v i t y  . I t  can  be s e e n

from P i g .  54 t h a t  th e  a b s o r p t i o n  o f  th e  f i l m s  i n c r e a s e  up

to  a t h i c k n e s s  v a l u e  o f  a b o u t  400.A which  c o r r e s p o n d s .

T ab le  XVII, t o  a w e ig h t  t h i c k n e s s  o f  lOOA. T h is  i s  i n
83ac c o rd a n c e  v 'dth p r e v io u s  r e s u l t s  and f o r  t h i c k n e s s  

g r e a t e r  t h a n  t h i s  v a l u e  th e  a b s o r p t i o n  d e c r e a s e s  as one 

would e x p e c t .

The t h e o r e t i c a l  t r e a t m e n t  i s  s t i l l  i m p e r f e c t  

tho ug h  such  good ag reem ent  h a s  b ee n  o b t a i n e d  f o r  t h i s  t h i n  

r a n g e .  At t h e  l i m i t i n g  v a l u e  o f  f = 0 ,  S c h o p p e r ’ s t h e o r y  

gave b u l k  m e t a l  v a l u e s  f o r  a g g r e g a t e s  w hich  c a n  be c o n s i d e r e d  

as e x t e n d i n g  i n f i n i t e l y  i n  t h e  p l a n e  o f  t h e  f i l m ;  o u r  t h e o r y ,  

how ever ,  does  n o t  g iv e  . th e  b u lk  m e t a l  o p t i c a l  c o n s t a n t s  fo r  

f  = 0 ,  o r  even  th e  b u l k  c o n s t a n t s  o b t a i n e d  by any o f  th e  

o t h e r  i n v e s t i g a t o r s .  T h is  i s  c a u s e d  by t h e  p r e s e n c e  o f  

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

i f  e v e n  f o r  t h e  t h i c k e s t  o f  our  f i l m s  t h e  c o n d u c t i v i t y  

r e a c h e d  th e  v a l u e  o f  t h a t  o f  t h e  b u l k  m e t a l .

The r e s u l t s  s u g g e s t  t h a t  chromium f i l m s  a re  h i g h l y  

a g g r e g a t e d  o n l y  up  t o  a l i m i t i n g  t h i c k n e s s  o f  lOOA, and 

t h a t  s u b s e q u e n t  l a y e r s  a r e  c o n t in u o u s  and d e n s e r ,  a p p r o x im a t in g
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t o  th e  b u lk  met a l  s t r u c t u r e .  The t h e o r e t i c a l  c u r v e .

F i g .  57, h a s  been  m o d i f i e d  by d raw in g  a c o n t i n u o u s  cu rve  

be tw een  t h e  r e s u l t s  we o b t a i n e d  f o r  th e  t h i n n e r  f i l m s  to  

th e  p o i n t  on t h e  a x i s  c o r r e s p o n d i n g  t o  t h e  m easu red  v a lu e  

o f  t h e  r e a l  p a r t  o f  t h e  r e f r a c t i v e  i n d e x  o f  t h e  m e t a l .

Upon th e  f i t t i n g  o f  o u r  e x p e r i m e n t a l  p o i n t s  to  t h i s  new 

cu rv e  i t  was fo u n d  t h a t  e a c h  p o i n t  was d i s p l a c e d  to w a rd s  

t h e  b u lk  v a l u e ,  as t h e  a v e r a g in g  would  l e a d  us t o  a n t i c i p a t e .  

The c o r r e s p o n d i n g  i m a g in a r y  p o i n t s  now f e l l  upon a new 

c o n t i n u o u s  cu rve  j o i n i n g  t h e  r e s u l t s  f o r  t h e  t h i n n e r  f i l m s  

t o  th e  i n t e r c e p t s  on t h e  v e r t i c a l  a x i s  w h ich  c o r r e s p o n d e d  

i^rith th e  i m a g i n a r y  p a r t  o f  t h e  r e f r a c t i v e  in d e x  of  b u lk  

chromium when s u b s t i t u t e d  i n t o  e q u a t i o n  ( 9 . 1 5 ) .
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CHAPTER 10 

REFLECTIVITY LIEASURELffiNTS

( a) I n t r o d u e t i  on

F o r  i n d u s t r i a l  u s e s  as a r e f l e c t i n g  f i l m  t h e  

h i g h  r e f l e c t i v i t y  o f  s i l v e r  i n  t h e  v i s i b l e  s p e c t ru m  h as  

made t h i s  m e t a l  p a r t i c u l a r l y  s u i t a b l e .  However, inhere 

r e s i s t i v i t y  t o  a tm o s p h e r i c  c o r r o s i o n  i s  a n e c e s s i t y ,  

a luminium i s  t o  be p r e f e r r e d ,  f o r  d u r i n g  th e  i n i t i a l  

s t a g e s  o f  a g e in g  t h e  r e f l e c t i n g  s u r f a c e  grows a v e r y  t h i n ,  

t r a n s p a r e n t  o x id e  c o a t i n g ,  C h a p te r  3 ( f ) ,  w hich  i s  o f  a 

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

fo rm in g  b l a c k  com pounds ' and t h e  r e f l e c t i v i t y  s t e a d i l y  

d e t e r i o r a t e s  w i t h  t i m e . I t  i s  f o r  t h e s e  r e a s o n s  t h a t  

we have c o n c e n t r a t e d  m a i n l y  on  t h e  u s e  o f  a lum inium  as 

t h e  r e f l e c t i n g  f i l m  m a t e r i  a l .

I n  o r d e r  f o r  an a d h e s io n  p ro m o t in g  f i l m  t o  be 

c o n s i d e r e d  as  s u i t a b l e  i t  i s  n e c e s s a r y  t h a t ,  as  w e l l  as 

i n c r e a s i n g  t h e  a d h e s io n  o f  t h e  f i l m  to  t h e  c o n d e n s in g  

p l a t e ,  t h e  p r e s e n c e  of th e  f i l m  as an u n d e r  l a y e r  s h o u ld  

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

F o r  th e  m a j o r i t y  o f  t h e  sy s tem s  i n v e s t i g a t e d  th e  u n d e r  l a y e r  

had  l i t t l e  e f f e c t  u po n  th e  r e f l e c t i n g  power o f  th e  s u r f a c e .  

I n  one o r  two c a s e s ,  a f t e r  t h e  f i l m s '  had  b e e n  e v e n e d ,  some
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d ro p  i n  r e f l e c t i v i t y  was n o t e d  t h a t  d i d  n o t  a p p e a r  when th e  

same ty p e  o f  f i l m  h ad  b e e n  aged a t  t h e  lo w e r  t e m p e r a t u r e .  

T h is  was t a k e n  as i n d i c a t i v e  t h a t  i f  th e  f i l m s  had  b e e n  

k e p t  a t  room t e m p e r a t u r e  f o r  an i n d e f i n i t e l y  l o n g  p e r i o d  

t h e r e  m ig h t  have been  a s l i g h t  d e t e r i o r a t i o n  i n  t h e  

r e f l e c t i v e  p r o p e r t i e s .

(b  ) E x p e r im en t  a l

The r e f l e c t i v i t i e s  o f  a number o f  r e f l e c t i n g  

f i l m s  p r e p a r e d  w i t h  and w i t h o u t  s u b s t r a t e  l a y e r s  were 

m easu red  d u r i n g  th e  n o rm a l  a g e in g  p e r i o d s  on t h e  two 

r e f l e c t o m e t e r s  d e s c r i b e d  i n  C h a p te r  7 ( e ) .  I n  th e  bench  

r e f l e c t o m e t e r , w h i t e  l i g h t  s o u r c e s  were u s e d  i n  c o n j u n c t i o n  

w i t h  I l f o r d  M ercu ry  Green f i l t e r s  t o  g iv e  a l i m i t e d  

p a s s - b a n d .  The sp ec im en s  were p r e p a r e d  u n d e r  t h e  same 

c o n d i t i o n s  as b e f o r e ,  b u t  th e  r o t a t i n g  s l i d e  h o l d e r  was 

removed from  t h e  vacuum chamber and t h e  g l a s s  b l a n k s  were  

m ounted  on th e  lo w er  s h i e l d  i n  su ch  a way t h a t  b o t h  f i l m s  

c o u ld  be d e p o s i t e d  over  p r a c t i c a l l y  t h e  whole  a r e a  o f  t h e  

s l i d e .  Two sp ec im en s  were p r e p a r e d  a t  e a c h  e v a p o r a t i o n  

and t h e s e  wore a lways mounted  t o g e t h e r  i n  t h e  p h o to m e te r  

bench  i n s t r u m e n t .  T h is  a id e d  t h e  c a l c u l a t i o n  o f  t h e  

r e f l e c t i o n  c o e f f i c i e n t s .  C h a p te r  7 ( e ) ,  and made t h e  

r e s u l t s  more r e p r e s e n t a t i v e  as a l a r g e r  e f f e c t i v e  spec im en  

a r e a  was b e i n g  u s e d  t h a n  i f  some s t a n d a r d  s u r f a c e  was u s e d
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as one of  t h e  r e f l e c t i n g  p l a t e s ,  as t h e  r e f l e c t i v i t y  o f  t h e  

s t a n d a r d  would a l s o  have  t o  be m easured*

( c ) R e s u l t s

( i ) Pure  M eta l  F i l m s * The ch a n g es  i n  r e f l e c t i v i t y

o b t a i n e d  f o r  t h e  p u re  m e t a l  f i l m s  a r e  g iv en  i n  g r a p h i c a l

form i n  F ig*  58* The t a r n i s h i n g  a c t i o n  upon  t h e  s i l v e r

s u r f a c e  can  be e a s i l y  s e e n  from t h e  l a r g e r  d e c r e a s e

o b t a i n e d  f o r  t h i s  m e t a l  as com pared  m t h  a lum in ium .

Copper o x i d i s e s  more r e a d i l y  t h a n  e i t h e r  o f  th e  o t h e r  tvro

m e t a l s ,  b u t  t h e  o x id e  form ed a t  room t e m p e r a t u r e  a p p e a rs

to  be f a i r l y  t h i n  and does  n o t  a f f e c t  t h e  r e f l e c t i v i t y  as

much as  when t h e  f i l m s  were evened* e v e n in g  a t  120^C.

ca u se d  a r e l a t i v e l y  t h i c k  f i l m  o f  o x id e  t o  form  on t h e

co p p e r  s u r f a c e ,  w h ich  by i n t e r f e r e n c e  gave a b r i g h t  b l u e

r e f l e c t i o n .  T h is  i n d i c a t e s  t h a t  t h e  f i l m  was abou t  50ÛA 
93t h i c k  . The r e f l e c t i v i t y  o f  t h i s  spec im en  i n  t h e  g r e e n  

r e g i o n  w as,  o f  c o u r s e ,  z e r o .  The h i g h e r  t e m p e r a t u r e  

a g e in g  c u r v e s  f o r  b o t h  th e  o t h e r  m e t a l  sam ples  a r e  g iv e n  

i n  F i g . 6 0 ,  and s h o w  a d e c r e a s e  i n  t h e  f i n a l  v a l u e  o f  

r e f l e c t i v i t y  "^dth i n c r e a s i n g  t e m p e r a tu r e *  The r e s u l t s  

a r e  c o l l e c t e d  t o g e t h e r  i n  T ab le  XVIII as the  p e r c e n t a g e  

d e c r e a s e  i n  r e f l e c t i v i t y  o v e r  t h e  ag e in g  per i 'od*

F o r  e a c h  o f  t h e s e  t h r e e  f i l m s  t h e  r e f l e c t i v i t y
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c o e f f i c i e n t  m easu red  ov er  t h e  v i s u a l  s p e c t r a l  r e g i o n ,

4,000A -  7 ,000A. As F i g .  61 sho^^rs, a lum inium  and s i l v e r  

gave a lm o s t  c o n s t a n t  v a l u e s ,  b u t  t h e  c o p p e r  f i l m  *t âs much 

more e f f i c i e n t  as a r e f l e c t o r  i n  th e  r e d  r e g i o n  t h a n  i n  

t h e  b l u e . Very s l i g h t  chan ges  were o b t a i n e d  w i th  a g e in g  

and th e  c u r v e s  a r e  r e p r e s e n t a t i v e  of t h e  r e f l e c t i v i t y  o f  th e  

spec im ens  a f t e r  a g e in g  a t  room t e m p e r a t u r e  f o r  t h r e e  d a y s .

( i i )  Compound l i e t a l  F i l m s . F o r  most o f  t h e  m e ta l  

sy s tem s  an u n d e r  l a y e r  made v e r y  l i t t l e  d i f f e r e n c e  t o  th e  

r e f l e c t i v i t y  of t h e  u p p e r  f i l m .  The o n ly  m a jo r  e x c e p t i o n  

t o  t h i s  was l e a d  f i l m s  when u se d  as u n d e r l a y e r s  to  s i l v e r  

and a lum in ium . The r e s u l t s  o f  th e  l o w  t e m p e r a tu r e  a g e in g  

a re  g i v e n  i n  F i g . 59 , and of ag e in g  a t  120°C. i n  F i g .  60 .

The h i g h e r  t e m p e r a t u r e  a g e in g  a p p e a r s  t o  a f f e c t  t h e  

alum inium  f i l m  e v a p o r a t e d  o n to  an i r o n  s u b s t r a t e  l a y e r  b u t  

no d e v i a t i o n  ^^as e x p e r i e n c e d  when a s i m i l a r  f i l m  was aged 

a t  20^0 .  The a lum inium -chrom ium  spec im en  i s  i n c l u d e d  i n  

F igp 60 f o r  co m p a r iso n  b e tw een  the  o t h e r  g ra p h s  g iv e n  t h e r e  

and a f i l m  t h a t  showed t h e  norm al  ag e in g  c h a n g e s .

As f o r  th e  s i n g l e  m e t a l  f i l m s ,  t h e  p e r c e n t a g e  

d e c r e a s e  i n  r e f l e c t i v i t y  o n  a g e in g  f o r  each  o f  th e  m e t a l  

p a i r s  i n v e s t i g a t e d  i s  g iv e n  i n  T ab le  X V III .  _ The a c c u r a c y  

^ " i th in  which m easu rem en ts  c o u l d  be made was o f  t h e  o r d e r  

o f  a h a l f  o f  one p e r  c e n t . ,  and r i t h i n  t h i s  e r r o r  t h e
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TABLE X V III

CHANGES IN REFLECTIVITIES OF SPECII'ÆENS AFTER AGEING

MERCURY GREEN LIGHT

M eta l S u b s t r a t e Change i n  R e f l e c t i v i t y  
i n  p e r  c e n t ,  a f t e r  age ing*

3 weeks a t  20*^0. 3 days  a t  120^0 .

.AlTUTiini-uiï! - 0 . 5 - 1 . 5

S i l v e r - 1 . 5 - 4 . 5

Copper —4- • 0 -

Alumi nium Lead - 1 2 . 0 - 3 3 . 0

S i l v e r L e ad —2 . 4 - 2 5 . 0

Alumi n i -um Chromium - 1 . 4 - 1 . 3

S i l v e r Chromium —0 .9 - 3 . 8

Copper Chromium - 3 . 6 -

Aluminium Manganese 0 - 0 . 7

Aluminium I r o n - 1 , 2 - 7 . 3

Aluminium N ic k e l - 0 . 3 "0 • 6

Aluminium C o b a l t - 1 . 7 - 0 . 6
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r e s u l t s  f o r  t h e  m a j o r i t y  o f  t h e  s y s tem s  a re  f a i r l y  

c o n s i s t e n t o  From the  r e s u l t s ,  l e a d  would a p p e a r  t o  be 

t h e  most r e a d i l y  di f  f u s  ab le  s u b s t r a t e  m a t e r i a l  as  i t  

d i f f u s e d  th ro u g h  th e  a lum in ium  l a y e r  a lm o s t  i m m e d ia t e ly  

a f t e r  e v a p o r a t i o n .  F o r  b o t h  t h e  spec im en s  t h e  d ro p  i n  

r e f l e c t i v i t y  g iv e n  i n  T ab le  XVIII h a s  b ee n  c a l c u l a t e d  by 

assuming t h a t  t h e  i n i t i a l  r e f l e c t i v i t y  o f  th e  alum inium  

s u r f a c e  was t h e  same as t h a t  o f  t h e  b u l k  m e t a l ,  f o r  even  

when m e a s u re d  ^ ^ i th in  f i v e  m in u te s  o f  e v a p o r a t i o n  th e  

r e f l e c t i v i t y  h ad  f a l l e n  t o  a lm ost  e i g h t y  p e r  c e n t .

( d ) D i s c u s s i o n  on R e s u l t s

C o n s i d e r i n g  t h e  s u i t a b i l i t y  o f  th e  s u b s t r a t e  

m a t e r i a l s  u s e d  i n  t h i s  i n v e s t i g a t i o n  from a p u r e l y  

r e f l e c t i v e  p o i n t  o f  v iew  we must r e j e c t  o u t r i g h t  t h e  u s e  

o f  l e a d  as a s u b s t r a t e  m a t e r i a l *  A l l  t h e  r e f l e c t i n g  f i l m s  

f o r  which  i t  was u s e d  to  form a s u b s t r a t e  l a y e r  showed 

l a r g e  d e c r e a s e s  i n  r e f l e c t i v i t y ,  due t o  t h e  m i g r a t i o n  o f  

l e a d  t h r o u g h  t o  th e  r e f l e c t i n g  s u r f a c e . F o r  a s i m i l a r  

r e a s o n  i r o n  would  have to  be r e g a r d e d  ’̂̂ dth c a u t i o n ,  f o r  

a l th o u g h  no l o s s  i n  r e f l e c t i v i t y  was o b t a i n e d  f o r  t h e  low 

t e m p e r a tu r e  h a r d e n e d  f i l m  t h e  ovened  f i l m  showed a 

d e f i n i t e  d e c r e a s e  i n  r e f l e c t i v i t y *

A l l  th e  o t h e r  s u b s t r a t e  m a t e r i a l s  a p p e a re d  t o
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be q u i t e  s u i t a b l e  f rom  t h e  e v id e n c e  o b t a i n e d  h e r e  * The

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

f i l m s ,  and f o r  th e  p u re  m e t a l  f i l m s ,  i s  i n  ag reem en t  -f^dth

t h e  r e s u l t s  o f  Kuhn and "'"dlson^'^ on  r e f l e c t i n g  f i l m s  o f

aluminium and  s i l v e r ,  and i s  a lm o s t  c e r t a i n l y  due to  t h e

f o r m a t i o n  o f  s u r f a c e  o x id e  o r  t a r n i s h  l a y e r s . The form

o f  t h e  r e f l e c t i v i t y  a g e in g  c u r v e s  f o r  t h e s e  m e t a l s  and

c o p p e r  c l o s e l y  r e s e m b le  t h e  o x i d a t i o n  c u r v e s  o b t a i n e d

e a r l i e r .  The a p p a r e n t  p e n e t r a t i o n  o f  t h e  d i f f u s i n g

s u b s t r a t e  atoms i s  i n  ag reem en t  w i t h  t h e  r e s u l t s  o b t a i n e d
95u s i n g  M ichel^  s m ethod  i n  C h a p te r  6 ,  and Tnlth B a r r e r a s  

s t a t e m e n t  t h a t  t h e  r a t e  o f  d i f f u s i o n  i s  g r e a t e r  t h e  lo w er  

th e  m e l t i n g  p o i n t  o f  t h e  s o l u t e .
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CHAPTER 11

GENERAL CONCLUSIONS ON ,THS USE

OP A SUBSTRATE FILM

From t h e  r e s u l t s  o f  th e  a d h e s io n  i n v e s t i g a t i o n

i t  can  be s e e n  t h a t  one would be u n m s e  t o  s t a t e  sw eep ing

g e n e r a l  c o n c l u s i o n s  t h a t  c o u l d  be a p p l i e d  t o  any p a r t i c u l a r

p a i r  o f  m e t a l s .  I t  i s  o b v io u s ,  ho w ev e r ,  t h a t  t h e  n a t u r e

o f  t h e  s u b s t r a t e  f i l m  i s  o f  p r im a r y  im p o r ta n c e  and f o r

h i g h  d u r a b i l i t y  i t  r e q u i r e s  t o  show n o t  o n l y  good a d h e s io n

t o  th e  c o n d e n s in g  p l a t e  b u t  to  p o s s e s s  a f a i r  h a r d n e s s .

Chromium and m anganese ap p e a r  t o  b e ,  from t h e  m e t a l s

exam ined ,  t h e  m ost  s u i t a b l e  m a t e r i a l s .  The t r a n s i t i o n

m e t a l s ,  as a g r o u p ,  were u s e d  as s u b s t r a t e  m a t e r i a l s  as

t h e y  p o s s e s s e d  l a r g e r  c o h e s io n a l  e n e r g i e s  t h a n  m os t  o f  t h e  
96o t h e r  m e t a l s  . Lead was ch o sen  from o u t s i d e  th e  g ro u p ,  

n o t  o n l y  b e c a u s e  i t  gave t h e  s i m p l e r  p h ase  d ia g ra m s  b u t  

b e c a u s e  t h e  c o h e s i o n a l  en e rg y  was ab ou t  h a l f  o f  t h a t  o f  

t h e  o t h e r  m e t a l s .

A lthough  an i n c r e a s e  i n  the  h a r d n e s s  o f  th e  

t r a n s i t i o n  l a y e r  can  be a s s o c i a t e d  i n t h  t h e  p r e s e n c e  of 

i n t e r m e t a l l i c  compounds i t  a p p e a r s  t h a t  i f  t h e  c o m p o s i t io n  

ra n g e  o f  t h e  compound i s  v e r y  w id e ,  o r  i f  i t  p o s s e s s e s  a
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l a r g e  f r e e  e n e r g y ,  t h e n  th e  ag e in g  p r o c e s s  i s  one o f  

d e c r e a s i n g  h a r d n e s s .  T h i s ,  i t  was s u g g e s t e d ,  was due 

to  t h e  p r e c i p i t a t i o n  of t h e  a l l o y  p h a s e ,  and th e  s u b s e q u e n t  

r e l e a s e  o f  s t r a i n .  Ho^^ever, where t h e  c o n c e n t r a t i o n  r a n g e  

o f  th e  compound i s  s m a l l ,  or where no p r e f e r e n t i a l  compound 

i s  fo rm ed ,  the  s t r e s s e s  s e t  up by t h e  s o l i d  s o l u t i o n  c a n n o t  

r e a c h  t h e  c r i t i c a l  v a lu e  f o r  p r e c i p i t a t i o n .  An e x c e l l e n t  

example of t h i s  ty p e  o f  r e a c t i o n  was seen  i n  th e  sys tem  

alumi n i  u m - n i c k e l , where ag e in g  a t  120*^0, a l lo w e d  

p r e c i p i t a t i o n  to  be n u c l e a t e d  and t h e  h a r d n e s s  o f  the  

t r a n s i t i o n  r e g i o n  f e l l . However, when a s i m i l a r  f i l m  

was aged a t  room te m p e r a tu r e  n u c l é a t i o n  c o u l d  n o t  t a k e  

p l a c e  and h i g h  a d h e s io n  v a l u e s  were r e c o r d e d  f o r  th e  

sp ec im en .

The h ig h  i n i t i a l  a d h e s io n s ,  how ever ,  a re  more

d i f f i c u l t  t o  d e s c r i b e .  Heavens’ s u g g e s t i o n  o f  o r i e n t e d

o v e rg ro w th s  may w e l l  be t r u e  f o r  some o f  t h e  sys tem s b u t

j u s t  as good v a l u e s  yrere o b t a i n e d  f o r  sys tem s  i n  which

o v e rg ro w th  o f  t h i s  ty p e  would n o t  be e x p e c t e d .  I n

p a r t i c u l a r , m anganese p o s s e s s e s  a h i g h l y  i r r e g u l a r
q  7

s t r u c t u r e  i n  any o f  i t s  t h r e e  fo rm s  and y e t  - a c t e d  as 

a v e r y  s u i t a b l e  s u b s t r a t e  m a t e r i a l  f o r  a lum in ium . I f ,  

however,  t h e  i n i t i a l  a d h e s io n  was c a u s e d  by an a c t i o n  

s i m i l a r  t o  t h a t  g i v i n g  th e  a g e in g  e f f e c t s  t h e n  t h e  a d h e s io n  

v a l u e s  become more r e a l i s t i c  when com pared  v d th  th e  i n c r e a s e s
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and d e c r e a s e s  i n  a d h e s io n  o b t a i n e d  a f t e r  a g e in g .  I n  o r d e r  

t o  o b t a i n  such  a d h e s io n  v a l u e s  t h e r e  would  n e e d  t o  be a 

f a i r  p e n e t r a t i o n  o f  t h e  c o n d e n s in g  atoms o f  t h e  r e f l e c t i n g  

f i l m  i n t o  t h e  s u b s t r a t e  f i l m .  The e n e rg y  f o r  t h i s  p r o c e s s  

would n e e d  t o  come from  th e  k i n e t i c  or  t h e r m a l  e n e r g i e s  

o f  t h e  c o n d e n s in g  a to m s .  On an amorphous s u b s t r a t e  t h e  

c o n d e n s in g  atoms would have a m o b i l i t y  w h ich  would  c a u se  

them t o  form t h r e e - d i m e n s i o n a l  a g g r e g a t e s ,  and t h e  f i l m s  

would grow i n  a s i m i l a r  manner to  t h e  chromium f i l m s .

I f ,  how ever ,  t h e  c o n d e n s in g  s u r f a c e  i s  n o t  smooth, b u t  

c o v e re d  t h  h i l l s  and d a l e s ,  fo rm ed  by  a c t u a l  s u r f a c e  

i r r e g u l a r i t i e s  due t o  a g g r e g a t e s ,  t h e  p h y s i c a l  movement 

o f  t h e  c o n d e n s in g  atoms w i l l  be l i m i t e d  and th e  e n e rg y  

w i l l  p a s s  t o  t h e  s u b s t r a t e  m a t e r i a l .  T h is  w i l l  ca u se  

l o c a l  h e a t i n g  and a s s i s t  t h e  i n t e r p e n e t r a t i o n  o f  th e  

r e f l e c t i n g  f i l m  m a t e r i a l  i n t o  th e  s u b s t r a t e  l a y e r .

The m ost  s u i t a b l e  s u b s t r a t e  f i l m  f o r  t h i s  form

o f  g row th  would, be one i n  w h ich  th e  g ro w th  p r o c e s s  fo im ed

a l a r g e  num ber o f  v e r y  sm all  a g g r e g a t e s .  T h is  s y s te m ,

ho''"'ever, w ou ld  a l s o  r e q u i r e  f o r  t h i c k e r  s u b s t r a t e s ,  w hich

c a u se  a f u r t h e r  i n c r e a s e  i n  a d h e s i o n ,  an e v e n  more f i n e l y

d i v i d e d  s u r f a c e .  From th e  t h e o r i e s  of g row th  o f  t h i n  
83f i l m s  , t h i s  w ould  a p p e a r  t o  be an i m p o s s i b i l i t y .  But 

i f  the  i n c r e a s e d  a d h e s io n  u s i n g  t h i c k e r  f i l m s  was due to  

d i f f u s i o n  i n t o  t h e  body o f  l a r g e r  a g g r e g a t e s  w i t h i n  t h e  

f i l m s ,  and n o t  t o  d i f f u s i o n  t h r o u g h  t h e  g r a i n  b o u n d a r i e s .
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a l a r g e r  p a r t i c l e  s i z e  i n  t h e  t h i c k e r  f i l m s  would be r e q u i r e d .  

The i n c r e a s e d  s i z e  o f  a g g r e g a t e s  ^ o u l d  g iv e  an en h an ced  

a r e a  o f  c o n t a c t  b e tw e e n  m e t a l  and s u b s t r a t e  f i l m  v h i c h  would 

c a u se  t h e  f u r t h e r  i n c r e a s e  i n  a d h e s io n .

E x c e l l e n t  i n c r e a s e s  i n  a d h e s io n  were o b t a i n e d  

u s i n g  a n i c k e l - c h r o m iu m  a l l o y  as th e  s u b s t r a t e  m a t e r i a l .
9

Dushman’ s t h e o r y  o f  t h e  e v a p o r a t i o n  o f  a l l o y s  showed t h a t  

t h e  chromium s h o u ld  e v a p o r a t e  o f f  p e r f  e r e n t i  a l l y ,  b u t  

B ann ing^^ h a s  o b t a i n e d  f i l m s ,  e v a p o r a t e d  a t  10"^  mm. o f  

m e rc u ry ,  i n  i% ich  th e  n i c k e l  was d e t e c t a b l e .  The a d h e s io n  

v a l u e s  f o r  th e  spec im ens  t h a t  were p r e p a r e d  d i s t i n c t l y  

showed t h a t  t h e  s u b s t r a t e  m a t e r i a l  was n o t  p u re  chromium.

The w ork  p r e s e n t e d  i n  t h i s  t h e s i s  i s ,  as f a r  as  

t h e  a u t h o r  can  d e t e r m i n e ,  th e  f i r s t  a t t e m p t  t o  o b t a i n  t h e  

s t r u c t u r e  o f  o p t i c a l l y  inhom ogeneous f i l m s  from o p t i c a l  

m e a s u re m e n ts .  I t  i s  c e r t a i n l y  t h e  f i r s t  u s i n g  p u r e l y  

r e f l e c t i v e  and t r a n s m i s s i v e  c o e f f i c i e n t s .  The r e s u l t s  

o b t a i n e d  a re  q u i t e  c o n s i s t e n t  w i t h  p r e v i o u s  e x p e r i m e n t a l  

work ,  b o t h  on chromium f i l m s ,  and f i l m s  o f  o t h e r  m a t e r i a l s .

I t  has  b e e n  r e c o g n i s e d ,  f o r  a number o f  y e a r s ,  t h a t  

e v a p o r a t e d  f i l m s  t e n d e d  to  grow i n  an a g g r e g a t e d  s t r u c t u r e ,  

and from e l e c t r o n  m i c r o s c o p i c  i n v e s t i g a t i o n s  i t  was knovrn 

t h a t  i n  the  p l a n e  o f  c o n d e n s a t i o n  th e  p a r t i c l e s  showed no 

a p p a r e n t  p r e f e r e n t i a l  g ro w th  d i r e c t i o n ^ ^ .  F or  a number
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o f  y e a r s  t h e  M a x w e l l - G a rn e t t  t h e o r y  h a s  b e e n  a p p l i e d  t o
99t h i s  t y p e  o f  f i l m  some, b u t  n o t  c o m p le t e ,  s u c c e s s

The new  t h e o r i e s ,  b a s e d  on  t h e  a s s u m p t io n  t h a t  t h e  

a g g r e g a t e s  f o m  e l l i p s o i d a l  p a r t i c l e s ,  a p p e a r  p r o m i s i n g .

The d e g re e  o f  em ph as is  t h a t  can be p l a n e d  on t h e  c a l c u l a t i o n  

o f  t h e  r e l a t i v e  t h i c k n e s s  f r a c t i o n  ^s* i s  d i f f i c u l t  t o  

a s s e s s ,  b u t  t h e  c l o s e  f i t  beb^^een t h e  e x p e r i m e n t a l  p o i n t s  

and t h e  t h e o r e t i c a l  c u r v e  obt  a in e d  i s  i n t e r e s t i n g  i n  v iew  

o f  the d e v i a t i o n  o f  r e f r a c t i v e  i n d e x  from b u l k  m e t a l  

v a l u e s .  I t  w ou ld  s u g g e s t  t h a t  t h e  a g g r e g a t e s  t h e m s e l v e s  

have a l o o s e ,  more open s t r u c t u r e  when t h e  t h i c k n e s s  o f  

t h e  f i l m  i s  b e lo w  lOOA. The e l e c t r o n  s c a t t e r i n g  w i t h i n  

such  a s t r u c t u r e  would  a f f e c t  n o t  o n ly  t h e  o p t i c a l  

p r o p e r t i e s  b u t  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  th e  f i l m s .

U s in g  e l e c t r o n  d i f f r a c t i o n  m e th o d s ,  L a f o u rc a d e  has  

e s t i m a t e d  t h a t  th,e s i z e  o f  t h e  p a r t i c l e s  i n  a f i l m  o f  

t h i s  t h i c k n e s s  were o f  t h e  o r d e r  of  15A -  20A.

I t  was c o n s i d e r e d  t h a t  t h e  n o n -h o m o g e n e i ty  i n  

t h e  f i l m s  m ig h t  be due to  t h e  p r e s e n c e  o f  t h e  o x id e  c o a t i n g  

a round  t h e  m e t a l  p a r t i c l e s ,  b u t  t h i s  was f i n a l l y  d e c i d e d  

n o t  t o  be s o .  F o r  i f  we were  t o  c o n s i d e r  two e l e m e n t a l  

volum es i n  a f i l m  some d i s t a n c e  a p a r t  a lo n g  a n o rm a l  t o  

t h e  c o n d e n s in g  p l a n e ,  t h e n  from  t h e  t h e o r y  o f  t h e  m ethod  

t h e  v a l u e  o f  * f ’ , t h e  s t r u c t u r e  f a c t o r ,  w i l l  be d i f f e r e n t  

i n  t h e  two v o lu m e s .  The f u n c t i o n  ’ f  ’ , h o w e v e r ,  n o t  o n ly
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d e s c r i b e s  th e  s i z e  o f  th e  p a r t i c l e s  b u t  t h e i r  s h a p e ,  and 

as th e  o x id e  c o a t i n g s  a re  assumed t o  be u n i f o r m l y  t h i n  t h e  

ox id e  c o a t i n g s  a round  t h e  p a r t i c l e s  v d t h i n  e a c h  o f  t h e  

e l e m e n t a l  vo lum es  Kirill o n l y  d i f f e r  i n  as much as  ’ f  ’ c h a n g e s .  

Thus *f  ’ , as  w e l l  as d e f i n i n g  t h e  e l l i p s o i d a l  s u r f a c e s ,  

d e s c r i b e s  t h e  o x id e  c o a t i n g .  The o n l y  t r u e  v a r i a b l e  t h e n ,  

b e tw e e n  th e  two e l e m e n t s ,  i s  t h e  s t r u c t u r e  f a c t o r  ’ f  ’ .

I n  p r e s e n t i n g  t h e  t h e o r y  some ^^dde a p p r o x im a t io n s  

have b e e n  m ade,  b u t  i t  i s  f e l t  t h a t  a more p e n e t r a t i n g  

a n a l y s i s  w ould  g iv e  s i m i l a r  r e s u l t s .

The l i m i t e d  d i f f u s i o n  o f  t h e  s u b s t r a t e  m a t e r i a l s ,  

as s u g g e s t e d  by î j î iche l ,  i s  shovn by  t h e  r e s u l t s  o f  t h e  

r e f l e c t i v i t y  i n v e s t i g a t i o n .  Of t h e  s u b s t r a t e  m a t e r i a l s  

u s e d  l e a d  i s  c e r t a i n l y  t h e  m ost  m o b i le  i n  e i t h e r  a lum inium  

o r  s i l v e r .  The s l i g h t  d e t e r i o r a t i o n  i n  t h e  r e f l e c t i v i t i e s  

o f  t h e  s i n g l e  m e ta l  f i l m s ,  and t h e  compound f i l m s  i n  which 

t h e  d e p t h  o f  p e n e t r a t i o n  a t  th e  i n t e r f a c e  was l i m i t e d ,  i s  

u n d o u b t e d l y  due t o  t h e  f o r m a t i o n  o f  t h e  s u r f a c e  o x id e  

l a y e r s  s i m i l a r  t o  t h o s e  d e t e c t e d  on chromium b y  t h e  o p t i c a l  

i n v e s t i g a t i o n s  u s i n g  th e  p o l a r i s i n g  s p e c t r o s c o p e .  The 

c l o s e  ag reem en t  b e tw e e n  th e  v a l u e s  o b t a i n e d  .u s in g  t h a t  

i n s t r u m e n t  f o r  th e  e v a p o r a t e d  m e ta l  sam ple  and t h e  b u l k  

sam ples  i s  q u i t e  u n u s u a l  and m ust  be due t o  t h e  s t r o n g  

c o h e s iv e  e n e r g y  o f  th e  m e t a l  i n  r e s i s t i n g  th e  f o r m a t i o n
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o f  a p o l i s h ,  o r  B e i l b y ,  l a y e r  a t  t h e  s u r f a c e .  The c o n s t a n t s  

o b t a i n e d ,  do n e v e r t h e l e s s ,  show some agreem ent  w i t h  t h o s e  

d e t e r m i n e d  by Abel es  ^dio a l s o  u s e d  an e v a p o r a t e d  m e t a l  

sp ec im en .
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CHAPTER 12

FUTURE VORK

I t  i s  c o n s i d e r e d  t h a t  c e r t a i n  l i n e s  o f  i n v e s t i g a 

t i o n  a r i s i n g  o u t  o f  t h i s  work c o u l d  be t a c k l e d  and m ig h t  

l e a d  t o  i n t e r e s t i n g  r e s u l t s .

( 1 ) A d h es io n  and H ard n es s  o f  T h in  F i lm s

The n a t u r e  o f  t h e  a d h e s io n  of a s i n g l e  m e t a l

f i l m  t o  a g l a s s  o r  i o n i c  c o n d e n s in g  p l a t e  i s  a l r e a d y
100

b e i n g  i n v e s t i g a t e d  . I t  would be o f  i n t e r e s t ,  h o w ev e r ,  

t o  o b t a i n  r e s u l t s  f o r  th e  a d h e s io n  o f  r e f l e c t i n g  f i l m s ,  

such  as  t h e s e  u s e d  h e r e  i^hen s u b s t r a t e d  w i t h  m e t a l l i c  

l a y e r s  n o t  sho^^dng su ch  s t r o n g  c o h e s i o n a l  e n e r g y  v a l u e s  

as t h e  t r a n s i t i o n  s e r i e s  o f  m e t a l s ,  no r  t h e  much poorer,  

v a l u e  o f  l e a d .  M e ta l s  sho^rdng a p o o r  a d h e s io n  c o u l d  n o t  

be e x p e c t e d  to  i n c r e a s e  th e  a d h e s io n  o f  t h e  r e f l e c t i n g  

f i l m  by a l a r g e  amount,  b u t  i t  s h o u ld  be p o s s i b l e  t o  o b t a i n  

r e s u l t s  f o r  a f i l m  ^^hich h a d  a po o r  a d h e s io n  to  t h e  

s u b s t r a t e ,  b u t  a good c o h e s i o n a l  e n e r g y .  S i m i l a r l y  

magnesium would  be w o r th  i n v e s t i g a t i n g  as  i t  p o s s e s s e s  a 

h e a t  o f  s u b l i m a t i o n  l e s s  t h a n  t h a t  o f  l e ad^^ b u t  i s  r e a d i l y  

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

good a d h e s i o n .
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( 2) I n v e s t i g a t i o n  o f  T r a n s i t i o n  S t r u c t u r e

P e rh a p s  t h e  most f r u i t f u l  m e th o d  o f  i n v e s t i g a t i n g  

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

d u r i n g  a g e in g  would  be by p r e p a r i n g  t h e  sp ec im en s  d i r e c t l y  

i n  a r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  c a m e ra .  The c o m p le te  

ra n g e  o f  s u b s t r a t e  l a y e r  t h i c k n e s s e s  c o u ld  be u s e d  w i th  a 

v e r y  t h i n  d e p o s i t  o f  t h e  r e f l e c t i n g  f i l m  m a t e r i a l .  T h is  

ty p e  o f  a p p a r a t u s  has  a l r e a d y  b e e n  u s e d  to  i n v e s t i g a t e  

t h e  change i n  t h e  s t r u c t u r e  o f  f i l m s  o f  a l l o y  m a t e r i a l s  

as t e m p e r a t u r e  ch a n g es  were im p o sed  on t h e  s p e c im e n s .

(3 )  O p t i c a l  I n h o m o g e n e i ty

I f  t h e  r e s u l t s  o b t a i n e d  i n  C h a p te r  10 a re  

c o n s i s t e n t  i d t h  t h e  n o rm al  g ro w th  p r o c e s s  i n  t h i n  f i l m s  

t h e n  th e  ch an g es  o b s e rv e d  T d th  t h i c k n e s s  s h o u ld  be 

o b t a i n a b l e  f o r  o t h e r  m a t e r i a l s .  M e ta l s  t h a t  f o l l o w  t h e  

same t y p e  o f  g row th  p r o c e s s  as  chromium a r e ,  a c c o r d i n g  t o  

L e v i n s t e i n  , i r o n ,  n i c k e l ,  c o b a l t ,  m an g an e se ,  t i t a n i u m ,  

b e r y l l i u m ,  l e a d ,  t i n ,  p a l l a d i u m  and p l a t i n u m .  However, 

n i c k e l ,  b e r y l l i u m  end p l a t i n u m  a re  c o n s i d e r e d  as  n o t  

b e in g  r e a d i l y  ox i  d i s  a b l e ,  and no i n f o r m a t i o n  can  be o b t a i n e d  

on t h e  o x i d i s i n g  p r o p e r t i e s  o f  p a l l a d i u m  and. t i n  a t  room 

t e m p e r a tu r e s '^ ^ .  I r o n ,  c o b a l t  and m anganese a r e  r e a d i l y  

e v a p o r a t e d  and c o u l d  be i n v e s t i g a t e d  w i t h o u t  much d i f f i c u l t y .
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No co m p rehen s ive  i n v e s t i g a t i o n  a p p e a r s  t o  have  b ee n  u n d e r 

t a k e n  on any o f  t h e s e  m e t a l s  ^ 'h ich  c o u ld  i n d i c a t e  t h a t  

t h e y  have  b ee n  r e g a r d e d  as o p t i c a l l y  inhom ogeneous  and 

t h u s  s u i t a b l e  f o r  an e x a m i n a t i o n  u s i n g  t h e  m ethod  c a r r i e d  

o u t  on chromium.

Lea.d, how ever ,  m ig h t  be t h e  b e s t  m e t a l  t o  c h o o s e ,  

f o r  t h e  l e a d  f i l m s  a re  g e n e r a l l y  r e g a r d e d  as h i g h l y  

a g g r e g a t e d ,  and t h e  d e g r e e  o f  a g g r e g a t i o n  c a n  be i n c r e a s e d  

w i t h  t h i c k n . e s s .  I n  t h i s  way, l a r g e  enough a g g r e g a t e s  

c o u ld  be fo rm e d ,  i”d t h  an o x id e  l a y e r  on t h e  s u r f a c e ,  to  

have b u l k  c o n d u c t i v i t y  i n s i d e  t h e  p a r t i c l e s .  A l t e r n a t i v e l y ,  

w i th  a s u i t a b l y  h e a t e d  c o n d e n s in g  p l a t e  i t  m ig h t  be p o s s i b l e  

to  grow l a r g e r  a g g r e g a t e s  o f  chromium, p o s s e s s i n g  a 

s t r u c t u r e  more a k in  t o  t h e  b u l k  m e t a l  t h a n  we o b t a i n e d  by  

c o n d e n s in g  o n to  a p l a t e  a t  room t e m p e r a t u r e  ©
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LETTRES A LA RÉDACTION

VIEILLISSEMENT DES COUCHES D’ALUMINIUM 
DÉPOSÉES PAR ÉVAPORATION

Par C. W e a v e r  et R. M. H i l l ,

Dep*. of Natural Philosophy, Royal Technical 
College, Glasgow.

Les couches d'aluminium déposées sur verre par 
évaporation sous vide élevé sont fréquemment 
utilisées comme surfaces réfléchissantes de miroirs. 
L’adhérence de ces couches au verre du support est 
malheureusement assez faible et c’est devenu une 
pratique courante de condenser une fine couche de 
chrome sur le verre aussitôt avant d’y déposer l’alu
minium. Le chrome semble accroître la dureté et 
l ’adhérence de la couche finale d’aluminium.

Heavens [1, 2] a suggéré que cette action pouvait 
être due à un effet de « sensitisation » ou d’orientation 
induite dans la couche d’aluminium. Pour étudier 
l’effet d’une variation de l’épaisseur de la sous-couche 
de chrome, il mesurait l’adhérence des couches en les 
égratignant avec une aiguille de gramophone chargée, 
et en cherchant la charge juste nécessaire pour arracher 
le film. L ’accroissement d’adhérence était faible tan t 
que les sous-couches de chrome avaient des épaisseurs 
inférieures à 300 Â, mais une augmentation nette de 
l’adhérence apparaissait pour des épaisseurs plus 
grandes de chrome.

Nous avons observé sur ces couches des effets de 
vieillissement qui accroissent l’adhésion. Celle-ci tend à 
atteindre une valeur constante après 14 jours environ 
à la tem pérature ambiante ou 3 jours à 120 °C. L’adhé
rence a été mesurée, par la méthode de Heavens, pour 
des films parvenus à un état stable. En portant la 
charge de l’aiguille juste nécessaire pour arracher le 
film en fonction de l ’épaisseur de la sous-couche de 
chrome, on obtient un graphique à deux échelons : il 
faut un premier accroissement de charge de 200 g 
environ au moment ou l’épaisseur de chrome 
atteint 20 Â, et un second quand elle dépasse 200 à 
300 Â. Pe son côté, Heavens a obtenu 100 à 150 g pour 
des épaisseurs de chrome supérieures à 350 Â, mais ses 
mesures étaient probablement faites peu de temps 
après le dépôt, ce qui expliquerait la divergence.

Collins a examiné par diffraction électronique des 
couches d’aluminium déposées sur du chrome [2, 3], 
mais n’a pas pu mettre en évidence d’orientation de la 
couche.  ̂Le chrome lui-même ne présentait aucune 
orientation si on le déposait lentement et une orien
tation (110) pour un dépôt très rapide. La couche 
superposée d’aluminium ne présentait d’orientation en 
aucun cas, bien que l’aluminium déposé sur verre 
prenne une certaine orientation (100) [4].

On a suggéré que le vieillissement pouvait venir de

la formation d’une pellicule dure d’oxyde qui résis
terait à la pénétration. Des pesées à la microbalance 
n ’ont montré aucune augmentation de poids après 
les 15 premières minutes, la formation de la couche 
d’oxyde étant presque complètement terminée au 
bout de ce temps. Cela s’accorde avec les courbes 
d’oxydation en fonction du temps obtenues par Mott 
[5], mais pas avec le vieillissement de longue durée 
observé.

Les diagrammes d’équilibre du système chrome- 
aluminium sont incomplètement connus, mais ces 
métaux donneraient 9 composés intermétalliques 
distincts [6]. On a cependant des diagrammes complets 
pour les systèmes nickel-aluminium et cobalt-alu
minium, et dans les deux cas un sommet accusé 
indique la formation d’un composé stable à haute 
température de fusion. On sait que ces composés sont 
durs et tenaces, et qu’ils ont une grande énergie de 
formation. Les grandes analogies entre le chrome et les 
métaux en question, conduisent à supposer que l’un 
au moins des composés chrome-aluminium serait aussi 
très stable, de point de fusion élevé, et aurait une 
grande énergie de formation [7].

liOrsque nous déposons de l’aluminium sur du 
chrome, nous devons donc nous attendre à ce qu’une 
réaction intervienne à la surface de contact et forme 
une couche de composé intermétallique. Les courbes 
de vieillissement obtenues, tan t à 120® qu’à tempé
rature ordinaire, le confirment, car leur forme est 
caractéristique d’un processus de diffusion-préci
pitation. On suggèie donc que la dureté et l’adhérence 
observées sont dues à une couche intermédiaire de ce 
composé intermétallique dur et tenace, adenté et 
trouvant prise dans l’aluminium plus tendre q_ui le 
recouvre. Ce composé renforcerait assez la pellicule 
pour lui permettre de résister à la distorsion produite 
par le test d’égratignure utilisé.

Nous poursuivons et étendons nos recherches, dont 
nous publierons plus tard  un compte rendu détaillé.

Manuscrit reçu le 12 mai 1956.
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A b s tr a c t

An i n v e s t i g a t i o n  in to  th e  o p t i c a l  p r o p e r t i e s  o f  chromium i s  

d e s c r ib e d ,  u s in g  th e  p o l a r im e t r i c  te c h n iq u e . The r e s u l t s  o b ta in e d  

show d isa g re e m e n t w ith  th e  p r e v io u s ly  p u b l is h e d  v a lu e s .  I t  i s  

su g g e s te d  t h a t  t h i s  may be due to  th e  p re s e n c e  o f  a  p o l i s h ,  o r  o x id e , 

l a y e r  on th e  specim ens* s u r f a c e s .  The r e f r a c t i v e  in d e x  o f  b u lk  chromium 

was m easured  a s  1 .1 8  -  i l . 0 6  f o r  l i g h t  o f  w a v e le n g th  5461 A. The s u r f a c e  

f i lm  on a  p o l i s h e d  b u lk  m e ta l sam ple was found  to  have a  r e f r a c t i v e  

in d e x  o f  2 .4 2 , and  a  th ic k n e s s  o f  5ÛA. A th ic k  e v a p o ra te d  specim en 

o f  th e  same m e ta l  was fo und  to  g iv e  s i m i l i a r  m e t a l l i c  v a lu e s ,  and to  

s u s ta i n  a  s u r f a c e  f i lm  o f  th e  same th ic k n e s s  b u t  o f  r e f r a c t i v e  in d ex  2 . 23.

I n t r o d u c t io n

In  th e  th e o iy  o f  th e  r e f l e c t i o n  o f  l i g h t  by a  m e ta l s u r f a c e ,  tv/o 

c a s e s  have to  be  c o n s id e re d , a c c o rd in g  to  w h e th e r  th e  e l e c t r i c  v e c to r  

o f  th e  in c id e n t  wave i s  p a r a l l e l  o r  p > erp en d icu la r to  th e  p la n e  o f  

in c id e n c e ,  g e n e r a l ly  th e  p h ase  s h i f t  and r e f l e c t i o n  c o e f f i c i e n t s  a re  

d i f f e r e n t  in  th e  two c a s e s .  D rude^ c o n s id e re d  th e  case  o f  an in c id e n t  

beam p la n e - p o la r i s e d  a t  *^4  to  th e  p la n e  o f  in c id e n c e , and showed t h a t  

i n  g e n e ra l  th e  r e f l e c t e d  beam w ould be  e l l i p t i c a l l y  p o l a r i s e d  and  t h a t



th e  o p t i c a l  c o n s ta n ts  o f  th e  m e ta l  c o u ld  be deduced from  m easurem ents 

o f  th e  e l l i p t i c i t y .

The m ethod has been  w id e ly  u se d  to  o b ta in  th e  o p t i c a l  c o n s ta n ts  

o f  m e ta l  s u r f a c e s ,  and th e  r e s u l t s  sh o u ld  n o t  depend on th e  an g le , o f  

in c id e n c e , b u t  m easurem ents we have made upon chromium f o r  a  ran g e  o f  

a n g le s  o f  in c id e n c e  gave r e s u l t s  w hich w ere n o t  c o n s i s t e n t  b u t  v a r ie d  

in  a  r e g u la r  m anner. Assuming th e  v a l i d i t y  o f  th e  m ethod, t h i s  c a s t s  

dou b ts  upon th e  a ssu m p tio n  o f  a  c le a n  m e ta l s u r f a c e .  I f ,  how ever, th e  

chromium m e ta l i s  a lw ays co v ered  w ith  a  s u r fa c e  f i lm ,  p ro b a b ly  o x id e , 

i t  w ould n a tu r a l l y  fo llo w  t h a t  m easurem ents made upon such  a  s u r fa c e  

w ould n e v e r  y i e l d  d i r e c t l y  th e  c o r r e c t  o p t i c a l  c o n s ta n ts  o f  th e  m e ta l. 

M easurem ents made a t  d i f f e r e n t  a n g le s  o f  in c id e n c e  a re  q u i te  l i k e l y  in  

t h i s  case  to  g iv e  i n c o n s i s t e n t  r e s u l t s  s in c e  th e  c a lc u la t io n s  ig n o re  th e  

p re se n c e  o f  a  s u r fa c e  f i lm .

2
Drude d id  e x te n d  h i s  theory/ to  co v er th e  case  w here a  t h in ,  

n o n -a b s o rb in g , s u r f a c e  f iL n  i s  p r e s e n t  and showed th a t  th e  r e f r a c t i v e  

in d ex  and th ic k n e s s  o f  such a f i lm  c o u ld  be  c a lc u la te d  from  jp o la r im e tr ic  

m easurem ents, p ro v id e d  t h a t  s i m i l i a r  m easurem ents c o u ld  be  made on a  c le a n  

m e ta l s u r f a c e ,  o r  th e  o p t i c a l  c o n s ta n ts  o f th e  u n d e r ly in g  m e ta l were laiown. 

T h is  i s  n o t  p o s s ib l e ,  how ever, in  th e  case  o f  ch ro  Mum due to  th e  r a p id  

n a tu re  o f  th e  o x id a t io n  p ro c e s s .

A d i r e c t  m easurem ent o f  th e  r e f r a c t i v e  in d ex  o f  chromium 

does n o t  a p p e a r  to  be f e a s i b l e ,  b u t  u s e f u l  r e s u l t s  have been  o b ta in e d  by



c a l c u la t i n g  th e  r e f r a c t i v e  in d ex  and  th ic k n e s s  o f th e  s u r fa c e  f i lm  upon 

a  g iv en  specim en u s in g  approx im ate  v a lu e s  o f  th e  o% )tical c o n s ta n ts (n ,k )  

f o r  th e  b u lk  m e ta l and th en  v a ry in g  th e s e  (n ,k )  v a lu e s  assum ed f o r  th e  

m e ta l u n t i l  th e  c a lc u la t e d  f i lm  in d ex  and  th ic k n e s s  w ere th e  saxne f o r  a l l  

a n g le s  o f  in c id e n c e .

Drude^ h a s  shown t h a t  f o r  r e f l e c t i o n  from  a  p la n e  m e ta l s u r f a c e  

a t  an g le  o f  in c id e n c e  0

n = ( s in 0  ta n 0  co s2% )/( 1 + c o s A s in 2 y-)  ( l )

k  = n . s in A  ta n 2 ”)̂   ( 2)

where th e  r e f r a c t i v e  in d ex  o f  th e  b u lk  m e ta l i s  g iv en  by

• N = n -  ilc

and  ta n  % = th e  r a t i o  o f  th e  r e f l e c t i o n  c o e f f i c i e n t s  Rp/Rg f o r  th e  

two com ponents

A  = th e  r e l a t i v e  ph ase  s h i f t  induced  betw een th e  two com ponents.

I f ,  how ever, th e r e  be  a  f i lm  o f  r e f r a c t i v e  in d ex  np on th e  m e ta l, and 

i t s  th ic k n e s s  i s  L, w here th e  m e ta l* s  b u lk  c o n s ta n ts  a re  s t i l l ( n , k )  th en

9 o
(Zi -  a )  = _cos0^ s in  0  (1 -  lo ) ( c o s  0  -  a.)  (3 )

“  -- a) + Sf

and

2('X --% ) = 4?rL s i n 2^  cosj3 sin^jZ a* (1  -  npcos^^) ( l  -  1^) ...................... (4 )
% (cos^j^ -  a}^  + a*^ n1



w here a  = (n^  -  k ^ ) (n ^  + k ^ ) a* = 2nk(n^ + k^)

and ( A - a ) i s  th e  d i f f e r e n c e  betw een  th e  r e l a t i v e  phase  s h i f t s  on 

r e f l e c t i o n  w ith  th e  f i lm  and w ith o u t th e  f i lm ,  and  ("X -  x )  i s  th e  

c o rre sp o n d in g  d i f f e r e n c e  i n  r e f l e c t i o n  r a t i o s ,  th e  m easurem ents b e in g  

made in  a i r .

These e q u a t io n s  have b e en  r e v / r i t te n ^  to  g iv e  np and L d i r e c t l y  

a s  f u n c t io n s  o f  ( A - A ) ,  ( " X - 'x ) ,  ( n ,k )  and  th e  a n g le s  >  and 0^

i . e .  np^ = r  1 +  2( X -  X ) cos^ 0  -  a  1 1   (5 )
L A  -  A  a* s i n 2 J  c o s ^

L = -  A  ' A  .............. ............ ( 6)
A(1  -  1/i^p )-  lQO 

where ( A -  A )  i s  m easured  in  d e g re e s  and  A i s  g iv en  by

p 2
A = A tt  CO30 s in  0  (co s  jZ* -  a j

^  (cos^X  -  a ) 2+ a »2

4

-2  _ -2

In  o rd e r  t o  c a l c u l a t e  n^ and L i t  i s  n e c e s s a ry  to  o b ta in  v a lu e s  

f o r  th e  o th e r  q u a n t i t i e s .  Where th e r e  i s  no p o s s i b i l i t y  o f  s t r i p p in g  

th e  s u r fa c e  f i lm  to  le a v e  c le a n  m e ta l o n ly  A  and X  can be m easured  

d i r e c t l y .  However by  p o s tu l a t i n g  v a lu e s  f o r  ( n ,k )  th e  a n g le s  A and X 

f o r  th e  p u re  m e ta l s u r f a c e s  can  be c a lc u la t e d .  From e q u a tio n s  ( l )  and 

( 2) i t  can be seen  t h a t

co s2 X  = 2r y  (n^+ k^+ y ^ J^  ; a in A  = k (n  ta n 2x  )

(7)



w here y  = 3 in 0  ta n ^

Upon subst i tu t ion  into equations (5) and (6), values can be obtained 

fo r  np and L. I f  the correct values have been chosen for  (n,k) then np 

and L w i l l  be constant fo r  a l l  the range of the angle of incidence,*

E x p e rim e n ta l

The e x p e r im e n ta l  m easureçien ts w ere made u s in g  a  m o d if ic a t io n  o f  

Drude *8 m ethod, due to  T r o n s t a d \  T ro n s ta d  p la c e d  a  conqpensator b e fo re  

th e  specim en , b u t  a f t e r  th e  p o l a r i s e r ,  g iv in g  an  in c id e n t  beam t h a t  was 

e l l i p t i c a l l y  p o l a r i s e d .  The e l l i p t i c i t y  o f  t h i s  beam c o u ld  th e n  be 

a d ju s te d  to  g iv e  p la n e  p o l a r i s e d  l i g h t  a f t e r  r e f l e c t i o n  a t  th e  specim en 

s u r f a c e .  The com pensa to r u se d  was a  q u a rte r-w a v e  p l a t e  w ith  i t s  p r in c ip e t l  

d i r e c t i o n s  a t  T>/4 to  th e  p la n e  o f  in c id e n c e ,  and  th e  e l l i p t i c i t y  was 

a d ju s te d  by  r o t a t i o n  o f  th e  p o l a r i s e r .  P la n e  p o l a r i s e d  l i g h t  was d e te c te d  

by  o b ta in in g  an  e x t i n c t i o n  p o s i t i o n  f o r  th e  a n a ly s e r .  I f  P  and  A be  th e  

r e q u i r e d  a n g le s  o f  r o t a t i o n  o f  p o l a r i s e r  and  a n a ly s e r  r e s p e c t iv e ly  from  

th e  z e ro  p o s i t i o n  ta k e n  p a r a l l e l  to  th e  p la n e  o f  in c id e n c e  th e n  i t  can  be  

r e a d i ly  shoT/n^ t h a t  th e  r e l a t i v e  p h ase  s h i f t  be tw een  th e  two com ponents 

and th e  a n g le  be tw een  th e  e l e c t r i c  v e c to r  o f  th e  r e f l e c t e d  beam and th e  

p la n e  o f  in c id e n c e  a re  g iv e n  by th e  r e l a t i o n s h i p s

s i n  A = cos2P
............................... (S)

tan X- = tan A



A d iag ram  o f  th e  a p p a ra tu s  i s  g iv en  in  f i g . 1$ T h is  i s  b a se d  

on th e  p o l a r i s i n g  sp e c tro sc o p e  o f  T ro n s ta d . A h a l f  shade d e v ic e  was 

n o t  u sed  b u t  i h s t e a d  th e  a n a ly s e r  was a d ju s te d  f o r  e x tin c t io n *  T h is  

d e c re a s e s  th e  a c c u ra c y  o f  th e  s e t t i n g s  f o r  th e  h ig h e r  a n g le s  o f  in c id e n c e ,

b u t  was fo und  to  be q u i te  c o n v e n ie n t.

A h ig h  p r e s s u r e  m ercu iy  lamp was u sed  a s  th e  so u rce  S , w ith  a

m ercury  g ree n  f i l t e r  F to  o b ta in  th e  546lA l i n e .  A d i f f u s in g  s c re e n

and a p e r tu r e  w ere m ounted i n  f r o n t  o f  th e  lamp a t  th e  f o c a l  d is ta n c e  o f
*

th e  le n s  L from  th e  l e n s .  T h is  gave a  p a r a l l e l  beam o f  m onochrom atic l i g h t  

and a  second  a p e r tu re  was in tro d u c e d  j u s t  b e fo re  th e  p o la r o id  p o l a r i s e r  

to  red u ce  any e f f e c t  o f  s c a t t e r e d  l i g h t .  The p o la r o id  s h e e t  was m ounted 

i n  a  l a r g e  b a l l  r a c e ,  c a r ry in g  a  360° s c a l e .  A f te r  th e  p o l a r i s e r  a  

m ica q u a rte r-w a v e  p l a t e  was i n s e r t e d  w ith  i t s  p r i n c i p a l  d i r e c t i o n s  a t  

45^ to  th e  p la n e  o f  in c id e n c e  o f  th e  specim en. A n i c o l  p r ism  was u se d  

a s  a n a ly s e r ,  b e in g  m ounted in  a  50° - 0- 50°  s c a le  w ith  a  v e r n i e r  a tta c h m e n t.

P o l a r i s e r  and a n a ly s e r  w ere a d ju s te d  a l t e r n a t e l y  u n t i l  an 

e x t i n c t i o n  p o s i t i o n  was found  f o r  th e  r e f l e c t e d  l i g h t .  At t h i s  p o s i t io n  

th e  a n g le s  o f  r o t a t i o n  o f  th e  p o l a r i s e r  and  a n a ly s e r  from  th e  z e ro  

azim uth  w ere m easured .

T hree sam ples o f  chromium b u lk  m e ta l w ere in v e s t ig a te d .  A 

v i s u a l  s p e c tro g ra p h ic  com parison  o f  t h e i r  p u r i t y  w ith  a  sam ple o f  known 

p u r i t y  i s  g iv en  in  T able I .  The f o u r th  saraple l i s t e d  in  th e  t a b le  i s  

t h a t  o f  th e  chromium c h ip s  u se d  f o r  th e  e v a p o ra t io n  o f  a  vacuum p re p a re d



specim en . The im p u r i t ie s  o f  th e  s ta n d a rd  a re  l i s t e d  i n  p a r t s  p e r  

m i l l io n .  The s p e c t ro g ra p h ic  com parison  i s  o n ly  q u a l i t a t i v e ,  i . e .  where 

an im p u r ity  i s  l i s t e d  a s  tw ic e  t h a t  in  th e  s ta n d a r d  th e n  i t  i s  p r e s e n t  

to  a  g r e a t e r  am ount, b u t  n o t  n e c e s s a r i l y  e x a c t ly  d o u b le . The b u lk  m e ta l 

specim ens w ere p o l i s h e d  to  g iv e  a  s u r f a c e  a re a  o f  ab o u t 5 sq .cm . b u t  a  

s l i g h t  g r a in in e s s  was l e f t  on th e  s u r fa c e  due to  th e  d i f f i c u l t y  o f  

p o l i s h in g  su ch  a  b r i t t l e  m e ta l a s  chromium.

-5
The e v a p o ra te d  specim en was p re p a re d  in  a  vacuum o f  5# 10 mm, 

o f  m ercury  from  th e  chromium c h ip s  whose p u r i t y  i s  l i s t e d  a s  specim en 

N o.4 . i n  T ab le  I .  The c h ip s  w ere pack ed  in to  a  tu n g s te n  h e l i x  so a s  to  

g iv e  a s  much s u r f a c e  c o n ta c t  bettveem th e  m e ta l and  h e a t e r  a s  p o s s ib l e .

By t h i s  means a  f a i r l y  t h ic k  f i lm  c o u ld  be  o b ta in e d  w ith  a  c o n s ta n t  

e v a p o ra t io n  r a t e ,  and  v /ith o u t b u rn in g  o u t th e  tu n g s te n  b a s k e t .  The 

specim en  u se d  h e re  was e v a p o ra te d  a t  10 A n g s tro m s /se c ., and  th e  th ic k n e s s ,  

m easured  by  th e  T o la n s ly  in t e r f e r o m e t r i c  te c lin iq u e , was 530A. The 

o p t i c a l  t r a n s m is s io n  o f  th e  specim en was low , a b o u t y  p e r  c e n t ,  and  i t  

showed a  b rov /n ish  t in g e .

The e v a p o ra t in g  cham ber was pumped o u t by  means o f  a  r o t a r y  

pump and  a  w a te r  c o o le d  o i l  d i f f u s io n  pump# A t th e  e v a p o ra t io n  p r e s s u r e  

th e  m e ta l  charge  was o u tg a s s e d  a t  a  te m p e ra tu re  j u s t  below  th e  e v a p o ra t in g  

te m p e ra tu re  w ith  th e  condensing  s l i d e  w e l l  c o n c e a le d  by  a  s h u t t e r .  As 

co n d en sin g  p l a t e  a  m icro scope  s l i d e  was u se d . The s l i d e  had  b een  w ashed 

i n  h o t  w a te r  and  T eep o l and  p o l is h e d  w ith  a  le n s  t i s s u e  b e fo re  m ounting  

i n  th e  cham ber. B efo re  u s in g  th e  d i f f u s io n  pump th e  s l i d e  was s u b je c te d
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t o  a  glow d is c h a rg e  f o r  15 m inutes#  The cham ber was th e n  pumped down 

by  th e  d i f f u s i o n  purap. D uring  th e  e v a p o ra t io n  p ro c e s s  no attenrjpt was 

made to  h e a t  o r  c o o l th e  s l id e #  A f te r  e v a p o ra t io n  th e  s l i d e  was a llo w e d  

to  age i n  a i r  f o r  th r e e  months# The chromium f i lm  was a  good r e f l e c t o r  

and  no d i f f i c u l t y  was e x p e r ie n c e d  in  th e  o p t i c a l  m easuregients#

R e s u l ts  o f  O p t ic a l  M easurem ents

T ab le  I I  shows th e  v a lu e s  o b ta in e d  f o r  th e  a n g le s  X  and 

A  f o r  th e  sp ec im en s, assum ing t h a t  th e re  v/as no s u r fa c e  l a y e r  and 

a p p ly in g  th e  fo rm u la  g iv en  in  e q u a tio n  ( 8) .  I t  can  be seen  t h a t  th e r e  

a re  no c o n s ta n t  d e v ia t io n s  from  th e  mean f o r  any o f  th e  b u lk  m e ta l 

sp ec im en s . The s c a t t e r  o b ta in e d  at* th e  l a r g e r  a n g le s  o f  in c id e n c e  was 

due m ain ly  to  th e  d i f f i c u l t y  o f  o b ta in in g  sh a rp  s e t t i n g s  o f  th e  p o l a r i s e r  

and a n a ly s e r .  W ith o u t a  h a l f  shade d e v ic e  th e  s e n s i t i v i t y  i d  low a t  th e s e  

a n g le s  and th e  e x t i n c t i o n  p o s i t io n s  n o t  sh a rp  p eak s  a s  f o r  th e  s m a lle r  

v a lu e s  o f  / .  F o r t h i s  re a so n  th e  r e s u l t s  o b ta in e d  from  th e  l a r g e r  a n g le s  

a re  t r e a t e d  w ith  c a u t io n .  Com plete ag reem ent i s  n o t  o b ta in e d  betw een  th e  

e v a p o ra te d  specim en and  th e  o th e r s ,  b u t  t h i s  i s  n o t  e x p e c te d  s in c e  th e  

o p t i c a l  c o n s ta n ts  o f  t h i n  f i lm s  u s u a l ly  d i f f e r  from  th o se  o f  th e  b u lk
5

m a te r i a l  . The s e t t i n g s  f o r  t h i s  specim en w ere much e a s i e r  to  o b ta in  

a s  th e  s u r f a c e  o f  t h i s  sam ple was much sm oother th a n  th e  o th e r s .

The v a lu e s  o f  (n ,k )  assum ing a  sim p le  m e t a l / a i r  i n t e r f a c e  w ere 

c a l c u l a t e d  and a re  g iv en  in  T ab le  I I I .  The w ide range  o f  v a lu e s  was 

n o t  e x p e c te d  from  th e  s im p le  th e o ry  o f  an a b so rb in g  r e f l e c t o r .  I f



chroîïlium i s  n o t  a  sim p le  r e f l e c t o r  and s u p p o r ts  an  a b so rb in g  f i lm  th e n

th e  wrong th e o ry  has b een  a p p l ie d .  No a llo w an ce  f o r  s u r fa c e  f i lm s  have

b een  made i n  e a r l i e r  p u b l is h e d  w orks and some o f  th e  r e s u l t s  w hich habe

6—9b een  o b ta in e d  a re  l i s t e d  i n  T ab le  IV.

As th e  p u b lis h e d  r e s u l t s  do n o t a p p e a r  to  be  c o n s i s t e n t ,  and a s  

th e  s u r f a c e  o f  th e  e v a p o ra te d  specim en had  r e c e iv e d  no % :olishing o r  

b u rn is h in g  i t  ap p ea re d  re a so n a b le  t h a t  in  a p p ly in g  e q u a tio n s  (5 ) ,  (6 ) 

and ( 7 ) th e  f i r s t  a p p ro x im a tio n s  to  th e  b u lk  c o n s ta n ts  o f  chromium 

sh o u ld  be  ta k e n  n e a r  to  the  v a lu e s  o b ta in e d  f o r  t h a t  spe cim en. In  th e  

e a r ly  a p p ro x im a tio n s  u s in g  th e  e v a p o ra te d  specim en r e s u l t s ,  and a  range 

o f  (n ,k )  v a lu e s  th e  r e f r a c t i v e  in d ex  o f  th e  s u r fa c e  l a y e r  n^ was c a lc u la te d  

f o r  f o u r  v a lu e s  o f  an g le  o f  in c id e n c e  ( /  = 30° 40? 50? 60? ) .  L a te r  

r e s u l t s  were c a lc u la t e d  e v e ry  f i v e  d e g re e s  and th e  r e s u l t s  g iv en  in  T able 

V w ere o b ta in e d . The f i n a l l y  a c c e p te d  v a lu e s  f o r  t h i s  specim en were 

ta k e n  a s :

N = 1.18 -  iO .544  ; n^  = 2.230  ; L = 50 A.

T h is was r e p e a te d  w ith  th e  r e s u l t s  f o r  th e  b u lk  m e ta l specim en

Number 3*, a s  shown i n  T ab le  IV, and f o r  t h i s  th e  v a lu e s  o b ta in e d  

w ere;

N = 1.18 -  i l .0 6  ; n^ = 2.42 ; L = 50 A.

In  b o th  c a se s  we have ta k e n  o u r r e s u l t s  to  t r y  to  o b ta in

maximum c o n s is te n c y  in  th e  r e f r a c t i v e  in d ex  v a lu e s .  The th ic k n e s s  

v a lu e  rep re sen ;^ in g  a  f u r t h e r  s ta g e  in  th e  c a lc u l a t i o n  and T ab les  V and VI
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show only the fin a l approximations. Some idea of the wide variations v/e 

have encountered may be obtained from Table VII. This table gives some 

of the ear lier  results obtained using a series of widely spaced values 

for the refractive index of the metal. Some general trends may be 

observed in the refractive index values but the variations in thickness 

are more irregular and i t  is  thus more d iff ic u lt  to use these as a guide. 

The degree of agreement on the thickness values of our fin a l results i s  

comparatively good, particularly since the measurements at high angles 

of incidence are subject to a larger error in our experimental measurements 

Such variations as s t i l l  ex ist may be due to the fact that there w ill  not 

be a sharp boundary between oxide and metal but a transition region where 

oxide and metal are intermingled. The e ffect of such a transition layer 

would vary with angle of incidence.

Conclusions

We have assumed a surface film  and attempted to choose the optical 

constants of the underlying metal so as tp obtain consistency in the 

constants of the surface film , but the degree of consistency obtained 

simultaneously in the results for both the refractive index and the 

thickness appears to provide some indication of the va lid ity  of the method. 

Further confirmation i s  obtained from the agreement between the refractive 

index figures for surface films on polished metal and evaporated films 

respectively.

The refractive index figures in both cases compare favourably
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with the tabulated value of 2.5 for chromium o x i d e ^  This suggests

that the surface film  is  chromium oxide and the thickness of 50 A

obtained i s  probably the ultimate value for complete coverage of a

perfectly  smooth surface according to the theories of oxide formation

at room temperature.^^ The e ffec t of mechanical polishing does not appear

to have any pronounced e ffec t upon the nature and thickness of the surface

film , and the measured optical constants of the metal do not appear to be

affected by pure flow of the type suggested by Beilby although the

burnishing and compacting may p artia lly  accounj; for the s lig h tly  higher

figures obtained for the optical constants of both the bulk metal and i t s

oxide layer. I t  i s ,  however, common for evaporated films to have densities

which are lower than those of the bulk material and to have correspondingly

lower refractive indices. In our resu lts, i f  we assume that the refractive

index of the film  on the evaporated specimen i s  lower due to the presence

of voids which are not present in oxide films on bulk metal, i t  v/ould
12appear that about 12 per cen t., by volume, of the film  may be in the 

form of voids. This i s  not unreasonable and higher figures have been
13obtained by Schulz for voids in  evaporated d ie lectr ic  film s. High 

purity chromium was used for our bulk specbnens but small amounts of 

impurity appear to have l i t t l e  affect oç the optical properties.

V/e wish to acknowledge the help given by the Union Carbide Co.,

Ltd., the Aire CO Metal Corporation, Ltd., and Henry Vfiggin & Co., Ltd.

in providing specimens and by the research Dept., Bab cox & Wilcox, Ltd.
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in preparing and polishing the surfaces used, and for the spectrographic 

analysis.

One of us ( R.LI.II. ) v/ishes to thank the Caird Trust, Dundee 

for provision of a post-graduate scholarship to allow th is work to be 

undertaken.
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TABLE I

Parity of Chromium Specimens

Impurity- No.l No. 2 No. 3 No. 4 Standard

Iron 4 1 2 3 l(2ppm)

Silicon 6 1 3 4 l(lpim)

Copper 2 2 4 3 l(lppm)

Manganese 2 1 4 3 l(lp£m)

Magnesium 1 1 1 1 l(lppm)

Suppliers of metal samples;

No.1 Union Carbide Co.

No. 2 Aire CO Metal Corpn. Ltd. 

No.3 V/iggin Nickel Co.

No.4 Hopkin and Williams



TABLE I I

E x p e rim e n ta l v a lu e s  o b ta in e d  f o r  th e  a n g le s  

"Y- and  f o r  th e  ran g e  o f  specim ens

Angle of 
Incidence Values of 1C

0 No.l No. 2 No. 3
Mean of Bulk 
Nos.1,2 & 3 NO. 4

1 4 3 . 5'’

S;f.
39.2§

37.2°
35. 9°

43.2°
4 2 . 4°
41.
40.4„

E:

042.0

38. 2'̂  
36. 69° 
3 4 . 6ÿ  
3 2 . 22°

Values of A

1
6o°

171.8°
169.1°

158. ÿ
152.7^
Df6.0

165. r
160. ^  
156. 0° 
151. o„
143.8

164. (f
160.4

ilkl
142.0

0

Sa”
156.5g 
151. 5„
143.3°

a ;
156. CP 
148.7° 
141. 0°



TABLE I I I

R e s u l ts  o f  c a l c u l a t i o n  o f  r e f r a c t i v e  in d ic e s

Angle o f  
In c id e n c e

Mean o f  b u lk  
m e ta l  sam ples

E v ap o ra te d  
specim en v a lu e s

0 n k n k

30° 1.23 3.40 2.19 2.76
33g 1.43 3.38 2.17 2.63
Wg 1.63 3.35 2.13 2.36

1.78 3.43 2.13 2.63
5O0 1.91 3.30 2.10 2.83
55(, 2.01 3.31 2.13 3.40
60° 2.09 3.32 2.17 3.97



TABLE IV

Summary o f  p u b l is h e d  v a lu e s  f o r  th e  

o p t i c a l  c o n s ta n ts  o f  b u lk  and  e v a p o ra te d  chromiurfl

n k V/ave le n g th Source

2.97 4.87 5790 A 6
W ortenburg

3.53 4.41 5460 A P h y s ik a l is c h  
Chemische T a b e l le n '

3.28 4.35 5460 A Sennet t  & S c o t t^

2*49 2*30+ 5460 A
9

A b eles

+ T h is  l a s t  specim en  was vacuum ev ap o ra ted *



T/iELE V

Ca lc u la t io n  o f  r e f r a c t i v e  in d e x  and  th ic k n e s s  o f  th e  s u r fa c e  

f i lm  f o r  a  range  o f  (n ,k )  -  E v a p o ra te d  specim en

Angle o f 
Incidence n - ik

1.20 - 10.96 1 .1 5 -  iO.9 2 1.18 - iO.9 4 4

%1 L %1 L .n i L

5 0° 2 .2 4 46  A 2.16 40  A 2.220 44 A
3 5 ° 2 .2 2 5 44 A
^ 0 2 .3 6 4 1  A 2 .1 5 48 A 2 .2 0 6 49 A

2 .2 3 8 48 A
5 0° 2 .2 7 48 A 2 .3 1 37 A 2 .2 4 2 33 A
55„ 2 .2 4 0 63 A
60° 2 .2 9 81 A 2 .2 5 83 A 2.238 68 A



TilBLS VI

C a lc u la t io n  o f  r e f r a c t i v e  in d ex  o f  th e  s u r fa c e  f i lm  

f o r  a  ran g e  o f  (n ,k )  w ith  th ic k n e s s  v a lu e s  f o r  th e  b e s t  f i t *

B ulk m e ta l specim en

Angle o f  
In c id e n c e

----------------------------------------------- — ----- ------------------------------------------------------------ r

n  -  i k

1 .1 8  -  10 .826 1 .1 8  — iO.94^4- 1 .1 8  -  il.OC i 1 .1 8  - i l . 0 6 2

%1 ‘̂1 " l %1 L

2.60 2 .5 2 2.50 2.50 34 A
35o 2 .4 6 36 A
‘̂ 0 2 .4 2 2 .4 0 2 .4 0 2 .4 2 41 A

2 .4 0 44 A
50q 2 .4 0 2.34- 2 .3 8 2 .4 0 48 A

2 .3 6 61 A
60 2 .2 2 2 .3 4 2 .4 0

>
2 .4 4 68 A



TABLE V I I

C a lc u la t io n  o f  r e f r a c t i v e  in d e x  and  th ic k n e s s  o f  

th e  s u r f a c e  f i lm  o f  th e  e v a p o ra te d  specim en 

I n i t i a l  v a lu e s

Angle o f  
In c id e n c e

n -  ik

0*3 ” i l . 4 0 .5  - i l .O 1 .0  — i l .O 1 .5  - i l .O

" l L ^1 L "1 L %l L

30*" 1 .35 6l4A 1 .6 2 513A 2 .7 3 105A 2 .94 45 . 2 A

40° 1 .3 7 402A 1 .5 7 64IA 2.06 I 46A 2.46 68.2A

50° 1 .6 4 563A 1 .8 4 662A 2.27 281A 2 .4 3 112A

60° 1 .7 2 352A 1 .99 36 6A 2.36 3IIA 2.40 327A



î^ ic o l F r is ï!  
Analyser

Qiaarter~wave P la te
P o l a r i s e r

^x^inction
P o s i t io n

P o la r ia e r
Q uarta r-w ave

P la te

P ig , 1 * P o la r i s in g  S p e c tro s c o p e , w ith  

V e c to r D iagram .
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ABSTRACT

T he  s t r u c t u r e s  o f  v e r y  t h i n ,  v a c u u m  e v a p o r a t e d ,  

f i l m s  o f  c h r o m i u m  a r e  i n v e s t i g a t e d  b y  o p t i c a l  m e t h o d s ,

The  o p t i c a l  c o n s t a n t s  f o r  a  s e r i e s  o f  f i l m s  o f  v a r y i n g  

t h i c k n e s s e s  a r e  c a l c u l a t e d  f r o m  r e f l e c t i v i t y  a n d  t r a n s 

m i s s i o n  m e a s u r e m e n t s ,  a n d  t h e  f i l m s  a r e  f o u n d  t o  b e  

i n h o m o g e n e o u s • The c h a n g e s  i n  t h e  o p t i c  a l  c o n s t  a n t  s 

' " d t h  t h i c k n e s s  a r e  f o u n d  t  o b e  i n c o n s i s t e n t  ^ n t h  e i t h e r  

t h e  M a x w e l l - G a r n e t t  t h e o r y  o f  s p h e r i c a l  p a r t i c l e s  o r  w i t h  

S c h o p p e r * s  t h e o r y  o f  e l l i p s o i d a l  a g g r e g a t e s .  I t  i s  

s u g g e s t e d  t h a t  t h e  a n o m a l o u s  r e f r a c t i v e  i n d e x  v a l u e s  a r e  

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

e a c h  i n d i v i d u a l  m e t a l  p a r t i c l e .  A s s u m i n g  t h a t  t h e  

p a r t i c l e s  h a v e  an  e l l i p s o i d  s h a p e ,  r e s u l t s  a r e  o b t a i n e d  

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

t h a t  t h e  t h i c k e s t  f i l m  c a n  be  c o n s i d e r e d  a s  c o n s i s t i n g  o f  

t w o  s e p a r a t e  l a y e r s  o f  d i f f e r e n t  r e f r a c t i v e  i n d i c e s ,  t h e  

s u r f a c e  l a y e r  e x h i b i t i n g  b u l k  o p t i c a l  p r o p e r t i e s ,  end  t h e  

f i r s t  d e p o s i t e d  l a y e r  h a v i n g  t h e  o p t i c e l  p r o p e r t i e s  o f  

t h e  m e t a l  a n d  o x i d e  p a r t i c l e s  d e s c r i b e d  a b o v e .



I N TRODUCTION

T he  o p t i c a l  p r o p e r t i e s  o f  t h i n  m e t a l l i c  f i l m s

o f  a  h o m o g e n e o u s  n a t u r e  h a v e  b e e n  i n v e s t i g a t e d  b y  a  n u m b e r  
1-4

o f  a u t h o r s  . I n  t h e  e a r l i e s t  w o r k s  t h e  f i l m s  w e r e  

r e g a r d e d  a s  p o s s e s s i n g  b u l k  o p t i c a l  c o n s t a n t s  a n d  t h e  

c h a n g e s  i n  r e f l e c t i v i t i e s  a n d  t r a n s m i s s i o n  w i t h  t h i c k n e s s  

w e r e  c a l c u l a t e d .  L i t t l e  a g r e e m e n t  w^s  f o u n d  w i t h  t h e  

e x p e r i m e n t a l  m e a s u r e m e n t s .  I t  w a s  s u g g e s t e d  t h a t  t h i s  

w a s  d u e  t o  a g g r e g a t i o n  w i t h i n  t h e  f i l m s ,  a nd  t h e o r e t i c a l  

i n v e s t i g a t i o n s  w e r e  u n d e r t a k e n  a s s u m i n g  a t  f i r s t  s p h e r i c a l ,  

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

C o n s i d e r a b l e  a g r e e m e n t  h a s  b e e n  f o u n d  ^̂ 1 t h  t h e  l a t t e r  - n t h  

t h e  r e s u l t s  f r o m  t h e  e x p e r i m e n t  a l  i n v e s t i g a t i o n s .

I n h o m o g e n e o u s  f i l m s ,  h o w e v e r ,  h a v e  n o t  b e e n  

s u b j e c t e d  t o  s u c h  i n v e s t i g a t i o n s ,  a s  i t  w as  f e l t  t h a t  s u c h  

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

t h e o r e t i c a l  v i e w p o i n t .  M e a s u r e m e n t s  o f  t h e  o p t i c a l  

c o n s t a n t s  o f  t h e  s u r f a c e  o f  a  t h i c k l y  e v a p o r a t e d  i n h o m o g e n e o i  

f i l m  m a t e r i a l ,  u s i n g  c h r o m i u m  a s  a n  e x a m p l e ,  h a v e  sho ^m  

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

t h o s e  o f  t h e  b u l k  m a t e r i a l .  H o w e v e r ,  a  s i m i l a r  i n v e s t i g a 

t i o n ,  t a k i n g  i n t o  a c c o u n t  t h e  e f f e c t  o f  a  s u r f a c e  o x i d e  

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

c e r t  a l n  c a s e s  .



EXPERIÎvIENTAL

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

u n d e r  h i g h  v a c u i v n  c o n d i t i o n s  i n  a  d e m o u n t a b l e  v a c u u m  s y s t e m  

c o n s i s t i n g  o f  a  g l a s s  b e l l - j a r ,  e v a c u a t e d  b y  a  m e t a l  v a c u u m  

s y s t e m  i n t h  a n  o i l  d i f f u s i o n  pump a n d  a  r o t a r y  b a c k i n g  p u m p .  

The  e v a p o r a t i o n s  w e r e  c a r r i e d  o u t  a t  p r e s s u r e s  i n  t h e  r a n g e  

4 -  6 . 1 0 * “^ mm. Hg .  The c h r o m i u m  m e t a l  was  e v a p o r a t e d ,  f r o m  

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

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

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

m a i n t a i n e d  a t  a b o u t  5 A / s e c .  A s h u t t e r , o p e r a t e d  t h r o u g h  

a ' " h i 8o n  s e a l  w a s  u s e d  t o  c o v e r  t h e  h e a t e r  u n t i l  i t  h a d  

b e e n  b r o u g h t  u p  t o  t h e  o p e r a t i n g  t e m p e r a t u r e  a n d  t h e  c h r o m i u n  

o u t g a s s e d .  The d e p o s i t i o n  w as  s t a r t e d  b y  s w i n g i n g  t h e  

s h u t t e r  t o  one  s i d e ,  and  t e r m i n a t e d  b y  s w i n g i n g  t h e  s h u t t e r  

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

i m p u r i t i e s  b e i n g  p r e s e n t .  The  f i l m s  w e r e  d e p o s i t e d  o n  

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

The  s l i d e s  w e r e  s c r u b b e d  w i t h  c o t t o n  w o o l  d i p p e d  i n  T e e p o l ;  

o n c e  t h i s  h a d  b e e n  w a s h e d  o f f  w i t h  h o t  w a t e r  t h e  s l i d e s  

w e r e  p a r t i a l l y  d r i e d  m t h  m o r e  c o t t o n  w o o l .  The  d r y i n g  

p r o c e s s  w a s  c o m p l e t e d  w i t h  t h e  a i d  o f  a  we1 1 - w a s h e d  l i n e n  

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

t h e  s l i d e s  w e r e  p o l i s h e d  w i t h  l e n s  t i s s u e  a n d  s u b j e c t e d  t o



th e  b r e a t h  f i g u r e  t e s t .  During  th e  p ro c e s s  o f  pumping ou t  

t h e  chamber the  s l i d e s  were s u b j e c t e d  t o  a g l o w  d i s c h a r g e  

f o r  15 m in u te s .

The f i l m  t h i c k n e s s e s  were m o n i to r e d  d u r in g  

d e p o s i t i o n  by m easu r in g  th e  t r a n s m i s s i o n  of  t h e  f i l m  u s in g  

w h i te  l i g h t .  A b a r r i e r  type  p h o t o c e l l  was mounted b eh in d  

t h e  s l i d e  and i t s  o u tp u t  was m easured d i r e c t l y  on a s e n s i t i v e  

g a lv a n o m e te r .  A c o l l i m a t e d  beam of ^-hite  l i g h t  was 

r e f l e c t e d  from a s h i e l d e d  p r ism  i n s i d e  t h e  vacuum chamber 

on to  t h e  specimen s l i d e ,  and th ro u g h  i t  o n to  th e  c e l l .

The f i n a l  r e a d i n g  of the  ga lvanom eter  gave a m easure  o f .  

t h e  f i l m  th ic lo ae ss  end th e  p h o t o c e l l  was c a l i b r a t e d  by 

w e igh ing  a number o f  t e s t  s l i d e s  o f  d i f f e r e n t  t r a n s m i s s i o n s .  

T h is  was c a r r i e d  out on a m ic ro b a la n c e  im m e d ia te ly  a f t e r  

removal from th e  vacuum chamber.  The w eigh t  t h i c k n e s s e s ,  

d,,,, o f  t h e s e  s l i d e s  were th e n  c a l c u l a t e d ,  assuming the 

b u l k  d e n s i t y  f o r  chromium to  a p p ly  to th e  f i l m s .  A 

c a l i b r a t i o n  cu rve  was c o n s t r u c t e d  by p l o t t i n g  t h e s e  w eigh t  

t h i c k n e s s e s  a g a i n s t  th e  t r a n s m i s s i o n .

The m ic roscop e  s l i d e s  were removed from t h e  

chamber im m e d ia te ly  a f t e r  e v a p o r a t i o n  and th e  f i l m s  were 

a l low ed  t o  age f o r  a p e r io d  o f  t h r e e  weeks b e f o r e  t h e  

o p t i c a l  m easurem ents  were made. A few of  th e  s l i d e s  were 

m easured  im m e d ia te ly  a f t e r  e v a p o r a t i o n ,  and a g a in - s o f t e r  t h e



age ing  p e r i o d ,  b u t  n e g l i g i b l e  changes  i n  t h e  m easured  

q u a n t i t i e s  were fo u n d .  The r e f r a c t i v e  i n d i c e s  o f  th e  

f i lm s  were c a l c u l a t e d  u s i n g  Male  ̂s method^ which r e q u i r e s  

t h a t  th e  r e f l e c t i v i t y  o f  the  m e t a l - a i r  f a c e ,  R, t h a t  o f  

th e  s u b s t r a t e - m e t a l  i n t e r f a c e ,  R», and t h e  t r a n s m i s s i o n ,

T, be kno ’̂ ^n. These r e f l e c t i v i t i e s  and t r a n s m i s s i o n  were 

m easured  on a r e f l e c t  omet e r  c o n s i s t i n g  o f  a monochromator 

and a p h o t o - m u l t i p l i e r  c e l l .  The monochromator gave a
-f

p a r a l l e l  beam o f  l i g h t  o f  th e  d e s i r e d  w a v e le n g th  -  50â  

and was d e s i g n e d  to  c o v e r  th e  whole o f  th e  v i s i b l e  sp e c t ru m ,  

b u t  m easurem ents  were o n ly  u n d e r t a k e n  a t  5460A. The 

i n t e n s i t y  o f  the  i n c i d e n t  beam was m easu red  by p l a c i n g  t h e  

p h o t o - m u l t i  p l i e r  o p p o s i t e  t h e  monochromator and t h e n  a 

specimen s l i d e  was i n t r o d u c e d  i n t o  th e  beam t o  o b t a i n  th e  

t r a n s m i s s i o n .  The r e f l e c t i v i t i e s  were m easu red  by s^-dnging 

t h e  p h o t o - m u l t i p l i e r  round so t h a t  l i g h t  r e f l e c t e d  o f f  t h e  

s p e c im e n 's  s u r f a c e  at  an angle  o f  7^ was m easu red .

P r e c a u t i o n s  were t a k e n  so t h a t  t h e  c e l l  s h o u ld  n o t  be 

o v e r r u n ,  but  a g e in g  and f a t i g u e  e f f e c t s  were q u i t e  n o t i c e a b l e  

and the  sys tem  had  t o  be c o n s t a n t l y  ch eck ed  and z e ro e d .

The r e s u l t s  o b t a i n e d  w ere ,  how ever ,  v e r y  c o n s i s t e n t  and 

repe  a t a b l e .

As t h e  f i l m s  were e v a p o r a t e d  o n to  a n o n - a b s o r b in g ,  

p a r a l l e l - s i d e d  s u b s t r a t e  t h e  m easured  r e f l e c t i v i t i e s  and



t r a n s m i s s i o n ,  R^, R^ and T, r e s p e c t i v e l y ,  had to  be c o r r e c t e d  

t o  g iv e  t h e  v a lu e s ,  f o r  t h e  m e ta l  f i l m s  a lo n e .  The q u a n t i t i e s  

R, R ' and T were c a l c u l a t e d  from th e  m easurem ents  R^, R ' , 

and Tq by means o f  th e  e q u a t i o n s

R = Ro -  ( T / - . R g ) / ( T g  + R f R g  -  R^)

R '  =  ( r ;  -  R g ) / ( T g  + R f R g  -  Rg)

T = ( T ^ .T g ) / ( T g  + R g R g  -  Rg)

where Rg and Tg a re  t h e  r e f l e c t i v i t y  and t r a n s m i s s i o n  o f  

t h e  s u b s t r a t e  m a t e r i a l .

M a l e ' s  method o f  c a l c u l a t i o n  o f  r e f r a c t i v e  i n d i c e s

r e q u i r e s  t h a t  a r a n g e  o f  r e f r a c t i v e  i n d i c e s  (n  -  i k )  be

assumed, where n and k a re  a l lo w ed  to  v e ry  i n d e p e n d e n t l y ,

t o g e t h e r  w i t h  a ra n g e  o f  t h i c k n e s s ,  d ^ . The r e f l e c t i o n

and t r a n s m i s s i o n  c o e f f i c i e n t s ,  R, R ' and T, a re  t h e n

c a l c u l a t e d  and g rap h ed  as f u n c t i o n s  o f  6 f o r  each  p a i r  of

n , k  v a l u e s  o v e r  the  r a n g e  o f  d^ ,  6 b e in g  g iv e n  by 43md^/% .

The c a l c u l a t i o n s  can  be r e a d i l y  made by a g r a p h i c a l  method
2a l s o  due to  Made . T h is  g iv e s  a s e r i e s  o f  c u rv e s  o f  R, R ' 

and T r e s p e c t i v e l y  a g a i n s t  6, each cu rv e  c o r r e s p o n d in g  t o  

a g iv en  p a i r  of  n , k  v a l u e s .  U sing  the  m easured  v a l u e  o f  

T f o r  a g iv en  f i l m ,  a h o r i z o n t a l  l i n e  can  be dra^^n t o  

c r o s s  th e  t h e o r e t i c a l  t r a n s m i s s i o n  c u r v e s ,  each  i n t e r s e c t i o n  

- d t h  t h e s e  c u rv e s  g i v i n g  a v a lu e  o f  6 and v a l u e s  o f  n and k



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

E a c h  s e t  o f  v a l u e s  o f  n , k  a n d  6 a s s o c i a t e d  ^^ I t h

an  i n t e r s e c t i o n  e n a b l e s  t h e  c o r r e s p o n d i n g  R and  R'  t o  b e

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

d r a w n .  U s i n g  t h e  f i g u r e s  t h u s  o b t a i n e d ,  R c a n  b e  p l o t t e d

a g a i n s t  n  f o r  e a c h  g i v e n  k  v a l u e ,  a n d  s i m i l a r l y  f o r  R ' •

T h i s  g i v e s  two  s e t s  o f  c u r v e s  a n d  f r o m  e a c h  s e t  a  s e r i e s

o f  n , k  v a l u e s  c a n  b e  o b t a i n e d  b y  d r a w i n g  a  h o r i z o n t a l  l i n e

a t  a  l e v e l  c o r r e s p o n d i n g  t o  t h e  o b s e r v e d  r e f l e c t i o n

c o e f f i c i e n t .  The  f i r s t  s e r i e s  o f  v a l u e s  o f  n , k  s a t i s f y

s i m u l t a n e o u s l y  t h e  R a n d  T c o n d i t i o n s ,  a n d  t h e  s e c o n d  s e r i e s

s a t i s f y  s i m u l t a n e o u s l y  t h e  R ’ a n d  T c o n d i t i o n s .  U s i n g

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

p l o t t i n g  k  a g a i n s t  n  a n d  t h e  i n t e r s e c t i o n  o f  t h e s e  c u r v e s

g i v e s  u n i q u e  n , k  v a l u e s  w h i c h  s a t i s f y  t h e  o b s e r v e d  v a l u e s

f o r  R,  R ’ a n d  T .  K n o w i n g  t h e  r e f r a c t i v e  i n d e x  n  -  i k  '  e e

f o r  t h e  f i l m  t h e  6 v a l u e  c a n  r e a d i l y  b e  o b t a i n e d  f r o m  p l o t s  

o f  n  a g a i n s t  6 f o r  g i v e n  k  v a l u e s .  H e n c e ,  t h e  a p p a r e n t  

t h i c k n e s s ,  d ^ ,  c a n  b e  o b t a i n e d .

As a  c h e c k  on  t h e  a c c u r a c y  o f  t h e  d e t e r m i n a t i o n  

t h e  r e f l e c t i v i t i e s  a n d  t r a n s m i s s i o n s  w e r e  r e c a l c u l a t e d  f r o m  

t h e  n ^  -  i k ^  v a l u e s .  T h i s  r e v e r s e  c a l c u l a t i o n  e l i m i n a t e s  

t h e  p o s s i b i l i t y  o f  a n y  g r o s s  e r r o r ,  e n d  c o m p a r i s o n  ^ n t h  t h e  

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



o f  t h e  m e t h o d .  The  r e c a l c u l â t  e d  v a l u e s  w e r e  f o u n d  t o  a g r e e  

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

The v a l u e s  o f  n  a n d  k  o b t a i n e d  i n  t h i s  w a y  w e r e
e e

f o u n d  t o  v a r y  t h e  t h i c k n e s s  o f  t h e  f i l m s  i n  t h e  m a n n e r

sho^-n i n  F i g ,  1 ,  T h e s e  r e s u l t s  a r e  i n  g o o d  a g r e e m e n t  ^^ I t h

5—t h o s e  o b t a i n e d  b y  o t h e r  a u t h o r s  f o r  a  n u m b e r  o f  m e t a l  f i l m s * ” 

w h e r e i n  t h e  r e a l  p a r t  o f  t h e  c o m p l e x  r e f r a c t i v e  i n d e x  

i n c r e a s e s  a s  t h e  f i l m  t h i c k n e s s  d e c r e a s e s ,  w h i l s t  t h e  

a b s o r p t i o n  c o e f f i c i e n t  t e n d s  t o w a r d s  z e r o  a s  t h e  t h i c k n e s s  

b e c o m e s  z e r o .  I t  m u s t  b e  a d m i t t e d  t h a t ,  i n  g e n e r a l ,  t h e  

r e f r a c t i v e  i n d e x  o f  a  m e t  a l l i c  f i l m  c a n n o t  r e a d i l y  b e  

m e a s u r e d  d i r e c t l y  a n d  t h a t  t h e  v a l u e s  a r e  d e d u c e d  f r o m  

m e a s u r e m e n t s  o f  r e f l e c t i v i t y  a n d  t r a n s m i s s i o n .  R e p e a t e d  

a t t e m p t s  t o  e x p l a i n  t h e  o b s e r v e d  r e f l e c t i v i t y  a n d  t r a n s 

m i s s i o n  c o e f f i c i e n t s  - - h i  1 s t  a s s u m i n g  f i l m s  t o  h a v e  t h e  same 

o p t i c a ] ,  c o n s t a n t s  a s  t h e  b u l k  m e t a l  h a v e  b e e n  u n s u c c e s s f u l .  

The  v a r i a t i o n s  i n  t h e  c a l c u l a t e d  v a l u e s  o f  r e f r a c t i v e  i n d e x  

c a n n o t  b e  e x p l a i n e d  i n  t e r m s  o f  t h i c k n e s s  p h e n o m e n a  i n  t h e

same m a n n e r  a s  r e s t r i c t i o n  o f  m e a n  f r e e  p a t h  o f  e l e c t r o n s  

6c a n  b e  u s e d  t o  e x p l a i n  t h e  r a p i d  r i s e  i n  r e s i s t i v i t y  o f  

v e r y  t h i n  m e t a l  f i  1 m s . I n d e e d  i t  d o e s  n o t  a p p e a r  t o  be 

p o s s i b l e  t o  e x p l a i n  t h e  e x p e r i m e n t a l  r e s u l t s  a s  l o n g  a s  

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

E x a m i n a t i o n  o f  t h e  s t r u c t u r e  o f  t h i n  f i l m s  u s i n g



7—8t h e  e l e c t r o n  m i c r o s c o p e  h a s  sh o w n  t h a t .  I n  m o s t  c a s e s ,  

m e t a l l i c  f i l m s  h a v e  a  g r a n u l a r  s t r u c t u r e  a n d  t h a t  t h i s  i s  

m o s t  p r o n o u n c e d  f o r  t h e  t h i n n e r  f i l m s ,  b u t  p e r s i s t s  e v e n  

f o r  l a r g e  t h i c  lore s s e s  . T h i s  h a s  l e d  t o  a t t e m p t s  t o

i n t e r p r e t  e x p e r i m e n t a l  o b s e r v a t i o n s  i n  t e r m s  o f  an  

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

b y  a s s u m i n g  t h a t  t h e  a g g r e g a t e s  c a n  b e  r e g a r d e d  as  

a p p r o x i m a t e l y  s p h e r i c a l  p a r t i c l e s .

The  o p t i c a l  p r o p e r t i e s  o f  s p h e r i c a l  p a i " t i d e s

e m b e d d e d  i n  a  d i e l e c t r i c  m e d i u m  h a v e  b e e n  i n v e s t i g a t e d  b y

9M a x w e l l - G a r n e t t  . He t r i e d  t o  e x p l a i n  t h e  p r o p e r t i e s  o f  

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

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

w o r e  m u c h  s m a l l e r  t h a n  t h e  w a v e l e n g t h  o f  i n c i d e n t  l i g h t ,

H i s  t h e o r y  h a s  b e e n  a p p l i e d  t o  t h i n  e v a p o r a t e d  f i l m s ,  f o r  

m o s t  m e t a l s  do  n o t  f o r m  c o n t i n u o u s  f i l m s  e v e n  f o r  t h i c k n e s s e s  

o f  s e v e r a l  a t o m i c  l a y e r s ,  b u t  g ro w  i n  t h e  f o r m  o f  a g g r e g a t e s  

w h i c h  h a v e  a  r o u g h l y  s p h e r i c a l  s h a p e .  S u c h  a  f i l m  d l l  

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

p r e s u m e d  t o  h a v e  a l m o s t  t h e  s a m e  d i a m e t e r s . T h i s  r e d u c e s  

t h e  e f f e c t i v e  d e n s i t y  a n d  i f  t h e  d e n s i t y  o f  t h e  b u l k  m e t a l  

h a s  b e e n  u s e d  t o  c a l c u l a t e  t h e  t h i c k n e s s  o f  s u c h  a  f i l m  

f r o m  t h e  w e i g h t  a s  d e t e r m i n e d  b y  some g r a v i m e t r i c  m e t h o d ,  

t h u s  g i v i n g  t h e  w e i g h t  t h i c l m e s s ,  d̂ ^̂ ; t h i s  w i n  b e  f o u n d
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t o  b e  m uch  l e s s  t h a n  t h e  a c t u a l  t h i c k n e s s ,  d ^ ,  ^ - t i i ch  w a s  

o b t a i n e d  b y  o p t i c a l  m e a s u r e m e n t s .  The r a t i o , d^ ,y d^ ,  g i v e s  

t h e  r a t i o  o f  t h e  m e t a l  c o n t e n t  t o  t h e  a c t u a l  v o l u m e  a n d  i s  

c a l l e d  t h e  p a c k i n g  f a c t o r  o f  t h e  f i l m  a n d  b e i n g  g i v e n  t h e  

s y m b o l  ' q '  .

The  M a x T v o l l - G a r n e t t  t h e o r y  s t a t e s  t h a t  i f  t h e  

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

q o f  m e t a l  o f  r e f r a c t i v e  i n d e x ,  n-^, i n  a  m e d i u m  o f  

r e f r a c t i v e  i n d e x  u n i t y ,  t h e  e f f e c t i v e  r e f r a c t i v e  i n d e x ,  n ^ .

i s  g i v e n  b y

q . ————————— . . . . . . . . . . . .  ( 1 )

F o r  a  n u m b e r  o f  t h e  f i l m s  i n v e s t i g a t e d ,  q was  

c a l c u l a t e d  u s i n g  f o r  n ^  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s ,  

a n d  f o r  n^  t h e  b u l k  o p t i c a l  c o n s t a n t s  o f  c h r o m i u m  t h a t  h a d  

b e e n  m e a s u r e d  p r e v i  o u s l y ^ * ^ . I n  e v e r y  c a s e  t h e  q u a n t i t y  q 

was  f o u n d  t o  b e  c o m p l e x .  T h u s  i t  c a n  be  s a i d  t h a t  t h e  

r e s u l t s  d i d  n o t  a g r e e  w i t h  t h e  M ax^^^e 11  -  G a r  n  e 11 t h e o r y  and  

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

p a r t i c l e s ,  p o s s e s s i n g  t h e  b u l k  r e f r a c t i v e  i n d e x .

The  M a x w e l l - G a r n e t t  t h e o r y  h a s  b e e n  e x t e n d e d  t o

11 12a  m o r e  s o p h i s t i c a t e d  f o r m  b y  D a v i d  a n d  S c h o p p e r  . T h e y

a s s u m e d  t h a t  t h e  p a r t i c l e s  w e r e  n o t  s p h e r e s  b u t  e l l i p s o i d s
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o f  r e v o l u t i o n ,  h a v i n g  t h e  u n i q u e  a x i s  p e r p e n d i c u l a r  t o  t h e  

s u b s t r a t e .  D a v i d  c o n s i d e r e d  t h a t  t h e  f i l m s  c o u l d  b e  

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

a  m e d i u m  o f  d i e l e c t r i c  c o n s t a n t ,  M a d e l u n g ' s,313

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

( x , y , z )  a r e  r e p l a c e d  b y  w h e r e

X = a  (p.^ + 1 ) ^  ( 1  c o s  0

y  = a  ( p ^  + 1)"^ ( 1  -  p ^ ) ^ s i n  0  .........................  ( 2 )

z ~ 0. }i 1/

F o r  t h i s  s y s t e m ,  p  = a  c o n s t a n t ,  d e f i n e s  an  

e l l i p s o i d  s u r f a c e .  '^'e l e t  t h e  p a r t i c l e  h a v e  a x e s  a ,  b  

a n d  b ,  t h e n

- | a  =  a  VIq
O 1

e b  = a ( p ^  + l ) ^  v r h e r e  a  i s  a  c o n s t a n t ,
o

T h i s  e l l i p s o i d  i s  t h e n  c o n s i d e r e d  t o  b e  p l a c e d  

i n  a n  e l e c t r i c  f i e l d  o f  v a l u e  u n i t y  i n  t h e  x  d i r e c t i o n .

The  s o l u t i o n  o f  t h e  L a p l a c e i a n  e q u a l i o n  f o r  t h e  p o t e n t i a l  

"'11 h i n  t h e  p a r t i c l e  i s

q  = -X + Gx -  t a n “ ^

a n d  o u t s i d e    ( 3 )

= - X  + Cx f  ~  -  t a n ” ^  p  -  p / ( l  + 1
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t h e  s u r f a c e  o f  t h e  e l l i p s o i d  b e i n g  d e f i n e d  b y  p  = , a n d

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

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

a c r o s s  t h e  b o u n d a r y

o n  s u b s t i t u t i n g  f o r  0  o n e  o b t a i n s  t h e  f o r m

^  + C C" -  t a n ^  p  -  p / (  l + p ^ )  + Cx( -  A _ t  a n ^  p  -  — ( p / (  l + p ^  
dp dp 2 dp àp

b u t

( 4 )

2
l+ ji2  l + j i ^  ÔM 1+)!^ ( 1 + » ^ ) ^

a n d  a s  t h e  e q u a l i t y  i s  a t  t h e  s u r f a c e ,  p  = p ^ . 

T h u s ,  o n  s u b s t i t u t i n g  i n t o  e q u a t i o n  ( 4 )  we o b t a i n

o

'  '  ■'*’•0 - * ' ^ 0
I -

= e Cx ^



i ;

( 5 )

-f’h e r e  f  =  i - W ^ d  + -  t a n “ ^  -  F ^ / ( l  + F ^ ^ ) ]  •

B u t  t h e  D a r t  o f  ^ w h i c h  i s  d i s t u r b e d  b y  t h e
' a

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

X t o  t h e  l i m i t ,

C x U  -  t a n ^  n  -  h / (  1 + M ) ]  Cx 2 /3 )  Ca® 2x /(  3r®)

  ( 6 )

2, .,2 .2where r  = a (p  -  i/ + 1 ) .

T h i s  i s ,  h o w e v e r ,  t h e  p o t e n t i a l  o f  a  d i p o l e  o f  

s t r e n g t h  C a ^ ( 2 / 3 ) .  F r o m  t h e  r e l a t i o n s h i p  D = E 4- 4 n P ,  we 

c a n  s e e  t h a t  t h e  c o r r e s p o n d i n g  d i s p l a c e m e n t  r d  11  b e

D = 4 i iC a ^  e g  2 /3 )   (7 )

B u t  t h e  t o t a l  e l e c t r i c  p o l a r i s a t i o n  o f  a  t h i n

l a y e r  o f  m a t e r i a l  i s  g i v e n  b y

P . V s  = ( e .  -  s  ) .  e ^ . E . V s    ( 8 )

w h e r e  Vs i s  t h e  v o l u m e  o f  t h e  f i l m  p e r  u n i t  s u r f a c e  a r e a .

I f  t h e  l a y e r  i s  m ad e  u p  o f  a n  a s s e m b l y  o f  d r o p l e t s ,  e a c h  

c o n t r i b u t i n g  t o  t h e  p o l a r i s a t i o n ,  t h e  t o t a l  p o l a r i s a t i o n  

f r o m  e a c h  d r o p l e t ,  p ^ ,  "^111 b e

p = D . V . e  .Ea k o
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w h e r e  i s  t h e  t o t a l  v o l u m e  o f  t h e  d r o p l e t s  a n d  D t h e  

d i s p l a c e m e n t  p e r  u n i t  v o l u m e  o f  f i l m  m a t e r i a l .  I f  N i s  

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

i s

N . p ^  = D.N.V,  . e  . S  = D . d  . a  .S  ^ a  k o  vr o

t h e  w e i g h t  t h i c k n e s s ,  d^^, b e i n g  g i v e n  b y  t h e  p r o d u c t

N . V ^ . H e r e  we a r e  a s s u m i n g  t h a t  t h e  s h a p e  o f  t h e  d r o p l e t s

i s  c o n s t a n t ,  t h e n  i t  f o l l o w s  t h a t

{ e,  -  a ) e . E . V s  =  D . d  . e  .E1 a  o ^7 o

a n d  t h u s

D = (e .  -  e ^ ) . V h r   (9 )

'"■hen e q u a t i o n s  ( 7 )  a n d  ( 9 )  h a v e  b e e n  e q u a t e d  we 

o b t a i n  t h e  d i s p l a c e m e n t  r e l a t i v e  t o  v o l u m e  t o  b e

^   ̂a  ~ dE _ h )

A V  A v

b u t  t h e  v o l u m e  o f  an  e l l i p s o i d  i n  t h e s e  c o o r d i n a t e s  i s

_ .T r. 3 f 1 , ,, 2

T h u s  i t  f 0 I I 0 1 7 8  t h a t

A I ( " Eq ) d I
C = J p  (1  + —  1   • —  I    (10 )
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T h e r e f o r e ,  on  e q u a t i n g  e q u a t i o n s  ( 5 )  and ( 1 0 )

d_ -, e. -  E
-) ( ) •A  h e .  -  s  ) . ^ | =  . ---------- ----------------------------------

ÔV I ^ J (( -  e ^ ) / s ^ ]  f  + 1

I f  t h e  s y s t e m  i s  c o n s i d e r e d  a s  r e p r e s e n t i n g  a  

m e t a l  o f  r e f r a c t i v e  i n d e x  ( n  -  i k )  i n  a i r  t h e n  t h e  a b o v e  

e q u a t i o n  r e s o l v e s  t o

A V
. . .  (11

w h i c h  i s  t h e  form  t h a t  S c h o p p e r  o b t a i n e d .

F o r  t h e  f i  1ms e x a m i n e d  t h e  v o l u m e  i s  o n l y  c h a n g i n g  

b y  v i r t u e  o f  a c h a n g e  i n  t h i c k n e s s .  The q u a n t i t y  A / A V  

c a n  t h e n  be  r e p l a c e d  b y  t h e  c h a n g e  r e l a t i v e  t o  t h i c k n e s s  

A / A t  . The r i g h t  h a n d  s i d e  o f  t h e  a b o v e  e q u a t i o n  t h u s  

r e p r e s e n t s  t h e  c h a n g e s  i n  r e f r a c t i v e  i n d e x  t o  b e  e x p e c t e d  

f o r  t h e  s y s t e m  a s  t h e  t h i c k n e s s  o f  t h e  f i l m  i n c r e a s e s .

The q u a n t i t y ,  f ,  r e p r e s e n t s  a f u n c t i o n  o f  t h e  a x i a l  r a t i o  

o f  t h e  p a r t i c l e s  and g i v e s  an i n d i c a t i o n  o f  t h e  s h a p e  o f  

t h e  e l l i p s o i d s .  The fo rm  o f  t h e  f u n c t i o n  ^^dth v a r y i n g  

a x i a l  r a t i o  i s  g i v e n  i n  F i g . 2 ,  -"here i t  c a n  b e  s e e n  t h a t  

f o r  b u l k  m a t e r i a l ,  b : ^ a ,  t h e  f u n c t i o n  f  t e n d s  t o  z e r o .

T h i s  r e s u l t ,  i t  c a n  be  s e e n ,  i s  i n  a c c o r d a n c e  ’̂'d th  

e q u a t i o n  ( 1 1 ) ,  ^ '̂■here f o r  f  = 0 ,  t h e  r i g h t  h a n d  s i d e  g i v e s



th e  b u lk  v a lu e  o f  r e f r a c t i v e  i n d e x .

Schopper  t r i e d  t o  ^ p l y  t h i s  t h e o r y  t o  h i s  

m easurem ents  on e v a p o r a t e d  g o ld  f i l m s ,  h a v in g  a l r e a d y  t r i e d  

th e  s im p le r  M ax w e l l -G a rn e t t  t h e o r y  m t h o u t  s u c c e s s .  Howeve] 

he was s t i l l  u n a b le  to  o b t a i n  v e r y  good agreem ent .as lo n g  as 

he assumed t h a t  a l l  t h e  p a r t i c l e s  i n  a g iv en  f i l m  had approx: 

m a te ly  the  seme s h a p e .  He t h e r e f o r e  s u g g e s te d  t h a t  t h e r e  

was a s t a t i s t i c a l  d i s t r i b u t i o n  and assumed t h a t  t h e  me an 

v a lu e  o f  f  was f . The d i s t r i b u t i o n  f u n c t i o n  i s  t h e n

2g ( f )  f . e x p C -

and t h e  q u a n t i t y ,  C, i n  e q u a t i o n  (5)  has  t o  be r e p l a c e d  by 

a mean v a lu e  C where

{ ( n  -  l k ) 2  -  l }  f  + 1 

J C . g ( f ) d f
. . . . . .  (. 12)

T h is  fo rm  of the  e q u a t i o n  was a p p l i e d  t o  th e  

change i n  r e f r a c t i v e  in d e x  f o r  go ld  f i l m s ,  by  Schopper ,  

r d t h  some s u c c e s s .  He e l i m i n a t e d  th e  problem  o f  

c o r r e l a t i n g  t h e  f  f u n c t i o n  and the  t h i c k n e s s  by s t a t i n g  

t h a t  as f  was a f u n c t i o n  of the  s i z e  of t h e  p a r t i c l e s  i t  

c o u ld  be u s e d  to  r e p l a c e  the  t h i c k n e s s  and graphs  o f  th e



17

r e a l  a n d  i m a g i n a r y  p a r t s  o f  C ^^ere c o n s t r u c t e d  d i r e c t l y  a s  

f u n c t i o n s  o f  f  i n s t e a d  o f  d* The e x p e r i m e n t a l l y  d e t e r m i n e d  

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

i r r e s p e c t i v e  o f  t h e i r  t h i c k n e s s ,  a s  c a n  be  s e e n  i n  F i g .  3 a .  

T h i s  g a v e  v a l u e s  o f  f  f o r  e a c h  s e t  o f  e x p e r i m e n t a l  r e s u l t s .  

T h e n  on  t o  t h e  g r a p h  o f  t h e  i m a g i n a r y  f u n c t i o n  w e r e  p l o t t e d  

t h e  c o r r e s p o n d i n g  p o i n t s ,  u s i n g  t h e  f  v a l u e s  o b t a i n e d  

e a r l i e r .  The  p r o x i m i t y  o f  t h e  p o i n t s  i n  F i g .  3b t o  t h e  

c u r v e  s h o ”"s t h e  a g r e e m e n t  S c h o p p e r  o b t a i n e d .

” 'e h a v e  t r i e d  t o  a p p l y  t h i s  t h e o r y  t o  o u r  

o b s e r v a t i o n s  o n  c l i r om iu m  f i l m s .  The o p t i c a l  c o n s t  &nt s 

o f  t h e  s u r f a c e -  o f  o u r  t h i c k e s t  e v a p o r a t e d  f i l m  o f  c h r o m i u m  

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

a n d  f o u n d  t o  a g r e e  c l o s e l y  w i t h  v a l u e s  o b t a i n e d  f o r  t h e  b u l k  

m e t a l .  T h e s e  v . a l u e s  ^ -e r e  s u b s t i t u t e d  i n t o  e q u a t i o n  ( 1 1 )  

an d  p l o t t e d  a g a i n s t  f  H i i c h  i s  a p p r o x i m a t e l y  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h i c k n e s s ,  a s  c a n  b e  s e e n  i n  F i g . 3 ,  t h u s  

g i v i n g  t h e  g r a p h  shown i n  F i g .  4 .  T h i s  d o e s  n o t  i n  a n y

wa y  c o m p a r e  w i t h  t h e  e x p e r i m e n t a l  v a l u e s  o f

^  ( V  -  V  - 1 )  ; ^  ( % )

^ d i i c h  a r e  c a l c u l a t e d  i n  T a b l e  I .  S c h o p p e r  ' s a s s u m p t i o n

o f  a  s t a t i s t i c a l  d i s t r i b u t i o n  d o e s  n o t  m a k e  a n y  I m p r o v e m e n t

^^iiabever.
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I  n  a n  a t  t  e m p t  bo f i  n o  a  t h e o r e t i c  a l  c u r v e  ^' i i i  c h  

w o u l d  a g r e e  w i t h  o u r  e x p e r i m e n t a l  p o i n t s ,  i t  ' - a s  f o u n d  

c o n v e n i e n t  t o  r e p l a c e  t h e  b u l k  o p t i c a l  c o n s t a n t s  n  a n d  k  

b y  two o t h e r  f u n c t i o n s  A a n d  B,  w h e r e

A = -  k ^  -  1
......................................  ( 1 3 )

3 = 2 .nil

T he n  t h e  e q u s . t i o n  ( 1 1 )  c a n  b e  r e p l a c e d  b y  t h e  e q u a t i o n

A -  i B
{ [ ( n ^  -  .  i j k  } ==

( A^  + B ^ ) f  + ( A -  i B )
-  ̂      ( 1 4 )

{ Af  + 1 )  + B f

A s e r i e s  o f  g r a p h s  w e r e  c o n s t r u c t e d  f o r  a  r a n g e  

o f  ( A,B)  v a l u e s  t o  t r y  and  o b t a i n  a  f i t  b e t w e e n  t h e  

e x p e r i m e n t a l  p o i n t s  a n d  a  t h e o r e t i c a l  c u r v e .  4 f e w  o f  

t h e  c u r v e s  o b t a i n e d  a r e  s h o w n  i n  F i g . 5 .  I n  o r d e r  t o  

r e p r o d u c e  t h e  p e a k e d  e f f e c t  o f  t h e  e x p e r i m e n t a l  c u r v e s  i t  

w a s  f o u n d  t o  b e  n e c e s s a r y  t o  h a v e  A n e g a t i v e  a n d  B n u m e r i c  a l l  

m uch  s m a l l e r  t h a n  A, The b e s t  f i t t i n g  c u r v e  f o r  t h e  t h i n n e r  

f i l m s  w a s  o b t a i n e d  - i t h  t h e  v a l u e s

A = —9 . 0  ÿ B = 2 . 0

I n  t h i s  a t t e m p t  t o  f i n d  a  t h e o r e t i c a l  c u r v e  w h i c h
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would, even a p p r o x im a te ly ,  ag ree  w i th  o u r  e x p e r im e n ta l  

r e s u l t s  we have u se d  S c h o p p e r ' s  e q u a t io n  '^ I th o u t  assuming 

a s t a t i s t i c a l  d i s t r i b u t i o n .  '"hen we u sed  e q u a t i o n  (12) 

employing an assumed G au ss ian  d i s t r i b u t i o n  we found t h a t  

i t  was c o m p le te ly  im p o s s ib l e  by any c h o ice  o f  A and B 

v a lu e s  to r e p ro d u c e  th e  peaked  e f f e c t s  %'hich were o b se rv e d  

i n  t h e  e x p e r im e n ta l  c u r v e s .

Chromium f i l m s ,  however,  u n l i k e  th o s e  o f  g o ld  

have b ee n  s a i d  t o  be inhomogeneous.  The in ho m og ene i ty  

o f  our  f i lm s  was c a l c u l a t e d  u s in g  th e  '" 'o l te r  r e l a t i o n s h ip ^ " ^  

as a measure  o f  th e  d eg ree  of lhhom .ogeneity . ' ' h l t e r  has  

shown t h a t  f o r  a p e r f e c t  f i l m  l y i n g  i n  a i r  on a s u b s t r a t e  

o f  r e f r a c t i v e  in d e x ,  n ^ ,  t h e  a b s o r p t i o n  of  l i g h t  p a s s i n g  

from t h e  a i r  s id e  (A) can  be r e l a t e d  t o  t h a t  i n  the  opp os in g

d i r e c t i o n  ( â ' ) by  the r e l a t i o n s h i p

n ^ . A = A ’

where t h e  t h i c k n e s s  o f  th e  f i l m  i s  sm al l  compared t o  th e  

w ave leng th  o f  th e  i n c i d e n t  l i g h t .  T h is  forms a c o n v e n ie n t  

t e s t  and was a p p l i e d  to th o s e  of our chromium f i lm s  whose 

t h i c k n e s s e s  were l e s s  t h a n  1,C00A.

The a b s o r p t i o n s  o f  th e  f i l m s  were o b ta in e d  from 

th e  r e f l e c t i v i t i e s  and t r a n s m i s s i o n  c o e f f i c i e n t s  f o r

A = 1 -  R -  T ; A' = 1 -  R' -  T

The v a l u e s  o b t a i n e d  a re  l i s t e d  i n  Table I  as a n u m e r ic a l
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f r a c t i o n  g i v e n  b y  ( n ^ A  -  A M -  I t  c a n  b e  s e e n  t h a t  t h e  

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

t e n d s  t o v r a r d s  a  max imum a s  t h e  t h i c k n e s s  i n c r e a s e s .  T h i s  

i s  e x a c t l y  ^d i a t  T̂ e -'^^ould e x p e c t  f o r  a  s e r i e s  o f  i n h o m o g e n e o u s  

f i 1 m s  ̂ f o r  t h e  r e l a t i o n s h i p  m u s t  h o l d  a t  z e r o  t h i c k n e s s ,

•^''^here b o t h  A a n d  A' a r e  n e g l i g i b l e ,  a n d  a s  T d e c r e a s e s  b o t h  

A. a n d  A J ’̂1 1 1  t e n d  t o  c o n s t a n t  v a l u e s .  T h e s e  r e s u l t s  

t h e n  sho'^r c o n c l u s i v e l y  t h a t  t h e  f i l m s  s t u d i e d  ^-^ere i n h o m o 

g e n e o u s  a n d  v e r y  d i f f e r e n t  f r o m  t h e  f i l m s  o f  g o l d  s t u d i e d  

b y  S c h o p p e r ,

I n  a p p l y i n g  h i s  t h e o r y  t o  e v a p o r a t e d  g o l d  f i l m s ,  

S c h o p p e r  w a s  u n a b l e  t o  o b t a i n  g o o d  a g r e e m e n t  ^^hen h e  a s s u m e d  

t h a t  a l l  p a r t i c l e s  i n  a  g i v e n  f i l m  h a d  t h e  s a m e  shape f a c t o r  

a n d  h e  t h e r e f o r e  s u g g e s t e d  t h a t  t h e r e  ^^?-ould b e  a  d i s t r i b u t i o n  

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

s t a t i s t i c a l  d i s t r i b u t i o n  a s  t h e  m o s t  p r o b a b l e .  T h e r e  - 1 1 1  

a l m o s t  i n e v i t a b l y  b e  a  d i s t r i b u t i o n  o f  some n a t u r e  b u t  a t  

a n y  g i v e n  s t a g e  o f  f i l m  . d e p o s i t i o n ,  t h e  p a r t i c l e s  i n  t h e  

l o - ^ e r  l a y e r s  a r e  m o s t  u n l i k e l y  t o  b e  a f f e c t e d .  T h i s  m e a n s  

t h a t  t h e  v a r i a t i o n  o f  f  v a l u e  w i t h  t h i c l m e s s  m u s t  be d u e  

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

a r e  p r e d o m i n a n t l y  o f  l o^ ' - e r  f  and g r e a t e r  a x i a l  r a t i o  t h a n  

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

T h e r e  i s  n o  o b s e r v a b l e  v a r i a t i o n  i n  s u r f a c e
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p r o p e r t i e s  a c r o s s  a  f i l m  s u r f a c e  a n d  t h i s  l e a d s  u s  t o  s u g g e s t  

t h a t  t h e  p a r t i c l e s  b e i n g  f o r m e d  a t  a n y  g i v e n  s t a g e  o f  f i l m  

g r o w t h  a r e  o f  a p p r o x i r n a . t e l y  t h e  s am e  s i z e  a n d  s h a p e  f a c t o r  

b u t  t h e  s i z e  a n d  a x i a l  r a t i o  b o t h  i n c r e a s e  w i t h  s u c c e s s i v e  

l a y e r s .  T h i s  c h a n g e  f r o m  l a y e r  t o  l a y e r  w o u l d  a c c o u n t  f o r  

t h e  l a c k  o f  h o m o g e n e i t y  w h i c h  h a s  b e e n  s h o - n  b y  t h e  ' " b i t e r  

r e l a t i o n .

I n  a n y  g i v e n  f i l m  t h e  l a r g e r  a n d  m o r e  r e c e n t l y  

f o r m e d  p a r t i c l e s  - l H  a c c o u n t  f o r  t h e  b u l k  o f  t h e  t h i c k n e s s  

a n d  t h e  e a r l i e r ,  s m a l l  p a r t i c l e s  11  h a v e  l i t t l e  e f f e c t  

a n d  c o u l d ,  i n  a  f i r s t  a p p r o x i m a t i o n ,  b e  n e g l e c t e d  and  a 

s i n g l e  f  V a l u e  u s e d  f o r  a  g i v e n  f i l m .

A s s u m i n g  t h e  v a l u e s  o f  A a n d  B u s e d  t o  o b t a i n  

t h e  t h e o r e t i c a l  c u r v e  s h o - n  i n  F i g .  6 ,  t h e  r e f r a c t i v e  i n d e x  

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

s u b s t i t u t i o n  i n t o  e q u a t i o n  ( 1 5 )  g i v i n g

n» = 0 . 3 6  -  i 2 . 8 0

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

d e t e r m i n e d  b u l k  c o n s t a n t s  o f  c h r o m i u m .  "'b h a d  a l r e a d y  

o b t a i n e d ,  i n  t h e  e a r l i e r  w o r k ,  b y  p o l a r  i m e t r i  c r e f l e c t i o n  

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

n» » = 1 .1 8  -  iO .9 4 4



a n d  f o r  t h e  s a m e  f i l m  b y  M a l e ’ s m e t h o d

n ’ ’ ’ = 0 . 6 4  -  i l . 25

”b  have t h u s  o b t a i n e d  f o r  o n e  f i l m  t h r e e  

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

b y  t h r e e  d i f f e r e n t  m e t h o d s .  I f  each o f  t h e s e  i s  c o r r e c t  

" b t h i n  t h e  l i m i t a t i o n s  i m p o s e d  b y  t h e  m e t h o d  o f  m e a s u r e m e n t ,  

t h e n  i t  s h o u l d  b e  p o s s i b l e  t o  i n t e r r e l a t e  t h e m .  M a l e ’ s 

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

t h e  t h r e e  q u a n t i t i e s  r e f l e c t i o n  a t  e a c h  s u r f a c e  and 

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

f i l m ,  i s  c o m p o s e d  o f  a  n u m b e r  o f  s t r a t a  p la n e s  p a r a l l e l  t o  

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

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

t h e  e x p e r i m e n t a l  r e s u l t s  f o r  t h e  t h i n n e s t  f i l m s  t o  t h e  

( A , B )  c u r v e ,  -^e s h o u l d  h a v e  f r o m  t h e  A a n d  B v a l u e s  t h e  

r e f r a c t i v e  i n d e x  o f  t h e  f i r s t  s t r a t a .  I f  we th e n  s i m p l i f y  

t h e  p r o b l e m  t o  c o n s i d e r  o n l y  t h e  f i r s t  a n d  l a s t  l e v e l s ,  

and we l e t  t h e  r e l a t i v e  t h i c k n e s s  o f  t h e  f i r s t  b e  s ,  a n d  

o f  t h e  l a s t  1 - 3 ,  - n  s h o u l d  h a v e  t h e  r e l a t i o n s h i p

n ’ ’ ’ = s . n ’ + ( 1 -  s ) . n ’ *    ( 1 5 )

h o l d i n g  a t  l e a s t  a p p r o x i m a t e l y .

F o r  t  he ab o v e  r e s  u l t  s e qu  ab i  n g  t  h  e r e  a l  p a r t s  

g a v e  3 = 0 . 6 5 9 ,  a nd  t h e  i m a , p ; i n a r y  s = 0 . 1 5 4 .  T h e s e
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e v i d e n t l y  d i v e r g e n t  f i g u r e s  w e r e  d i s a p p o i n t i n g  b u t  t h e  

d e g r e e  o f  f i t  o b t a i n e d  i n  F i g . 6 f o r  t h e  f i l m s  below 1 0 0Â 

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

a n d  g a v e  c o r r e c t  v a l u e s  o f  A an d  B .  An a t t e m p t  w a s  made  

t o  e x t e n d  t h e  t h e o r y  t o  m a k e  i t  m o r e  s u i t a b l e  f o r  t h e  

f i l m s  u n d e r  e x  a r i l  n a t i o n .

I n  t h e  s t a t e m e n t  o f  D a v i d ’ s a n d  S c h o p p e r ’ s t h e o r y

i t  w a s  a c c e p t e d  t h a t  t h e  m e t a l  was  i n  a  s i m p l e  d i e l e c t r i c .

B u t  l a b i l e  i n v e s t i g a t i n g  t h e  o p t i c a l  p r o p e r t i e s  o f  b u l k

a n d  e v a p o r a t e d  c h r o m i u m  i n  t h e  e a r l i e r  w o r k  i t  ^-as f o u n d

t h a t  t h e  m e t a l  s u s t a i n e d  a  v e r y  t h i n  o x i d e  f i l m .  T h i s

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

a n d ,  i n  t h i s  c a s e ,  t h e  t h e o r y  i s  i n a d e q u a t e .  m u s t

p o s t u l a t e  t h a t  t h e  m e t a l l i c  p a r t i c l e s  o f  d i e l e c t r i c

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

d i e l e c t r i c  c o n s t a n t ,  e , w h i c h  t h e n  i s  p l a c e d  i n  t h e
o

d i e l e c t r i c  m e d i a ,  c .a

t b  c a n  g i v e  t h e  p o t e n t i a l ,  e q u a t i o n s  f o r  t h e s e  

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

h  = -X + Ox ^ ^  -  t a n " ^  + vA) j

0^  = -X + Ox -  t a n “ ^   (16)

0  =  - X  + Cx 1“  -  t a n “ l  ya -  j a / ( l  +



Here we a re  assuming t h a t  t h e  s u r f a c e  l a y e r  i s  

so t h i n  t h a t  i  s c o n s t a n t  th ro u g h o u t  i t s  w id th  and equ a l  

t o  the v a l u e  d e f i n i n g  the  boundary  of  t h e  m e t a l l i c  p a r t i c l e .  

At each  boundary  t h e  d i s p l a c e m e n t s  must be equ a l  and, as 

th e  l a y e r  i s  so t h i n ,  ^̂ ê l e t  th e  d i s p l a c e m e n t  be c o n t i n u o u s ,  

i . e .
à0

s -------------- ^   = E

i . e .  2s

I f  we s u b s t i t u t e  f o r  th e  a p p r o p r i a t e  v a l u e s  of 

and d i f f e r e n t i a t e ,  we o b t a i n

Jt U
— 2_ + c -----

i l l "^ C 1 ^ )
= S^ Cx 7 -  ----- {

( 14-n 2 / I  2 \2  j

th u s

C =
2s* — s s1 o a f 17 ^# # # . # # # # # # #  \  JL I J

{(2E. -  -  e ^ ) / e ^ ] f +1

where t h e  f u n c t i o n  f  has  th e  same v a lu e  as b e f o r e .

For l a r g e  v a l u e s  o f  x th e  l i m i t  o f  e q u a t i o n  (6 )
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s t i l l  h o l d s ,  and th u s

_  . (2E, -  -  e , )
h z . -  B ) ~  ( = T — 

A y

^  C £ 2  ] _ (Sg j  -  Eq -  g p ________

à   ̂ {(EG.  -  -  e ) / e \  f + 1w i  o a a

I f  we c o n s i d e r  t h a t  t h i s  e q u a t i o n  i s  to  a p p l y  t o  a m e ta l  

o f  r e f r a c t i v e  in d e x  ( n - i k ) ,  h a v in g  an ox ide  o f  r e f r a c t i v e  

in d e x  (J/) i n  a i r ,  t h e n  th e  above e q u a t i o n  w i l l  become

^  " e  -  -  1  )  r j  “  i  k  1 1 ' t  *  ■{

I f  -'•e no ’"̂̂  l e t

A' = 2 ( M  -  M )  -  -  1

and B’ = 4 .n k    (19)

th e n

i ï C  a ,

( aF  + B k ) f  + (A' -  I B ' )
I .■ — I I " II 1 1 1 " ^  im iii; .» —,, I— , » i— i-KI I I I III » \  )

( A ' f  + 1 )^  + B ' h ^

which i s  i n  t h e  same form  as e q u a t i o n  ( 1 4 ) .

"Ve now have t o  s u b s t i t u t e  f o r  A’ and B’ , where 

as b e f o r e  t h e  b e s t  f i t  i s  g iv en  by F i g .  7 and

A! -  iB* = - 9 . 0  -  i 2 . 0
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The r e f r a c t i v e  in d e x  o f  th e  o x id e  formed on 

e v a p o r a t e d  f i l m s  had a l r e a d y  been m easu red  as 2 .2 3 0 ,  

g i v i n g ,  a f t e r  s u b s t i t u t i o n ,  i n t o  e q u a t i o n  (19)

n ’ = 0 . 4 9 - 1 1 . 3 2

Assuming t h a t  t h i s  r e p r e s e n t s  the  r e f r a c t i v e  in d e x  o f  t h e  

f i r s t  l a y e r s  and t h a t  th e  f i l m  c o u ld  a g a in ,  t  o a f i r s t  

a p p r o x im a t io n ,  be  r e g a r d e d  as made up o f  two l a y e r s  o n l y ,  

t h e  u p p e r  l a y e r  h a v in g  th e  r e f r a c t i v e  in d e x

n ’ * = 1 .1 8  -  iO .9 4 4

th e  r e l a t i v e  t h i c k n e s s e s  were r e c a l c u l a t e d  as b e f o r e  g i v i n g  

f o r  t h e  r e a l  p a r t  o f  s ,  0 .3 0 8 ,  and f o r  t h e  im a g in a r y ,  0 .2 9 5 .  

These f i g u r e s  a r e  i n  re m a rk a b le  ag reem ent  and t h i s  means 

t h a t  t h e  r e f r a c t i v e  i n d e x ,  as o b t a i n e d  by Male’ s m ethod ,  

a p p e a r s  t o  be an a c c u r a t e  ave rage  of t h e  r e f r a c t i v e  i n d i c e s  

o f  t h e  f i r s t  and l a s t  l a y e r s  of t h e  f i l m .

DISCUSSION

The p i c t u r e  o r i g i n a l l y  p r e s e n t e d  by David  and 

Schopper  was o f  a t h i n  f i l m  composed o f  a number o f  

a g g r e g a t e s  h a v in g  a shape a p p ro x im a t in g  to  an o b l a t e  

s p h e r o i d  w i t h  th e  s h o r t  ax is  p e r p e n d i c u l a r  to  th e  s u b s t r a t e .  

”b  have m o d i f i e d  t h i s  t h e o r y  by assuming t h a t  each a g g r e g a te  

i s  s u r ro u n d e d  by a t h i n  l a y e r  o f  ox ide  w hich  c o u ld  be
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produced  by  the  r e s i d u a l  gas  i n  t h e  vacuum chamber d u r in g  

e v a p o r a t i o n .  F o rm a t io n  o f  an ox ide  f i l m  i s  c e r t a i n l y  t o  

be e x p e c t e d  - b t h  a m e ta l  such as chromium. The m o d i f i e d  

p i c t u r e  c e r t a i n l y  seems to  be t r u e  f o r  f i l m  t h i c k n e s s e s  

be low  100A.

The change i n  t h e  ""b i te r  r e l a t i o n s h i p ,  even f o r  

w e ig h t  t h i c k n e s s e s  b e l o w  lOOA,  s u g r e s t s  t h a t  t h e  growth 

talces p l a c e  i n  l a y e r s ,  and t h e  v a r i a t i o n s  o f  th e  f  v a lu e  

over t h i s  range l e a d s  us  t o  s u g g e s t  t h a t  t h e  f i r s t  l a y e r  

o f  a chromium f i l m  may be composed o f  sm a l l  a g g r e g a t e s .

These a g g r e g a te s  would be a lm ost  s p h e r i c a l  i n  shape and 

th e y  are o v e r l a i d  by s u c c e s s i v e  l a y e r s  o f  l a r g e r  a g g r e g a te s  

h av in g  h i g h e r  a x i a l  r a t i o s  and lower f  v a l u e s .  The 

p r o g r e s s i v e  change i n  f  v a l u e s  does n o t  ap p e a r  to  c o n t in u e  

above lOOA and o u r  m easurem ents  on a t h i c k  f i l m  showed 

t h a t  the  top  l a y e r s  d i f f e r e d  v e ry  l i t t l e  from b u lk  chromiuja 

v a l u e s .  I t  would appear  t h a t  above lOOA t h e  i n d i v i d u a l  

a g g r e g a te s  are growing so l a r g e  t h a t  t h e y  to u c h  and the  

s t r u c t u r e  ap p ro x im a te s  t o  a c o n t in u o u s  m e ta l  s t r u c t u r e .

T h is  wQ-uld be i n  g e n e r a l  agreem ent  - i t h  e x i s t i n g  e v id e n c e  

on f i l m  g ro w th .  E l e c t r o n  m ic ro sco p e  s t u d i e s  by McLaughlan, 

S e n n e t t  and S c o t t ^ ^  on s i l v e r  f i l m s  s h o w  t h a t  th e  

i n t e r s t i c e s  be tw een  a g g r e g a te s  f i n a l l y  become v e r y  sm all  

and many d i s a p p e a r .
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T his  t r a n s i t i o n  a t  a p p r o x im a te ly  100A w eig h t  

t h i c k n e s s  from an a g g re g a te d  s t r u c t u r e  t o  a co n t in u o u s  

m e ta l  f i l m  ^^-ould e x p l a i n  the  s u c c e s s  o f  ou r  a p p ro x im a t io n  

i n  r e g a r d i n g  a t h i c k  f i l m  as composed o f  t '-o l a y e r s  o n ly .  

For t r a n s m i s s i o n  p r o p e r t i e s  t h i s  would c e r t a i n l y  h o l d ,  f o r  

t h e  p r o p e r t i e s  of th e  u n d e r l a y e r  would be d e te rm in e d  

m a in ly  by th e  l a y e r s  of  l a r g e  a g g r e g a t e s ,  and v e r y  l i t t l e  

by the  much t h i n n e r  l a y e r s  o f  sm al l  a g g r e g a t e s .

The v a lu e  of 0 .49  -  i l . 32 ob ta ined ,  f o r  th e  

r e f r a c t i v e  in d e x  o f  the  m a t e r i a l  fo rm in g  th e  a g g r e g a t e s  

c e r t a i n l y  d o es  n o t  ag ree  - I t h  any v a l u e  p r e v i o u s l y  

d e t e r m in e d  f o r  b u lk  chromium, b u t  t h i s  i s  h a r d l y  to  be 

e x p e c t e d .  Even - I t h i n  th e  a g g r e g a t e s  th e m s e lv e s  t h e  met s i  

p r o b a b ly  has  a l o o s e r ,  more open s t r u c t u r e  th a n  b u lk  m e t a l ,  

and t h i s  would account  f o r  the r e a l  p a r t  o f  th e  r e f r a c t i v e  

in d e x  b e in g  lo w e r .  Such a s t r u c t u r e  would a l s o  accoun t  

f o r  an i n c r e a s e d  a b s o r p t i o n  c o e f f i c i e n t  as t h e  i n t e r n a l  

r e s i s t i v i t y  would be h i g h e r  and t h e r e  would be c o n s i d e r a b l y  

more s c a t t e r i n g  th a n  f o r  a co n t in u o u s  s t r u c t u r e .

Going back  t o  our o r i g i n a l  r e s u l t s  as g iv en  i n

F i g .  1 ,  i t  w i l l  be n o t i c e d  t h a t  the  a b s o r p t i v e  c o e f f i c i e n t

i n c r e a s e s  up t o  a t h i c k n e s s  v a lu e  o f  d = 400A, - b i c h  fromo
Table  I  c o r r e s p o n d s  to  a w e ig h t  t h i c k n e s s  o f  abou t  100A. 

F u r t h e r  l a y e r s  h a v in g  a c o n t i n u o u s ,  d e n s e r  s t r u c t u r e  would
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have a much low er  a b s o r p t i o n  and would t h e r e f o r e  can se  th e  

o v e r a l l  a b s o r p t i o n  f o r  t h i c k e r  f i l m s  t o  f a l l  s t e a d i l y  as 

o b s e rv e d  e x p e r i m e n t a l l y .

Our t h e o r e t i c a l  t r e a t m e n t  i s  s t i l l  i m p e r f e c t  

even though  such good agreem ent  -nes o b t a i n e d  f o r  th e  f i l m s  

b e low  100Â i n  t h i c k n e s s .  I t  ansumes t h a t  t h e r e  e x i s t s  a 

c o n t in u o u s  r a n g e  o f  f  v a l u e s ,  or shape f a c t o r s ,  f o r  t h e  

a g g r e g a t e s  up t o  a l i m i t i n g  v a lu e  f  = 0 ,  a t  - h i c h  the  

a g g r e g a t e s  would be i n f i n i t e l y  e x te n d e d  i n  t h e  p la n e  o f  

th e  f i l m  to  form a c o n t in u o u s  t h i n  u n i fo rm  s h e e t .  The 

f  v a l u e  b e in g  i n v e r s e l y  r e l a t e d  t o  t h e  t h i c k n e s s ,  t h i s  

means t h a t  t h e  to p  l a y e r s  of  a t h i c k  f i l m  s h o u ld  have th e  

same s t r u c t u r e  as b u lk  m e t a l .  The a x i s  i n t e r c e p t s  a t  

f  = 0 made by ou r  t h e o r e t i c a l  c u r v e ,  as  sho^m i n  P i g .  6 ,  

do n o t  ag ree  r l t h  t h e  m easu red  c o n s t a n t s  f o r  th e  b u lk  

m e t a l  o r  even  - 1 t h  the  m easured  c o n s t a n t s  o b s e rv e d  by 

p o l a r i s e d  l i g h t  methods f o r  the  s u r f a c e  l a y e r  o f  a v e ry  

t h i c k  f i l m .

Our r e s u l t s  s u g g e s t  t h a t  chromium f i l m s  are  

a g g r e g a t e d  o n l y  up to  a l i m i t i n g  t h i c k n e s s  of  about 1001 

and t h a t  s u b s e q u e n t  l a y e r s  a re  c o n t in u o u s  and d e n s e r ,  

a p p ro x im a t in g  to  the  b u lk  m e t a l  s t r u c t u r e ,  t h e  c o n s t a n t s  

o b t a i n e d  by M a le ’ s method b e in g  an ave rag e  b e tw een  t h e s e  

two s t r u c t u r e s  i n  t h e  r a t i o  o f  t h e i r  r e s p e c t i v e  t h i c k n e s s e s
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"b  have t h e r e f o r e  t r i e d  t o  m odify  our cu rve  as g iv e n  i n  

P i g ,  6 by d raw ing  a c o n t in u o u s  curve  j o i n i n g  our r e s u l t s  

f o r  t h i n  f i l m s  to  a p o i n t  on t h e  a x i s  - h i c h  c o r re s p o n d e d  to  

th e  m easured  v a lu e  o f  th e  r e a l  p a r t  o f  the  r e f r a c t i v e  i n d e x  

f o r  t h e  b u lk  m e ta l*  Upon f i t t i n g  our e x p e r im e n ta l  p o i n t s  

t o  t h i s  new cu rv e  -re found t h a t  each  p o i n t  was d i s p l a c e d  

c o n s i d e r a b l y  to  th e  l e f t  o f  i t s  o r i g i n a l  p o s i t i o n ,  towards  

f  = 0, o r  b u lk  v a l u e s  as our a v e ra g in g  would l e a d  us to  

a n t i c i p a t e .  The c o r r e s p o n d in g  im a g in a ry  p o i n t s  f e l l  upon 

a c o n t in u o u s  c u r v e .  The new g raph  o f  the im a g in a ry  

f u n c t i o n  was c o n t in u o u s  w i t h  our r e s u l t s  f o r  th e  t h i n n e r  

f i l m s  and made an i n t e r c e p t  on th e  v e r t i c a l  a x i s  w hich  

c o r re s p o n d e d  -a  t h  t h e  m easured  im a g in a ry  p a r t  of  th e  

r e f r a c t i v e  in d e x  f o r  th e  b u lk  m e t a l .  The p o i n t s  { c o r r e s 

ponding  t o  f i l m s  o f  80A and 1681 t h i c k n e s s )  w^ich  d e v i a t e d  

most from o u r  new c u rv e s  a re  th e  same r e s u l t s  t h a t  d e v i a t e d  

most from th e  g e n e r a l  t r e n d  o f  th e  p a c k in g  f r a c t i o n  o r  

q v a l u e s  g iv e n  i n  Table I .

One of u s ,  -^ould l i k e  t o  th a n k  th e

C a i rd  T r u s t  f o r  the  p r o v i s i o n  o f  a p o s t - g r a d u a t e  g r a n t  t o  

a l lo w  t h i s  work t o  be u n d e r t  al-cen.
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1 .  MÂLE.

2 .  MÂLE.

3 .  ESSERS-RHEIKDORF.

4. (1003.

5. ÂBELES.

6 .  PuCH3.

7 .  3ENHETT & SCOTT. 

S .  LEVINSTEIN.

9 . MÂX^^ELL- G ARNE TT .

1 0 .  HILL & WEAVER.

1 1 .  DAVID.

1 2 .  SCHOPPER.

1 3 .  MADSLHNG.

1 4 .  ^"OLTER.

1 5 .  MeLAUGELAN,
SENNSTT CÙ SCOTT.

C o n p t e s  R e n d u s .  1 9 5 0 .  2 3 0 .  1 3 6 9 .

J .  P h y s l q u e  R a d .  1 9 5 0 .  1 1 .  3 3 2 .

Ann .  P h y s l k .  19 3 7 .  2 8 .  29 7 .

Z .  P h y s l k .  19 3 7 ,  1 0 6 .  6 0 6 .

J .  O p t .  S o c . ^ A m e r .  1 9 5 7 .  4 7 .  4 7 3 .

P r o c .  Comb . P h i l .  S o c .  19 3 8 .  3 4 .  1 0 0

J .  O p t .  S o c .  Amer .  1 9 5 0 .  4 0 .  20 3 *

J .  A p p l .  P h y s i c s .  19 4 9 .  2 0 .  3 0 6 .

P h i l .  T r a n s .  1 9 0 4 .  2 0 3 .  3 8 5 .

T r a n s .  P a r  ad  a y  S o c .  To b e  p u b l i s h e d ,

Z .  P h y s i k .  19 3 9 .  1 1 4 .  3 8 9 .

Z . P h y s i k .  1 9 5 1 .  1 3 0 .  5 6 5 .

 ̂Di  e M a t h e m a t i  s c h e n  H i I f s m i t t e l  
d e s  P h y s i k e r s ^ .  D o v e r  P r e s s .
He""' Y o r k .  1 s t  E d .  19 4 3 ,  p .  1 4 8 ,

Z .  P h y s i k .  1 9 3 7 .  1 0 5 .  2 6 9 .

C s n .  J o u r .  R e s .  1 9 5 0 .  A28.  5 3 0 .
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