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The t y p e s  o f  c a r b o n  fo rm ed  on i r o n  and n i c k e l  

s u r f a c e 8 f ro m  g a s e o u s  p r e c u r s o r s  have  b e e n  i n v e s t i g a t e d ,

At 700° C t h r e e  c a t e g o r i e s  o f  c a r b o n  w ere  d i s t i n g u i s h e d  *

P l a t e l e t  g r a p h i t e  c r y s t a l s  up t o  1 0 you i n  e x t e n t  

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

a c e t o n e  d e c o n r p o s i t i o n .  They v/ere d e p o s i t e d  w i t h  b a s a l  

p l a 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  s u r f a c e  and X—r a y  

m e a s u r e m e n ts  o f  t h e  i n t e r - l a y e r  s p a c i n g  showed t h a t  1 0 Of 

s t a c k i n g  o r d e r  p r e v a i l e d .  S m a l l  m e t a l  p a r t i c l e s  were  

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

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

p a r t i c l e s  w e re  t h e  a c t i v e  c a t a l y s t s  i n  p r o m o t i n g  t h e  

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

s u c h  a  low t e m p e r a t u r e .

When t h e  p l a t e l e t  g r a p h i t e  had  c o v e r e d  t h e  whole  o f  

t h e  m e t a l  s u r f a c e  t h e  c r y s t a l  e d g e s  w e re  o b s e r v e d  to  

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

n o n - h o r i z o n t a l  d i r e c t i o n .  T h is  c o r r e s p o n d e d  t o  th e  o n s e t  

o f  f o r m a t i o n  o f  th e  s e co n d  ty p e  o f  c a r b o n ,  t e r m e d  h e r e  

n n o n - o r i e n t e d  c a r b o n ” , w h ic h  gave  r i s e  t o  r an d o m ly  

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

W ith  u n s a t u r a t e d  h y d r o c a r b o n s  a t  h i g h  p r e s s u r e  (600  t o r r )  

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

At t h e  p o i n t  o f  i n t e r s e c t i o n  o f  s e v e r a l  p l a t e l e t  

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

S u r r o u n d i n g  t h e s e  a r e a s  w e re  r e g i o n s  o f  g r a p h i t e  c o n t a i n i n g  

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

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



i i

t h i r d  t y p e  o f  c a r b o n  d e p o s i t ,  w h ic h  was o b s e r v e d  t o  grow 

a f t e r  t h e  d e p o s i t i o n  p r o c e s s  had c o n t i n u e d  f o r  some t im e .

The f i b r e s  had an e x t e r n a l  c a r b o n  w a l l  o f  c o n s t a n t  

t h i c k n e s s ,  whose l a y e r  p l a n e s  w e re  a l i g n e d  p a r a l 3 . e l  t o  t h e  

f i b r e  axis,-, s u r r o u n d i n g  an  i n n e r  r e g i o n  a l s o  o f  c o n s t a n t  

d i a m e t e r  c o n t a i n i n g  one o r  more m e t a l  c a t a l y s t  p a r t i c l e s .  

M in u te  p a r t i c l e s  o f  m e t a l  w h i c h  i n d i v i d u a l l y  w e re  n o t  

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

r e s o l u t i o n  c o n d i t i o n s  w e re  s e e n  t o  a g g l o m e r a t e  d u r i n g  

o x i d a t i o n  o f  t h e  f i b r o u s  g r a p h i t e .

A n o v e l  m echan ism  f o r  t h e  g r o w t h  o f  t h e  f i b r o u s  

m a t e r i a l  h a s  b e e n  p r e s e n t e d .  I t  i s  b a s e d  on t h e  s u r f a c e  

d i f f u s i o n  o f  i n d i v i d u a l  m e t a l  a tom s o u tw a rd s  f r o m  t h e  

c e n t r a l  m e t a l  p a r t i c l e  a lo n g  t h e  g r o w in g  t i p  o f  t h e  f i b r e  

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

t h e  c a r b o n  w a l l  o f  t h e  f i b r e  and a l s o  f o r  t h e  o b s e r v e d  

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

At  l o w e r  t e m p e r a t u r e s  t h e  c a r b o n  p r o d u c t  o f  t h e  

p y r o l y s e s  was l e s s  o r d e r e d .  S m a l l e r  c r y s t a l s  o f  g r a p h i t e  

w i t h  n o d u l a r  o u t c r o p s  o f  m a t e r i a l  w e re  fo rm ed  and t h i n  

n o n - g r a p h i t i c  f i l a m e n t s  o f  c a r b o n  o f t e n  grew  o u t  f r o m  th e  

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

The k i n e t i c s  o f  t h e  r e a c t i o n s  w e re  s t u d i e d  and t h e  

g a s e o u s  p r o d u c t s  o f  s e v e r a l  i n t e r a c t i o n s  w e re  I d e n t i f i e d  by  

m ass  s p e c t r o m e t r y  w i t h  a  v ie w  t o  o b t a i n i n g  more i n f o r m a t i o n  

on t h e  mode o f  b re a k d o w n  o f  t h e  h y d r o c a r b o n s  on t h e  m e t a l  

s u r f a c e .
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1 .  INTRODUCTION

1 . 1  C arbon

1 . 1 . 1  S t r u c t u r e : P e r f e c t  g r a p h i t e  c o n s i s t s  o f  

l a y e r s  o f  h e x a g o n a l  n e t w o r k s  o f  c a r b o n  a to m s .

The l a y e r s  c a n  b e  a r r a n g e d  i n  t h e  fo rm  ABAB.. .  

c o r r e s p o n d i n g  to  h e x a g o n a l  p a c k i n g  ( H a s s e l  and M ark ,  

1 9 2 4 ;  B e r n a l r 1924)  o r  i n  t h e  fo rm  ABCABC... 

c o r r e s p o n d i n g  t o  r h o m b o h e d r a l  p a c k i n g  ( L i p s o n  and 

S t o k e s ,  1 9 4 2 ) .  B o th  fo r m s  e x i s t  i n  n a t u r a l  g r a p h i t e  

( P i n c h  and Wilman,. 1936 ;  Boehm and Hofmann, 1955) 

and c a n  be  e a s i l y  i n t e r c h a n g e d  ( L a i d l e r  and T a y l o r ,  

1 9 4 0 ;  B acon ,  1952)  b e c a u s e  o f  t h e  low s t a c k i n g  

f a u l t  e n e r g y  o f  0 . 5 1  e r g s  cm" 2 i n v o l v e d  ( B a k e r  e t  aD, 

1 9 6 1 ) .  The d i s t a n c e  b e tw e e n  t h e  l a y e r  p l a n e s  a t  

room t e m p e r a t u r e  was m e a su re d  by  N e l s o n  and R i l e y  

( 1 9 4 5 )  and fo u n d  t o  be  3 .3 5 3 8  A f o r  n a t u r a l  g r a p h i t e .  

However ,  i t  i s  known t h a t  b a s a l  p l a n e  d i s l o c a t i o n s

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

s u c c e s s i v e  l a y e r s ,  c a n  i n c r e a s e  t h e  v a l u e  o f  t h i s  

(0 0 0 2 )  s p a c i n g .  F r a n k l i n  (19 5 1 )  r e l a t e d  t h e  e x a c t  

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

l a y e r s  p r e s e n t ;  t h e  ( 0 0 0 2 ) s p a c i n g  v a r i e s  b e tw e e n
o  o

3 .3 5  A and 3 . 4 4  A a s  t h e  f r a c t i o n  o f  d i s o r d e r e d  

l a y e r s  p r e s e n t ,  t h e  p f a c t o r ,  v a r i e s  b e tw e e n  0 and 1 . 

Bacon ( 1 9 5 1 ,  1958)  c o n c l u d e d  t h a t  i n  g r a p h i t i c  

c a r b o n s  f o u r  d i f f e r e n t  e n v i r o n m e n t s  c o u ld  e x i s t ,  e a c h



w i t h  i t s  own c h a r a c t e r i s t i c  c ~ s p a c i n g i  ( i )  be tw een
o

two o r i e n t e d  l a y e r s ,  3 ,3 5  A; ( i i )  b e tw e e n  two 

n o n - o r i e n t e d  l a y e r s ,  b o t h  b e i n g  a d j a c e n t  t o
o

n o n - o r i e n t e d  l a y e r s ,  3 .4 4  A; ( i i i )  b e tw e e n  two 

n o n - o r i e n t e d  l a y e r s  one h a v i n g  an o r i e n t e d  l a y e r
o

a d j a c e n t  t o  i t r 3 .4 0 8  A; ( i v )  b e tw e e n  two n o n —o r i e n t e d
o

l a y e r s  b o t h  b e i n g  a d j a c e n t  t o  o r i e n t e d  l a y e r s ,  3 . 3 n6 A. 

The (0 0 0 2 )  s p a c i n g  m e a su re d  by  X - r a y  o r  e l e c t r o n  

d i f f r a c t i o n  i s  d e t e r m i n e d  by  t h e  r e l a t i v e  am ounts  of 

t h e  f o u r  t y p e s  o f  a r r a n g e m e n t s  i n  any g i v e n  f o r m  o f  

c a r b o n .

1 . 1 . 2  R o n - C a t a l y s e d  Carbon  D e p o s i t i o n

When a  c a r b o n  b e a r i n g  g a s  i s  h e a t e d  t o  a  

s u f f i c i e n t l y  e l e v a t e d  t e m p e r a t u r e  i t  w i l l  decompose 

and a  c a r b o n  d e p o s i t  w i l l  r e s u l t .  S t u d i e s  o f  t h e  

t y p e s  o f  c a r b o n  fo rm ed  u n d e r  a  w ide  v a r i e t y  o f  

r e a c t i o n  c o n d i t i o n s  a r e  su m m arised  i n  T ab le  1 . 1 .

1 . 1 . 2 . 1  Gas P h a s e  C a rb o n s  I t  i s  f o u n d  t h a t

c a r b o n s  fo rm ed  by  homogeneous d e c o m p o s i t i o n  o f  g a s e s  

( g a s  p h a s e  c a r b o n s )  c an  be c l e a r l y  d i s t i n g u i s h e d  from 

t h o s e  d e p o s i t e d  h e t e r o g e n e o u s l y  on. s u r f a c e s  ( s o l i d  

p h a se  c a r b o n s ) .  I l e y  and R i l e y  (1 9 4 8 )  d e s c r i b e d  gas 

p h a s e  c a r b o n  formed a t  800—1300°C a s  a  s o f t ,  

v e l v e t - b l a c k  p u l v e r u l e n t  m a t e r i a l  whose p r o p e r t i e s  

w ere  i n d e p e n d e n t  o f  t h e  h y d r o c a r b o n  and t h e  f o r m a t i o n  

t e m p e r a t u r e  u s e d .  The i n t e r - l a y e r  spac ing - ,  d00 2 ?
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was a s  l a r g e  a s  .3.60 A and th e  c r y s t a l l i t e  d i m e n s i o n s  

w ere  ~ 1 2 - 1 7  A and LA = 29-36  A. K inney  (19 5 6 )  

o b t a i n e d  g a s  p h a s e  c a r b o n  a t  900—1400°C and Conroy  

and c o - w o r k e r s  (1 9 5 9 )  a l s o  found  t h a t  t h e  g a s  p h a s e  

c a r b o n  b l a c k  fo rm ed  above 900°C was i n d e p e n d e n t  o f  

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

b u t  was d e t e r m i n e d  by  t h e  s p e c i e s  i n t e r m e d i a t e  i n  

t h e  c a r b o n  d e p o s i t i o n  p r o c e s s .  The r e v i e w  o f  c a r b o n  

d e p o s i t i o n  by  P a l m e r  ( 1 9 6 2 )  c o n c l u d e d  t h a t  g a s  p h a s e  

s o o t —l i k e  c a r b o n s  had  low a d h e r e n c e  w i t h  d i m e n s i o n s ,  

doo 2 = 3 . 6 1 - 3 - 7 0  A, 1q = 12 A, = 42 A. F u r t h e r  

d i s c u s s i o n s  by  P a l m e r  and C u l l i s  (1 9 6 5 )  on c a r b o n  

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

d e p o s i t i o n  d e p en d e d  on t h e  ty p e  o f  h y d r o c a r b o n  b e i n g  

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

u n s a t u r a t i o n  and w i t h  c h a i n  b r a n c h i n g  b u t  d e c r e a s e d  

w i t h  m o l e c u l a r  w e i g h t  e x c e p t  f o r  p a r a f f i n s .  Comer 

and Mayer (1 9 5 5 )  f o u n d ,  a s  would  be e x p e c t e d f t h a t  no 

g a s  p h a s e  c a r b o n  was p r o d u c e d  a t  1 0 0 0 —2300°C a t  v e r y  

low  h y d r o c a r b o n  p r e s s u r e s  (b e lo w  1 0  t o r r ) .

1 . 1 . 2 . 2  S o l i d  P h a s e  C a r b o n s  H e y  and R i l e y  (1 9 4 8 )  

d e s c r i b e d  t h e  two m ain  t y p e s  o f  s o l i d  p h a s e  d e p o s i t s  

fo rm ed  a t  80 0 -1 3 0 0 °C  as  s h i n e y ,  v i t r e o u s ,  c o l u m n a r  

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

m a t e r i a l  was a l s o  d e t e c t e d  by T e s n e r  e t  a l  (1952B) 

a ro u n d  1200°C b u t  i n  g e n e r a l  i t  i s  a  m in o r  p r o d u c t  i n  

t h e s e  r e a c t i o n s .  As n o t e d  f o r  ga s  p h a s e  c a r b o n ,  t h e



p r o p e r t i e s  o f  t h e  s o l i d  p h a s e  d e p o s i t s  ( I l e y  and R i l e y , 

1 9 48 )  w ere  i n d e p e n d e n t  o f  t h e  n a t u r e  o f  t h e  h y d r o c a r b o n s  

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

d e p o s i t i o n  t e m p e r a t u r e  was r a i s e d ,  f rom  16 A t o  29 A
O O

and f r o m  31 A t o  4 2  A. C o n ro y  e t  a l .  ( 1 9 5 9 )  and 

A u s t i n  (1 9 5 9 )  d i s c u s s e d  t h e  p r o p e r t i e s  o f  p y r o l y t i c  

c a r b o n s  and K inney  (1 9 5 6 )  c l a s s i f i e d  t h e  t y p e s  o f  

c a r b o n s  w h ic h  a r e  p r o d u c e d :

Type A i s  a  h a rd *  b r i t t l e ,  l u s t r o u s  m a t e r i a l  a d h e r i n g  

w e l l  t o  s u r f a c e s .

Type B i s  a  s o o t y , p o o r l y  a d h e r e n t  g a s  p h a s e  c a r b o n .

Oty-pe C i s  a  m i x t u r e  o f  t y p e s  A and B.

(type I) i s  a  g r e y ,  f e a t h e r y  m a t e r i a l  a p p e a r i n g  t o  grow

o u t  o f  t y p e  A.

!type E o c c u r s  w i t h  t y p e  D b u t  h a s  a  b r o w n i s h ,  sp o n g y  

c h a r a c t e r  and i s  l o c a t e d  on i t s  d o w n s t r e a m  s i d e .

M e l ik - Z a d e  e t  a l . ( 1 9 6 0 A ,B ,C , 1961A,B) h av e  

o b s e r v e d  t h a t  t h e  amount o f  c a r b o n  fo rm ed  on S i 0 2 /A 1 0 2 

s u r f a c e s  a t  450°C i s  d e p e n d e n t  on t h e  h y d r o c a r b o n  u s e d ,  

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

w e i g h t  f o r  p a r a f f i n s  and w i t h  d e g r e e  o f  u n s a t u r a t i o n .  

C onroy  and c o w o r k e r s  (1 9 5 9 )  i n d i c a t e d  t h a t  o n l y  b e lo w  

500°C i s  t h e  s t r u c t u r e  o f  t h e  d e c o m p o s in g  g a s  i m p o r t a n t  

. in  d e t e r m i n i n g  t h e  t y p e  o f  c a r b o n  fo rm ed  b u t  C u l l i s  

e t  a l .  ( 1 9 5 9 )  showed t h a t  t h e  p r e s e n c e  o f  c h l o r i d e  i n  

r e a g e n t  m o l e c u l e s  c a u s e d  a  r e d u c t i o n  i n  o r i e n t a t i o n  

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



a t  850-950°C  b e c a u s e  o f  t h e  d e c r e a s e  i n  c a r b o n  a t c r  

m o b i l i t y .  O x y g e n - r i c h  c h a r s  p r o d u c e d  t o t a l l y  

amorphous  d e p o s i t s  b e lo w  I200°C  (G ib s o n  e t  aL ,  1946) 

p r o v i n g  t h a t  t h e  p r o d u c t  was d e t e r m i n e d  by  t h e  

c h a r a c t e r  o f  t h e  s t a r t i n g  m o l e c u l e s .  I t  i s  e v i d e n t  

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

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

m a t e r i a l  above  500°C.

C u l l i s  and F o r r i s  ( 1 9 7 0 ,  1971)  d i s c o v e r e d  t h a t  

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

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

up t o  1$ S i  c a n  be  d e t e c t e d  i n  th e  c a r b o n  d e p o s i t s .

I f  S i C l 4 i s  added  t o  d e co m p o s in g  CH4 , s i l i c o n  c an  

f o r m  p SiC i n  t h e  d e p o s i t s .  At 900°C s i l i c a  r e a d i l y  

d i f f u s e s  i n t o  g r a p h i t e  and ev en  j u s t  a b o u t  650°C 

some d i f f u s i o n  i s  e v i d e n t  d u r i n g  p r o l o n g e d  e x p e r i m e n t s  

( F r y e r ,  1 9 7 0 ) .

The n a t u r e  o f  t h e  i n t e r m e d i a t e s  fo rm ed  by  

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

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

I t  h a s  l o n g  b e e n  t h o u g h t  t h a t  p o l y m e r i s a t i o n  o f  C2 

s p e c i e s  was i n v o l v e d  ( S m i t h ,  1940)..  G aseous  a d d i t i v e s  

a r e  known t o  a f f e c t  t h e  c h e m i c a l  r e a c t i v i t y  o f  

d e p o s i t e d  c a r b o n s  ( F r a z e r  e t  a l ,  1959)  p r o b a b l y  

b e c a u s e  o f  t h e  r e s u l t i n g  f r e e  r a d i c a l s .  Thomas (1962)  

s u g g e s t e d  t h a t  f r e e  r a d i c a l  p o l y m e r i s a t i o n  o f  0 t and C2 

s p e c i e s  t o  fo rm  c o n j u g a t e d  p o ly e n e  and p o l y b e n z e n o i d



r a d i c a l s  was a  s t a g e  i n  t h e  b u i l d  up o f  c r y s t a l l i t e s *  

The r e v i e w  by P a l m e r  (1 9 6 2 )  c o n s i d e r e d  t h a t  b e lo w  8 0 0 aC 

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

r e s u l t e d  i n  t h e  f o r m a t i o n  o f  r e a g e n t - d e p e n d e n t  c a r b o n s *  

At h i g h e r  t e m p e r a t u r e s  a r o m a t i c  r i n g s  decompose  and 

h y d r o c a r b o n s  t e n d  t o  fo rm  r e a g e n t - i n d e p e n d e n t  c a r b o n  

by  t h e  r e a c t i o n  s e q u e n c e s

r e p o r t e d  by  Debye and S c h e r r e r  (1 9 1 7 )  t h a t  c a r b o n s

fo rm ed  by  low t e m p e r a t u r e  p y r o l y s e s  gave  t h r e e

d i f f u s e  b a n d s  i n  X - r a y  pow der  p h o t o g r a p h s *  These

w ere  r e c o g n i s e d  t o  be  r e l a t e d  t o  t h e  g r a p h i t e  X~ray

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

s i m i l a r  t o  g r a p h i t e  b u t  e x i s t e d  i n  a  f i n e r  s t a t e  o f

s u b d i v i s i o n .  W arren  ( 1 9 3 4 ,  1 9 4 1 ) ,  p r o p o s e d  t h a t

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

b l a c k  among d i s o r g a n i s e d  c a r b o n  and Hofmann and Wilm

( 1 9 3 6 )  o b s e r v e d  t h a t  th e  t e m p e r a t u r e  o f  f o r m a t i o n  o f

t h e  c a r b o n  above  1400°C d e t e r m i n e d  t h e  1 .  andA C
v a l u e s  and i n t e r - l a y e r  s p a c i n g s  o f  t h e  c r y s t a l l i t e s *

At a  d e p o s i t i o n  t e m p e r a t u r e  o f  1000°C no i n t e r l a y e r  

o r d e r  was d e t e c t e d  (W hi te  and G erm er ,  1941)  and h e n c e  

B i s c o e  and W arren  (1 94 2 )  u se d  t h e  word ” t u r b o s t r a t i c  "  

t o  d e s c r i b e  a  s u b s t a n c e  s u c h  as  c a r b o n  b l a c k  w hich  h a s  

o n l y  t w o - d i m e n s i o n a l  o r d e r .  The work o f  H a l l  ( 1 9 4 8 ) ,

^2 ^2
h y d r o c a r b o n - ^  + ^

2

v a r i o u s  r a d i c a l s
 ^ e . g .  a c e t y l e n i c

Cc Hs ,C 3 s p e c i e s  e t c

I n v e s t i g a t i o n  o f  P y r o l y t i c  C a rb o n s  I t  was



M izush im a  (1 9 5 9 )  and G r i s d a l e  and c o w o r k e r s  ( 1 9 5 1 ,

1953)  e s t a b l i s h e d  t h a t  th e  c r y s t a l l i t e s  i n  c a r b o n  

b l a c k  had a  t e n d e n c y  t o  r i e n t a t e  w i t h  b a s a l  p l a n e s  

p a r a l l e l  t o  t h e i r  s u r f a c e s .  T h is  was v a r i o u s l y  

r e g a r d e d  a s  ”  t a n g e n t i a l  l a y e r  p l a n e  o r i e n t a t i o n ff 

o r  " c o n c e n t r i c  c r y s t a l l i t e  o r i e n t a t i o n 1’ .

The m os t  r e c e n t  s t u d i e s  ( E r g u n ,  19 68 ;  Heckmann and 

H a r l i n g ,  1 9 6 6 ,  196 9) have  d e t e r m i n e d  t h a t  t h e  

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

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

o f  p o s s i b l e  d e v i a t i o n s  on e i t h e r  s i d e  o f  t h e  mean.

T h is  i s  known a s  t h e  ” c u r v i n g  s t a t i s t i c a l  c r y s t a l l i t e  

o r i e n t a t i o n ” model*

The o b s e r v a t i o n  t h a t  p y r o l y s i s  t e m p e r a t u r e  

d e t e r m i n e s  t o  a  l a r g e  e x t e n t  t h e  c r y s t a l l i t e  d i m e n s i o n s  

i n  c a r b o n  b l a c k  p a r t i c l e s  (Hofmann and Wilm, 1936)  l e d  

t o  e x p e r i m e n t s  w h ich  showed t h a t  h e a t  t r e a t m e n t  c a u s e d  

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

t o w a r d s  t h a t  o f  n a t u r a l  g r a p h i t e  ( B i s c o e  and W a r re n ,  

1 9 42 ;  B acon ,  1 9 5 1 ,  1 9 5 2 ) .  F r a n k l i n  (1 9 5 0 ,  1951A,B) 

p r o v e d  t h a t  t h e  c o u r s e  o f  t h i s  g r a p h i t i s a t o n  c o u ld  be 

f o l l o w e d  q u a n t i t a t i v e l y  by  m e a s u r i n g  c h a n g e s  i n  t h e  

o b s e r v e d  d002 v a l u e s .  She r e l a t e d  t h e s e  v a l u e s  t o  

t h e  p f a c t o r  ( s e e  e a r l i e r  s e c t i o n )  by means o f  th e  

e q u a t i o n ,

d00 2 = 3 * 4 4 0 - 0 .0 8 6  ( 1 - p 2 ) . '



l a t e r ,  M a i re  and M eh r in g  (1 9 6 0 )  c o r r e l a t e d  d002 v a l u e s  

w i t h  t h e  d e g r e e  o f  g r a p h i t i s a t i o n ,  g ,  a s  d e f i n e d  by ,

^002  = 3*354 g" + 3 . 4 4 0  ( 1 —g) ,

and F i t z e r  e t  a l . ( 1 9 6 5 )  u sed  t h e  i n c r e a s e  i n  1^ v a l u e s  

a s  a  c r i t e r i o n  f o r  g r a p h i t i s a t i o n ,  r a t h e r  t h a n  d00£ 

v a l u e s .  The u l t i m a t e  p e r f e c t i o n  w h ic h  c a n  be 

a c h i e v e d  by  g r a p h i t i s a t i o n  was shown t o  be  l i m i t e d  

by p a r t i c l e  b o u n d a r i e s  ( P i n n i c k ,  1951)  and by 

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

( I m p e r i a l  and W a lk e r ,  1 9 5 7 ) .

R e c e n t  w ork  h a s  b e e n  c o n c e r n e d  w i t h  t h e  c a t a l y t i c  

e f f e c t  o f  e l e c t r o n  bom bardm ent  (Mackowsky, 1956)  and 

m e t a l s  ( S c h w a r t z  e t  a l . ,  19 67 ;  W e i s w e i l e r ,  1 9 7 0 ;

G i l l o t  e t  aL ,  1969 ;  O b e r l i n  e t  a L ,  1971)  on t h e  

g r a p h i t i s a t i o n  o f  c o m p a c t ,  s o f t  ( g r a p h i t i s a b l e )  c a r b o n s  

and p o r o u s ,  h a r d  ( n o n - g r a p h i t i s a b l e )  c a r b o n s .

A r e v i e w  o f  t h e  c a t a l y t i c  g r a p h i t i s a t i o n  l i t e r a t u r e  i s  

g i v e n  by M arsh  and W a r b u r to n  ( 1 9 7 0 ) .

T able  1*2 su m m a r i s e s  t h e  i n v e s t i g a t i o n s  d i s c u s s e d  

i n  t h i s  s e c t i o n .

1 * 1 . 3  C a t a l y s e d  C a rb on  D e p o s i t i o n

1 . 1 * 3 . 1  I n t r o d u c t i o n

Much w ork  h a s  b e e n  c a r r i e d  o u t  on t h e  c a r b o n  

fo rm ed  by t h e  b reakdow n o f  g a s e o u s  m o l e c u l e s  on m e t a l  

s u r f a c e s .  As e a r l y  a s  1871 B e l l  r e a l i s e d  t h a t  i r o n ,  

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



TABLE 1 * 2

I n v e s t i g a t i o n s  o f  P y r o l y t i c  C a rb o n s

A u t h o r s  

Debye e t  a l-

Warren

Y e a r  R e s u l t s

1917 X - ra y  e x a m i n a t i o n  o f  c a r b o n  b l a c k  
s u g g e s t e d  t h a t  i t  v/as e s s e n t i a l l y  
s i m i l a r  b u t  more f i n e l y  d i v i d e d  
t h a n  g r a p h i t e .

1934 X - r a y  r e s u l t s  showed t h a t  h e x a g o n a l  
c r y s t a l l i t e s  w ere  p r e s e n t  among 
d i s o r g a n i s e d  c a r b o n  i n  c a r b o n  b l a c k .

Hofmann et al. 1936 P r o p e r t i e s  o f  c h a r c o a l s  w e re
discussed. Above 1 4 0 0 ° ,  f o r m a t i o n  
temperature determines Lq and L^, 
which increase as the (0002) 
value decreases.

White et al. 1941

Warren

Biscoe et al.

1941

1942

G ib so n  e t  a l . 1946

H al l 1948

Bacon 1 9 5 0 ,
1951

C arbo n  b l a c k  fo rm ed  a t  1 0 0 0 °C was 
shown by e l e c t r o n  d i f f r a c t i o n  t o  
c o n t a i n  c r y s t a l l i t e s  i n  w h ic h  c a r b o n  
a toms a r e  a r r a n g e d  i n  h e x a g o n a l  
l a y e r s .  Fo i n t e r l a y e r  o r d e r  f o u n d .

T heory  o f  X - r a y  d i f f r a c t i o n  i n  
random  l a y e r s  a s  i n  C b l a c k .

C a rb on  b l a c k  h a s  a  2 d i m e n s i o n a l  
s t r u c t u r e  i d e n t i c a l  t o  g r a p h i t e  b u t  
w i t h  a  l a r g e r  t u r b o s t r a t i c  
i n t e r - l a y e r  s p a c i n g .  H e a t  t r e a t m e n t  
c a u s e s  g r a p h i t i s a t i o n  a r o u n d  3000°C.

The t u r b o s t r a t i c  t h e o r y  o f  c a r b o n  
b l a c k s  d o e s  n o t  a p p l y  t o  c a r b o n s  
fo rm ed  f ro m  oxygen r i c h  c h a r s  a t  
1200°C.

D ark  f i e l d  e l e c t r o n  m ic r o s c o p y  
showed t h a t  some c a r b o n  b l a c k s  
have  c r y s t a l l i t e s  whose l a y e r s  a r e  
a p p r o x i m a t e l y  p a r a l l e l  t o  t h e i r  
p a r t i c l e ^  s u r f a c e .

G r a p h i t i s a t i o n  c a u s e s  an i n c r e a s e  
i n  L^ and Lq and a d e c r e a s e  i n  
i n t e r l a y e r  s p a c i n g ,  due t o  a 
r e d u c t i o n  i n  n o n - o r i e n t a t e d  l a y e r s .



TABLE 1 .2  ( c o n t d . )

A u t h o r s  Y e a r  R e s u l t s

F r a n k l i n

Fennick

Grisdale et al.

Mackowsky et al.

Imperial et al.

Mizushima

Maire et al.

Fitzer et al*

Heckmann et al.

H otz

1 9 50 ,  Q u a n t i t a t i v e  s t u d y  o f  g r a p h i t e  
1951A,B a t i o n  d e n o t e d  by  c h a n g e s  i n  p ,  

t h e  f r a c t i o n  o f  n o n - o r i e n t e d  
l a y e r s .  G r a p h i t i s a b l e  a n i  
n o n - g r a p h i t i s a b l e  c a r b o n s  w e re  
d i f f e r e n t i a t e d .

1952

1 95 1 ,
1953

1956

1957

1959

1960

1965

1 9 6 6 ,
1969

G r a p h i t i s a t i o n  a t  300°C l e d  t o  
c r y s t a l l i t e s  o f  a b o u t  o n e - t h i r d  
o f  t h e  o v e r a l l  p a r t i c l e  s i z e ;  
g r a p h i t i s a t i o n  i s  l i m i t -  
p a r t i c l e  b o u n d a r i e s .

C a rb o n  fo rm ed  on c e r a m i c  sand  
s u r f a c e s  h a s  b a s a l  p l a n e s  a p p r o x .  
p a r a l l e l  t o  t h e  s u b s t r a t e  s u r f a c e  
C a r b o n i s a t i o n  and c a r b o n  
d e p o s i t i o n  co m pared .

Graphitisation of CCdl particles 
by bombardment with an i n t e n s e  
electron beam in the electron 
microscope.
C a rb o n s  h e a t e d  a t  10 a t m o s p h e r e s  
t o  3600°C c o n t a i n  r e s i d u a l  1Q& 
t u r b o s t r a t i c  c h a r a c t e r  b e c a u s e  o f  
p o r o s i t y .

D i s c u s s e s  t h e  c o m p e t i t i o n  b e tw e e n  
2 -  and 3 - d i m e n s i o n a l  g r o w th  o f  
c r y s t a l l i t e s  d u r i n g  g r a p h ! t i s a t i o :

D i s c u s s e s  2 and 3 - d i m e n s i o n a l  
g r o w t h  i n  t e r m s  o f  g ,  t h e  d e g r e e  
o f  g r a p h i t i s a t i o n .

Use Lq as criterion for graphitis­
a t i o n  phenomena rather t h a n  the 
(0002) value.
D i s c u s s  t h e  c a r b o n  b l a c k  
" s t a t i s t i c a l  c r y s t a l l i t e ” m ode l  
and e a r l i e r  m o d e l s .

1967 Carbon  p a r t i c l e s  s e p a r a t e d  by 
t h o r i a  t r e a t m e n t  and examined: 
by  e l e c t r o n  m i c r o s c o p y .



TABES 1 . 2  ( c o n t d . )

A u t h o r s  Y e a r

S c h w a r t z  e t  a l .  1967

Rudee 1967

Ergun 1968

Maahs 1969

Reiger 1970

Weisweiler 1970

Roscoe et al. 1970

Marsh et al. 1970

Oberlin et al. 1971

R e s u l t s

G r a p h i t i s a t i o n  o f  c a r b o n s  i s  
c a t a l y s e d  by  5 - 7 $  t i t a n i u m .

Domain s t r u c t u r e  o f  c a r b o n  
b l a c k s  s t u d i e d .

C a rb o n  b l a c k  model  d e v e l o p e d  
s i m i l a r  t o  Heckmann.

R e l a t i o n s h i p  b e tw e e n  Lq and 
d002  o b t a i n e d  f o r  g r a p h i t e ,

D u r i n g  g r a p h i t i s a t i o n  Lq 
i n c r e a s e s  w i t h  t i m e ,  and d002 
im p r o v e s  w i t h  t e m p e r a t u r e ,  
i n  g e n e r a l .

C a rb o n  f r o m  p o l y f u r f u r y l  a l e  oh 
g r a p h i t i s e d  i n  c o n t a c t  w i t h  a 
F i / C  m e l t  a t  1 5 6 0 ° .

C a rb o n  s t r e s s  r e c r y s t a ' l l i s e d  a  
3 0 0 0 °C c a n  be  grown t o  7CyU'.

R ev iew  o f  t h e  c a t a l y t i c  
g r a p h i t i s a t i o n  l i t e r a t u r e .

Iron a d d ed  to h a rd  c a r b o n s  
t r e a t e d  a t  1 60 0 -1 8 0 0 °C  a l l o w s  
graphitisation.



p u r p o s e .  L a t e r  w o r k e r s  ( T ro p sch  e t  a l . ,  1 9 2 5 ;

B a u k lo h  e t  a l ,  1 9 4 1 ;  O lm e r ,  194 2 ;  K e h r e r  e t  al.*

1 9 5 4 ;  Hughes e t  a l ,  1962)  have  c o n s i d e r e d  t h e  e f f e c t  

on t h e  c a r b o n  d e p o s i t i o n  p r o c e s s  o f  a w ide  r a n g e  o f  

m e t a l s  and have  shown t h a t  i r o n ,  c o b a l t  and n i c k e l  

g i v e  optimum r e s u l t s .

A v a r i e t y  o f  g a s e s  have  b e e n  u s e d  f o r  t h e  s t u d i e s .  

B a n n e r j e e  e t  a l  (1 9 6 1 )  d e p o s i t e d  c a r b o n  f ro m  c a r b o n  

s u b o x i d e ,  C3 02 , a t  713°C and fo u n d  t h a t  good q u a l i t y  

g r a p h i t e  fo rm ed  on n i c k e l  w h e r e a s  amorphous c a r b o n  

a c c u m u l a t e d  on p l a t i n u m ,  c o p p e r  and p o r c e l a i n  

s u b s t r a t e s .  Most  e a r l i e r  e x p e r i m e n t s  u se d  c a r b o n  

m o n o x id e ,  a s  i t s  u s e  i n  t h e  F i s e h e r / T r o p s c h  s y n t h e s i s  

o f  h y d r o c a r b o n s  had become f a m i l i a r .  F i s c h e r  e t  a l .  

( 1 9 2 6 )  u s e d  i r o n ,  c o b a l t  and n i c k e l  t o  e a t a l y s e  t h e  

c o n v e r s i o n  o f  h y d r o g e n / c a r b o n  m onoxide  m i x t u r e s  t o  

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

w ere  t h e  a c t i v e  s p e c i e s .  F u r t h e r  w ork  ( F i s c h e r  e t  a l ,  

1928A) i n d i c a t e d  an  o r d e r  o f  a c t i v i t y :  Fe > F i  > W > Mo > C

B ahr  e t  a l .  (1928A) showed t h a t  F i 3C c o u l d  c o n v e r t  

CO/h^ m i x t u r e s  t o  CH4 a t  250°C. However ,  l a t e r  work  

by W e l l e r  e t  a l .  (1 9 4 8 )  and Kimmer e t  a l . ( 1 9 4 8 A  and B) 

c a s t  d o u b t s  on t h e s e  e a r l i e r  i d e a s .  The m ost  r e c e n t  

s t u d i e s  have  b e e n  p e r f o r m e d  u s i n g  a  v a r i e t y  o f  

h y d r o c a r b o n  r e a g e n t s .

1 . 1 . 3 . 2  Carbon  D e p o s i t i o n  f r o m C arbon  M onoxide .

Types o f  C arbon  Formed.  E s s e n t i a l l y  t h r e e  c l a s s e s  o f



c a r b o n  d e p o s i t s  c an  be o b t a i n e d  f ro m  g a s e o u s  

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

and p o l y c r y s t a l l i n e  c a r b o n .  There  i s  a  c o n t i n u o u s  

g r a d a t i o n  b e tw e e n  t h e  s i n g l e  c r y s t a l  and p o l y c r y s t a l l i n e  

fo rm s  o f  d e p o s i t  a s  t h e  t e m p e r a t u r e  o f  r e a c t i o n ,  g a s  

p r e s s u r e  and o t h e r  v a r i a b l e s  a r e  g r a d u a l l y  a l t e r e d .

At l o w e r  t e m p e r a t u r e s ,  u s u a l l y  b e lo w  600°C b u t  

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

c a r b o n  i s  fo rm ed o f t e n  a l o n g  w i t h  p o l y c r y s t a l l i n e  

c a r b o n s  r e s e m b l i n g  c a r b o n  b l a c k  ( R a d u s h k e v i t c h  e t  aL, 

1 9 5 2 ) .  At 390°C H o f e r ,  S t e r l i n g  and M cC ar tn ey  (1955)  

fo u n d  t h a t  F e , F i ,  Co gave  v e r m i c u l a r  d e p o s i t s  

c o n t a i n i n g  m e t a l  among t h e  c a r b o n  and D a v is  e t  a l .

( 1 9 5 3 ,  195 4 ,  1957)  ex am ined  f i l a m e n t s  fo rm ed  i n  b l a s t  

f u r n a c e s  a r o u n d  450°C .

At t e m p e r a t u r e s  above  a p p r o x i m a t e l y  600°C s i n g l e  

c r y s t a l  o r  p l a t e l e t  g r a p h i t e  i s  fo rm ed  a s  w e l l  a s  

f i l a m e n t o u s  c a r b o n .  Akamatsu e t  a l .  (1 9 5 4 )  showed by 

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

o r d e r  i n  t h e  c a r b o n .  At 550°C on i r o n  R u s t o n  and 

c o - w o r k e r s  (1 9 6 9 )  o b t a i n e d  f i l a m e n t o u s  c a r b o n  grown 

f r o m  Fe7 C3 c r y s t a l s  and l a m e l l a r  ( p l a t e l e t )  g r a p h i t e  

fo rm ed  by t h e  d e c o m p o s i t i o n  o f  F e 3C. Renshaw e t  a l .  

( 1 9 7 0 ,  1971)  u s i n g  i r o n ,  n i c k e l  and  c o b a l t  s i n g l e  

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

t h e  l a r g e r  p l a t e l e t s  b e i n g  fo rm ed  e s p e c i a l l y  a t  8 0 0 CC, 

t h e  h i g h e s t  t e m p e r a t u r e  u s e d .



L e i d h e i s e r  and Gwathmey (1 9 4 8 )  have  shown t h a r  

c a r b o n  i s  d e p o s i t e d  p r e f e r e n t i a l l y  on t h e  ( 1 1 1 ) f a c e  

o f  n i c k e l  f rom  a  CO o r  C o /h 2 a t m o s p h e r e .  F u r t h e r  work  

by  K e h r e r  and L e i d h e i s e r  (1 9 5 4 )  i n d i c a t e d  f o r  i r o n ,  

c o b a l t  and  n i c k e l  t h a t  minor f a c e s ,  e s p e c i a l l y  ones 

a ro u n d  th e  ( 1 1 1 ) a r e  t h e  m os t  a c t i v e .

The C a t a l y s t  i n  t h e  C a rb on  F o r m a t i o n  f rom  Fe jcO .
The m o s t  common s u b s t r a t e  u s e d  i n  c a r b o n  m onoxide  

p y r o l y s e s  i s  i r o n .  T ab le  1 . 3  su m m a r i s e s  t h e  c o n d i t i o n  

w h ic h  have  b e e n  u s e d  t o  s t u d y  t h i s  s y s t e m  and g i v e s  

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

I t  c a n  be s e e n  t h a t  t h e r e  i s  a  w id e  r a n g e  o f  s u g g e s t e d  

c a t a l y t i c  s p e c i e s .

Many w o r k e r s  have  shown t h a t  f r e e  i r o n  i s  

n e c e s s a r y  f o r  c a r b o n  d e p o s i t i o n  f ro m  CO ( C h a t t e r ^ e e  

e t  aL ,  1 9 5 4 ;  O lm er ,  1 9 4 2 ;  J u l i a r d  e t  a l . ,  1 9 4 8 ) .

O t h e r s  have  s u g g e s t e d  t h a t  an  i r o n / i r o n  o x i d e  

i n t e r f a c e  i s  t h e  a c t u a l  c a t a l y s t  ( C h u f a r o v ,  1 9 4 6 ;  

C h u f a ro v  e t  a l. ,  1 9 4 7 ;  T a y l o r ,  1 9 5 6 ) .

Akamatsu  and S a to  (1 9 4 9 )  showed t h a t  a t  500°C 

i r o n  i s  f i r s t  c o n v e r t e d  t o  F e 5C b e f o r e  b e i n g  c o a t e d  

w i t h  c a r b o n .  A s i m i l a r  s t u d y  by  B e r r y  and c o - w o r k e r s  

(19 5 6 )  on c a t a l y s i s  by i r o n  o x id e  i n d i c a t e d  t h a t  t h e  

o x i d e  had t o  be  c o n v e r t e d  t o  a c a r b i d e  f o r  t h e  r e a c t i o n  

t o  t a k e  p l a c e .  Be tw een  400°C and 565°C Hagg c a r b i d e  

( F e 2 C) was b e l i e v e d  t o  be  t h e  c a t a l y s t  and b e tw e e n  

565°C and 700°C a  c e m e n t i t e  ( F e 5 C) w i t h  an  a b n o r m a l l y
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low C u r i e  P o i n t  was r e s p o n s i b l e  f o r  t h e  c a r b o n  

d e p o s i t i o n .

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

c a r b i d e s  W a lk e r ,  R a k s z a w s k i  and I m p e r i a l  (1959A and 

B) showed t h a t  l o s s  o f  c a t a l y t i c  a c t i v i t y  by i r o n  

was a cc o m p a n ie d  by  a  g r a d u a l  c o n v e r s i o n  t o  F e 3C.

Upon a d d i t i o n  o f  h y d r o g e n ,  w h ic h  r e s t o r e s  t h e  F e 3C t o  

i r o n ,  t h e  a c t i v i t y  v/as r e g a i n e d .  T h is  f i n d i n g  i s  

i n  a g r e e m e n t  w i t h  e a r l i e r  c o n c l u s i o n s  b y  B a u k l o h  e t  a l .  

( 1 9 3 6 ,  1 9 4 0 ,  1 9 4 1 ,  1 9 4 2 ,  1 9 5 0 ) .  These  a u t h o r s  u s e d  

i r o n  and i r o n  o x i d e s  and  d i s c o v e r e d  t h a t  -the o x i d e  

was r e d u c e d  t o  t h e  f r e e  m e t a l  w h ic h  t h e n  c a t a l y s e d  

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

c a r b u r i s e d .  R e g e n e r a t i o n  o c c u r r e d ,  a s  w i t h  W a lk e r  

e t  a l . ( 1 9 5 9 A  and B) w h e n e v e r  h y d r o g e n  was added  t o  

t h e  i n a c t i v e  c a r b i d e .  O t h e r  w o r k e r s ,  i n c l u d i n g  

T r i l l a t  a n d  O k e t a n i  (1951A) a l s o  f o u n d  t h a t  t h e  

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

p r o c e s s .

W alk e r  and Thomas (19 7 0 )  r e a l i s e d  t h a t  some o f  

t h e  c o n f l i c t i n g  i d e a s  a s  t o  t h e  a c t i v e  s p e c i e s  i n  

t h e  Fe/CO r e a c t i o n  w ere  due t o  t h e  c r i t i c a l  d e p e n d e n c e  

o f  t h e  i r o n ' s  a c t i v i t y  on t h e  t h i c k n e s s  o f  any  i r o n  

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

i r o n / i r o n  o x i d e  i n t e r f a c e .  The o b s e r v a t i o n  by  B a u k lo h  

e t  a l . (1 9 5 0 )  t h a t  th e  a c t i v i t y  o f  i r o n  fo rm ed  by 

r e d u c t i o n  o f  o x i d e s  i s  d e p e n d e n t  on t h e  t e m p e r a t u r e



a t  w h ic h  t h e  r e d u c t i o n  i s  c a r r i e d  o u t  i s  i n t e r e s t i n g  

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

f o r m a t i o n  o f  t h e  i r o n  t h e  g r e a t e r  t h e  d e f e c t  

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

a c t i v i t y  f o u n d .  R e c e n t  work  by  Renshaw, R osco e  and 

W alk e r  ( 1 9 7 0 )  on Fe and S i  Fe s i n g l e  c r y s t a l s  h a s  

r e a s o n e d  t h a t  y  FegOg due ‘to  d e f e c t  s t r u c t u r e

( s e e  s e c t i o n  1 . 2 . 1 . )  i s  e a t a l y t i c a l l y  a c t i v e  w h e r e a s  

a F e 2 03 , fo rm ed  i n  t h e i r  s y s t e m  a b o v e  5 5 0 ° ,  h a v i n g  a  

l o w e r  d e f e c t  c o n c e n t r a t i o n  i s  l e s s  a c t i v e .  I n  s u p p o r t  

o f  t h i s  t h e o r y  t h e y  h a v e  f o u n d  t h a t  t h e  r a t e  o f  c a r b o n  

d e p o s i t i o n  d e c r e a s e s  above  550°C .

C o m p ar i so n  o f  I r o n .  N i c k e l  and C o b a l t  a s  C a t a l y s t s  

f o r  CO D e c o m p o s i t i o n .

T here  i s  no g e n e r a l  a g r e e m e n t  i n  t h e  l i t e r a t u r e  

on t h e  r e l a t i v e  e f f i c i e n c i e s  o f  t h e  t h r e e  m ain  m e t a l s  

u s e d 1 a s  c a t a l y s t s .  B o u d o u a rd  (1899A) s a i d  t h a t  

c o b a l t  and n i c k e l  o x i d e s  w e r e  much s u p e r i o r  t o  i r o n  

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

o x id e  t o  m e t a l  i s  n e c e s s a r y  f o r  c a r b o n  f o r m a t i o n  t o  

o c c u r ,  a s  was s u g g e s t e d  by t h e  work  o f  J u l i a r d  e t  a l .  

(1948)  f o r  n i c k e l  and  i r o n ,  t h i s  would  e x p l a i n  t h e  

o r d e r  o f  c a t a l y s i s  fo u n d  by  B ou d ou a rd  s i n c e  i r o n  

o x i d e  i s  t h e  m o s t  d i f f i c u l t  t o  r e d u c e .  S c h e n c k  (1927A) 

r e p o r t e d  t h a t  c o b a l t  was- b e t t e r  t h a n  i r o n  and p r o b a b l y  

was p r e s e n t  d u r i n g  th e  r e a c t i o n  a s  mixed c r y s t a l s  o f  

c o b a l t  and c o b a l t  c a r b i d e .  He fo u n d  t h a t  above 6 6 8 °C
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t h e  c a r b i d e  was t h e  c a t a l y s t ,  and e v e n  b e lo w  668°C 

i t  a p p e a r e d  t o  be  i n v o l v e d  i n  t h e  m echan ism  o f  

c a r b o n  d e p o s i t i o n .  B a u k lo h  and c o - w o r k e r s  (1 9 5 0 )  

fo un d  t h a t  n i c k e l  had  l o w e r  a c t i v i t y  t h a n  i r o n  or

c o b a l t  and t h a t  i t s  opt imum e f f i c i e n c y  was a t  a

l o w e r  t e m p e r a t u r e  t h a n  t h o s e  o f  t h e  o t h e r  two m e t a l s .  

W a lk e r  and Thomas (1 9 3 0 )  u s e d  a  w ide  v a r i e t y  o f  i r o n ,

n i c k e l  and c o b a l t  c a t a l y s t s  u s i n g  a s  a n  a tm o s p h e r e  a

C0/H2 m i x t u r e  and f o u n d  t h e  o r d e r  o f  a c t i v i t y  t o  be  

Fe > Co > JTi.

I n  summary, t h e  more r e c e n t  f i n d i n g s  a p p e a r  t o  

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

c o n v e r s i o n  o f  CO t o  c a r b o n  i n  t h e  c o n d i t i o n s  n o r m a l l y  

em p lo y ed .  T h i s  i s  p a r t i c u l a r l y  t r u e  when h y d r o g e n  

i s  added  t o  t h e  CO p r e s u m a b l y  b e c a u s e  t h i s  s u p p r e s s e s  

t h e  f o r m a t i o n  o f  more t h a n  m i n u t e  t r a c e s  o f  o x i d e .

The m a j o r  r e s u l t s  a c h i e v e d  by w o r k e r s  i n  t h e  f i e l d  

o f  c a r b o n  m onoxide  d e c o m p o s i t i o n  o v e r  m e t a l s  a r e  

l i s t e d  i n  T ab le  1 . 4 .

1 . 1 . 3 . 3  C a rb on  D e p o s i t i o n  f ro m  H y d r o c a r b o n s

Types o f  Carbon  F o rm ed .  I n  g e n e r a l ,  s i m i l a r  c l a s s e s  

o f  c a r b o n  c a n  be fo rm ed  f ro m  d e c o m p o s i t i o n  o f  h y d r o c a r b o n  

m o l e c u l e s  a s  have  b e e n  d e s c r i b e d  f o r  CO p y r o l y s i s .

T ab le  1 -5  s u m m a r i s e s  t h e  c a r b o n  p r o d u c t s  o b t a i n e d  by 

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

S e v e r a l  e a r l y  w o r k e r s  ( R o b i n o v i c h  e t  a L ,  1 9 5 9 ;  

R e m e t s c h e k t r 1959)  d e t e c t e d  c a r b o n  f i l a m e n t s  i n  t h e
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p r o d u c t  o f  h y d r o c a r b o n  b re a k d o w n  r e a c t i o n s .

R o b e r t s o n  ( 1 9 6 8 ,  1 9 6 9 ,  1 9 7 0 ,  1972)  s t u d i e d  t h e  

c a r b o n  f i b r e s  p r o d u c e d  f ro m  CH4 d e c o m p o s i t i o n  on 

F e , Co, Hi f o i l s  a t  650°C and 75G°C* H is  w o rk  

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

by m e t a l l i c  c a t a l y s t  p a r t i c l e s  w h ic h  a r e  e x t r u d e d  

f ro m  th e  m e t a l  s u b s t r a t e  and m a i n t a i n  a  p o s i t i o n  a t  

t h e  f i b r e  t i p  a s  i t  g rows f ro m  t h e  d e p o s i t  s u r f a c e ,  

n o r m a l l y  an  o u t e r  c o a t i n g  o f  c r y s t a l l i n e  c a r b o n  was 

o b s e r v e d  w i t h  a  h o l lo w  i n n e r  r e g i o n  c o n t a i n i n g  t h e  

c a t a l y s t  p a r t i c l e .  The o u t e r  c a r b o n  l a y e r  was 

c o n c l u d e d  t o  be n o n - g r a p h i t i c  ( R o b e r t s o n ,  1970)  a s  

no  g e n e r a l  ( h , k , h + k , l )  r e f l e c t i o n s  w e re  o b s e r v e d ,  b u t  

i t  was d i s c o v e r e d  t h a t  t h e  (0 00 2 )  p l a n e s  w e re  

p r e f e r e n t i a l l y  o r i e n t a t e d  p a r a l l e l  t o  t h e  f i b r e  g r o w t h  

a x i s  [ a s  was found  b y  D a v i s  e t  a l -  (1 9 5 7 )  f o r  f i b r e s  

fo rm ed  by  CO/Fe i n t e r a c t i o n s ] .  An a t t e m p t  t o  c l a s s i f y  

t h e  f i b r e s  was made ( R o b e r t s o n ,  1968)  a c c o r d i n g  t o  

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

o r  t h r o u g h o u t  t h e  f i b r e  l e n g t h .

Karu and B e e r  (1966)  d e m o n s t r a t e d  t h a t  i t  was 

f e a s i b l e  t o  grow s i n g l e  c r y s t a l s  o f  g r a p h i t e  by  

p a s s i n g  m ethane  a t  low p r e s s u r e s  o v e r  a  n i c k e l  f o i l  

h e a t e d  t o  b e tw e e n  800°CT and I 0 5 0 ° C .  At m e th an e  

p r e s s u r e s  g r e a t e r  t h a n  10*~2 t o r r  no  g r a p h i t i c  f i l m  was 

o b t a i n e d  and a t  l o w e r  t e m p e r a t u r e s ,  700°C t o  8 0 0 °C ,  

p o l y c r y s t a l l i n e  and s i n g l e  c r y s t a l  d e p o s i t s  f o rm e d .
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P r e s l a n d  and W a lk e r  (1 9 69 )  v/ere a b l e  t o  show t h a t  

g r a p h i t e  f i l m s  fo rm e d  by  p y r o l y s i s  o f  a c e t y l e n e  o v e r  

n i c k e l  a t  1000°C v/ere o r i e n t e d  w i t h  t h e i r  b a s a l  

p l a n e s  p a r a l l e l  t o  t h e  m e t a l  s u r f a c e .  L a t e r  work  

( P r e s l a n d  e t  a l ,  1970)  p r o v e d  t h a t  a  s u r f a c e  o x i d e  

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

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

be d e p o s i t e d .  A p r i o r  a n n e a l  ( i n  v a c u o ,  h y d r o g e n  o r  

n i t r o g e n )  rem oved  an y  m e t a l  o x id e  p r e s e n t  and 

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

d e p o s i t i o n  p r o c e s s .

K i n e t i c s  o f  C arbon  D e p o s i t i o n  f rom  H y d r o c a r b o n s .

The w o rk  o f  Cunningham e t  a l .  ( 1 9 5 7 )  h a s  s u g g e s t e d  

t h a t  t h e r e  a r e  m a j o r  d i f f e r e n c e s  b e tw e e n  t h e  m echan ism s 

o f  c a r b o n  m onoxide  and h y d r o c a r b o n  d e c o m p o s i t i o n  o v e r  

m e t a l s *  They fo u nd  t h a t  f o r  t h e  f o r m a t i o n  o f  c a r b o n  

by C2 H2 d e c o m p o s i t i o n  o v e r  n i c k e l  s i n g l e  c r y s t a l s  t h e  

( i l l )  p l a n e s  w e re  l e a s t  a c t i v e ,  i n  c o n t r a s t  w i t h  t h e  

r e s u l t s  f o r  CO d e c o m p o s i t i o n  o v e r  n i c k e l  m e n t io n e d  

e a r l i e r  ( L e i d h e i s e r  e t  a l , .  1 9 4 8 ;  K e h r e r  e t  a l . r 1 9 5 4 ) .  

T his  may be d u e ,  a s  W a lk e r  and Thomas (1 9 7 0 )  have  

s u g g e s t e d ,  t o  t h e  d e p e n d e n c e  o f  t h e  CO p y r o l y s i s  on 

t h e  p r e s e n c e  o f  t r a c e  am oun ts  o f  o x i d e .

The k i n e t i c s  o f  t h e  b rea kd o w n  o f  h y d r o c a r b o n  

on i r o n ,  c o b a l t  and n i c k e l  depend  on t h e  mode o f  

h e a t i n g  u se d  i n  t h e  r e a c t i o n  s y s t e m .  Lobo and Trimm 

( 1 9 7 1 ) ,  u s i n g  a f u r n a c e  w h ic h  h e a t e d  t h e  g a s , f o u n d  t h a t
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a f t e r  i n d u c t i o n  and a c c e i e r a t o r y  p e r i o d s  t h e  r a t e  

o f  c a r b o n  f o r m a t i o n  f r o m  n i c k e l / o l e f i n  and n i c k e l /  

a c e t y l e n e  i n t e r a c t i o n s  w as  c o n s t a n t  f o r  l o n g  

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

a s  t h e  t e m p e r a t u r e  was r a i s e d  u n t i l  a  maximum a ro u n d  

500°C was r e a c h e d ,  a f t e r  w h ic h  t h e  r a t e  d e c r e a s e d  t o  

a  miminum a b o u t  550° and i n c r e a s e d  t h e r e a f t e r .

The f i r s t  r e g i o n  ( b e lo w  a p p r o x i m a t e l y  500°C) had an  

a c t i v a t i o n  e n e r g y  o f  a b o u t  30 K c a l s . /m o le ,  i n d e p e n d e n t  

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

t o  h e t e r o g e n e o u s  d e c o m p o s i t i o n  o f  t h e  g a s  on n i c k e l .  

Above 550°C t h e  a c t i v a t i o n  e n e r g y  c o r r e s p o n d e d  t o  

t h a t  e x p e c t e d  f o r  hom ogeneous  p y r o l y s i s  and t h e  r a t e  

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

was p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  i t s  p r e s s u r e .

T h is  i s  c l e a r  e v i d e n c e  f o r  hom ogeneous d e c o m p o s i t i o n  

o c c u r r i n g  above  550°C on t h i s  s y s t e m .  Some work  on 

e t h a n e  d e c o m p o s i t i o n  on n i c k e l  (L o bo ,  197 1 )  i n d i c a t e d  

t h a t  t h e  r a t e  r o s e  w i t h  t e m p e r a t u r e  b e tw e e n  500°C 

and 650°C and p e r h a p s  i n c r e a s e d  w i t h  r e a c t i o n  d u r a t i o n  

and h y d r o g e n  p r e s e n c e .  Haddon (1 9 7 2 )  fo u nd  on 

h e a t i n g  a  t a p e r e d  n i c k e l  f o i l  i n  a  b u t a d i e n e  

a tm o s p h e r e  t h a t  t h e  a r e a s  o f  t h i c k e s t  c a r b o n  d e p o s i t  

o c c u r r e d  a t  a p p r o x .  450°C and a t  t h e  h o t t e s t  r e g i o n  

o f  f o i l  w h ich  was a t  700°C.

T e s n e r  and c o - w o r k e r s  (1 9 7 0 )  o b t a i n e d  l a r g e  

q u a n t i t i e s  o f  c a r b o n  f i b r e s  by  h e a t i n g  n ic h ro m e  w i r e



i n  a c e t y l e n e  a t  4 5 0 - 7 0 0 ° C .  The r a t e  d e c r e a s e d  

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

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

c a r b o n  p r o d u c t ,  w h ic h  was a l s o  m e n t i o n e d  by  Lobo 

( 1 9 7 1 ) .  G i l l i l a n d  and H o r r i o t t  ( 1 9 5 4 )  fo u n d  t h a t  

t h e  r a t e  o f  d e c o m p o s i t i o n  o f  CH4 , C4Hi0 and CO on 

n i c k e l / s i l i c a  s u r f a c e s  a t  6 0 0 -1 00 0 °C  d e c r e a s e d  w i t h  

t im e  b e c a u s e  t h e  e x p o s e d  n i c k e l  was g r a d u a l l y  

c o v e r e d  by d e p o s i t i n g  c a r b o n .  T e s n e r  e t  a l .  (1 9 7 0 )  

a l s o  showed t h a t  t h e  r a t e  o f  r e a c t i o n ,  a s  m e a s u re d  

b y  t h e  i n c r e a s e  i n  w e i g h t  o f  c a r b o n ,  i n c r e a s e d  i f  

t h e  p a r t i a l  p r e s s u r e  o f  C2H2 was r a i s e d  o r  i f  

h y d r o g e n  was added  r a t h e r  t h a n  n i t r o g e n .  They 

d e t e c t e d  a  r a t e  maximum a b o u t  6 0 0 °C when a  C2H2^H2 

m i x t u r e  was e m p lo y ed .  I t  was o b s e r v e d  t h a t  t h e  

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

w e l l  a s  w i t h  p r e s s u r e  and t i m e .

The d e c o m p o s i t i o n  o f  m e th an e  a t  900°C and 300 t o r r  

was s t u d i e d  by Tamai and c o - w o r k e r s  (1 9 6 7 )  and t h e  

c a t a l y s i s  o f  t h e  r e a c t i o n  by  m e t a l s  was shown t o  

be  d e p e n d e n t  on t h e  m e t a l - c a r b o n  a f f i n i t y .  The work  

(Tamai  e t  al«, 1968)  c o n c e r n e d  t h e  e f f e c t  on t h e  

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

o f  a l t e r i n g  s e v e r a l  p a r a m e t e r s .  On i r o n ,  u s i n g  

m e th an e  and e t h a n e ,  t h e  r a t e  was p r o p o r t i o n a l  t o  

p r e s s u r e  a t  900°C and a t  low p r e s s u r e s  a t  1000°C;  

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



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

g i v i n g  a  r a t e  o f  CH4 d e c o m p o s i t i o n  p r o p o r t i o n a l  t o  

p r e s s u r e  t h e  a c t i v a t i o n  e n e r g y  was 100K c a l s . / m o l e ,  

e q u i v a l e n t  t o  CH4 i s o t h e r m a l  d e c o m p o s i t i o n ,  b u t  i n  

t h e  h i g h e r  t e m p e r a t u r e  and p r e s s u r e  r e g i o n  t h e  

a c t i v a t i o n  e n e r g y  was 53K c a l s .  m o le .  On n i c k e l  f o r  

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

i n  t h e  r a n g e  s t u d i e d .  T h is  l e d  t h e  a u t h o r s  t o  

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

n u c l e a t i o n  and g r o w t h  b o t h  o c c u r r e d  i n  t h e  s o l i d  

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

t a k e  p l a c e  i n  t h e  g a s  p h a s e .
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1 . 2  M a t e r i a l s  

1 . 2 . 1  I r o n

At room t e m p e r a t u r e  i r o n  e x i s t s  a s  a  b o d y -  

c e n t r e d  c u b i c  m e t a l ,  a P e , w i t h  u n i t  c e l l  d i m e n s i o n  

a  = 2 .8 6 6 4  A (A .S .T .M .  6_, 6 9 6 ) .  At 916°C p u r e  i r o n  

c h a n g e s  t o  a  f a c e - c e n t r e d  c u b i c  s t r u c t u r e ,  Y  P e ,
o

w i t h  a  = 3 .6 3 9 4  A, w h ic h  on f u r t h e r  h e a t i n g  r e t u r n s  

t o  t h e  b o d y - c e n t r e d  c u b i c  s t r u c t u r e ,  S Pe ,  a t  

1389°C w i t h  a  = 2 .9 2 5 6  A ( B a s i n s k i  e t  aL,  1 9 5 5 ) .

The t r a n s i t i o n  t e m p e r a t u r e s  c an  be a l t e r e d  by  t h e  

a d d i t i o n  o f  a l l o y i n g  a g e n t s  s u c h  as  s u l p h u r ,  chromium 

o r  p h o s p h o r o u s  w h ic h  c a u s e  a  c o n t r a c t i o n  o f  t h e  Y  Pe 

r e g i o n  and an  e n l a r g e m e n t  o f  t h e  & Pe r e g i o n  u n t i l  

t h e y  a r e  no l o n g e r  s e p a r a t e d  by  a  p h a s e  b o u n d a r y .

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

t h e  a —> y  t r a n s i t i o n  to  723°C ( P a r k e s  and M e l l o r ,  

1951)  and 3 . 5 $  s i l i c o n  c o m p l e t e l y  r e p r e s s e s  t h e  a  —> Y 

t r a n s i t i o n  (Renshaw e t  a l . ,  1 9 7 0 ) .

I t  i s  now g e n e r a l l y  r e c o g n i s e d  t h a t  a  m e t a l  

c a n  r e c r y s t a l l i s e  a t  a  t e m p e r a t u r e  be lo w  h a l f  t h a t  

o f  i t s  m e l t i n g  p o i n t  i n  °K. Olmer (1 9 4 2 )  o b s e r v e d  

t h a t  i r o n  c a t a l y s i s  o f  t h e  r e a c t i o n  CO — > C was 

d i m i n i s h e d  above  580°C due t o  s i n t e r i n g  o f  t h e  

c a t a l y s t  p a r t i c l e s .  Work c a r r i e d  o u t  i n  p a r t  5 

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

c r y s t a l  g r o w th  i s  v e r y  much d e p e n d e n t  on t h e  g a s e o u s



a tm o s p h e r e  p r e s e n t  d u r i n g  h e a t i n g .  P o l y c r y s t a l l m e  

i r o n  s u r f a c e s  h e a t e d  t o  600°C o r  above  w i l l  

n e c e s s a r i l y  e x p e r i e n c e  s i n t e r i n g  and th e  

i n t e r p r e t a t i o n  o f  any  c h e m i c a l  r e a c t i o n  o f  them 

w i l l  be f u r t h e r  c o m p l i c a t e d .  To m in i m i s e  t h i s  

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

w e re  n o r m a l l y  p r e - a n n e a l e d .

C h e m ic a l  r e a c t i o n s  c a r r i e d  o u t  i n  a

c o n v e n t i o n a l l y  c l e a n  a p p a r a t u s  c o n t a i n  a p p r e c i a b l e

am o u n ts  o f  i m p u r i t i e s .  I r o n  i s  p a r t i c u l a r l y

s u s c e p t i b l e  t o  o x i d a t i o n  by  t r a c e s  o f  o xy g en ,
—1 2p a r t i a l  p r e s s u r e s  o f  a p p r o x i m a t e l y  10 t o r r  b e i n g  

e n o u g h  to  c o n v e r t  P e —> ? e 2 03 a t  700°C ( R i c h a r d s o n  

and J e f f e s ,  1 9 4 9 ) .  I r o n  h a s  t h r e e  n o n - h y d r a t e d  

s t o i c h i o m e t r i c  o x i d e s :  PeO, F e 3 04 and Pe2 03 .

PeO a t  room t e m p e r a t u r e  and  abo v e  h a s  a  f a c e -  

- c e n t r e d  c u b i c  (RaCl  t y p e )  s t r u c t u r e  b u t  b e lo w  

200°K i t s  l a t t i c e  becomes r h o m b o h e d r a l  due  t a  

J a h n - T e l l e r  d i s t o r t i o n  (A .S .T .M .  £ ,  7 1 1 ) .

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

by  Peo . 9 5 3 0 ( C h e m ic a l  R u b be r  C o . ,  1 9 6 9 - 7 0 )  and i t  

t h e r e f o r e  h a s  an a s s o c i a t e d  d e f e c t  s t r u c t u r e .

P e 3 04 h a s  a  s p i n e l  l a t t i c e ,  t h e  oxygen i o n s  

b e i n g  a r r a n g e d  i n  c l o s e - p a c k e d  c u b i c  s t r u c t u r e .

Two i r o n  a toms a r e  c o n t a i n e d  i n  o c t a h e d r a l l y  

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



a  t e t r a h e d r a l l y  c o o r d i n a t e d  s i t e .  The c r y s t a l  

g e o m e t r y  i s  d e s c r i b e d  b y  t h e  m o l e c u l a r  fo rm ,  

F e ^ ^ F e ^ F e ^ * ^ ) 0 4 , t h e  F e ^  i o n  p r e f e r r i n g  t o  

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

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

F e 2 03 c a n  o c c u r  i n  two c r y s t a l l o g r a p h i c  f o r m s :  

a F e 2 03 i s  t h e r m o d y n a m i c a l l y  more s t a b l e  and h a s  a  

r h o m b o h e d r a l , i l m e n i t e - t y p e  s t r u c t u r e .  The oxygen
3 +i o n s  a r e  h e x a g o n a l l y  c l o s e - p a c k e d  vnlth  Fe i o n s

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

Y  Fe2 03 h a s  a  t e t r a g o n a l  s t r u c t u r e  w h ic h  i s  b e s t

r e g a r d e d  a s  an  F e 3 04 s p i n e l  l a t t i c e  w i t h  a  f r a c t i o n  
I Io f  t h e  Fe s i t e s  v a c a n t .  T h i s  g i v e s  t h e  c r y s t a l  

a  l a r g e  number  o f  d e f e c t s  w i t h  r e n d e r s  i t  m e ta ­

s t a b l e  w i t h  r e s p e c t  t o  a F e 2 03 .

The r e d u c t i o n  o f  i r o n  o x i d e s  by  c a r b o n  and 

c a r b o n  m onoxide  h a s  b e e n  e x t e n s i v e l y  s t u d i e d  

( T u t i y a ,  1930A; J u l i a r d  e t  aL ,  1 9 4 8 ;  B e r r y  e t  aL ,  

1 9 5 6 ;  McRae, 1965)  and i t  h a s  b e e n  shown t o  

p r o c e e d  by  a  g r a d u a l  d e c r e a s e  i n  t h e  o x i d a t i o n  s t a t e  

o f  t h e  i r o n :

Fe2 05  » F e 3 04 — > FeO — > Fe

Colombo and c o - w o r k e r s  ( 1 9 6 7 )  f o l l o w e d  t h e  r e d u c t i o n  

o f  s e v e r a l  o x i d e s  b e lo w  400°C and d e t e r m i n e d  t h a t  

t h e  r e a c t i o n ’ p a th w a y  w as ,
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aFe2 Os

l'es04 — > I'es+v/04 — >Pe,
H - ê Z " ^ ^ e 8—Z®4

/  1_ ,
w h ere  z ^ 3  , w< 1 .  They dedu ced  t h a t  t h e  

k i n e t i c  b e h a v i o u r  d u r i n g  r e d u c t i o n  o f  o x i d e s  y/as 

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

o r d e r  and g r a i n  b o u n d a r y  a r e a  o f  t h e  o x i d e s .

The r a n g e  o f  c o m p o s i t i o n s  f o r  w h ic h  a  s p i n e l  

s t r u c t u r e  i s  p o s s i b l e  i s  P e s _ x  04 t o  P e 3 +w04 .

The a b i l i t y  o f  i r o n  o x i d e s  t o  e x i s t  i n  

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

f o r m u la e  h a s  b een  p u t  f o r w a r d  by  a  number o f  

p e o p l e  a s  an  e x p l a n a t i o n  f o r  t h e  c a t a l y t i c  b e h a v i o u r  

o f  t h e  s u b s t a n c e s  (Renshaw e t  al*, 1 9 7 0 ) .

I n  p a r t i c u l a r ,  t h e  i n t e r f a c e s  b e tw e e n  l a t t i c e s  i n  

w h ic h  i r o n  h a s  a  d i f f e r e n t  o x i d a t i o n  s t a t e  a r e  

r e g a r d e d  a s  a c t i v e  s i t e s  ( C h u f a r o v ,  1 9 4 6 ;

T a y l o r ,  1956 ;  T e n k a t a c h a l a m  e t  a l . ,  1 9 7 1 ) .

The s o l u b i l i t y  o f  h y d r o g e n  i n  i r o n  i s  10 “ 4$ 

a t  600°C and 4 x 10~4$  a t  1000°C ( S i d g w i c k ,  1 9 6 2 ) .  

C a rbo n  s o l u b i l i t y  i n  aPe i s  v e r y  low, 0 . 0 0 3 $  by  

w e i g h t  a t  20°C r i s i n g  t o  a  maximum of  0 ..036$ a t  

723°C ( P a r k e s  and M e l l o r ,  1 9 5 1 ) .  The s o l i d  s o l u t i o n  

fo r m e d ,  w i t h  a  h e a t  o f  s o l u t i o n  o f  21 - 3K c a l s ^ m o l e  

(M c L e l la n  e t  a l . ,  1 9 7 0 ) ,  i s  known a s  f e r r i t e .

C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  i n t e r s t i t i a l  c a r b o n  i s



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

( F l o c k e n ,  1 9 7 1 ) .  I n  y  Fe t h e  c a r b o n  s o l u b i l i t y  

i s  0 . 8 7 $  a t  723°C ,  t h e  Ai t r a n s i t i o n  p o i n t ,  and 

i n c r e a s e s  t o  a  maximum o f  1 . 7 $  a t  1 1 3 0 °C ,  t h e  

r e s u l t i n g  s o l i d  s o l u t i o n  b e i n g  a u s t e n i t e .  The h i g h e r  

s o l u b i l i t y  i s  due  t o  t h e  l a r g e r  volume a v a i l a b l e  f o r  

i n t e r s t i t i a l  a tom s  i n  t h e  o c t a h e d r a l  s i t e s  i n  t h e  

Y Fe l a t t i c e .

A w id e  r a n g e  o f  i r o n  c a r b i d e s  and  s o l i d  s o l u t i o n  

o f  c a r b o n  i n  i r o n  a r e  known. Many, h o w e v e r ,  o n l y  form  

u n d e r  u n u s u a l  c o n d i t i o n s .  The c a r b i d e s  .Fe2SC6 , F e 6 C 

and Fe7 C3 o c c u r  i n  s p e c i a l  s t e e l s  ( T a y l o r ,  1 9 6 1 ) .

The f o r m a t i o n  o f  Fe8 C and F e i 6 C2 (Kuo, 1959)  

and p r o b a b l y  t h e  c a r b i d e  n FeC n r e p o r t e d  by  E c k s t r o m  

and Adcock (1 9 5 0 )  have  b e e n  c a r r i e d  c u t  o n l y  i n  t h e  

p r e s e n c e  o f  n i t r o g e n .  The compound Fe4 C was 

p r e p a r e d  a t  40 0 -4 8 0 °C  f ro m  Co/Fe  i n t e r a c t i o n s  and 

decom poses  t o  P e 3C ( P i n s k e r  e t  a l . ,  1957)  b u t  n e i t h e r  

F e 4C n o r  t h e  c a r b i d e ,  F e 12C5 have  b e e n  d e t e c t e d  i n  

c a r b o n  d e p o s i t i o n  s t u d i e s  ( A l l e n ,  1 9 6 6 ) .

S e v e r a l  p h a s e s ,  m i x t u r e s  o f  Fe and Fe3C a r e  

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

a  v a r i e t y  o f  c o n d i t i o n s  ( B a r r e t t ,  1 9 4 3 ) .  F i g u r e  1 . 1  

r e p r e s e n t s  p a r t  o f  t h e  p h a s e  d i a g r a m  f o r  th e  i r o n -  

- c a r b o n  s y s te m  ( f r o m  P a r k e s  and M e l l o r ,  1 9 5 1 ) .

The e q u i l i b r i u m  fo rm  be low  7 23°C i s  p e a r l i t e  and 

o t h e r  f o r m s  such  a s  m a r t e n s i t e , a b o d y - c e n t r e d
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FIGURE 1 , 1  The I r o n - C a r b o n  Sys tem  

t e t r a g o n a l  i r o n  l a t t i c e  c o n t a i n i n g  i n t e r s t i t i a l  

c a r b o n  a toms (Hagg 1934A, Ron e t  a l ,  1968)  c a n  be 

c o n v e r t e d  t o  p e a r l i t e  by  t e m p e r i n g .  The i n t e r m e d i a !  

s o r b i t e  and t r o o s t i t e  fo rm  arridecompose d u r i n g  t h i s  

p r o c e s s .  O t h e r  p h a s e s  s u c h  a s  b a i n i t e ,  a  l o w e r  

t e m p e r a t u r e  fo rm ,  a r e  p r o d u c e d  by  t h e  c o n v e r s i o n  o f  

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

( K u t e l i y a  e t  a l ,  1 9 6 9 A ,B ,C ) .
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The c -a r b id e s  m os t  f r e q u e n t l y  e n c o u n t e r e d  d u r i n g  

c a r b o n  d e p o s i t i o n  e x p e r i m e n t s  on i r o n  s u r f a c e s  a r e  

c e m e n t i t e - Q  F e 3C , Hagg c a r b i d e  -XFe20C9 and £  F e 2C,

Of t h e s e  c a r b i d e s  F e 3C i s  t h e  l o n g e s t  known and t h e  

b e s t  e s t a b l i s h e d .  Schenk e t  a l . ( 1 9 0 3 ,  1 9 2 6 ,  1927A 

and B) have  s t u d i e d  t h e  p r o d u c t i o n  and d e c o m p o s i t i o n  

o f  Fe3C i n  s e v e r a l  d i f f e r e n t  s y s t e m s  and t h e  Fe-O-C 

e q u i l i b r i u m  a t  v a r i o u s  t e m p e r a t u r e s .  L i p s o n  and F e t c h  

(1 9 40 )  p r o v e d  t h a t  t h e  F e 3C l a t t i c e  was o r t h o r h o m b i c
o  o

w i t h  u n i t  c e l l  d i m e n s i o n s  a = 4 .5 2 3 4  A, b = 5 . 0 8 8 3  A, 

c = 6 .7 4 2 6  A. F r u c h a r t  e t  a l .  ( 1 9 6 3 )  d i s c u s s e d ’ t h e  

F e 3C l a t t i c e  i n  t e r m s  o f  t h e  r a d i u s  r a t i o  o f  t h e  C 

and Fe s p e c i e s  and e x p l a i n e d  t h e  s t r u c t u r e  a s  

c o n s i s t i n g  o f  p r i s m s  o f  Fe a to m s ,  e a c h  a l t e r n a t e  p r i s m  

h a v i n g  a  c e n t r a l  C a tom .  C e m e n t i t e  i s  t h o u g h t  t o  

decom pose  t o  g r a p h i t e  and i r o n  v i a  an  u n s t a b l e  c a r b i d e  

and S h a l a s h o v  e t  a l .  ( 1 9 6 6 )  have  o b t a i n e d  e v i d e n c e  t h a t  

a t  700°C i n  v a cu o  F e 3C fo rm s  f e r r i t e  by  g o i n g  t h r o u g h  

a  m e t a - s t a b l e  a u s t e n i t i c  p h a s e .

B o th  Hofmann e t  a l .  (1 9 3 0 )  and T u t i y a  ( 1 9 3 OB-)- 

o b t a i n e d  a  s e co n d  c a r b i d e  d u r i n g  t h e  d e c o m p o s i t i o n  o f  

CO over  Fe and Gluud and c o - w o r k e r s  (1 9 2 9 )  showed t h a t  

a t  275°C F e 3 04 was r e d u c e d  by CO g i v i n g  r i s e  t o  a  

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

a p p r o x i m a t e l y  F e 2C. Hagg (1934B) o b t a i n e d  an  X - ra y  

powder  p h o t o g r a p h  o f  t h i s  compound and was a b l e  t o  

show t h a t  i t  was u n s t a b l e  above  2 2 5 ° ,  c o m p l e t e l y
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d e com p os in g  t o  Pe3C a t  500°C. L a t e r  w ork  ( J a c k ,  1 9 4 6 ,  

194 8 )  d e t e r m i n e d  t h a t  t h i s  m a t e r i a l ,  now known a s  Hagg 

c a r b i d e ,  c o n t a i n e d  3 0 * 5 - 3 2 .1  a tom s # C and c r y s t a l l i s e d  

i n  t h e  o r t h o r h o m b i c  s y s te m  w i t h  a  = 9 . 0 4 ,  b = a  , /3  =

1 5 .6 6  A, c = 7 . 9 2  A. T r i l l a t  and O k e t a n i  (1 9 5 1  A, C) 

s u g g e s t e d  t h a 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  c o u l d  e q u a l l y  

w e l l  b e  e x p l a i n e d  by  a  p r i m i t i v e  h e x a g o n a l  l a t t i c e  w i t h  

a* = 2 a ,  c* = c o r  by  m o n o c l i n i c  o r  t r i c l i n i c  s y s t e m s .

P i c h l e r  and M e rk e l  ( s e e  H o f e r  e t  a l . ,  1949)  

r e p o r t e d  t h e  e x i s t e n c e  o f  two c a r b i d e s  o f  g e n e r a l  

f o r m u l a  F e 2C h a v i n g  d i f f e r e n t  C u r i e  P o i n t s  and H a l l e  

and H e r b s t  ( s e e  H o f e r  e t  a l . ,  1949)  c l a i m e d  t o  h av e  

d e t e c t e d  a  h e x a g o n a l  c a r b i d e  o f  i r o n .  H o f e r  and 

c o - w o r k e r s  (1 94 9 )  e s t a b l i s h e d  t h a t  one o f  t h e s e -  

r e p o r t e d  c a r b i d e s  w i t h  a  C u r i e  P o i n t  o f  247°C (+3°C) 

was Hagg c a r b i d e  and t h e  o t h e r  w i t h  a  C u r i e  P o i n t  o f  

3 8 0°C was a  h e x a g o n a l  c a r b i d e  now known as  6  ^©2^
o o

h a v i n g  u n i t  c e l l  d i m e n s i o n s ,  a  = 2 .7 5 4  A, c = 4 . 3 4 9  A 

(A-S.T-M* 6., 6 7 0 ) .  T h is  compound was p r e p a r e d  by  

t r e a t i n g  powdered  Fe a t  240°C w i t h  CO f o r  more t h a n  

500 h o u r s  and decom poses  above 300°C t o  g i v e  Hagg 

c a r b i d e .  N a g a k u ra  (1 9 5 9 )  h a s  o b t a i n e d  C  Fe2 C f ro m  

p o l y c r y s t a l l i n e  aPe  f i l m s  b u t  n o t  f ro m  s i n g l e  c r y s t a l  

f i l m s , ,  t h e  6  F e 2C h a v i n g  a s i m i l a r  c r y s t a l  s i z e  t o  

t h a t  o f  t h e  o r i g i n a l  a P e .  T h is  s u p p o r t s  h i s  m echanism  

t h a t  £  P©2^ fo rm s  by  d i f f u s i o n  o f  C a tom s  i n t o  th e  

aPe l a t t i c e  v i a  d i s l o c a t i o n s  w i t h o u t  any  r e c r y s t a l l i s a t i o n .



A l l e n  (1 9 6 6 )  d i s c u s s e d  th e  s t r u c t u r e  o f  i r o n  

c a r b i d e s ,  i n  t e r m s  o f  d e f e c t  m o d e ls  b a s e d  on t h e  r e l a t i v e l y  

s t a b l e  F e 3C l a t t i c e .  Compounds o f  c o m p o s i t i o n  

w i t h  x <  3 ,  c o u ld  fo rm  e i t h e r  by  r e p l a c i n g  Fe w i t h  C i n  

t h e  F e 3C l a t t i c e  o r  by p l a c i n g  e x c e s s  C a toms i n  

i n t e r s t i t i a l  p o s i t i o n s  i n  t h e  l a t t i c e ,  The l a t t e r  would 

e x p l a i n  why g r a p h i t e  i s  fo rm ed  d u r i n g  F e 3C d e c o m p o s i t i o n  

b u t  n o t  by  XFe2 0 C9 d e c o m p o s i t i o n  a s  t o o  l i t t l e  e n e r g y  i s  

r e l e a s e d  by t h e  r e m o v a l  o f  an i n t e r s t i t i a l  C atom f ro m  

XFe20C9 t o  form a g r a p h i t e  l a t t i c e .

The c a t a l y t i c  i n t e r v e n t i o n  o f  i r o n  c a r b i d e s  i n  

t h e  F i s c h e r - T r o p s c h  s y n t h e s i s  o f  h y d r o c a r b o n s  was rule£>
I 4

o u t  a c c o r d i n g  t o  th e rm o d yn am ic  and C t r a c e r  e v i d e n c e  

f ro m  Kimmer e t  a l .  (1948A, B ) r Kryukov e t  a l .  ( 1 9 7 0 )  

f o u n d  t h a t  F e 2C fo rm ed  by  t h e  a c t i o n  o f  C0/ h2 on Fe 

d i f f u s e d  i n t o  t h e  Fe g r a n u l e s  t a k i n g  no f u r t h e r  p a r t  

i n  t h e  r e a c t i o n  s e q u e n c e .  P o d g u r s k i ,  Kimmer and 

c o - w o r k e r s  (1 9 5 0 )  have  s t u d i e d  t h e  i n t e r c o n v e r s i o n  of  

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

a d s o r p t i v e  p r o p e r t i e s .  Hydrogen and c a r b o n  m onoxide  

a r e  n o t  c h e m is o r b e d  b y X F e 20 C9 a t  low t e m p e r a t u r e s  and 

a t  100° and 200°C. However ,  CO c h e m i s o r b s  on p a r t l y  

c a r b i d e d  Fe a t  -40°C  to  - 1 9 5 ° C ,  i n d i c a t i n g  t h a t  c a r b i d e  

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

i n d i v i d u a l  c a r b i d e  c r y s t a l s  and n o t  by t h e  g r a d u a l  t h i c k e n i n  

o f  a  u n i f o r m  l a y e r  of  c a r b i d e  on t h e  Fe s u r f a c e .

They assumed t h a t ,  s i n c e  X, 0  and 6  c a r b i d e s

have  s i m i l a r  f e r r o m a g n e t i c  moments ,  and G  c a r b i d e s
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would have  a d s o r p t i v e  p r o p e r t i e s  s i m i l a r  t o  t h o s e  o f  

XPe20C9 .

C h u f a r o v  and A n to n o v a  ( 1 9 4 7 )  have  s t u d i e d  t h e

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

B e l l  r e a c t i o n  (2 0 0 ^= $  C + C02 ) by  i r o n .  The p r e s e n c e

o f  t h e  r e l a t i v e l y  u n s t a b l e  s u l p h a t e s  o f  Cu, Al and Mn

i n  5io c o n c e n t r a t i o n s  s t o p p e d  t h e  r e a c t i o n  c o m p l e t e l y

a t  450°C and r e t a r d e d  i t  by  f a c t o r s  o f  12 t o  40 a t

6 50 °C -75 0 °C .  The more s t a b l e  s u l p h a t e s  o f  Fa  and Mg

had l e s s  e f f e c t .  I n h i b i t i o n  o f  t h e  c a t a l y s i s  o c c u r r e d

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

p r o d u c t s ,  e s p e c i a l l y  S02 • B e r r y  and c o - w o r k e r s  (1 9 5 6 )

a l s o  found  t h a t  s u l p h u r  i n  t h e  g a s  o r  s o l i d  p h a s e

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

d o s e s  o f  NH3 . E o w e v e r ,  t h e s e  e f f e c t s  c o u ld  be

o f f s e t  by  a d d in g  z i n c  o r  a l k a l i n e  compounds ,  and t h e

p r e s e n c e  o f  H2 o r  H2 0 a c c e l e r a t e d  t h e  r e a c t i o n .

B o th  S c he n k  e t  a l .  ( i 9 6 0 )  and K a r c h e r  e t  a l . ( 1 9 7 l )

d i v i d e d  i r o n  and s t e e l  p o i s o n s  i n t o  o nes  w h ic h  l e d  t o

i r r e v e r s i b l e  i n h i b i t i o n  s u c h  a s  S02 , H2S,  s i l a n e s  and

ones  w h ic h  were  e f f e c t i v e  o n l y  i f  c o n t i n u o u s l y  added

s u c h  a s  C l 2 , n i t r o g e n  compounds .  The a d s o r p t i o n  of

s u l p h u r  on t h e  (100)  f a c e  o f  Pe was i n v e s t i g a t e d  by

L . E .E .D .  by M argo t  e t  a l .  ( 1 9 7 0 ) .  At 20°C and 5 x 10""9 t o r r

H2 S ,  a  C(2 x 2) s t r u c t u r e  fo rm s  on t h e  Pe s u r f a c e  due t o  
2 —S i o n s .  The i n t e n s i t y  o f  t h i s  a d s o r p t i o n  i n c r e a s e s  

w i t h  t e m p e r a t u r e  and p r e s s u r e  u n t i l  500°C and 3 x 10~2 t o r r



when a  d i s o r d e r e d  s t r u c t u r e  r e s u l t s .  A t  t h i s  

p o i n t  t h e  a d d i t i o n  o f  H2 and HgS l e a d s  t o  c o m p l e t e l y  

s a t u r a t e d  a d s o r p t i o n .

1 . 2 . 2 .  F i c k e l

F i c k e l  a t  2 0 CC h a s  a  f a c e - c e n t r e d  c u b i c  s t r u c t u r  

w i t h  a  = 3 .5 2 3 8  (A .S .T .M .  4 ,  8 5 0 ) .  E a r l y  p r e p a r a t i o n  

o f  n i c k e l  f i l m s  p r o d u c e d  a  h e x a g o n a l  c l o s e - p a c k e d  

l a t t i c e  ( M e l l o r ,  1922)  and t h i s  m o d i f i c a t i o n ,  t h o u g h  

n o t  n o r m a l l y  e n c o u n t e r e d ,  i s  known as  aNi* The f a c e -  

- c e n t r e d  c u b i c  s t r u c t u r e  i s  B F i .  (Von F o s t r a n d  L t d . ,

1 9 6 4 ) .

S e v e r a l  i n v e s t i g a t i o n s  ( B o l lm a n n ,  1 9 5 8 - 1 9 5 9 ;  

B a r t u s k a ,  1970)  h ave  shown t h a t  p o l y g o n i s a t i o n  o f  

n i c k e l  f o i l s  s t a r t s  a ro u n d  150°C and r e c r y s t a l l i s a t i o n  

n u c l e i  a p p e a r  a t  200-250°C  i n  p u r e  n i c k e l .  I n  l o w e r  

p u r i t y  n i c k e l  ( L a r i k o v  e t  a l ,  1 9 6 5 ;  B a r t u s k a ,  1970)  

p o l y g o n i s a t i o n  and r e c r y s t a l l i s a t i o n  o c c u r  a t  a b o u t  

150°C h i g h e r .  Fuks and c o - w o r k e r s  (1 9 7 0 )  fo u n d  t h a t  

i n  v e r y  s t r a i n e d  n i c k e l  l a t t i c e s  s u c h  as  t h i n  f i l m s  

d e p o s i t e d  a t  low t e m p e r a t u r e s  r e c r y s t a l l i s a t i o n  c an  

t a k e  p l a c e  b e lo w  175°C by a s t r e s s  r e l a x a t i o n  p r o c e s s  

r e q u i r i n g  a  l o w e r  a c t i v a t i o n  e n e r g y  t h a n  n o rm a l  

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

amounts  ( 1 0 “ t o r r )  o f  a d s o r b e d  g a s  a t  20°C h e l p s  t o  

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

( J a n s s e n ,  1 9 6 9 ) .  S m a l l  d e f o r m a t i o n s  i n  n i c k e l  c an  

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



( B a i l e y  e t  a l . ,  1.962$ D u b o v i t s k a y a  e t  a L r 1 9 7 0 ) .

Many n i c k e l  o x i d e s  w e re  r e p o r t e d  i n  t h e  e a r l y  

l i t e r a t u r e  i n c l u d i n g  M 2 0 ,  M 2 03 , M 3 04 , M 0 2 a s  w e l l  

a s  th e  f u l l y  c h a r a c t e r i s e d  M O .  M c k e l  i s  more 

r e s i s t a n t  t o  o x i d a t i o n  t h a n  i r o n  b u t  w i l l  fo rm  MO 

f a i r l y  r e a d i l y  above room t e m p e r a t u r e .  The o x i d e  

M O  h a s  t h e  same f a c e - c e n t r e d  c u b i c  s t r u c t u r e  a s  

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

i t s  l a t t i c e  p a r a m e t e r s  (Chambard e t  a l . ,  1971)  b u t  th e
o

u n i t  c e l l  d i m e n s i o n  i s  u s u a l l y  t a k e n  a s  4. .1769 A 

(A .S .T .M .  4 ,  8 3 5 ) .  M c k e l  h y d r o x i d e ,  M ( 0 H ) 2 , h a s  a
o

w e l l  e s t a b l i s h e d  h e x a g o n a l  s t r u c t u r e  w i t h  a  = 3 .1 2 6  A 

c = 4 .6 0 5  A (A.S.TvM. 1 4 ,  1 1 7 ) .  A p a r t  f r o m  M O  t h e  

o n l y  a n h y d r o u s  o x id e  o f  n i c k e l  whose e x i s t e n c e  i s  

l i k e l y  i s  M 2 03 , n i c k e l  s e s q u i o x i a e .  M c k e l  o x id e  

p r e p a r e d  by  h e a t i n g  M  i n  oxygen  a t  4 00 -48 0 °C  i s  s a i d  

t o  c o n t a i n  up t o  3$ M 2 03 ( S i d g w i c k ,  1962)  and Aggarwal  

and Goswani (1 9 6 1 )  have  d e t e c t e d  a  p h a s e  w h ic h  t h e y  

i d e n t i f y  a s  M 2 03 fo rm ed  i n  an  e v a p o r a t e d  f i l m  o f  M  

and MO on r o c k s a l t  a t  400°C .  They s u g g e s t  a  h e x a g o n a l
o c

l a t t i c e  w i t h  u n i t  c e l l  d i m e n s i o n s  a  = 4 . 6 1  A, c  = 5 .6 1  A. 

H y d r a te d  n i c k e l  o x i d e s  a r e  f a i r l y  common. G la m se r  

and E in e r h a n d  (1 9 5 0  A and  B) r e p o r t e d  a  number  o f  h i g h e r  

h y d r o x i d e s ,  o f  w h ic h  t h e  b e s t  d e f i n e d  i s  PMOOH 

(A .S .T .M -  141) w h ich  c a n  be c o n s i d e r e d  a s  a  h y d r a t e

o f  M 2 03 i M 2 03 + H2 0 —> 2 PMOOH



The s o l u b i l i t y  o f  h y d r o g e n  i n  ITi i s  r e l a t i v e l y  

h i g h .  At 25°C Hi  a b s o r b s  4 .1 5  t i m e s  i t s  own volume 

o f  H2 ( c a l c u l a t e d  a t  F . T . P . ) .  At 600°C 5 . 4  x 1 0 “ 4 ^  

and a t  1400°C 1*54 x 10~5?b H2 d i s s o l v e  i n  Hi ( S i d g w i c k ,  

1 9 6 2 ) .  F i c k e l  d i s s o l v e s  0 .23$C a t  1000°C b u t  no 

c a r b i d e  i s  s t a b l e  a t  s u c h  a  h i g h  t e m p e r a t u r e  ( H a n s e n ,  

1 9 5 8 ) .  I n  f a c t  o n l y  one c a r b i d e  ( h e x a g o n a l )  F i 3C 

h a s  a c o m p l e t e l y  e s t a b l i s h e d  s t r u c t u r e .  B ah r  e t  a l .  

(1928B ,  1 9 30 ,  1933)  fo rm ed  H i 3C be low  270°C by  t h e  

a c t i o n  of  Hi o r  FiO on CO. The H i 3C decom posed  t o  

F i  b e tw e e n  380°C and 420°C and i t  was s u g g e s t e d  t h a t  

t h i s  o c c u r r e d  v i a  a  s e co n d  c a r b i d e  F i 3C2 .  T u t i y a  

(1 9 3 1 )  c l a im e d  t h e  f o r m a t i o n  o f  a  p e r c a r b i d e  a t  270°C 

w h ic h  r a p i d l y  decom posed  a t  284°C t o  g i v e  F i 3C.

J a c o b s o n  and W e s tg re n  (19 3 3 )  c a r r i e d  o u t  an X - r a y  

a n a l y s i s  o f  F i 3C and p r o v e d  i t s  h e x a g o n a l  s t r u c t u r e .
o o

T h e i r  u n i t  c e l l  d i m e n s i o n s ,  a  = 2 .6 4 6  A, c = 4 . 3 2 9  A 

a r e  s i m i l a r  to  t h o s e  a c c e p t e d  a t  p r e s e n t  ( A .S .T .M .  6_, 

6 9 7 ) .  I t  was s u g g e s t e d  by  Brom ley  e t  a l .  ( I 9 6 0 )  t h a t  

F i 3 C c a n  be fo rm ed  a t  r e l a t i v e l y  low t e m p e r a t u r e s :  

b e c a u s e  i t  i s  an i n t e r s t i t i a l  c a r b i d e ,  t h e  C a toms 

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

r a t h e r  t h a n  n u c l e a t e  a  g r a p h i t e  l a t t i c e  e v e n  t h o u g h  

F i 3C i s  u n s t a b l e  w i t h  r e s p e c t  t o  g r a p h i t e  and F i .

I n  1938 K o h lh a a s  and Meyer p r o p o s e d  t h e  e x i s t e n c e  of  

an o r t h o r h o m b i c  H i3C i so m o rp h o u s  w i t h  Co3C and Pe3C, 

b u t  t h i s  h a s  n o t  b e en  s u b s t a n t i a t e d .



S e v e r a l  o t h e r  c a r i b d e s  a r e  known t o  e x i s t ;

F i 23C6 , NIC and  F i 6C a r e  fo u n d  i n  a l l o y s ^ e s p e c i a l l y  

s t e e l s ^ a n d  T eb b o th  (19 4 8 )  h a s  p r o p o s e d  t h a t  F i 6 C i s  

an  i n t e r m e d i a t e  i n  t h e  deco m p o s i t ion *  o f  H i3C..

H o f e r  and c o - w o r k e r s  (1 9 5 0 )  have  r e j e c t e d  t h i s  

s u g g e s t i o n . b e c a u s e  o f  t h e  o b s e r v e d  k i n e t i c s  i n  t h e i r  

F i 3C d e c o m p o s i t i o n  e x p e r i m e n t s .  F i c k e l  a c e t y l i d e ,

F iC 2 , h a s  b e e n  p r e p a r e d  ( D u r a n d ,  1923)  and Pugh  e t  a l .  

( 1 9 6 1 ) ,  d u r i n g  t h e  s y n t h e s i s  o f  diamond a t  h i g h  

t e m p e r a t u r e s  and p r e s s u r e s  b e tw e e n  F i  and g r a p h i t e  

b l o c k s  i d e n t i f i e d  a  p e r c a r b i d e ,  F i x C ( x > 4 )  b y  X - r a y  

a n a l y s i s  ( A . S .T -  1 4 ,  2 0 ) .  R e c e n t l y ,  Renshaw e t  a l .  

(1 9 7 1 )  have  o b s e r v e d  a  l a t t i c e  b a s e d  on t h e  n o r m a l  

h e x a g o n a l  H i3C s t r u c t u r e  b u t  w i t h  t h e  C a toms r e g u l a r l y  

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

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

o f  t h e  c a r b i d e  s u p e r l a t t i c e  w ere  g i v e n  by  H a g a k u ra  

( 1 9 5 7 ,  1958)  and a r e  r e l a t e d  t o  t h o s e  o f  t h e  n o rm a l  

F i , C  u n i t  c e l l  a c c o r d i n g  t o  a* = a  3 F i 3C, c-' = 3c F i 3C 

The a d d i t i o n  o f  H2S o r  C2H4 t o  a  H i ( l l l ) f a c e  

was s t u d i e d  u s i n g  L .E . E .D .  by M c C a r r o l l ,  Edmonds and 

P i t k e t h l y  (1 9 69 )  and i t  was d e t e r m i n e d  t h a t  t h e  S 

o r  C a tom s f o r m e d ,  r e s p e c t i v e l y ,  a l t e r e d  t h e  

o r i e n t a t i o n  o f  t h e  t o p  Ni l a y e r  t o  a  (1 00 )  c o n f i g u r a t i o n  

Riwan (1 9 7 1 )  fo un d  by Auger  s p e c t r o m e t r y  t h a t  t r a c e  

am oun ts  o f  S c o n t a i n e d  i n  n o m i n a l l y  p u re  F i  s e g r a t e d  

t o  th e  (1 1 0 )  F i  f a c e  d u r i n g  t h e r m a l  c o n d i t i o n i n g .



The a d d i t i o n  o f  (FH4 ) 2S t o  a F i  c a t a l y s t  b e i n g  u s e d  

f o r  C d e p o s i t i o n  f rom  C2H4 was f o u n d  ( S h i r a s a k i  e t  

a h ,  1965)  t o  s e l e c t i v e l y  p o i s o n  t h e  m e t a l  g r a i n  

b o u n d a r i e s .  R i c h a r d s o n  (1 9 7 1 )  i n v e s t i g a t e d  t h e  

p o i s o n i n g  o f  F i  c a t a l y s t s  by H2S ,  CS2 and (C2Hg)2S 

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

i n t e r a c t i o n s .  The r e g e n e r a t i o n  o f  S - p o i s o n e d  F i  

c a t a l y s t s  by o x i d a t i o n  above  600°C was recommended by  

R o s t r u p - H i e l s e n  ( 1 9 7 1 ) .

1 . 2 . 3  C a t a l y s t  D i s c u s s i o n

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

t h a t  t h e y  a r e  i n e v i t a b l y  fo rm ed  i n  low t e m p e r a t u r e  

( b e lo w  a p p r o x i m a t e l y  600°C) c a r b o n  d e p o s i t i o n  r e a c t i o n s .  

Even a t  h i g h e r  t e m p e r a t u r e s  t h e i r  t r a n s i e n t  e x i s t e n c e  

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

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

and n i c k e l  a s  c a r b o n  d e p o s i t i o n  c a t a l y s t s  i s  b e c a u s e  

t h e i r  c a r b o n  a f f i n i t y  i s  i n t e r m e d i a t e  b e tw e e n  t h a t  o f  

t i t a n i u m  and t u n g s t e n  w h ic h  form  v e r y  s t a b l e  c a r b i d e s  

and t h a t  o f  s i l v e r  and g o l d  w h ic h  form no c a r b i d e s  

( Tamai e t  a h ,  1 9 6 7 ) .

M atsum oto  e t  a l .  (1 9 7 0 )  h ave  shown t h a t  n i c k e l  

d e g r a d e s  h y d r o c a r b o n s  by  a s c i s s i o n  p r o d u c i n g  C* s p e c i e s ,  

w h e r e a s  p l a t i n u m  a c t s  by a  3 c a r b o n i u m  i o n  m echanism 

and t h i s  may e x p l a i n  why n i c k e l  c a n  c a u s e  t h e  b u i l d  up 

o f  h i g h l y  o r d e r e d  c a r b o n  a t  much l o w e r  t e m p e r a t u r e s ;  

t h e  s p e c i e s  would be e x p e c t e d  t o  e a s i l y  s l o t  i n t o



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

t h e i r  h i g h  m o b i l i t y  ( s e e  s e c t i o n  4 . 1 )  i n  c o n t r a s t  t o  

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

The I . R .  s p e c t r a  o f  CO c h e m is o r b e d  on P e , Co and F i  

a t  113°K u n d e r  u l t r a  h i g h  vacuum h ave  b e e n  shown t o  

be  s i m i l a r  (B rad sh aw  e t  al . ,  1 9 7 0 ) .  Only some o f  

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

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

a d s o r b e d  m o l e c u l e s .  B e a r i n g  i n  mind t h e  b e h a v i o u r  

fo u n d  by  M a ire  e t  a l .  (1 9 7 0 )  and Edmonds,  M c O a r r o l l  

and P i t k e t h l y  (1 9 6 9  A and B,  1971)  by  L . E . E . D .  f o r  CO 

and h y d r o c a r b o n  a d s o r p t i o n  a t  c o m p a r a t i v e l y  low 

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

P e ,  Co and F i  becom es a p p a r e n t .  W i th  Cu, Ag and Au 

Brad shaw  and P r i t c h a r d  (1 9 7 0 )  fo u n d  much s i m p l e r  and 

t o t a l l y  r e v e r s i b l e  a d s o r p t i o n .  These  L . E . E . D .  

s t u d i e s  have  a l s o  shown t h a t  t h e  p r e s e n c e  o f  e v e n  t r a c e  

am ounts  o f  i m p u r i t i e s  s u c h  as  s u l p h u r ,  h y d r o g e n ,  

c a r b o n  and oxygen ( P o r t e l e ,  1969)  h a s  a  d e f i n i t e  

b e a r i n g  on t h e  t y p e  o f  r e a c t i o n  w h ic h  t h e  m e t a l  

s u r f a c e  w i l l  u n d e r g o .  I t  i s  becom ing  more e v i d e n t  

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

a c h i e v e d  w i t h  a  com plex  s y s t e m  s u c h  a s  i s  u se d  i n  

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

The c o r r e l a t i o n  b e tw ee n  t h e  c a t a l y t i c  a c t i v i t y  

o f  Pe and F i  w i t h  h i g h  e n e r g y  c e n t r e s  s u c h  as  

d i s l o c a t i o n  c o r e s  i s  u n c e r t a i n .  M iy a z a k i  e t  a l .  (1971)
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and G re n g a  and L a w l e s s  (196S)  fo u n d  no p r e f e r r e d  

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

and Kenshaw e t  a l . ( 1 9 7 0 )  u s i n g  F e / S i  s i n g l e  c r y s t a l s  

w i t h  d i s l o c a t i o n  a r r a y s  d e t e c t e d  no im proved  e a t a l y s  

H ow ever ,  W alke r  and Thomas ( 1 9 7 0 )  s t a t e d  t h a t  

d i s l o c a t i o n  c o r e s  i n  Fe d i d  f u n c t i o n  a s  a c t i v e  

c e n t r e s  and  S c h r a d e r  e t  a l .  ( 1 9 7 1 )  s u c c e s s f u l l y  

employed m e c h a n i c a l l y  a c t i v a t e d  F i  c a t a l y s t s .

1 . 2 * 4  Hydr oc a r b  ons

The the rm o d yn am ic  s t a b i l i t y  o f  p a r a f f i n s  

d e c r e a s e s  w i t h  i n c r e a s i n g  c h a i n  l e n g t h ,  a l l  b e i n g  

u n s t a b l e  w i t h  r e s p e c t  to  c a r b o n  and h y d r o g e n  above  

room t e m p e r a t u r e  e x c e p t  CH4 , Cgl^ , C3H8 ( P a r k s  and 

Huffm ann ,  1 9 3 2 ) .  R e l e v a n t  th e rm o d y n am ic  d a t a  i s  

g i v e n  i n  T a b le  1 * 6 ,  ( f r o m  K e a r b y ,  1 9 5 5 ) .

T ab le  1*6

H y d ro c a rb o n  S t a b i l i t y  L a t a

H y d ro c a rb o n I n v e r s i o n  Temp, a t  w h ic h  
tem p.  compound becom es

H e a t  o f  f o r m a t i o n  
o f  C i n  K c a l s . /  
g . a t o m  o f  C a t  
700°C

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

CH4

C2He

C5 He

C»H«
CUHe

be low
20°C

be low
2 0 °

100°C

570°C

200°C

600°C

730°C

- 4

- 1 4

14

66 0°C -1 4
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I t  c an  be  s e e n  from t h e  t a b l e  g i v e n  t h a t  w h i l e  CH4 

h a s  a  h i g h e r  s t a b i l i t y  a t  700°C t h e  o t h e r  h y d r o c a r b o n s  

employed  i n  t h e  p r e s e n t  s t u d i e s ,  C3H8 , C3 Hg and C4 H4 

( b u t a d i e n e )  a r e  r e m a r k a b l y  s i m i l a r  i n  t h i s  r e s p e c t *

The b rea k d o w n  o f  h y d r o c a r b o n s  t o  g i v e  c a r b o n  i s  

known t o  be  a  com plex  p r o c e s s .  P r e y  and Hepp (1 9 3 3 )  

have l i s t e d  t h e  d e c o m p o s i t i o n  p r o d u c t s  a t  40G~575°C 

and i n  s e c t i o n  1*1*2  t h e  v a r i o u s  p o s s i b l e  h y d r o c a r b o n  

i n t e r m e d i a t e s  w e re  m e n t i o n e d  and t h e i r  r o l e  i n  

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

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

and i t  i s  p r a c t i c a l l y  u n i q u e  i n  becom ing  l e s s  u n s t a b l e  

w i t h  r e s p e c t  t o  c a r b o n  and h y d r o g e n  w i t h  i n c r e a s i n g  

t e m p e r a t u r e .  Above 1200°C i t  i s  t h e r m o d y n a m i c a l l y '  

e v e n  more s t a b l e  t h a n  CH4 . H ow ever ,  b e c a u s e  o f  t h e  

k i n e t i c a l l y  a c t i v e  t r i p l e  bond  i t  w i l l  s t i l l  b r e a k  

down r a p i d l y  t o  c a r b o n  a t  e l e v a t e d  t e m p e r a t u r e s .

I n  t h e  p r e s e n c e  o f  a  c a t a l y s t  t h e  b reakdow n 

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

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

o f  v a r i o u s  i n t e r m e d i a t e s  t o  d i f f e r e n t  e x t e n t s .

F o r  e x a m p le ,  P r e y  (1 9 3 4 )  h a s  d e s c r i b e d  t h e  p y r o l y s i s  

o f  p a r a f f i n s  on c a t a l y s t  s u r f a c e s .  As h a s  b e e n  

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

(?! s p e c i e s  and i t  i s  l i k e l y  t h a t  a c e t y l e n i c  s p e c i e s  

a r e  l e s s  i m p o r t a n t .  The m e t a l  c a t a l y s t  may a l s o  fo rm  

s e c o n d a r y  p r o d u c t s  s u c h  as  c a r b i d e s  o r  o x i d e s  ( w i t h



50

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

may w e l l  i n t e r f e r e  w i t h  t h e  o t h e r  c h e m i c a l  r e a c t i o n s  

o c c u r r i n g .  A f u r t h e r  f e a t u r e  o f  s o l i d / g a s  i n t e r a c t i o n s  

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

d i f f u s i o n ,  s o l u t i o n  on t h e  c o u r s e  o f  t h e  c a r b o n  

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

w i l l  depend  i n  a  c o m p l i c a t e d  m anner  on a l l  o f  t h e s e  

f e a t u r e s  and t o  u n d e r s t a n d  th e  k i n e t i c s  r e q u i r e d  a  

k n ow led ge  o f  t h e  r e l a t i v e  i m p o r t a n c e s  o f  t h e  i n d i v i d u a l  

p r o c e s s e s  w h ic h  c a n  o n l y  be o b t a i n e d  b y  m o r p h o l o g i c a l  

and a n a l y t i c a l  s t u d i e s *
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1 . 3  T r a n s m i s s i o n  E l e c t r o n  M ic r o s c o p y  ( T . E . M . )

1 . 3 . 1 .  I n t r o d u c t i o n

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

e n l a r g e d  im ages  o f  s p e c im e n s  d a t e s  f ro m  K n o l l  and 

R u ska  ( 1 9 3 2 ) .  E a r l y  m i c r o s c o p e s  ( b e t w e e n  1932 and 1950) 

have  b e e n  d e s c r i b e d  by  v a r i o u s  a u t h o r s  (Z w o ry k in  e t  a l ,  

1 9 4 5 ;  C o s s l e t t ,  1951 ;  H a l l ,  1953)  and t h e  t h e o r i e s  

o f  e l e c t r o n  o p t i c s  ( H e i d e n r e i c h ,  196 4 ;  H i r s c h  e t  a l . ,

1965)  and p r a c t i c a l  t e c h n i q u e s  u se d  i n  m i c r o s c o p y  

(K ay ,  1965)  have  b e e n  much d i s c u s s e d ^  More r e c e n t  

r e v i e w s  o f  tlfe  s t a t e  o f  d e v e lo p m e n t  h a v e - b e e n  g i v e n  by  

F i s h e r  e t  a l .  (1 9 7 0 )  and C o s s l e t t  ( 1 9 7 0 ) .

The m i c r o s c o p e  u s e d  f o r  m os t  o f  t h i s  w o rk ,  t h e  

S iem en s  E lm isk o p  I ,  h a s  b e e n  d e s c r i b e d  i n  some d e t a i l  

by  H i r s c h  e t  a l .  ( 1 9 6 5 ) .  The beam o f  e l e c t r o n s  

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

40kV, 60kV , 80kT o r  lOOkT i s  f o c u s s e d  on t h e  s p e c i m e n ,  

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

whose d i a m e t e r  c an  be  a d j u s t e d  from  60 / a t o  2 ,

a c c o r d i n g  t o  t h e  d e g r e e  o f  d e m a g n i f i c a t i o n  p r o d u c e d  

by  t h e  f i r s t  c o n d e n s e r  l e n s .  The image o f  t h e  

sp e c im e n  i s  m a g n i f i e d  by  t h r e e  m a g n e t i c  l e n s e s ,  t h e  

o b j e c t i v e ,  i n t e r m e d i a t e  and p r o j e c t o r  l e n s e s ,  and a  

f i n a l  m a g n i f i c a t i o n  o f  up t o  1 6 0 ,0 0 0X  c a n  be  a t t a i n e d .

The r a y  d i a g r a m  show ing  th e  f o r m a t i o n  o f  t h e  m a g n i f i c e n t  

image u s i n g  one c o n d e n s e r  l e n s  i s  g i v e n  i n  F i g u r e  1 , 2  

The m a g n i f i c a t i o n  a c h i e v e d  by  t h e  o b j e c t i v e  l e n s  was



Figure 1 .2

Ray D iag ram s  f o r  ( a )  T r a n s m i s s i o n  M ic r o s c o p y  and

( b )  S e l e c t e d  A re a  D i f f r a c t i o n .
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i n c r e a s e d  by th e  u s e  o f  an o b j e c t i v e  p o l e - p i e c e  o f  

f o c a l  l e n g t h  2..1 mm. i n s t e a d  o f  t h e  n o rm a l  2 . 8  mm.

( a t  80kV) g i v i n g  an  o v e r a l l  m a g n i f i c a t i o n  i n c r e a s e  o f  

a p p r o x .  30# and an im proved  r e s o l u t i o n .

1 . 3 . 2 .  D i f f r a c t i o n ; The se c o n d  m a jo r  u s e  o f  

e l e c t r o n  m i c r o s c o p y ,  a s  an a n a l y t i c a l  t o o l ,  i s  

d e p e n d e n t  on t h e  a b i l i t y  o f  c r y s t a l l i n e  sp e c im e n s  t o  

d i f f r a c t  beams o f  e l e c t r o n s .  GSh g o in g  t h r o u g h  a  

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

d e t e r m i n e d  by  t h e  l a t t i c e  p a r a m e t e r s  o f  t h e  s p e c im e n .

The beams a r e  f o c u s s e d  n o r m a l l y  a t  t h e  seco nd  f o c a l  

p l a n e  o f  t h e  o b j e c t i v e  l e n s  a s  i n d i c a t e d  by F i g u r e

1 . 2 .  An image o f  t h e  p a t t e r n  a t  t h i s  p l a n e  i s  t h e n  

o b t a i n e d  by u se  o f  t h e  i n t e r m e d i a t e  and p r o j e c t o r  l e n s e s .

S e l e c t e d  A re a  D i f f r a c t i o n .  The t e c h n i q u e  o f  s e l e c t e d  

a r e a  e l e c t r o n  d i f f r a c t i o n ,  i n t r o d u c e d  by  l e  P o o l e  ( 1 9 4 7 ) ,  

was employed f r e q u e n t l y  d u r i n g  t h e  c o u r s e  o f  t h i s  w o rk .

A d i f f r a c t i o n  a p e r t u r e  i s  p l a c e d  i n  t h e  p a t h  o f  t h e  

beam a t  t h e  f i r s t  i n t e r m e d i a t e  image p l a n e  and t h e  

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

image o f  t h e  s e c o n d  f o c a l  p l a n e  o f  t h e  o b j e c t i v e  l e n s  

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

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

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

r e f l e c t i o n  o f  r a d i u s  R c a n  be c a l c u l a t e d  f ro m  t h e  

e q u a t i o n ,

d .R  = K ,



w here  K i s  t h e  cam era  c o n s t a n t  and i s  g i v e n  hy  t h e  

p r o d u c t  o f  t h e  e l e c t r o n i c  w a v e l e n g t h ,  and th e  

e f f e c t i v e  camera, l e n g t h ,  1 .  The c a m e ra  c o n s t a n t  i s  

an  e x p e r i m e n t a l l y  d e t e r m i n e d  q u a n t i t y ,  i t s  v a l u e  b e i n g  

found  by  m e a s u r i n g  t h e  R v a l u e s  o f  a  known s p e c i m e n ,  

u s u a l l y  an e v a p o r a t e d  f i l m  o f  t h a l l i u m  c h l o r i d e .  

I n a c c u r a c i e s  i n  s e l e c t e d  a r e a  work  have  b e e n  d i s c u s s e d  

by  P h i l l i p s  ( 1 9 6 0 ) ,  Agar ( I 9 6 0 ) ,  R ie k o  ( 1 9 6 1 ) ,  A l d e r s o n  

and H a l l i d a y  ( 1 9 6 5 ) ,  H i r s c h  e t  a l .  (1 9 6 5 )  and Andrews 

e t  a l .  (1 9 6 7 )  and a r e  due m a i n l y  t o  s p h e r i c a l  

a b e r r a t i o n  and v a r i a t i o n s  i n  t h e  v a l u e  o f  K.

The s e l e c t e d  a r e a  t e c h n i q u e  i s  e x t e n s i v e l y  u se d  t o  

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

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

c r y s t a l s .

Dark  F i e l d  M i c r o s c o p y . Vfith a  c r y s t a l l i n e  sp e c im e n  

a  s e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  c a n  be o b t a i n e d ,  

a s  p r e v i o u s l y  d e s c r i b e d .  I f  t h e  o b j e c t i v e  a p e r t u r e  

i s  p l a c e d  o v e r  a  p a r t i c u l a r  B rag g  r e f l e c t i o n  and t h e  

d i f f r a c t i o n  a p e r t u r e  and sp e c im e n  image a r e  f o c u s s e d  

a t  t h e  f i r s t  i n t e r m e d i a t e  image p l a n e  t h e n  a  d a r k  

f i e l d  image o f  t h e  sam ple  w i l l  be o b t a i n e d .  A r e a s  

o f  sp e c im e n  r e s p o n s i b l e  f o r  t h e  g i v e n  r e f l e c t i o n  w i l l  

a p p e a r  b r i g h t  a g a i n s t  a  d a r k  b a c k g r o u n d .

S p h e r i c a l  a b e r r a t i o n  e r r o r s  a r e  i n t r o d u c e d  by  t h e  u s e  

of  e l e c t r o n s  removed f rom  t h e  o p t i c a l  a x i s  t o  image 

t h e  s p e c im e n .  To r e d u c e  t h i s  e f f e c t  and im prove



image q u a l i t y  t h e  i l l u m i n a t i o n  s y s te m  c a n  he  t i l t e d  

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

a l o n g  th e  new o p t i c a l  a x i s .  Dark  f i e l d  m ic r o s c o p y  

i s  i m p o r t a n t  i n  sp e c im e n  o r i e n t a t i o n  s t u d i e s  w he re  

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

t o  p a r t i c u l a r  d i f f r a c t e d  beams i s  r e q u i r e d .

1 . 3 * 3 .  C o n t r a s t

C o n t r a s t  i n  e l e c t r o n  m i c r o s c o p e  im ag es  a r i s e s  

f rom  i n t e r a c t i o n s  b e tw e e n  t h e  e l e c t r o n  beam and t h e  

a tom s o f  t h e  s p e c im e n .

1 . 3 . 3 . 1  E l a s t i c  S c a t t e r i n g

When e l e c t r o n s  i n t e r a c t  v / i t h  t h e  n u c l e i  o f  t h e  

sp e c im en  t h e y  do so e l a s t i c a l l y ,  w i t h o u t  any  l o s s  o f  

e n e r g y .  The r e s u l t i n g  d i f f r a c t e d  beams o f  e l e c t r o n s  

a r e  c o h e r e n t  w i t h  r e s p e c t  t o  t h e  t r a n s m i t t e d  beam a n d ,  

i n  c r y s t a l s ,  d i v e r g e  f ro m  i t  a t  a n g l e s  d e t e r m i n e d  by  

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

s e c t i o n ) .  The o v e r a l l  e l a s t i c  s c a t t e r i n g  c r o s s - s e c t i  

Q e l ,  was g i v e n  by H i r s c h  e t  a l .  (1 9 6 5 )  a s :

w h e r e ,  a i s  t h e  a n g l e  v a r i a b l e  a b o u t  t h e  o p t i c  a x i s ,  

P i s  t h e  s c a t t e r i n g  a n g l e ,

The u se  o f  an a p e r t u r e  ( t h e  o b j e c t i v e  a p e r t u r e )  

n e a r  t h e  second  f o c a l  p l a n e  o f  t h e  o b j e c t i v e  l e n s

^ g i s  t h e  a m p l i t u d e  o f  t h e  s c a t t e r e d  wave.



( H i e d e n r e i c h ,  1964)  makes i t  p o s s i b l e  t o  s e p a r a t e  

t h e  c o n t r a s t  due  t o  e l a s t i c  s c a t t e r i n g  i n t o  

c o n t r i b u t i o n s  from, two d i s t i n c t  m ec h a n ism s ,  n a m e ly ,  

p h a s e  c o n t r a s t  and d i f f r a c t i o n  c o n t r a s t .  I n  t h e  

e q u a t i o n ,

t h e  f i r s t  e x p r e s s i o n  d e s c r i b e s  t h e  s c a t t e r i n g  c r o s s  

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

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

t h e  o b j e c t i v e  a p e r t u r e ;  t h e  se c o n d  e x p r e s s i o n  c o m p u te s  

t h e  c r o s s - s e c t i o n  f o r  d i f f r a c t i o n  c o n t r a s t  and i s  due 

t o  d i f f r a c t e d  e l e c t r o n s  w h ic h  do n o t  p a s s  t h r o u g h  t h e  

a p e r t u r e  and do n o t  t h e r e f o r e  c o n t r i b u t e  t o  t h e  f i n a l  

im age .

D i f f r a c t i o n  C o n t r a s t  a r i s e s  b e c a u s e  o f  v a r i a t i o n s  i n  

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

beam w i l l  be s t r o n g l y  d i f f r a c t e d  by an  a r r a y  o f  l a t t i c e  

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

beam i s  removed by  t h e  o b j e c t i v e  a p e r t u r e  t h i s  a r e a  o f  

t h e  c r y s t a l  w i l l  show up i n  t h e  f i n a l  image a s  a  d a r k  

s p o t .  D a r k e r  a r e a s  w i l l  a l s o  r e s u l t  f ro m  t h i c k e r

Pob i | . 11 I 2\ ( |yg(a>P)| sinPdpdcc
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p a r t s  o f  t h e  sp e c im en  due t o  t h e i r  i n c r e a s e d  

d i f f r a c t i n g  a b i l i t y  ( t h i c k n e s s  c o n t r a s t )  and f ro m  

r e g i o n s  o f  sp e c im e n  c o n t a i n i n g  a toms o f  h i g h e r  a tom ic  

number ( m a s s - t h i c k n e s s  c o n t r a s t ) .

The m a t h e m a t i c a l  t h e o r y  w h ic h  a t t e m p t s  t o  e x p l a i n  

t h e  e l e c t r o n  s c a t t e r i n g  phenomenon and t o  c a l c u l a t e  

t h e  i n t e n s i t i e s  o f  d i f f r a c t e d  beams i s  known a s  t h e  

K i n e m a t i c a l  Theory  ( I l e i d e n r e i c h , 1964 and H i r s c h  e t  a l . ,  

1 9 6 5 ) .  I t  a s su m es  t h a t  t h e  d i f f r a c t e d  i n t e n s i t y  i s  low 

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

d i f f r a c t e d  e l e c t r o n s .  T h is  a s s u m p t i o n  . i s  v a l i d ,  i n  

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

v a r i a t i o n s  i n  c o n t r a s t  due  t o  d i s l o c a t i o n s ,  b u c k l i n g  

c o n t o u r s  and o t h e r  f e a t u r e s .  The K i n e m a t i c a l  T heory  

i n  i t s  o r i g i n a l  fo rm  d o e s  n o t  e x p l a i n  t h e  f o r m a t i o n  o f  

m o i r e  f r i n g e s  a n d ,  f o r  t h i c k e r  s p e c im e n s  where  i t s  m ain  

a s s u m p t i o n  becomes i n v a l i d ,  t h e  D ynam ica l  T heory  was 

i n t r o d u c e d .  T h is  t h e o r y  t a k e s  i n t o  a c c o u n t  t h e  

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

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

P h a se  C o n t r a s t  i s  t h e  d o m in a n t  m echanism  f o r  t h e  

p r o d u c t i o n  o f  c o n t r a s t  i n  e l e c t r o n  im ages  o f  sp e c im e n s
o o

l e s s  t h a n  100 A t h i c k  when d e t a i l  l e s s  t h a n  10 A i n  s i z e  

i s  r e q u i r e d  ( I l e i d e n r e i c h ,  1 9 6 7 ) .  T r a n s m i t t e d  e l e c t r o n s ,

o f  a m p l i t u d e  T, and d i f f r a c t e d  e l e c t r o n s ,  o f  a m p l i t u d e  D 

and p h a se  ( —  + X) r e l a t i v e  t o  T p a s s  t h r o u g h

t h e  o b j e c t i v e  a p e r t u r e  and b y /  



i n t e r f e r e n c e  a  combined e l e c t r o n i c  wave f u n c t i o n ,

u  = T + iB e 12 ,

w i t h  i n t e n s i t y ,

| li/ | 2 = 1 -  2TD s i n  X, 

i s  f o rm e d .  The maximum c o n t r a s t  i s ,

G  = 4TD, when s i n  X = 1 and X = ~  ( 4 1  + l ) ,max ^

w here  I  i s  an  i n t e g e r .

The c o n t r a s t  p r o d u c e d  h e r e  i s  p h a s e  c o n t r a s t  a s  i t  

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

t h e  d i f f r a c t e d  e l e c t r o n  wave by  t h e  s c a t t e r i n g  p r o c e s s .  

Most m i c r o g r a p h s  c o n t a i n  a  p h a s e  c o n t r a s t  c o n t r i b u t i o n  

e x c e p t  a t  e x a c t  f o c u s  when p h a s e  c o n t r a s t  becom es z e r o .  

The e x a c t  d e g r e e  o f  d e f o c u s s i n g , A  L0 , n e c e s s a r y  t o  

p r o d u c e  maximum c o n t r a s t  i n  a  g i v e n  s e t  o f  c o n d i t i o n s  

c a n  be c a l c u l a t e d .  (T h on ,  1 9 6 6 A ) . A know ledge  of  

t h e  v a l u e  o f  A  Lq i s  u s e f u l  when im a g in g  f e a t u r e s
o

l e s s  t h a n  10 A i n  s i z e .

A s e r i e s  o f  i n t e n s i t y *  maxima a r e  fo rm ed  i n  t h e  

s e co n d  f o c a l  p l a n e  o f  t h e  o b j e c t i v e  l e n s  by  i n t e r f e r e n c e  

phenom ena ,  a c c o r d i n g  t o  t h e  e q u a t i o n ,

r  =  n  ? 1 » ,

w h e r e ,  P d e n o t e s  t h e  p o s i t i o n  of  t h e  maximum f rom  th e  

o p t i c  a x i s ,

a  i s  t h e  u n i t  c e l l  d i m e n s i o n ,

L0 i s  t h e  o b j e c t  d i s t a n c e  and



I  i s  t h e  s p e c t r a l  o r d e r  d e s c r i b i n g  t h e  p h a s e  

ch ange  on d i f f r a c t i o n ,  X ( I )

T T
( i )  F o r  1 = 1 ,  t h e  p h a s e  c h a n g e  on s c a t t e r i n g  = —

g i v i n g  r i s e  t o  a  h a l f  p e r i o d  im ag e .

( i i )  F o r  1 = 0  and 1 = 1 ,  t h e  p h a s e  c h a n g e ,  + TT ,

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

( i i i )  F o r  I  = 0 ,  a  u n i f o r m  i n t e n s i t y  image i s  fo rm e d .

I n  g e n e r a l  t h e  g r e a t e r  t h e  number  o f  s p e c t r a l  o r d e r s  

a l l o w e d  t o  c o n t r i b u t e  t o  t h e  f i n a l  image t h e  b e t t e r  

i s  t h e  p h a s e  c o n t r a s t .  R e c e n t  w o r k e r s  (T h on ,  1966B; 

M o l l e n s t e d t  e t  a l . , 1968;  Heppe e t  a l . , 1969)  have  

a c t e d  on a  s u g g e s t i o n  b y  Hoppe (1961  and 1963)  t h a t  

H z o n a l  c o r r e c t i o n  a p e r t u r e s ” would i n c r e a s e  p h a s e  

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

o f  h i g h  r e s o l u t i o n  m i c r o g r a p h s .  A l t e r n a t i v e l y ,  t h e  

same r e s u l t s  c an  be o b t a i n e d  by  u s i n g  a n  o p t i c a l  

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

o f  an e l e c t r o n  m i c r o g r a p h  ( Thon and S i e g e l ,  1 9 7 0 ) .

1 . 3 .  3. 2 .  I n e l a s t i c  S c a t t e r i n g

When t h e  e l e c t r o n  beam i n t e r a c t s  w i t h  o r b i t a l  

e l e c t r o n s  f rom  t h e  sp e c im e n  i n e l a s t i c  s c a t t e r i n g  o c c u r s  

and th e  sp e c im e n  g a i n s  e n e r g y , c a u s i n g  an i n c r e a s e  i n  

t e m p e r a t u r e  and o f t e n  r e s u l t i n g  i n  damage t o  th e  

s p e c im e n .  I f  t h e  i n e l a s t i c  s c a t t e r i n g  c r o s s - s e c t i o n  

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

w i t h i n  an a n g l e ,  p p Q -^ ^ b u t  no im provem en t  i n



p h a s e  c o n t r a s t  r e s u l t s  due t o  t h e  I n c o h e r e n c e  o f  

i n e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s .  F o r m a l l y ,  

sp e c im e n s  o f  low a to m ic  n um b er ,  e . g .  c a r b o n ,  a r e  

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

p r o p o r t i o n  o f  e l e c t r o n s  w h ic h  a r e  i n e l a s t i c a l l y  

s c a t t e r e d  (C rew e ,  1 9 7 0 ) .

1 . 3 . 4 .  R e s o l u t i o n :

R e s o l v i n g  power h a s  b e e n  d e f i n e d  by C o s s l e t t  

(1 9 5 1 )  a s  t h e  c l o s e s t  d i s t a n c e  o f  a p p r o a c h  o f  two 

p o i n t  o b j e c t s  a t  w h ic h  t h e y  c a n  s t i l l  be d i s t i n g u i s h e d  

a s  s e p a r a t e  e n t i t i e s .  However ,  a  g e n e r a l l y  a g r e e d  

s t a n d a r d  t e s t  o f  r e s o l v i n g  power i n  e l e c t r o n  m i c r o s c o p y  

i s  d i f f i c u l t  t o  a c h i e v e .  H i l l i e r  (1945)  s u g g e s t e d  

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

w h ic h  a  m i c r o g r a p h  i s  c a p a b l e .  A l t e r n a t i v e l y ,  t h e  

minimum s e p a r a t i o n  b e tw e e n  p o i n t s  i n  a  m i c r o g r a p h  

c a n  be u se d  o r  t h e  m e a su re m e n t  o f  t h e  s m a l l e s t  

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

g i v e  e s t i m a t e s  o f  u l t i m a t e  r e s o l u t i o n .  A f u r t h e r  

c r i t e r i o n  due t o  E a in e  ( 1 9 4 9 ,  1950 ,  1961)  c o n c e r n s  

th e  w i d t h  o f  F r e s n e l  f r i n g e s  a t  t h e  ed ges  o f  s p e c i m e n s .

The f a c t o r  l i m i t i n g  t h e  r e s o l v i n g  power o f  an 

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

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

r e s o l u t i o n  t o  t h e  o r d e r  o f  th e  w a v e l e n g t h  o f  t h e  l i g h t  

u sed  ( a p p r o x i m a t e l y  0.5/A, ) .  I f  t h e  u l t i m a t e  r e s o l u t i o n  

i n  im ages  formed by h i g h  e n e r g y  e l e c t r o n s  was d e t e r m i n e d
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by t h i s  same l i m i t a t i o n  t h e n  t h e  o b s e r v a t i o n  o f
o

a to m ic  d e t a i l  down t o  a b o u t  0*05 A i n  s e p a r a t i o n  

would be p o s s i b l e *  U n f o r t u n a t e l y ,  i m p e r f e c t i o n s  

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

and  i n  t h e  sp e c im e n  s t a b i l i t y  make t h i s  s t a n d a r d  o f  

r e s o l u t i o n  i m p o s s i b l e  t o  a t t a i n .  Some o f  t h e  more 

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

i n f o r m a t i o n  w h i c h  c a n  be r e t r i e v e d  f ro m  th e  d i f f r a c t e d  

e l e c t r o n  beams w i l l  now be c o n s i d e r e d .

1 .  S p h e r i c a l  a b e r r a t i o n  o f  t h e  o b j e c t i v e  l e n s  i s  

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

r e s o l u t i o n  l i m i t  i n  t h e  e l e c t r o n  m i c r o s c o p e .

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

i s  g r e a t e r  f o r  r a y s  f u r t h e r  f ro m  t h e  o p t i c  a x i s ,  

w i t h  t h e  r e s u l t  t h a t  t h e  image o f  a n y  p o i n t  i n  t h e  

o b j e c t  i s  a  d i s c  o f  f i n i t e  r a d i u s ,  r g .

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

p l a c e d  i n  t h e  seco nd  f o c a l  p l a n e  o f  t h e  o b j e c t i v e  l e n s .  

T his  a p e r t u r e  rem o v es  t h e  m o s t  w i d e l y  d i f f r a c t e d  r a y s  

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

o f  th e  f i n a l  im a g e .  T h is  a p e r t u r e  d i f f r a c t i o n  

a b e r r a t i o n ,  A  i s  g i v e n  by J e n k i n s  and W hite  (1 9 5 1 )  

a s :
a 0 . 6 1  A

A r  j) -  ^ > ( l  • i )

where  a i s  t h e  a n g le  s u b t e n d e d  a t  t h e  s p e c im e n  by th e  

o b j e c t i v e  a p e r t u r e  and A i s  t h e  e l e c t r o n i c  w a v e l e n g t h .  

The r a d i u s ,  A  r g ,  o f  t h e  d i s c  o f  c o n f u s i o n  p r o d u c e d  by



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

3
A rs = cs a ’   (1.2)

where  Cg i s  t h e  s p h e r i c a l  a b e r r a t i o n s  c o e f f i c i e n t  o f  

th e  o b j e c t i v e  l e n s .  Thus,  c o m b in in g  e q u a t i o n s  ( 1 . l )  

and ( 1 . 2 ) ,  t h e  opt imum s e m i - a p e r t u r e  a n g l e ,  

i s  g i v e n  b y :

“ o p t  = A A * CS *

and t h e  minimum a b e r r a t i o n s ,  r ^ ^  i s ,

^ r m in .  = b A " V  -

w here  A and B a r e  c o n s t a n t s ,  a p p r o x i m a t e l y  u n i t y .  

F o r m a l l y  t h e  o b j e c t i v e  a p e r t u r e  d i a m e t e r  l i e s  b e tw e e n  

30 /A and 50yW. r f o r  work w h e re  d i f f r a c t i o n  c o n t r a s t  

i s  b e n e f i c i a l .  However,  i f  an  i n c r e a s e  i n  p h a s e

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

removed c o m p l e t e l y .  B ecause  t h e  s p h e r i c a l  

a b e r r a t i o n  c o n s t a n t  i s  p r o p o r t i o n a l  t o  t h e  f o c a l  l e n g t h  

o f  t h e  o b j e c t i v e  l e n s  r e m o v a l  o f  t h e  a p e r t u r e  c a n  be 

j u s t i f i e d  i n  m i c r o s c o p e s  h a v in g  an o b j e c t i v e  p o l e - p i e c e  

o f  v e r y  s h o r t  f o c a l  l e n g t h .  I n  t h e  p r e s e n t  c a s e ,  a s  

p r e v i o u s l y  m e n t i o n e d ,  t h e  f o c a l  l e n g t h  was 2 . 1  mm.

2.  C h ro m a t ic  a b e r r a t i o n  a r i s e s  i f  t h e r e  i s  an e n e r g y  

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

i n  t h e  e f f e c t i v e  f o c a l  l e n g t h  o f  t h e  o b j e c t i v e  l e n s .  

E l e c t r o n s  w h ic h  have l o s t  e n e r g y  a r e  b e n t  more by  t h e  

o b j e c t i v e  f i e l d  and l e a d  t o  a d i s c  o f  c o n f u s i o n  i n  t h e  

image p l a n e .  The c h r o m a t i c  a b e r r a t i o n  c o n s t a n t ,  Cg,



l i k e  Cg, u s u a l l y  have  a  v a l u e  s i m i l a r  t o  t h e  f o c a l  

l e n g t h  o f  t h e  o b j e c t i v e  l e n s .

3 . C o h e ren ce  o f  a  beam o f  e l e c t r o n s  i n  t h e  e l e c t r o n  

m i c r o s c o p e  i s  e s s e n t i a l  f o r  th e  o b s e r v a t i o n  o f  

i n t e r f e r e n c e  e f f e c t s  s u c h  a s  E r e s n e l  f r i n g e s .  I f  two 

i n c o h e r e n t  s o u r c e s  a r e  o b s e r v e d  i n '  a  m i c r o s c o p e  t h e  

i n t e n s i t y  a t  t h e  image p l a n e  i s  t h e  sum o f  t h e  

i n t e n s i t i e s  o f  e a c h  one t a k e n  i n d i v i d u a l l y  ( H a l l ,  1953)  

i f  t h e  two s o u r c e s  a r e  c o h e r e n t  t h e n  t h e  i n t e n s i t y  i s  

an  i n t e r f e r e n c e  p a t t e r n  f o r  w h ich  t h e  two p a r t s  m u s t  

be  added  w i t h  due r e g a r d  t o  r e l a t i v e  p h a s e .

C o h e re n c e  i s  im proved  by u se  o f  a  c o n d e n s e r  a p e r t u r e ,  

u s u a l l y  o f  d i a m e t e r  lOOyA o r  SOO^u b u t  5 0 y v  a p e r t u r e s  

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

4 .  A s t i g m a t i s m  i n  a  l e n s  c a u s e s  a  p o i n t  o b j e c t  t o  be  

imaged a s  two m u t u a l l y  p e r p e n d i c u l a r  l i n e s  a t  

d i f f e r e n t  l e v e l s ’ i n  image s p a c e .  H i l l i e r  and Ramberg 

(1 9 4 7 )  p r o d u c e d  t h e  f i r s t  ” s t i g m a t o r ” -  an  e l l i p t i c a l  

f i e l d  w h ic h  can  be a d j u s t e d  i n  m a g n i t u d e  and  d i r e c t i o n  

t o  c o m p e n sa te  f o r  t h e  i n h o m o g e n e i t y  o f  t h e  l e n s .

In  t h e  E lm isk o p  I  t h e r e  a r e  s t i g m a t o r s  i n  t h e  

i l l u m i n a t i n g  s y s t e m  and i n  t h e  o b j e c t i v e  l e n s .

5* Spec im en I n s t a b i l i t i e s  o f  s e v e r a l  t y p e s  c a n  a f f e c t  

t h e  r e s o l u t i o n  a t t a i n a b l e  even  u n d e r  optimum 

i n s t r u m e n t a l  c o n d i t i o n s .  C h e m ica l  i n s t a b i l i t y  i n  t h e  

fo rm  o f  beam damage can  be r e d u c e d  by means o f  image 

i n t e n s i f i e r  s y s t e m s ;  p h y s i c a l  i n s t a b i l i t y  i n  th e  form



o f  s p e c im e n  d r i f t  c a n  be  a v o id e d  by u s i n g  c o r r e c t l y  

s u p p o r t e d  o b j e c t s .  The p r e v e n t i o n  o f  c o n t a m i n a t i o n  

b u i l d  up on sp e c im e n s  i s  now r o u t i n e l y  p e r f o r m e d  by 

t h e  u se  o f  l i q u i d  n i t r o g e n - c o o l e d  j a c k e t s  w h ic h  

s u r r o u n d  t h e  s p e c im e n  and a t t r a c t  t h e  h y d r o c a r b o n  

v a p o u r s  w h ic h  c a u s e  th e  c o n t a m i n a t i o n .

1 * 3 . 5 .  H igh  V o l t a g e  E l e c t r on M ic r o s c o p y ;

C o n v e n t i o n a l  e l e c t r o n  m i c r o s c o p e s  u s e  e l e c t r o n s  

a c c e l e r a t e d  t h r o u g h  p o t e n t i a l s  o f  30kT t o  lOOkV.

F o r  c e r t a i n  t y p e s  o f  w o rk ,  h o w ever ,  e l e c t r o n s  o f  much 

g r e a t e r  e n e r g y  ( a r o u n d  1 Mv) a r e  p r e f e r a b l e ,  t h e  

a d v a n t a g e s  b e i n g  t w o - f o l d s

1 .  A g r e a t e r  t r a n s m i s s i o n  o f  e l e c t r o n s  t h r o u g h  t h i c k  

s p e c im e n s  a t  s m a l l  a n g l e s  o f  s c a t t e r i n g  i s  o b t a i n e d , ,  

e n a b l i n g  sp e c im e n s  o f  c o n s i d e r a b l e  t h i c k n e s s  t o  b e  

e x am in e d .  The i n f o r m a t i o n  a v a i l a b l e  f r o m  t h e  s t u d y

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

h e l p  i n  e x t e n d i n g  o u r  know ledge  o f  b u l k  m e t a l  

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

i n  f i l m s  t h i n  enough  t o  be exam ined  i n  a  c o n v e n t i o n a l  

m i c r o s c o p e .  Much t h i c k e r  m e t a l  s p e c i m e n s  c a n  be  

l o o k e d  a t  u s i n g  a  1 MeV m i c r o s c o p e .

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

beam o f  t h e  sp e c im e n  t a k e s  p l a c e .  T h is  e f f e c t  i s  

a d v a n t a g e o u s  i n  t h e  e x a m i n a t i o n  o f  b i o l o g i c a l  

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



I n  t h e  p r e s e n t  work  a t h i c k  sam ple  was exam ined  

u s i n g  t h e  A . E - I .  IMeV m ic r o s c o p e  a t  A . E . H . E .  H a r w e l l



S c a n n in g  m ic r o s c o p y  i s  a  t e c h n i q u e  f o r  o b s e r v i n g  

t h e  s u r f a c e  o f  s a m p le s  to o  t h i c k  f o r  e x a m i n a t i o n  by 

t r a n s m i s s i o n  m ic r o s c o p y  ( T . 3 . M . ) .  I t s  r e s o l u t i o n ,  

w h i l e  n o t  a s  good a s  a  T.E.M. i s  a p p r e c i a b l y  b e t t e r  

t h a n  t h a t  o f  an  o p t i c a l  l i g h t  m i c r o s c o p e  ( 0 - 1 - M . )  and 

i t s  d e p t h  o f  f i e l d  i s  a t  l e a s t  300 x t h a t  o f  an  O . l .M .  

(15  J X  a t  1 0 y000 x ) . R e c e n t  r e v i e w s  o f  S .E .M. i n c l u d e  

t h o s e  o f  C o s s l e t t  ( 1 9 7 0 ) ,  F i s h e r  e t  a l .  (1 9 7 0 )  and 

Kam mlet t  ( 1 9 7 1 ) .

F i g u r e  1 . 3  i l l u s t r a t e s  t h e  c o m p o n e n ts  o f  a 

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

e l e c t r o n s  w h ic h  a r e  a c c e l e r a t e d  u n d e r  a  p o s i t i v e  

p o t e n t i a l  o f  1 t o  50 kV and a r e  p a s s e d  t h r o u g h  a  s e r i e s  

o f  two o r  t h r e e  c o n d e n s e r  l e n s e s .  Thus ,  a  d e m a g n i f i e d  

image o f  t h e  s o u r c e  i s  a c h i e v e d  a t  t h e  sp e c im e n  s u r f a c e .  

The e l e c t r o n s  i n t e r a c t  w i t h  t h e  s o l i d  sp e c im e n  and 

g e n e r a t e  a  v a r i e t y  o f  s i g n a l s  w h ic h  c an  be  c o l l e c t e d ,  

a m p l i f i e d  and used  t o  c o n t r o l  t h e  b r i g h t n e s s  on a  

c a t h o d e  r a y  t u b e  ( C . R . T . ) .  To o b t a i n  t h e  s i g n a l s  t h e  

e l e c t r o n  beam i s  s c a n n e d  i n  a  r a s t e r  f a s h i o n  o v e r  a  

c h o s e n  a r e a  o f  sam ple  by  two p a i r s  o f  e l e c t r o m a g n e t i c  

d e f l e c t i o n  c o i l s .  B e ca u se  t h e  C .R .T .  s c a n  is ;  

s y n c h r o n i s e d  w i t h  t h e  beam s c a n  t h e  s i g n a l s  a r e  

t r a n s f e r r e d  w i t h  a  o n e - t o - o n e  c o r r e s p o n d e n c e  a s  an  

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



Figure 1 .5

Components o f  t h e  S c a n n in g  E l e c t r o n  M i c r o s c o p e .
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Instrument component o f  the SEM.
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b r i g h t n e s s  r e p r e s e n t  c h a n g e s  i n  p a r t i c u l a r  p r o p e r t i e s  

o f  t h e  s p e c im e n .

F o r m a l l y  t h e  i n s t r u m e n t  i s  used  i n  t h e  e m i s s i v e  

mode, t h e  s e c o n d a r y  e l e c t r o n s  e m i t t e d  f rom  t h e  s p e c im e n  

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

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

be made u se  o f  b u t  g i v e  l e s s  d e t a i l  a b o u t  s u r f a c e  

f e a t u r e s  ( E v e r h a r t  e t  aL, 1 9 5 9 ) .

I t  i s  found  t h a t  e l e v a t e d  r e g i o n s  o f  t h e  sp e c im e n  

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

t o  t h e i r  g r e a t e r  i r r a d i a t i o n  and w i l l  a p p e a r  b r i g h t ,  

w h e r e a s  d e p r e s s i o n s  w i l l  come up d a r k ,  i n  t h e  f i n a l  

im a g e .  S i m i l a r l y ,  h i g h  a to m ic  w e i g h t  e l e m e n t s  w i l l  

i n t e r a c t  more w i t h  t h e  p r i m a r y  e l e c t r o n s  and w i l l  

a p p e a r  a s  b r i g h t  s p o t s  i n  t h e  im a g e .  However,  t h e i r  

e l e c t r o n  s c a t t e r i n g  w i l l  be  m a i n l y  e l a s t i c  and i f  

i n e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s  a r e  u s e d  t o  image 

th e  sam ple  t h e s e  s p o t s  w i l l  n o t  show up (Crewe e t  aL,  

1 9 7 0 ) .

M i c r o p r o b e : The X - r a y s  fo rm ed  b y  e l e c t r o n s  d r o p p i n g

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

a r e  c h a r a c t e r i s t i c  o f  t h e  e l e m e n t  i n v o l v e d .  H ence ,  

i f  t h e  X - r a y s  a r e  c o l l e c t e d ,  an a n a l y s i s  o f  t h e  e l e m e n t s  

p r e s e n t  i n  t h e  s p e c im e n s  c a n  be  o b t a i n e d .  The c o l l e c t i o n  

i s  p e r f o r m e d  by  u se  o f  v a r i o u s  a n a l y s e r  c r y s t a l s  w h ic h  

d i f f r a c t  t h e  X - r a y s  a t  a n g l e s  d e p e n d e n t  on t h e i r  

w a v e l e n g t h  and t h e r e f o r e  s e p a r a t e  t h e  X - r a y s  a c c o r d i n g  

t o  t h e i r  s o u r c e  e l e m e n t s .
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1 * 4 . 2 .  Mas s Sr> ec t r  o me t r y

The g a s e o u s  p r o d u c t s  o f  many o f  t h e  c a r b o n  

d e p o s i t i o n  e x p e r i m e n t s  w e re  a n a l y s e d  u s i n g  an A . E . I .

M .S .12 mass s p e c t r o m e t e r ,  a  d i a g r a m  o f  w h ic h  i s  shown 

i n  F i g u r e  1 .4 *  The sam ple  g a s  i s  i o n i s e d  by 

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

i o n s  b e i n g  s e p a r a t e d  a c c o r d i n g  t o  mass t o  c h a r g e  r a t i o s  

by means o f  t h e  m a g n e t i c  a n a l y s e r .  The s t r e n g t h  o f  t h e  

m a g n e t i c  f i e l d  i s  k e p t  c o n s t a n t  w h i l e  t h e  p o t e n t i a l  

t h r o u g h  w h ic h  t h e  i o n s  a r e  a c c e l e r a t e d  i s  c o n t i n u o u s l y  

v a r i e d .  The mass r a n g e  o f  i n t e r e s t  i s  t h e n  s c a n n e d  

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

Each  f o c u s s e d  beam on p a s s i n g  t h r o u g h  t h e  s l i t  s t r i k e s  

t h e  c o l l e c t o r  p l a t e  where  i t  a c q u i r e s  an e l e c t r o n  t o  

n e u t r a l i s e  e a c h  p o s i t i v e  i o n  i t  c o n t a i n s .  T h is  

p r o d u c e s  a  f lo w  o f  c u r r e n t  i n  t h e  c o l l e c t o r  c i r c u i t  

w h ic h  i s  a m p l i f i e d  and r e c o r d e d  a s  a  p e a k  on a  moving 

c h a r t ,  t h e  m a g n i tu d e  o f  t h e  p e a k  b e i n g  p r o p o r t i o n a l  

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

( H i l l ,  1 9 6 6 ) .
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F i g u r e  1 , 4

D iag ram  o f  t h e  A . E - I .  M.S*12 Mass S p e c t r o m e t e r ,
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2* EXPERIMENTAL

2 . 1 .  App a r a t u s

2*1*1 .  R e a c t i o n  Y e s s e l

The c a r b o n  d e p o s i t i o n  e x p e r i m e n t s  w e re  c a r r i e d

o u t  i n  t h e  a p p a r a t u s  shown i n  F i g u r e  2 . 1 .

I t  c o n s i s t s  e s s e n t i a l l y  o f  a  c o m m e rc ia l  c o a t i n g  u n i t

i n c o r p o r a t i n g  a  b e l l - j a r  w h ic h  e n c l o s e s  a r e a c t i o n

volume o f  a p p r o x i m a t e l y  20 l i t r e s .  The b a s e - p l a t e  o f

t h e  b e l l - j a r  c o n t a i n s  num erous  p o r t a l s  f o r  t h e  e n t r y  o f

e l e c t r o d e s ,  vacuum g a u g e s ,  g a s  s a m p l i n g  b o t t l e s  and

t e m p e r a t u r e  m o n i t o r i n g  u n i t s .  R e a g e n t  g a s e s  w ere

p a s s e d  i n t o  t h e  b e l l - j a r  v i a  " b o r e  c o p p e r  t u b i n g

from t h e i r  r e s p e c t i v e  c y l i n d e r s  o r  c o n t a i n e r s .

T h is  d e s i g n  p e r m i t t e d  i n t e r a c t i o n s  w i t h  more t h a n  one

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

a tm o s p h e r e  and a l s o  a l l o w e d  an im proved  pumping sp e ed

and b e t t e r  f i n a l  vacuum i n  t h e  a p p a r a t u s .  To o b t a i n
-6

a  vacuum o f  b e t t e r  t h a n  10 t o r r  t h e  o i l  d i f f u s i o n  

pump was e q u ip p e d  w i t h  a  l i q u i d  n i t r o g e n  c o l d  t r a p ,  

t h e  vacuum b e i n g  m ea su re d  u s i n g  P i r a n i ,  P e n n i n g  and 

I o n i s a t i o n  G aug es .  The amount o f  r e a g e n t  g a s  i n  t h e  

s y s t e m  was m o n i t o r e d  by a  C a p s u le  D i a l  Gauge i n  th e  

p r e s s u r e  r a n g e  5 t o r r  t o  600 t o r r  and by a  P i r a n i  Guage 

b e lo w  5 t o r r .

A l s o  a t t a c h e d  t o  t h e  b e l l - j a r  b a s e - p l a t e  a r e  

g a s  s a m p l i n g  b o t t l e s  f o r  e x a m i n a t i o n  o f  r e a g e n t  and
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p r o d u c t  g a s e s  by mass  s p e c t r o m e t r y .  These a t t a c h m e n t s  

t o  t h e  b e l l - j a r  a r e  shown s c h e m a t i c a l l y  i n  F i g u r e  2 . 2 .

2 . 1 . 2 .  H e a t i n g  U n i t s

The m e t a l  u se d  i n  t h e  d e p o s i t i o n  e x p e r i m e n t s  was 

r a i s e d  t o  t h e  r e a c t i o n  t e m p e r a t u r e  by  r e s i s t a n c e  h e a t i n g ,  

t h e  p a s s a g e  o f  an  e l e c t r i c a l  c u r r e n t  t h r o u g h  t h e  f o i l .

A v o l t a g e  s t a b i l i s e r  was u se d  d u r i n g  th e  h e a t i n g  p r o c e s s e s  

to  im p ro v e  t h e  t e m p e r a t u r e  m e a su re m e n t  and c o n t r o l .

The s t a b i l i s e r ,  f r o m  Servomex C o n t r o l s  L t d . ,  t y p e  

A .C .2  Mark I I B ,  m a i n t a i n e d  a  c o n s t a n t  v o l t a g e  s u p p l y  

t o  an  a c c u r a c y  o f  0 * 2 5 ^ ,  e q u i v a l e n t  t o  + 0 .6  v o l t s  a t  

240 v o l t s  m a in s .

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

i n  t h e  a p p a r a t u s  i s  g i v e n  i n  F i g u r e  2 . 3 .  Three  s e t s  

o f  e l e c t r o d e s  a r e  a v a i l a b l e  f o r  u se  i n  t h e  b e l l - j a r ,  

t h e  power  b e i n g  t a k e n  f rom  two 8 amp^240 v o l t  v a r i a c  

u n i t s .  Each  o u t p u t  i s  c o n v e r t e d  by  a  s t e p - d o w n  

t r a n s f o r m e r  o f  v o l t a g e  r a t i o  2 0 s 1 ,  t o  g i v e  a  f i n a l  

power  s u p p l y  i n  t h e  fo rm  o f  12 v o l t s j 60 amps., s u i t a b l e  

f o r  h e a t i n g  m e t a l  f o i l s  whose r e s i s t a n c e  i s  o f  t h e  

o r d e r  o f  0 . 1 a / 1 .
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The method o f  r e s i s t a n c e  h e a t i n g  had t h e  a d v a n t a g e  

t h a t  v e r y  r a p i d  t e m p e r a t u r e  c h a n g e s  c o u ld  be  i n d u c e d ,  

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

l e s s  t h a n  0*1 j o u l e s  p e r°C  b e i n g  r e q u i r e d *

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

g r a d i e n t  b e tw e e n  t h e  c e n t r e  and t h e  edge o f  t h e  f o i l  

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

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

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

i n t e n d e d  t h a t  s e l e c t e d  e x p e r i m e n t s  i n  w h ic h  t h e r e  was 

a  need  f o r  a  c o n s t a n t  t e m p e r a t u r e  a l o n g  t h e  f o i l  would  

be  c a r r i e d  o u t  i n  a  f u r n a c e  d e s i g n e d  and c o n s t r u c t e d  

f o r  t h i s  p u r p o s e .

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

o f  s t a i n l e s s  s t e e l  o f  h e i g h t  5 cm. and d i a m e t e r  7 . 5  cm. 

g i v i n g  a h e a t  c a p a c i t y  o f  a p p r o x i m a t e l y  900 j o u l e s  p e r  

°C. The b l o c k  c a n  be  s e p a r a t e d  i n t o  two e q u a l  p a r t s ,  

e a c h  o f  h e i g h t  2 . 5  cm. t o  a l l o w  t h e  i n s e r t i o n  of  a  

p i e c e  o f  n i c k e l  f o i l .  A c e n t r a l ,  c y l i n d r i c a l l y - s h a p e d  

h o l e  i n  th e  b l o c k  o f  d i a m e t e r  2 cm. p e r m i t s  g a s  a c c e s s  

t o  t h e  f o i l  and e x p o s e s  an  a r e a  of  f o i l  a p p r o x i m a t e l y  

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

The two h a l v e s  o f  t h e  b l o c k  a r e  c lam ped  t o g e t h e r  

u s i n g  t h r e e  s t a i n l e s s  s t e e l  s c r e w s  e n s u r i n g  t h a t  th e  

m e t a l  f o i l  i s  h e l d  s t e a d y  and t h a t  t h e r e  i s  good 

t h e r m a l  c o n t a c t  b e tw e e n  t h e  two p a r t s  o f  t h e  b l o c k .

The symmetry  o f  t h e  h e a t i n g  b l o c k  i s  d e s i r a b l e  t o  m a i n t a i n



as  e v e n l y  a s  p o s s i b l e  t h e  t e m p e r a t u r e  a ro un d  th e  f o i l *

The h e a t i n g  c o i l  was o b t a i n e d  f r o m  H e a t r o d  E le m e n t  

Ltd* and h a s  an  o u t p u t  o f  up t o  two k i l o w a t t s .

A s t a i n l e s s  s t e e l  s h i e l d  c o n t a i n i n g  an  i n n e r  f i l m  of  

a s b e s t o s  was j^ laced  ro un d  th e  f u r n a c e  t o  r e d u c e  h e a t  

t r a n s f e r  t o  t h e  r e s t  o f  t h e  a p p a r a t u s .

2 . 1 . 3 .  T e m p e r a tu r e  M easu rem en t

I n  m ost  o f  t h e  e x p e r i m e n t s  p e r f o r m e d  by 

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

was m o n i t o r e d  by  a  P t ^ P t  13*f> Rh t h e r m o c o u p l e  i n s e r t e d  

i n t o  a  h o l e  i n  t h e  c e n t r e  o f  t h e  f o i l .  Due t o  t h e  

v a r i a b l e  c o n t a c t  b e tw e e n  f o i l  and  t h e r m o c o u p l e  t h e  

i n a c c u r a c y  was o f  t h e  o r d e r  o f  5$ o r  3 5 ° C a t  200°C.

Some l a t e r  work  em ployed  an i n f r a - r e d  d e t e c t o r  t o  

m e a su re  and c o n t r o l  t h e  t e m p e r a t u r e  o f  t h e  f o i l .

I t s  i n t r i n s i c  a c c u r a c y  was much h i g h e r  (+ 5°C) b u t  t h e  

n eed  f o r  f r e q u e n t  r e c a l i b r a t i o n  o f  t h e  c o n t r o l  u n i t ,  

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

m e t a l  f ro m  t h e  h o t  f o i l  on t o  t h e  l i g h t  p i p e ,  

l i m i t e d  t h e  u s e f u l n e s s  o f  t h i s  m e th od .  A d i a g r a m  of  

t h e  c o n t r o l  s y s t e m  f o r  t h e  i n f r a - r e d  t h e i m o m e te r  i s  

g i v e n  i n  F i g u r e  2 . 4 .

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

by means o f  a  P t ^ P t  13#Rh t h e r m o c o u p l e  t i g h t l y  f a s t e n e d  

t o  t h e  b a s e  .o f  t h e  b l o c k .  The o u t p u t  f ro m  t h e  

t h e r m o c o u p l e  i n  t h e  fo rm  of  an  E .M .F .  i s  f e d  i n t o  a 

u n i t  w h ich  c o n t r o l s  t h e  t e m p e r a t u r e  o f  t h e  b l o c k  v i a
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p r o p o r t i o n a l ,  i n t e g r a l  and d i f f e r e n t i a l  m o n i t o r s .

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

t h a n  5°C a t  700°C.  A d ia g r a m  o f  t h e  c o n t r o l  sy s te m  

i s  shown i n  F i g u r e  2 . 5 .

2 . 2 .  M a t e r i a l s  

2-. 2 .1 *  F o i l s .

The m e t a l s  u s e d  i n  t h e s e  s t u d i e s  w ere  i r o n  and

n i c k e l ,  t h e  m a j o r i t y  o f  t h e  e x p e r i m e n t s  b e i n g  p e r f o r m e d

w i t h  n i c k e l .  B o t h  w ere  i n  t h e  f o r m  o f  t h i n  p o l y -

c r y s t a l l i n e  r o l l e d  s h e e t s .  I n  t h e  c a s e  o f  n i c k e l

t h i s  m ean t  t h a t  t h e  (1 2 3 )  c r y s t a l l o g r a p h i c  p l a n e  was

p r e f e r e n t i a l l y  e x p o s e d ,  w h e r e a s  w i t h  i r o n  t h e  (100)

p l a n e  was t h e  one m o s t  commonly fo un d  a t  t h e  s u r f a c e

( T a y l o r ,  1 9 6 1 ) .  The f o i l s  d u r i n g  r e a c t i o n  had two

ex p o sed  f a c e s  w i t h  d i m e n s i o n s  7 mm. x 40 m ,  g i v i n g  a
2

n o m in a l  s u r f a c e  a r e a  o f  ( 5 . 6  + 0 . 4 ) cm .

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

i*  N i c k e l : two g r a d e s  were  em p lo y ed ,  b o t h  0 . 1  mm. t h i c k .

( a )  9 9 . 9 $  p u r e ,  f ro m  M e t a l s  R e s e a r c h  L td .

(b )  9 9 .9 $  p u r e ,  f ro m  J o h n s o n ,  M a t th e y  and Go. L t d .  

I m p u r i t i e s :  Cu K 50 T  < 50

(ppm) W < 20 B: < 50

( R o b e r t s o n ,  1968)  Co < 5 0  Pb < 20

Sn < 2 0  A1 < 50

S i  < 100 Mn < 40

P < 20 C < 90
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2c I r o n :  9 9 .9 5 $  p u r e ,  f rom  M e t a l s  R e s e a r c h  L t d , ,

0 . 0 7 5  mm. t h i c k .

I m p u r i t i e s :  Ag 1 S i  ^  2

( ppm) Mn =  3 F i  <( 2

Mg (  1 Cu < 1

2 . 2 . 2 .  G ases  ( o r  T a p o u r s ) .

The f o l l o w i n g  g a s - p h a s e  m a t e r i a l s  w e re  u s e d  

i n  t h i s  w o rk :

H ydrogen  ( A i r  P r o d u c t s  L t d . )  99$ p u r e ,  and f u r t h e r  

p u r i f i e d  by  t h e  a d d i t i o n  o f  an E n g e l h a r d  e a t a l y t i c  

p u r i f i e r  w h ic h  i s  s p e c i f i e d  a s  r e d u c i n g  t h e  oxygen 

c o n t e n t  t o  b e lo w  one p a r t  p e r  m i l l i o n .

Me t h a n e : two g r a d e s  w e re  em ployed

( a )  A i r  P r o d u c t s  -  99$ p u r e  

i m p u r i t i e s :  e t h a n e  6000

(ppm) p r o p a n e  500

( R o b e r t s o n , 1968)  n - b u t a n e  100

i - b u t a n e  100

( b )  B .O .C .  r e s e a r c h  g r a d e  X -  9 9 .9 9 $  p u r e .

3 .  P r o p a n e : two g r a d e s  w ere  employed

(1)  M atheson  C o . ,  9 9 . 9 $  p u r e

( 2 )  M a th eso n  Co. r e s e a r c h  g r a d e ,  9 9 .9 9 $  p u r e  

i m p u r i t i e s :  i s o b u t a n e  = 65 e t h a n e  ^ 15

(ppm) n i t r o g e n  ^ 5 m e th a n e  <[ 5

oxygen (  5 b u t a n e  < 1



4* P r o p y l e n e : two g r a d e s  were  employed

(1 )  M a th eso n  Co. ' ,  9 9 . 9 $  p u r e .

(2 )  M a th eso n  Co. r e s e a r c h  g r a d e ,  9 9 .9 9 $  p u r e .

The l a r g e s t  i m p u r i t y  i s  p r o p a n e .

5 .  A c e t o n e : A n a l a r  g r a d e .

i m p u r i t i e s :  a c e t i c  a c i d  20 f o r m a l d e h y d e  20

(ppm) w a t e r  2000 m e t h a n o l  500

a l k a l i n i t y  12 r e d u c i n g  a g e n t s  2

n o n - v o l a t i l e  m a t t e r  5

The a c e t o n e  b e f o r e  u s e  w as  f r o z e n  i n  l i q u i d  n i t r o g e n  

and h e a t e d  t o  room t e m p e r a t u r e  s e v e r a l  t i m e s  w h i l e  t h e  

s y s t e m  was b e i n g  c o n t i n u o u s l y  e v a c u a t e d  to  remove oxygen 

and o t h e r  d i s s o l v e d  g a s e s  f ro m  t h e  l i q u i d .

6 .  B u t a d i e n e : B . O . C . , 9 9 . 9 $  p u r e  

2*3 P r o c e d u r e

2 . 3 . 1 .  D e p o s i t i o n  P r o c e d u r e :

The m e t a l  f o i l  t o  be  h e a t e d  was c u t  t o  s i z e  and 

c l e a n e d  by  u l t r a s o n i c s  i n  d i s t i l l e d  w a t e r ,  e t h a n o l  and 

a c e t o n e  b e f o r e  b e i n g  v /e ig hed .  I t  was t h e n  p l a c e d  i n  

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

p r e v i o u s l y  d e s c r i b e d .  The s y s t e m  was e v a c u a t e d ,  

f l u s h e d  s e v e r a l  t i m e s  w i t h  h y d r o g e n  and l e f t  

e v a c u a t i n g  o v e r n i g h t .  The f o i l  was h e a t e d  a t  700°C 

i n  600 t o r r  II2 f o r  2 h o u r s .  A f t e r  t h e  f o i l  had 

c o o l e d  t h e  r e a c t i o n  cham ber  was a g a i n  pumped o u t ,



f l u s h e d  s e v e r a l  t i m e s  w i t h  th e  r e a g e n t  g a s  and t h e  

e v a c u a t i o n  p r o c e d u r e  c o n t i n u e d  o v e r n i g h t .

The r e a g e n t  g a s  was p a s s e d  i n t o  t h e  h e l l - j a r  u n t i l  

t h e  d e s i r e d  p r e s s u r e  was a t t a i n e d  and l e f t  i n  

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

o f  t i m e .  I n  e x p e r i m e n t s  d e s i g n e d  t o  s t u d y  t h e  

e f f e c t  o f  t h e  f o i l  p r e t r e a t m e n t  on t h e  f i n a l  p r o d u c t  

one o r  more o f  t h e  s t a g e s  j u s t  d e s c r i b e d  w ere  

o m i t t e d .  A f t e r  r e a c t i o n  t h e  a p p a r a t u s  was a l l o w e d  

t o  c o o l  t o  room t e m p e r a t u r e  and t h e  f o i l  w i t h  d e p o s i t  

was rem oved  and w e ig h e d .

2 * 3 . 2 .  Spec im en  P r e p a r a t i o n  f o r  T r a n s m i s s i o n  M ic r o s c o p y  

The d e p o s i t  was p r e p a r e d  f o r  e x a m i n a t i o n  by 

t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y  i n  one o f  two ways:

1 .  Some f o i l  p l u s  d e p o s i t  was immersed  i n  

c o n c e n t r a t e d  a n a l a r  h y d r o c h l o r i c  a c i d  and l e f t  

o v e r n i g h t ,  a t  t h e  end o f  w h ic h  p e r i o d  p a r t  o f  th e  f o i l  

had d i s s o l v e d  l e a v i n g  a  f i l m  o f  c a r b o n  f l o a t i n g  on t h e  

s u r f a c e  o f  th e  l i q u i d .  A f t e r  w a s h i n g  i n  d i s t i l l e d  

w a t e r  t h e  f i l m  was b r o k e n  up i n t o  p i e c e s  s u i t a b l e  f o r  

p l a c i n g  u n s u p p o r t e d  on a  c o p p e r  g r i d  sp e c im e n  h o l d e r .  

B eca u se  no u n d e r l a y e r  o f  s u p p o r t i n g  medium was 

n e c e s s a r y  sp e c im e n s  p r e p a r e d  i n  t h i s  m anner  w e re  i d e a l l y  

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

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

r e m a in e d  i n t a c t  and c o u l d  be examined b u t  no  r e l i a b l e
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i n f o r m a t i o n  c o n c e r n i n g  t h e  m e t a l  c o n t a i n e d  among t h e  

c a r b o n  c o u ld  be o b t a i n e d *

2.  A l t e r n a t i v e l y ,  a  p i e c e  o f  f o i l  w i t h  d e p o s i t  was: 

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

and s u b j e c t e d  t o  u l t r a s o n i c  d i s i n t e g r a t i o n .  One d ro p  

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

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

i r i d i u m  mount  g av e  a  c o n v e n i e n t  sp e c im en  f o r  

e x a m i n a t i o n  by  t r a n s m i s s i o n  m i c r o s c o p y .  T h is  method 

was p a r t i c u l a r l y  s u i t a b l e  f o r  e x a m in in g  t h e  t h i c k e r  

p r o d u c t s  o f  l o n g e r  d u r a t i o n  e x p e r i m e n t s  and was u sed  

t o  com plem en t  t h e  f i r s t  t e c h n i q u e  i n  t h e  s t u d y  of  

d e p o s i t s .

2 . 4 .  P r o d u c t  E x a m in a t io n

2 * 4 . 1 .  T r a n s m i s s i o n  M ic r o s c o p y  T e c h n iq u e s

S e v e r a l  t e c h n i q u e s  c o n n e c t e d  w i t h  t h e  e x a m i n a t i o n  

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

t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p e  a r e  now d i s c u s s e d .

Shad o w in g . To o b t a i n  i n f o r m a t i o n  on d e p o s i t  

m orp h o lo g y  sp e c im e n s  w ere  shadowed by c o a t i n g  a t  an  

a n g l e  o f  15° w i t h  an  e v a p o r a t e d  f i l m  made f r o m  two 

p a r t s  n i c k e l  and one p a r t  p a l l a d i u m .

2.  In  S i t u  O x i d a t i o n .  The S iem ens  E lm isk o p  I  

m ic r o s c o p e  was used  t o  s t u d y  t h e  b e h a v i o u r  o f  t h e  

c a r b o n a c e o u s  p r o d u c t s  o f  s e v e r a l  r e a c t i o n s  t o w a rd s  

o x i d a t i v e  a t t a c k .  A s p e c i a l  g a s  i n l e t  a t t a c h m e n t



( f r y e r ,  1968)  c o n s t r u c t e d  f rom  t h e  o b j e c t i v e  a p e r t u r e  

d r i v e  a l l o w s  t h e  c o m p le t e  o x i d a t i o n  p r o c e s s  t o  be 

o b s e r v e d  and r e c o r d e d .  The s p e c im e n  was m a i n t a i n e d  

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

oxygen ,  was p a s s e d  i n t o  t h e  m i c r o s c o p e  column a t  a  

r a t e  c o n t r o l l e d  by  a  n e e d i e - v a l v e .  The g a s  p r e s s u r e  

a t  t h e  P e n n i n g  gauge  head  i s  k e p t  a t  a b o u t  10 t o r r ,  

low enough  f o r  t h e  h i g h  v o l t a g e  s u p p l y  t o  f u n c t i o n ,  b u t

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

c o r r e s p o n d s  t o  a  much h i g h e r  p r e s s u r e  ( p o s s i b l y  1 t o r r )  

a t  t h e  s p e c im e n .

2 . 4 , 2 .  X-Ray Powder  A n a l y s i s

A P h i l l i p s  X - r a y  pow der  c a m e ra  was u se d  t o  g i v e  

i n f o r m a t i o n  on t h e  l a y e r - s p a c i n g s  o f  t h e  p y r o l y t i c  

g r a p h i t e .  A p p r o x i m a t e l y  1 mg. o f  d e p o s i t  was m ixed  

w i t h  an  e q u a l  q u a n t i t y  o f  11 D u r a f i x ” a d h e s i v e  and 

r o l l e d  i n t o  t h e  form  o f  a  t h i n  f i l m .  I t  was l e f t  t o  

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

e xp o sed  t o  Co ICa r a d i a t i o n  ( p r o t e c t e d  f ro m  Co

r a y s  by an Pe f i l t e r )  f o r  a s u i t a b l e  p e r i o d ,  n o r m a l l y

a b o u t  6 h o u r s .

2 . .4 .3 -  Mass S p e c t r o m e t r y

The mass  s p e c t r a  o b t a i n e d  f rom  t h e  M .S .12 

s p e c t r o m e t e r  w ere  i n t e r p r e t e d  by c o m p a r i s o n  w i t h  t h e  

b reakdow n p a t t e r n s  o f  t h e  p o s s i b l e  p r o d u c t s  (Dow,

Cornu and M a s s o t ) .  I n  g e n e r a l  a  number o f  g a s e s  were
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i d e n t i f i e d  i n  e a c h  s p e c t r u m  and i t  was found  n e c e s s a r y  

t o  make a c o r r e c t i o n  f o r  t h e  v a r y i n g  s e n s i t i v i t y  o f  t h e  

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

(O tv o s  e t  al. ,  1956)  • T h is  p r o c e d u r e  made a v a i l a b l e  

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

d e s i r e d  e x p e r i m e n t s .

2 . 4 . 4 -  S c a n n in g  E l e c t r o n  M ic r o s c o p y

Spec im ens  t o  be ex am ined  by s c a n n i n g  e l e c t r o n  

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

f o i l  c o n t a i n i n g  d e p o s i t  t o  s p e c im e n  b l o c k s  u s i n g  

11 D u r a f i x "  a d h e s i v e .  E l e c t r i c a l  c o n t a c t  b e tw e e n  

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

edge  o f  t h e  f o i l  w i t h  c o l l o i d a l  s i l v e r  i n  a c e t o n e .
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3 .  RESULTS

3 . 1 .  T r a n s m i s s i o n  E l e c t r o n  m ic r o s c o p y

3 . 1 . 1 .  g e n e r a l  D e p o s i t i o n  Mor p h o l o g y

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

o u t  a t  700°C. The o v e r a l l  a p p e a r a n c e  o f  t h e  d e p o s i t  a t  

t h i s  t e m p e r a t u r e  d e p e n d e d  on t h e  r a t e  and d u r a t i o n  o f  t h e  

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

w h ic h  t h e  c a r b o n  was f o r m e d .  The i n t e r a c t i o n s  u t i l i s e d  

to  d e p o s i t  c a r b o n  a r e  i n d i c a t e d  i n  T ab le  3 . 1 ,  t h e  m os t  

f r e q u e n t l y  u s e d  one b e i n g  t h e  Ni/CE4 s y s t e m .

T ab le  3 .1

R e a g e n t s  u sed  f o r  C a rb on  D e p o s i t i o n  E x p e r i m e n t s .

M ethane  P r o p a n e  P r o p y l e n e  B u t a d i e n e  A ce to n e

N i c k e l  ^  1 1

I r o n

I n  s e c t i o n s  3 . 1 . 1  t o  3 . 1 . 7  t h e  d e p o s i t s  fo rm ed  a t  t h e  

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

c o o l e r  edge  r e g i o n s  a r e  c o n s i d e r e d  s e p a r a t e l y  i n  

s e c t i o n  3 . 1 . 8 .  The c o n d i t i o n s  u n d e r  w h ic h  t h e  m o s t  

i m p o r t a n t  e x p e r i m e n t s  were p e r f o r m e d  a r e  l i s t e d  i n  

T ab le  3 . 2 .

I n  a l l  c a s e s  c a r b o n  was p r e f e r e n t i a l l y  fo rm ed  a t  

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

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

t h e  s h a p e s  and e x t e n t s  o f  t h e  m e t a l  g r a i n s .



Tab le  3 . 2

Experimental Conditions for Carbon Deposition Studies

E x p e r i m e n t P r e s s u r e  
( t o r r )

Time 
( h r s . )

Comments

<

<

<

1A

ID

IE

IE

1G,1H

11 

1 J  

IK 

1L 

1M 

ID 

10 

I P

1Q,1R 

I S , I T  

IV ,  1W 

IX

1Y

12

1AA

1AB

1AC

1AD

600

20

100

300

540

1

600

60

20

1

600

600

it

i t

tt

n

ti

2

20

4

tt

2

0*5

22

7 . 5

2
tt

tt

tt

it

30

4

6

4

6

4

P o l l  and powder  u sed

60 t o r r  E2 a l s o  p r e s e n t

Ej p r e t r e a t m e n t  a t  
room tem p.  o n l y .

Do p r e t r e a t m e n t .

tt t»

1AE

P r e t r e a t m e n t  i n  v a c u o

ii  i i  ti

Dormal p r e t r e a t m e n t

* it

P o i l  e t c h e d  i n  HC1
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T able  7>«? ( c o n t d , )  

E x p e r i m e n t P r e s s u r e  
( t o r r )

Time Comments
( h r s . )

1AP

1A(j

s lAE

1AI

1AJ

1AK

600

it

3 3 .5

0 .2 5

tt

0 . 5

0 .0 8 8

F o i l  c o o l e d  a f t e r  
r e a c t i o n  by 
i n s t a n t a n e o u s  rem o v a l  
o f  h e a t i n g  c u r r e n t .

F o i l  c o o l e d  s l o w l y  
o v e r  6 m i n u t e s .

C o n d i t i o n s  a s  f o r  1AF.

C o n d i t i o n s  a s  f o r  1AG.

5E

5E

5F.

5G 

5 E 

51

7A

7C

7D, 7E 

7F,7G 

7H:

71

7 J ,7 K

7L

12A

12B

12C

600

it

100

300

540.

1

600

w

10

4

5

tt

0 .0 2

0 .0 6

600

tt

20

1

4

2
tt

2

4

tt

30

0 . 5

0 . 3

4

0 . 2 5

5 . 5

0 . 5

7

60 t o r r  H2 a l s o  p r e s e n t .

T e m p e r a tu r e  = 600°C

FiO c o a t e d

tt tt

02 p r e s e n t  

T e m p e ra tu re  = 600°C

tt tt
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Tabl e  3 . 2  ( c o n t d . )

E x p e r i m e n t P r e s s u r e
( t o r r )

Time 
( h r s .

.12D

^ 1 2 E

20 0 . 5

i» 1 . 5

16A 4 0 3 .5

^ 1 6 B

160

20 0 . 8 3

t» 0 . 5

23A,23B 20 2

23C, 23D 1 2

23S ,23F 1 0 . 5

23G,23H 600 0 . 5

2 3 1 , 23J 20 28

^ 2 3 L

23M

0 .0 2 4 0 . 5

ti 2

✓ 23 N 0 . 0 2 8 . 2 5

e -  230 it 0 . 5

23P tt 2

Comments

I n  T ab le  3 .2 s

1 .  a l l  t e m p e r a t u r e s  a r e  - 70Q°C u n l e s s  o t h e r w i s e  s t a t e d .

2.  E x p e r im e n t  1 r e f e r s  t o  Ni/CH4 .
n 2 « it Fe/Cii ,  .
tt 7 it it in/c3E0.
it 12 n it N i / p r o p y l e n e
tt 16 u it N i j  a c e t o n e
11 2 3 i.t it N i l  b u t a d i e n e

3 .  E x p e r i m e n t s  g r o u p e d  t o g e t h e r  w e r e  p e r f o r m e d  

s i m u l t a n e o u s l y .



P l a t e  3 .1  f rom  e x p e r i m e n t  120 c o n t a i n s  shadowed d e p o s i t  

f ro m  s e v e r a l  g r a i n s ,  t h e  t h i c k e r  b o u n d a ry  m a t e r i a l  

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

d e p o s i t  were a l s o  d e p e n d e n t  on t h e  p a r t i c u l a r  g r a i n  

e x am ined .  O f t e n ,  r e g u l a r  f e a t u r e s  s u c h  as  a r e  

v i s i b l e  i n  P l a t e  3 . 2 ,  f rom  e x p e r i m e n t  1AH, were  o b s e r v e d  

w i t h i n  i n d i v i d u a l  g r a i n s .  They a r e  t e rm e d  ” g r o w th  

f r o n t s ” i n  t h i s  work and a r e  p e r h a p s  s u g g e s t i v e  o f  an 

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

E x p e r i m e n t s  w e re  c a r r i e d  o u t  t o  d e t e r m i n e  t o  wha t  

e x t e n t  t h e  f o i l  p r e t r e a t m e n t  a f f e c t e d  t h e  m o rp h o lo g y  

o f  t h e  p r o d u c t  o f  Hi/CH4 i n t e r a c t i o n s .  I t  was c o n c l u d e d  

t h a t  a n n e a l i n g  i n  vacu o  was a s  e f f i c i e n t  a s  t h e  n o r m a l  

p r e - a n n e a l  i n  h y d r o g e n  f o r  p r e p a r i n g  t h e  n i c k e l  f o r  

c a r b o n  d e p o s i t i o n  c a t a l y s i s .  Y/hen no p r e - a n n e a l  was 

employed c a r b o n  was d e p o s i t e d  b u t  a t  a  r e d u c e d  r a t e  and 

t h e  r e s u l t i n g  c r y s t a l s  w ere  s m a l l e r  and had a  l e s s e r  

d e g r e e  o f  o r i e n t a t i o n  t h a n  t h o s e  fou n d  i n  n o rm a l  

d e p o s i t s .

The a d d i t i o n  o f  10$ H2 t o  CH4 f o r  c a r b o n  d e p o s i t i o n  

on Pe and Hi d id  n o t  s i g n i f i c a n t l y  im prove  e i t h e r  t h e  

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

c o n t r a r y  t o  t h e  r e s u l t s  o f  s e v e r a l  o t h e r  w o r k e r s .  I t  i s  

p o s s i b l e  t h a t  H2 helped t h e  i n i t i a l  b reakdow n o f  t h e  

h y d r o c a r b o n  s p e c i e s  u n t i l  more II2 i s  fo rm ed  by t h e  

h y d r o c a r b o n - t o - c a r b o n  c o n v e r s i o n .  I f  t h i s  i s  t r u e  t h e n  

t h e  H2 w h ic h  w i l l  u n d o u b t e d l y  h ave  b e e n  a d s o r b e d  on t h e



P l a t e  3 .1

Shadowed d e p o s i t  f ro m  e x p e r i m e n t  120 sh ow ing  t h e  

t h i c k e r  m a t e r i a l  fo rm ed  on m e t a l  g r a i n  b o u n d a r i e s .  

[1A 70 8 2 4 ] .

m a g n i f i c a t i o n  = 1 7 ,200X .





P l a t e  3 .2

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

f ro m  e x p e r i m e n t  1AH. [RS 72 4 0 0 ]  .

m a g n i f i c a t i o n  = 25 ,800X.





m e t a l  f o i l  by  t h e  H2 a n n e a l  may hato b e en  s u f f i c i e n t  t o  

a c c e l e r a t e  t h e  commencement o f  t h e  r e a c t i o n ;  r e n d e r i n g  

any f u r t h e r  II2 a d d i t i o n  u n n e c e s s a r y .

The a d d i t i o n  o f  02 t o  Cs Ke employed f o r  c a r b o n  

d e p o s i t i o n  on h i  c a u s e d  th e  f o r m a t i o n  o f  ITiO and o t h e r  

Ni compounds and p a r t i a l l y  i n h i b i t e d  c a r b o n  f o r m a t i o n ,

3 * 1 . 2 .  F l a k e  G r a p h i t e

I n  a l l  r e a c t i o n s  a t  700°C t h e  f i r s t  d e p o s i t  was 

a l a y e r  o f  f l a k e  g r a p h i t e  on t h e  m e t a l  s u r f a c e .

The c r y s t a l  s i z e  o f  t h i s  m a t e r i a l  was c o n t r o l l e d  by the  

r a t e  o f  r e a c t i o n ,  b e i n g  l a r g e s t  f o r  s lo w  i n t e r a c t i o n s .

F o r  t h i s  r e a s o n  i t  was e a s i e r  t o  o b t a i n  l a r g e  p l a t e l e t s ,  

w i t h  up t o  10jjl f a t  low p r e s s u r e s  and w i t h  s a t u r a t e d  

g a s e s .  An exam ple  o f  t h i s  s i n g l e  c r y s t a l  g r a p h i t e  

f ro m  e x p e r i m e n t  5F i s  g i v e n  i n  P l a t e  3 . 3 .  The s e l e c t e d  

a r e a  d i f f r a c t i o n  ( S . A . P . )  p a t t e r n  f ro m  an i n d i v i d u a l  

c r y s t a l  had th e  a p p e a r a n c e  o f  P l a t e  3 . 4  i n  w h ich  o n ly  

l a t t i c e  p l a n e s  p e r p e n d i c u l a r  t o  t h e  b a s a l  (0 0 02 )  

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

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

m e t a l  s u b s t r a t e .  T h is  was t r u e  o f  a l l  o f  t h e  r e a c t i o n s  

s t u d i e d  a t  600°C and 700°C. B ecau se  o f  t h i s  no d i r e c t  

m e a su re m e n t  o f  t h e  c r y s t a l  1^ d i m e n s i o n  was p o s s i b l e  

b u t  f rom  t h e  t h i c k n e s s  o f  th e  sp e c im e n s  Lq v a l u e s  o v e r
o

1.000 A were . e s t i m a t e d .  Due t o  t h e  v a r i a t i o n  in  

o r i e n t a t i o n  o f  t h e  c r y s t a l s  c e r t a i n  p l a n e s  n o t  q u i t e



P l a t e  5 . 5

S i n g l e  c r y s t a l s  o f  g r a p h i t e  f r o m  e x p e r i m e n t  5F, 

[1A VI 5 4 0 ] .

m a g n i f i c a t i o n  = 90,000X

P l a t e  5 . 4  ( i n s e t )

S e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  f rom  a n  i n d i v i d u a l  

g r a p h i t e  c r y s t a l .  [ lA  72 9 1 ] .





p e r p e n d i c u l a r  t o  t h e  (0 0 0 2 )  p l a n e s  o f t e n  gave r i s e  

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

f l a k e s .  Such an S .A .D .  p a t t e r n  i s  g i v e n  i n  P l a t e  3 . 5 .  

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

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

t h e  p r o d u c t  had t h r e e - d i m e n s i o n a l  o r d e r .  T ab le  3 .3  

l i s t s  t h e  s p a c i n g s  f rom  P l a t e  3 . 5 .

T ab le  3 . 3
o

d_ s p a c i n g s  o f  g r a p h i t e  p l a t e l e t  d e p o s i t  ( i n  A).

q p - ]

P l a t e  3 .5  , . .  , I n d e x  D i f f e r e n c e

3 .3 8 3 3 .3 5 5 0002 0 .0 2 8

2 .1 1 7 2 .1 2 8 i o To 0*011

2 .0 4 5 2 .0 3 2 1011 0 .0 1 3

1 .6 8 8 1 . 6 7 8 0004 0 . 0 1 0

1*229 1*229 1120 0 . 0 0 0

1*160 1*153 1122 0 .0 0 7

1 .0 5 5 1*064 2020 0*009

0*997 0*990 1016 0*007

A common f e a t u r e  o f  t h e  p l a t e l e t  g r a p h i t e  was t h e  

p r e s e n c e  o f  l a r g e  a r ra j^ s  o f  m o ire  f r i n g e s *  An example  

i n  P l a t e  3 .6  was t a k e n  f rom  e x p e r i m e n t  11* The m o ire  

f r i n g e s  a r e  known t o  r e p r e s e n t  m in o r  i m p e r f e c t i o n s  i n  

h i g h l y  c r y s t a l l i n e  m a t e r i a l s  and ones  i n  g r a p h i t e  have  

b e en  i n t e r p r e t e d  a s  t w i s t  b o u n d a r i e s  b e tw e e n  o v e r l a p p i n g  

c r y s t a l s  ( P r e s l a n d  e t  a l ,  1 9 6 9 ) .  The planes* 

r e s p o n s i b l e  f o r  th e  m o ire  p a t t e r n s  c a n  be  i d e n t i f i e d  by



P l a t e  3 .5

S e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  show ing  t h e  

( h k l )  r e f l e c t i o n s  o f  t h r e e - d i m e n s i o n a l l y  o r d e r e d  

g r a p h i t e .  [ lA  70 1 0 9 0 ] .
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P l a t e  3 . 6

P l a t e l e t  g r a p h i t e  f ro m  e x p e r i m e n t  1L c o n t a i n i n g  

l a r g e  a r e a s  o f  m o i r e  f r i n g e s .  [ lA  71 5 1 4 ] .

M a g n i f i c a t i o n  = 84 ,00X.
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P l a t e  5 .7

P a r k  f i e l d  (1 0 1 0 )  m i c r o g r a p h  o f  m o ire  f r i n g e s  f ro m  

a  r e g i o n  o f  e x p e r i m e n t  120 d e p o s i t . [ l A  70 8 3 8 ] .

m a g n i f i c a t i o n  = 100,000X.

P l a t e  5 . 8

P a r k  f i e l d  (1 1 2 0 )  m i c r o g r a p h  o f  m o ire  f r i n g e s  from 

t h e  same r e g i o n  o f  e x p e r i m e n t  12G d e p o s i t  a s  P l a t e  

3 . 7 .  [1A 70 8 3 9 ] .

m a g n i f i c a t i o n  = 100,000X.
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P l a t e  5 .9

Shadowed d e p o s i t  f ro m  e x p e r i m e n t  12C c o n t a i n i n g  a 

ne twork  o f  g r a p h i t e  t i l t  b o u n d a r i e s .  [ lA  VO 8 2 6 ] .

magnification = 16,400X.





P l a t e  3 .1 0

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

e x p e r i m e n t  1AD. [ITS 7 2  7 2 ] .

m a g n i f i c a t i o n  = '3 3 ,80 0
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d ark  f i e l d  s t u d i e s  a n d  from, m e a s u r e m e n t s  o f  t h e  m o i r e  

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

a c c o r d i n g  t o ,

£  „ d h k l  f 
a

v/here i s  t h e  s p a c i n g  o f  t h e  r e l e v a n t  l a t t i c e  p l a n e .

In P l a t e s  3 . 7  and 3 . 8 ,  t a k e n  f r o m  t h e  sam e a r e a  o f  

e x p e r i m e n t  12C p r o d u c t ,  d a r k  f i e l d  ( 1 0 1 0 ) and  ( 1 1 2 0 ) 

i m a g e s  r e s p e c t i v e l y  o f  m o i r e  f r i i i g e s  a r e  s h o w n .
o o

The v a l u e s  o f  D a r e  6 6 , 4  A and  3 4 . 4  A and  t h e  

c a l c u l a t e d  v a l u e s  o f  a a r e  1 ° 5 5 ’ and 1 ° 5 1 *  r e s p e c t i v e l y .

The a n g l e  o f  t w i s t  i n  t h i s  c a s e  i s  t h e r e f o r e  l ° 5 3 f + 3 * .  

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

r e p o r t e d .  The s h a d o w e d  a r e a  i n  P l a t e  3 . 9  f r o m  

e x p e r i m e n t  12C r e s e m b l e s  t h e  t i l t  b o u n d a r y  n e t w o r k s  

d e s c r i b e d  b y  P r e s l a n d  and  W a l k e r  ( 1 9 6 9 ) .  H e n c e  t h e  

e x i s t e n c e  o f  o v e r l a p p i n g  s u b - g r a i n s  o f  p y r o l y t i c  g r a p h i t e  

i s  w e l l  e s t a b l i s h e d .

I n  t h i s  w o r k  t h e r e  w a s  s o m e  e v i d e n c e  t h a t  m o r e  

than  one l a y e r  o f  p l a t e l e t  g r a p h i t e  c o u l d  f o r m  and  

o b s e r v a t i o n s  s h o w e d  t h a t  v a r i a t i o n s  i n  t h e  t h i c k n e s s  o f  

i n d i v i d u a l  c r y s t a l s  c o u l d  b e  v e r y  m a r k e d .  P l a t e  3 . 1 0  

e x h i b i t s  n u m e r o u s  c r y s t a l s  o f  w i d e l y  d i f f e r i n g  t h i c k n e s s e s ,  

in  s e v e r a l  s h o r t  d u r a t i o n  e x p e r i m e i i t s  a  v e r y  t h i n  f i l m  

( K  1 0 0  A) o f  p o l y c r y s t a l l i n e  c a r b o n  w a s  o b s e r v e d ,  a l o n g  

W1th t h e  f l a k e  g r a p h i t e ,  w h i c h  w a s  t h o u g h t  t o  h a v e  f o r m e d  

by t h e  c a r b o n  d i s s o l v e d  i n  n i c k e l  a t  7 0 0 ° G  c o m i n g  o u t  o f
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s o l u t i o n  on  c o o l i n g  t o  r o o m  t e m p e r a t u r e  ( D e r b y s h i r e  

e t  aL,  1 9 7 2 ) .  A c c o r d i n g l y ,  e x p e r i m e n t s  w e r e  p e r f o r m e d  

t o  d e t e r m i n e  w h e t h e r  t h e  r a t e  o f  c o o l i n g  o f  t h e  m e t a l  

f o i l  a f t e r  r e a c t i o n  had a n y  b e a r i n g  o n  t h e  m o r p h o l o g y  

o f  t h i s  c a r D o n  f i l m .  An a r e a  o f  f i l m  f r o m  e x p e r i m e n t  

1AH i s  s h o w n  i n  P l a t e  3 . 1 1  and i t s  p o l y c r y s t a l l i n e  

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

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

p e r i o d  o f  s i x  m i n u t e s .

A f u r t h e r  f e a t u r e  o f  t h e  p l a t e l e t  d e p o s i t  w a s  t h e  

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

Whereas n o r m a l l y  t h e  b a s a l  g r a p h i t e  p l a n e s  l a y  

h o r i z o n t a l l y  o n  t h e  m e t a l  s u r f a c e ,  d a r k  f i e l d  a n d  S . A . D .  

s t u d i e s  i n d i c a t e d  t h a t  p l a n e s  t u r n e d  up a t  t h e  e d g e s  

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

s u g g e s t e d  ( P r e s l a n d  e t  a h ,  1 9 6 9 )  t h a t  t h i s  e f f e c t  i s  d u e  

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

l a t t i c e s  b e t w e e n  7 0 0 ° 0  and  2 0 ° C .  On c o o l i n g  f r o m  

700°C n i c k e l  c o n t r a c t s  i n  l e n g t h  b y  a p p r o x i m a t e l y  1 fo 

(H am pel ,  1 9 6 8 )  w h i l e  t h e  g r a p h i t e  d i m e n s i o n  c h a n g e  i s  

n e g l i g i b l e  i n  c o m p a r i s o n  ( <  10  $>). T h is ,  e x p l a n a t i o n

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

d i s t o r t i o n  f o u n d  w i t h  t h i n n e r  d e p o s i t s  b u t  i n  l o n g e r  

d u r a t i o n  e x p e r i m e n t s  i n d i v i d u a l  c r y s t a l s  c u r l e d  up 

beyond t h e  1 <f0 w h i c h  c a n  b e  a c c o u n t e d  f o r  b y  c o n t r a c t i o n  

e f f e c t s .  T h i s  p h e n o m e n o n  w i l l  b e  d i s c u s s e d  i n  

s e c t i o n  3 . 1 . 3 .
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P l a t e  5 . 1 1

An a r e a  o f  t h i n ,  p o l y c r y s t a l l i n e  f i l m  f r o m  

e x p e r i m e n t  1AH w i t h  i t s  d i f f r a c t i o n  p a t t e r n .  

[US 72 3 9 3 ] .

m a g n i f i c a t i o n  = 8 4 , 0 0 0 X .





As w e l l  a s  t h e  f o l d i n g  w h i c h  o c c u r r e d  a l o n g  t h e  

g r a p h i t e  c r y s t a l  b o u n d a r i e s  and s u b - b o u n d a r i e s  an  

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

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

A number  o f  t h e s e  f e a t u r e s  t e r m e d  *’ d i f f r a c t i n g  e d g e s * '  

ar e  show n i n  P l a t e  3 . 1 2  f r o m  e x p e r i m e n t  1  0*

The d i f f r a c t i o n  p a t t e r n  o f  t h e  r e g i o n  a r o u n d  o n e  o f  

t h e s e  g a p s  i n  t h e  g r a p h i t e  m a t r i x  i s  c o n t a i n e d  i n  

P l a t e  3 . 1 3 .  B o r d e r i n g  t h e  g a p  t h e r e  i s  a  r e g i o n  o f  

a l t e r e d  c o n t r a s t  d e n o t i n g  a  b e n d i n g  o f  t h e  ( 0 0 0 2 ) 

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

dark f i e l d  s t u d i e s  t o  b e  c a u s e d  b y  v e r t i c a l l y  o r i e n t e d  

( 0 0 0 2 )  p l a n e s .  The p r e s e n c e  o f  t h e  ( 0 0 0 2 )  r i n g  i n  

P l a t e  3 . 1 3  v e r i f i e s  t h a t  t h e  g r a p h i t e  a r o u n d  t h i s  

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

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

d i s c u s s e d  i n  S e c t i o n  3 . 1 . 4 .

^*1*3 .  P o n - o r i e n t e d  C a r b o n

As h a s  a l r e a d y  b e e n  m e n t i o n e d ,  t h e  f i r s t  t y p e  o f

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

was p l a t e l e t  g r a p h i t e .  When t h i s  m a t e r i a l  h a d  c o v e r e d

the  w h o l e  o f  t h e  m e t a l  s u r f a c e  t h e  I ,  d i m e n s i o n  c o u l d
A

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

Cry s t a l  e d g e s  s o  t h a t  t h e  g r a p h i t e  p l a n e s  c o u l d  e x t e n d  

a n o n - h o r i z o n t a l  d i r e c t i o n .  A f t e r  t h i s  s t a g e  h a s  

been  r e a c h e d  t h e  c a r b o n  m a t e r i a l  c a n  n o  l o n g e r  b e
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P l a t e  5 . 1 2

A n u m b e r  o f  d i f f r a c t i n g  e d g e s  f o r m e d  i n  e x p e r i m e n t  

1 0 a t  t h e  i n t e r s e c t i o n  o f  p l a t e l e t  g r a p h i t e  c r y s t a l s .  

[1A 7 1  6 7 4 ] .

m a g n i f i c a t i o n  = 1 6 , 8 0 0 X .





P l a t e  3 .1 3

An i n d i v i d u a l  d i f f r a c t i n g  e d g e  w i t h  i t s  d i f f r a c t i o n  

p a t t e r n  w h i c h  c o n t a i n s  s t r o n g  ( 0 0 0 2 ) r e f l e c t i o n s .  

[1A 71  6 6 2 ] .

i n a g n i f  i c a t i o n  = 1 1 0 , 0 0 0 X .
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c o n s i d e r e d  p l a t e l e t  g r a p h i t e .  The c r y s t a l  s i z e  h a s  

d e c r e a s e d  a n d  S . A . I .  p a t t e r n s  h a v e  g r a d u a l l y  b e c o m e  

p o l y c r y s t a l l i n e , s h o w i n g  n o  p r e f e r r e d  o r i e n t a t i o n  and  

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

”  n o n - o r i e n t e d  c a r b o n ”  . E o n - o r i e n t e d  c a r b o n  o f  t h i s  

ty p e  w as  f o r m e d  f r o m  a l l  o f  t h e  i n t e r a c t i o n s  l i s t e d  i n  

Table 3 . 1  w h e n  s u f f i c i e n t l y  l o n g  r e a c t i o n s  w e r e  

c a r r i e d  o u t .  An e x a m p l e  f r o m  e x p e r i m e n t  1AF i s  

g i v e n  i n  P l a t e  3 . 1 4  and  i t s  d i f f r a c t i o n  p a t t e r n  i s  s h o w n  

i n  P l a t e  3 . 1 5 .

B e c a u s e  o f  t h e  f a s t e r  d e p o s i t i o n  f r o m  u n s a t u r a t e d  

g a s e s  ( s e e  s e c t i o n  3 . 6 )  i t  w a s  e a s i e r  t o  o b t a i n  

n o n - o r i e n t e d  c a r b o n  f r o m  p r o p y l e n e  and b u t a d i e n e .

An e x t r e m e  i n s t a n c e  o f  i t s  f o r m a t i o n  o n  t o p  o f  a  l a y e r  

o f  f l a k e  m a t e r i a l ,  f r o m  e x p e r i m e i i t  1 2 B  a t  6 G 0 ° C ,  i s  

shown i n  P l a t e  3 . 1 6 .  T h i s  l a t t e r  e x a m p l e  o f  

n o n - o r i e n t e d  m a t e r i a l  w a s  f u n d a m e n t a l l y  d i f f e r e n t  f r o m  

the  f o r m e r  o n e  a n d  a p p e a r e d  t o  b e  a  n o n - c a t a l y s e d  

s o l i d - p h a s e  c a r b o n .  The n o n - c a t a l y s e d  c a r b o n  o n l y  

formed a t  h i g h e r  p r e s s u r e s  ( 6 0 0  t o r r )  and  w i t h  t h e  

u n s a t u r a t e d  g a s e s .

3 * 1 . 4 .  F i  1 a m e n t a r y  C a r b o n

F i l a m e n t a r y  c a r b o n s  w e r e  o b s e r v e d  i n  a l l  o f  t h e  

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

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

common t o  a l l '  t y p e s  w e r e :  an o u t e r  c o v e r i n g  o f  c a r b o n

e n c l o s i n g  a  r e g i o n  w h i c h  w a s  e i t h e r  h o l l o w  o r  c o n t a i n e d
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p l a t e  5 . 1 4

N o n - o r i e n t e d  c a r b o n  f r o m  e x p e r i m e n t  1A P .  

[NS 7 2  3 4 3 ] .

m a g n i f i c a t i o n  = 8 4 , 0 0 0 X .
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P l a t e  3 . 1 5

S e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  o f  t h e  m a t e r i a l  

i n  P l a t e  3 . 1 4 .  [NS 7 2  3 4 4 ] .





P la te  5.16

S o l i d - p h a s e  c a r b o n  f o r m e d  d u r i n g  e x p e r i m e n t  12B .  

[US 70 949 ] .

m a g n i f i c a t i o n  = 1-18,000X.
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s m a l l  a m o u n t s  o f  l e s s  c r y s t a l l i n e  c a r b o n 5 a  m e t a l  

p a r t i c l e  r e s p o n s i b l e  f o r  t h e  f i l a m e n t ’ s  g r o w t h  p r e s e n t  

a t  i t s  t i p  and o f t e n  a l o n g  p a r t  o f  t h e  e n c l o s e d  r e g i o n .  

The f i l a m e n t s  f o r m e d  i n  f a s t  r e a c t i o n s  w e r e  r a t h e r  

f e a t u r e l e s s .  One f r o m  e x p e r i m e n t  23B  i s  s h o w n  i n  

P l a t e  3 . 1 7 .  S l o w e r  r e a c t i o n s  l e d  t o  t h e  p r o d u c t i o n  

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

c r y s t a l l i n i t y  and d e g r e e  o f  p r e f e r r e d  o r i e n t a t i o n  

j u s t i f y  t h e i r  b e i n g  c a l l e d  g r a p h i t e  f i b r e s .  One 

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

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

Table 3 . 1  and s e v e r a l  o t h e r  c l a s s e s  w e r e  f o u n d  u n d e r  

more r e s t r i c t e d  c o n d i t i o n s .

The f e a t u r e s  o f  t h i s  m a j o r  c l a s s  o f  f i b r e  a r e  

t y p i f i e d  b y  t h e  c l u s t e r  o f  f i b r e s  i n  P l a t e  3 . 1 8  f r o m  

e x p e r i m e n t  I P .  The  f i b r e s  o c c u r r e d  f r e q u e n t l y  i n  

c om p le x  b r a n c h i n g  an d  c l u s t e r i n g  a r r a n g e m e n t s r e a c h  

br an c h  h a v i n g  d i f f r a c t i o n  e f f e c t s  p r o m i n e n t  a l o n g  i t s  

e d g e s .  The ( 0 0 0 2 )  d a r k  f i e l d  m i c r o g r a p h  o f  P l a t e  3 . 1 8  

shown i n  P l a t e  3 . 1 9  i n d i c a t e s  t h a t  t h e  ( 0 0 0 2 )  p l a n e s  

were r e s p o n s i b l e  f o r  t h e s e  d i f f r a c t i o n  e f f e c t s  and t h a t  

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

a x i s  o f  e a c h  b r a n c h .  S e l e c t e d  a r e a  e l e c t r o n  d i f f r a c t i o n  

e v i d e n c e  v e r i f i e d  t h a t  t h e  f i b r e s  c o m p r i s e d  t h r e e — 

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

° f  g e n e r a l  ( h k h + k l )  r e f l e c t i o n s  and t h e  a r c e d  n a t u r e  

° f  th e  ( 00 0 2 ) r e f l e c t i o n  i n  t h e  d i f f r a c t i o n  p a t t e r n s



P l a t e  3 .1 7

D o n - g r a p h i t i c  f i l a m e n t  f o r m e d  f r o m  e x p e r i m e n t  2333. 

[NS VI 7 7 0 ] .

m a g n i f i c a t i o n  = 88 ,000X.





P l a t e  3 .1 8

C l u s t e r  o f  g r a p h i t i c  f i b r e s  f r o m  e x p e r i m e n t  I P .

[1A 7 0  1 7 6 4 ] .

m a g n i f i c a t i o n  = 8 0 y00CX,

P l a t e  3 . 1 9

An ( 0 0 0 2 )  d a r k  f i e l d  m i c r o g r a p h  o f  t h e  same a r e a  o f  

e x p e r i m e n t  I P  d e p o s i t  a s  P l a t e  3 . 1 8 .  [ l A  7 0  1 7 6 5 ] .

m a g n i f i c a t i o n  = 1 2 0 , 0 0 0 X .





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

o r i e n t e d  p a r a l l e l  t o  t h e  f i b r e  g r o w t h ,  a x i s .

M e a s u r e m e n t s  on a  l a r g e  n u m b e r  o f  t h e s e  f i b r e s  

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

more t h a n  1 0 yU x  1 0 .

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

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

m e t a l  p a r t i c l e  s u r r o u n d e d  b y  c a r b o n  d e p o s i t  w h o s e  ( 0 0 0 2 ) 

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

More e x t e n s i v e  g r o w t h  l e d  t o  f i b r e s  w i t h  t h e  a p p e a r a n c e  

o f  t h o s e  i n  P l a t e  3 . 2 0  f r o m  e x p e r i m e n t  IQ and  f u r t h e r  

d e v e l o p m e n t  p r o d u c e d  t h e  t y p e  o f  c l u s t e r i n g  a l r e a d y  ' 

shown i n  P l a t e  3 ►IS. The a c i d  t r e a t m e n t  u s e d  t o  

p r e p a r e  s p e c i m e n s  f o r  t r a n s m i s s i o n  m i c r o s c o p y  e x a m i n a t i o n  

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

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

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

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

t h r o u g h o u t  t h e i r  c e n t r a l  r e g i o n s .

A t t e m p t s  t o  p o s i t i v e l y  i d e n t i f y  b y  e l e c t r o n  

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

f i b r e s  h a v e  m e t  w i t h  som e  s u c c e s s .  P l a t e .  3 . 2 1  

shows t h e  d i f f r a c t i o n  p a t t e r n  o b t a i n e d  f r o m  t h e  t i p  o f  

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

a co m p o u n d  o f  n i c k e l ,  N i 2 0 3 . T h e s e  e x t r a  l a t t i c e  

s p a c i n g s  w e r e  a l s o  d e t e c t e d  i n  a  l e s s  c o m p l e t e  f o r m  i n  

s e v e r a l  o t h e r  d i f f r a c t i o n  p a t t e r n s  o f  t h e s e  f i b r e s .



P l a t e  3 .2 0

F i b r e s  f r o m  e x p e r i m e n t  IQ  s h o w i n g  a n  e a r l i e r  s t a g e  

i n  t h e  c l u s t e r i n g  p r o c e s s .  [ l A  7 1  7 8 4 ] .

m a g n i f i c a t i o n  = 152,000X.
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P l a t e 11

M e t a l - c o n t a i n i n g  f i b r e  t i p  w i t ?  

a r e a  d i f f r a c t i o n  p a t t e r n ,  f r o m  

[1A 71 6 3 ] .

i i t s  s e l e c t e d  

e x p e r i m e n t  IDc

m a g n i f i c a t i o n  = 1G0,000X,



V"'7-1 ,IF1||- I '
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The f u l l  l i s t  i s  i n c l u d e d  i n  Table 3 . 4 .

T a b l e  7b i

d S p a c i n g s  f r o m  t w o  m e t a l - c o n t a i n i n g  g r a p h i t e  f i b r e s  

° *
( i n  A} .

SP1
g r a p h i t e

P l a t e
3 . 2 1

S e c o n d  g r a p h i t e  
f i b r e H i g 03

3 . 3 5 5 3 . 3 3 3 . 3 4 3 . 2 3

2 . 8 3 2 . 8 6 2 . 8 0

2 . 2 6 4 2 . 3 0

2 . 1 2 8 2 . 1 2 0 2 . 1 3 7

2 . 0 3 2 2 . 0 0 1 2 . 0 1 8 2 . 0 2

1 . 7 6 5 1 . 7 0 7

1 . 6 0 1 . 6 2

1 . 4 2 1 . 4 0

1 . 2 2 9 1 . 2 3 8

1 . 1 5 3 1 . 1 5 9

1 . 0 6 4 1 . 0 6 0 1 . 1 1

P l a t e  3 . 2 2  s h o w s a  t y p i c a l  m em ber  o f  a c l a s s  o:

f i b r e s  f o u n d o n l y  i n  C3 H8 / k i  i n t e r a c t i o n s . The mo:

n o t a b l e  f e a t u r e s  w e r e  t h e  a m o r p h o u s  o r  h o l l o w  c e n t r a l  

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

of c o n s t a n t  t h i c k n e s s  e x h i b i t i n g  B r a g g  d i f f r a c t i o n  

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

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

been r e m o v e d  i n  t h i s  c a s e  b y  a c i d .  The p e r i o d i c  

a r c i n g  e f f e c t s  a c r o s s  t h e  c e n t r a l  r e g i o n  i n  P l a t e  3 . 2 2



P l a t e  3 .2 2

i c a l  f i b r e  f o r m e d  f r o m  e x p e r i m e n t  7 C .  

VO 8 8 0 ] .

m a g n i f i c a t i o n  = 900,000X.



M
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r e p r e s e n t  p o s i t i o n s  o f  e n h a n c e d  d i f f r a c t i o n  c o n t r a s t  

due t o  t h e  b e n d i n g  o f  t h e  f i b r e .  T h i s  t y p e  o f  f i b r e  

was n o r m a l l y  s m a l l  ( <£ O . h f O ,  c o m p a r a t i v e l y  s t r a i g h t

and c o n t a i n e d  a  m e t a l l i c  p a r t i c l e  o n l y  a t  t h e  f i b r e  

t i p .  The m e t a l  h a d  a  r e g u l a r ,  g e o m e t r i c  o u t l i n e  i n  

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

p r e v i o u s l y  d e s c r i b e d  f i b r e s .

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

f i b r e s ,  s u c h  a s  t h e  o n e  i n  P l a t e  3 . 2 3 ,  i n d i c a t e d  t h e  

a l i g n m e n t  b e t w e e n  t h e  ( 0 0 0 2 ) l a t t i c e  p l a n e s  and t h e  

main f i b r e  a x i s .  The d e v i a t i o n  f r o m  t h e  i d e a l  

o r i e n t a t i o n  i n  t h i s  p l a t e  i s  + 30° b u t  t h i s  i s  due  

p a r t l y  a t  l e a s t  t o  v a r i a t i o n s  i n  t h e  f i b r e  g r o w t h  

d i r e c t i o n .  C o n f i r m a t i o n  t h a t  t h e  b a s a l  p l a n e s  w e r e  

p a r a l l e l  t o  t h e  m a j o r  a x i s  w a s  g i v e n  b y  t h e  p e r p e n d i c u l a r  

o r i e n t a t i o n  o f  t h e  ( 0 0 0 2 ) d o m a i n s  and  a l s o  b y  h i g h  

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

3 .1 .5 .

B ra n ch in g  o f  t h e s e  f i b r e s  was l i m i t e d  b u t  did 

occur i n  one o r  two i n s t a n c e s .  P l a t e  3 .2  A- from 

exper iment  70 c o n t a i n s  a t  t h e  j u n c t i o n  of  the  two 

f i b r e s  a  s m a l l  a r e a  o f  r e s o l v e d  p l a n e s  o f  s e p a r a t i o n
o4.8 A, which  c o r r e sp o n d s  to  m oire  f r i n g e s ,  p r o b a b l y  

due to  a m i s a l i g n m e n t  o f  th e  (0002)  p l a n e s  of t h e  two 

f i b r e s .  The p r e s e n c e  of m oire  f r i n g e s  o v e r  an a r e a  

° f  10 ,000  A 2 means t h a t  t h e  d e g re e  of  l a t t i c e  

p e r f e c t i o n  i n  th e  f i b r e s  i s  much h i g h e r  t h a n  a n t i c i p a t e d
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P l a t e  3 .2 3  ( i n s e t )

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

t h e  a l i g n m e n t  o f  t h e  ( 0 0 0 2 ) p l a n e s  w i t h  t h e  m a i n  f i b r e  

a x i s .  The a p p a r e n t  m i s o r i e n t a t i o n  o f  2 5 °  i s  d ue  t o  

r o t a t i o n  o f  t h e  m a g n e t i c  l e n s e s  w i t h i n  t h e  m i c r o s c o p e .  

[ 1 A  7 0  1 3 4 5 ] .

m a g n i f i c a t i o n  = 3 5 , 0 0 0 X .

P l a t e  3 > 2 4

B r a n c h e d  f i b r e  f r o m  e x p e r i m e n t  70  c o n t a i n i n g  a n  a r e a  

o f  m o i r e  f r i n g e s .  [ l A  7 0  8 0 9 A ] .

m a g n i f i c a t i o n  = 1,120,00010.
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This  c o n c l u s i o n  w a s  v e r i f i e d  b y  l a t e r  s t u d i e s .

The f i b r e s  i n  P l a t e  3 . 2 4  d o  n o t  p o r t r a y  t h e  sam e  

f e a t u r e l e s s  c e n t r a l  r e g i o n  a p p a r e n t  i n  P l a t e  5 . 2 2 .

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

g r o w t h  i n  t h e  f o r m e r  f i b r e s  a l l o w i n g  a d e g r e e  o f  

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

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

me c h a n  i s  in. Some f i b r e s  c o n t a i n e d  b o t h  k i n d s  o f  c e n t r a l

z o n e s  i n d i c a t i n g  a  v a r i a t i o n  i n  g r o w t h  r a t e  w i t h i n  t h e  

one f i b r e .  T h i s  l a t t e r  c o n c l u s i o n  w a s  a l s o  i m p l i e d  

by t h e  f r e q u e n t  c h a n g e s  i n  t h e  d i r e c t i o n  o f  t h e  f i b r e ' s  

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

A t y p e  o f  f i b r e  f o u n d  o n l y  i n  Fe/cH4 i n t e r a c t i o n s  

i s  s h o w n  i n  P l a t e  3 . 2 5  f r o m  e x p e r i m e n t  5 E .  I n  s p i t e  

o f  t h e  h i g h  f i b r e  d e n s i t y  i n  t h i s  r e g i o n  n o  b r a n c h i n g  

has  o c c u r r e d  an d  t h e  f i b r e s  w e r e  m uch t h i n n e r  and  l e s s  

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

f i b r e s ,  a s  i n  p r e v i o u s  o n e s ,  t h e r e  w a s  a  v a r i a t i o n  i n  

a p p e a r a n c e  o f  t h e  c e n t r a l  z o n e .  N o t e  a l s o  t h e  

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

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

t h e  f i b r e  i n  P l a t e  3 . 2 6 ,  f r o m  e x p e r i m e n t  5 E ,  s h o w n  

w i t h  i t s  S * A . D .  p a t t e r n  w h i c h  c o n t a i n s  p o l y c r y s t a l l i n e  

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

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

s u p e r i m p o s e  e x a c t l y  on  t h e  ( 0 0 0 2 )  and ( 0 0 0 4 )  c a r b o n  

n i n g s .  The c o m p o s i t i o n  o f  t h e  c a t a l y s t  p a r t i c l e  h a s
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P l a t e  3 . 2 5

An e x a m p l e  o f  f i b r e s  f o r m e d  f r o m  e x p e r i m e n t  5E* 

[ITS 71 257‘J.

m a g n i f i c a t i o n  = 140,000X,
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P l a t e  5 . 2 6

A m e t a l - c o n t a i n i n g  f i b r e  f r o m  e x p e r i m e n t  5E w i t h  

i t s  d i f f r a c t i o n  p a t t e r n .  [l\TS 7 1  2 6 0 ] .

m a g n i f i c a t i o n  = 96,000X.
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n o t  b e e n  u n a m b i g u o u s l y  a s c e r t a i n e d  b u t  i t  i s  know n
o o

t h a t  s e v e r a l  i r o n  c a r b i d e s  h a v e  t h e  3.4-  A and  1 , 7  A 

s p a c i n g s  f o u n d  h e r e .

The d i f f r a c t i n g  e d g e s  m e n t i o n e d  i n  s e c t i o n  3 . 1 . 2  

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

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

t h e  h o r i z o n t a l  t o  t h e  v e r t i c a l  o r i e n t a t i o n .  I t  i s  

t h o u g h t  t h a t  t h e s e  f e a t u r e s  w e r e  f o r m e d  w h e n  t h e  

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

o f  n o d u l e s  i n  t h e  m e t a l  f o i l .  T h e s e  b l o c k e d  a n y  

f u r t h e r  h o r i z o n t a l  g r o w t h  and  l e d  t o  t h e  l a t t i c e  b e n d i n g  

i n  o r d e r  t o  c o n t i n u e  g r o w t h  o v e r  t h e  u n e v e n  s u r f a c e .

I f  t h e  b e n d i n g  p r o c e e d e d  t o  t h e  e x t e n t  t h a t  t h e  b a s a l  

p l a n e s  b e c a m e  v e r t i c a l ,  a s  f r e q u e n t l y  o c c u r r e d ,  

then  a s i t u a t i o n  t a i l o r - m a d e  f o r  t h e  e x t r u s i o n  o f  a  

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

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

a v a i l a b l e  arid h a s  b e e n  s u r r o u n d e d  b y  a  c i r c l e  o f  

g r a p h i t e  w h o s e  ( 0 0 0 2 ) p l a n e s  h a v e  o r i e n t e d  p a r a l l e l  t o  

the p o t e n t i a l  f i b r e  a x i s .  E x p e r i m e n t s  IAD and 1AE 

were p e r f o r m e d  t o  d e t e r m i n e  w h e t h e r  t h e  f i b r e s  f o r m e d  

from l o o s e  m e t a l  p a r t i c l e s  on t h e  f o i l  s u r f a c e  o r  

w h e t h e r  i t  w a s  t h e  g r o w t h  o f  t h e  p l a t e l e t  g r a p h i t e  

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

e q u a l l y  w e l l  o n  an  e t c h e d  f o i l  a s  on  an  u n e t c h e d  o n e ,  

lmP l y i n g  t h a t  l o o s e  p a r t i c l e s  w e r e  n o t  n e c e s s a r y  f o r  

f i b r e  n u c l e a t i o n .
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A f t e r  t h e  p r e - f i b r e  s t a g e  d i s c u s s e d  a b o v e  t h e  

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

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

c o n n e c t e d  t o  t h e  f o i l  t o  f o r m  a c o a t i n g  o f  c a r b o n  

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

t h e  f o r m a t i o n  o f  a  h e m i s p h e r i c a l  f i b r e .  I f  t h e  

m e t a l  mound u n d e r  c o n s i d e r a t i o n  l o s t  i m m e d i a t e  c o n t a c t  

w i t h  t h e  f o i l  t h e n  a  l o n g e r  f i b r e  r e s u l t e d .  H o w e v e r ,  

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

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

s i t u a t i o n  l i k e  t h a t  o f  t h e  f i b r e  i n  P l a t e  3 . 2 7  o c c u r r e d  

and c o n t i n u i n g  g r o w t h  l e d  t o  a  f i b r e  c o n t a i n i n g  m e t a l  

a t  t h e  t i p  and  a l o n g  t h e  b o d y  o f  t h e  f i b r e .

An a b u n d a n c e  o f  meta.1 c o u l d  t h e n  a l l o w  f i b r e  b r a n c h i n g ,  

as f r e q u e n t l y  f o u n d .

3 . 1 . 5 .  H i g h  R e s o l u t i o n  M i c r o s c o p y

P l a t e  3 . 2 8  f r o m  e x p e r i m e n t  I D  c o n t a i n s  a  h e m i s p h e r i c a l  

f i b r e  w h o s e  b a s a l  p l a n e s  h a v e  b e e n  r e s o l v e d  i n  t h e  e l e c t r o n  

m i c r o s c o p e .  W h i l e  t h e  l a y e r  p l a n e s  a r e  i n i t i a l l y  p a r a l l e l  

t o  t h e  f i b r e  a x i s  t h e y  b e n d  a t  i t s  t i p  i n  o r d e r  t o  r e m a i n  

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

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

was t h e  p a r a l l e l i s m  b e t w e e n  t h e  g r a p h i t e  b a s a l  p l a n e s  and  t h e  

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

the  d e p o s i t i o n  o f  t h a t  p a r t  o f  e a c h  p l a n e .  P a r t  o f  a  f i b r e

from e x p e r i m e n t  5E i s  s h o w n  i n  P l a t e  3 . 2 9 ,  I t  c o n t a i n s



P l a t e  3 .2 7

A f i b r e  w h o s e  m e t a l l i c  p a r t i c l e  i s  a t t a c h e d  t o  t h e  

s u r f a c e  m e t a l  w h i c h  a c t s  a s  a  p o o l  f o r  f u r t h e r  m e t a l  

e x t r u s i o n .  [UBGr 9 ] .

m a g n i f i c a t i o n  -- 1 , 4 0 0 ,0 0 0 .





P l a t e  3 .2 8

A h e m i s p h e r i c a l  f i b r e  f r o m  e x p e r i m e n t  I P  s h o w i n g  

t h e  r e s o l v e d  b a s a l  g r a p h i t e  p l a n e s .  [iJBG- 1 2 ] .

m a g n i f i c a t i o n  = 1 , 4 0 0 , 0 0 0 .



B  I



1 2 9

P l a t e  5 . 2 9

P a r t  o f  a  f i b r e  f r o m  e x p e r i m e n t  5E e s t a b l i s h i n g  

t h e  h i g h l y  o r d e r e d  a r r a n g e m e n t  o f  t h e  g r a p h i t e  

l a y e r  p l a n e s  p a r a l l e l  t o  t h e  f i b r e  g r o w t h  a x i s .

[JLH 0 2 1 8 ] .

m a g n i f i c a t i o n  = 1,520>000X.
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l a r g e  a r e a s  o f  r e s o l v e d  ( 0 0 0 2 ) p l a n e s  and e s t a b l i s h e s  t h a t  

the  1 5 0  l a y e r  p l a n e s  i n  t h e  c a r b o n  w a l l  a r e  a l l  a r r a n g e d  i n  

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

I t  h a s  b e e n  m e n t i o n e d  p r e v i o u s l y  t h a t  t h e  d i a m e t e r  o f  

the  c a r b o n  w a l l ,  w h i c h  w a s  c o n s t a n t  a l o n g  e a c h  f i b r e ,  

n a r r o w e d  a p p r e c i a b l y  a t  t h e  r e g i o n  c o n t a i n i n g  t h e  c a t a l y s t  

p a r t i c l e .  P l a t e  3 . 3 0  c o n t a i n s  r e s o l v e d  p l a n e s  f r o m  t h e  t i p  

of  a f i b r e  w h o s e  m e t a l ,  h a s  b e e n  r e m o v e d  b y  a c i d .

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

mean ing  t h a t  t h e  c a r b o n  l a y e r s  a r e  s t i l l  g r o w i n g  and h a v e  

n o t  y e t  a t t a i n e d  t h e  u n i f o r m  t h i c k n e s s  o f  t h e  r e m a i n d e r  o f  

the f i b r e ,  a s  t h e y  h a v e  n o t  b e e n  i n  c o n t a c t  w i t h  t h e  m e t a l  

f o r  a s u f f i c i e n t  p e r i o d  o f  t i m e .  M e a s u r e m e n t s  on a  num b e r  

of  f i b r e s  s h o w e d  t h a t  on a v e r a g e  e a c h  ( 0 0 0 2 ) p l a n e  i n  t h e  

growth r e g i o n  e x t e n d e d  b e y o n d  i t s  o u t e r  n e i g h b o u r  f o r  a
O

d i s t a n c e  o f  a p p r o x .  2 0  A.

H i g h  r e s o l u t i o n  s t u d i e s  on t h e  " . p r o p a n e 1* t y p e  o f  

f i b r e s  p r o d u c e d  r e s u l t s  s i m i l a r  t o  t h o s e  j u s t  d i s c u s s e d .

The f i b r e  i n  P l a t e  3 . 3 1  c o n t a i n s  r e s o l v e d  p l a n e s  e v e n  a t  

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

The b a s a l  p l a n e s  a r e  e v e r y w h e r e  o r i e n t e d  p a r a l l e l  t o  t h e  

growth a x i s  o f  t h e  f i b r e . '
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P l a t e  5 , 3 0

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

f i b r e  s h o w i n g  t h e  n a r r o w i n g  o f  t h e  c a r b o n  w a l l  i n  

t h e  g r o w t h - r e g i o n .  [JLH 0 2 0 9 ] .

m a g n i f i c a t i o n  = 2,220,O00X.
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P l a t e  3 .31

O r i e n t e d  b a s a l  p l a n e s  v i s i b l e  t h r o u g h o u t  

g r a p h i t i c  f i b r e  f o r m e d  i n  e x p e r i m e n t  7C.

a

[UBF 8 ] .

m a g n i f i c a t i o n  = 960,000
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3 . 1 *6 . H i  g h  V o 1 1 a g  e E l  e c i r on  H i  o r  o s  c o p y

S t u d i e s  u s i n g  a  1 Me.V'. m i c r o s c o p e  on  d e p o s i t s  f r o m  

e x p e r i m e n t  I E  w h i c h  w e r e  t o o  t h i c k  f o r  c o n v e n t i o n a l  

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

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

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

g r a p h i t e  f o r m a t i o n .  The a b s e n c e  o f  som e o f  t h e  m e t a l  

due t o  a c i d  t r e a t m e n t  made i n t e r p r e t a t i o n  o f  t h e  d e p o s i t ’ s  

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

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

be c l a s s i f i e d  a s  f i b r o u s  and  how m uch  a s  n o n - o r i e n t  eel .

A h i g h  p r o p o r t i o n  o f  t h e  c a r b o n  i n  P l a t e  3 . 3 2  h a s  

v e r t i c a l l y  o r i e n t e d  b a s a l  p l a n e s  a s  s h o w n  b y  t h e  b a n d s  

of  c a r b o n  p o s s e s s i n g  d i f f r a c t i n g  r e g i o n s *  i n  c o n t r a s t  w i t h  

the s i t u a t i o n  w h e n  p l a t e l e t  g r a p h i t e  w a s  b e i n g  d e p o s i t e d ,  

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

d e p o s i t s .  One a r e a  o f  o p a q u e  m a t e r i a l  b e t w e e n  w a l l s  o f  

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

d e s c r i b e d  a s  f i b r o u s  g r a p h i t e .  H o w e v e r ,  i t  r e m a i n s  a  

n a t t e r  o f  c o n j e c t u r e  how m any  o f  t h e  r e m a i n i n g  d i f f r a c t i n g  

bands a r e  d u e  t o  f i b r e s  a n d  how many t o  n o n - o r i e n t e d  

car b on .

A f u r t h e r  a d v a n t a g e  o f  t h e  i n c r e a s e d  e x t i n c t i o n  

d is tance  u s i n g  a  1 Me.V. m i c r o s c o p e  w a s  t h a t  i t  e n a b l e d  

g r a in  b o u n d a r y  d e p o s i t  t o  b e  e x a m i n e d .  P l a t e  3 . 3 3  

r e v e a l s  t h a t  t h e  c a r b o n  f o r m s  w i t h  i t s  ( 0 0 0 2 ) p l a n e s  

aP p r o x i m a t e l y  p a r a l l e l  t o  t h e  l i n e  o f  t h e  m e t a l  g r a i n



P l a t e  3 .32

C o m p l e x  m o r p h o l o g y  o f  d e p o s i t  f r o m  e x p e r i m e n t  

IE. [34 PR],

m a g n i f i c a t i o n  = 216,000X.





P l a t e  5 . 3 3

M e t a l  g r a i n  b o u n d a r y  d e p o s i t  f r o m  e x p e r i m e n t  I E  

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

p a r a l l e l  t o  t h e  l i n e  o f  t h e  b o u n d a r y .  [ 3 1  P R ] .

m a g n i f i c a t i o n  = 2 4 0 f 000X.
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b o u n d a r y .  T h i s  c a n  b e  d e d u c e d  f r o i a  t h e  f a c t  t h a t  

the ( 0 0 0 2 ) d o m a i n s  a r e  a l i g n e d  p e r p e n d i c u l a r  t o  t h i s  

d i r e c t i o n  and i n d i c a t e s  t h a t  t h e  c a r b o n  i s  n o t  a  

r andom ly  o r i e n t e d  p o l y c r y s t a l l i n e  m a t e r i a l .

3 . 1 * 7 .  i J e t a i  C o m p o u n d s  F o r m ed  d u r i n g  C a r b o n  D e p o s i t i o n

P r e l i m i n a r y  d e p o s i t i o n  e x p e r i m e n t s  w e r e  p e r f o r m e d  

in an a p p a r a t u s  w h o s e  w o r k i n g  v a c u u m  w a s  w o r s e  t h a n  

10”5 t o r r .  V a r i o u s  m e t a l  c o m p o u n d s  w e r e  e n c o u n t e r e d  

r e g u l a r l y  am ong  t h e  c a r b o n  d e p o s i t s .  I l i c k e l  o x i d e ,  ITiO, 

and piliOOH w e r e  i d e n t i f i e d  and s e v e r a l  i r o n  o x i d e s  w e r e  

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

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

not b e e n  f o r m e d  i n  t h e  m o r e  c o n t r o l l e d  c e n d i t i o n s  o f  

l a t e r  e x p e r i m e n t s .

On s e v e r a l  o c c a s i o n s  a d d i t i o n a l  n i c k e l  c o m p o u n d s  w e r e  

d e t e c t e d  b u t  h a v e  n o t  b e e n  i d e n t i f i e d .  The l a t t i c e  

s p a c i n g s  o f  t h e  m o s t  common o n e s  a r e  l i s t e d  i n  T a b l e  3 . 5 .

T a b l e  3 . 5
.  °
S. s p a c i n g s ,  i n  A ,  o f  u n i d e n t i f i e d  n i c k e l  c o m p o u n d s .

Compound I I

5 . 9 2  

4 . 9 6  

3 . 1 6  

3 . 0 0  

2 . 8 4  

1 . 9 4  

1 . 6 0  

1 . 5 0  

1*  3 7  

1 . 2 0  
1 . 0 7

C o m p o u n d I

4 . 5 4  

3 . 3 8  

2 . 8 6  
2 . 4 3  

1 . 9 5  

1 . 8 5  

1 . 6 6
1 . 5 5  

1 . 4 2  

1 . 3 7
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Both o f  t h e s e  m a t e r i a l s  'were fo rm ed  i n  l a r g e r  q u a n t i t i e s  

in e x p e r i m e n t s  7H and 71- i n  w h i c h  o xygen  was i n t r o d u c e d  

in to  t h e  s y s t e m  and i t  i s  l i k e l y  t h a t  t h e y  t o o  w ere  

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

■The e v i d e n c e  f o r  c a t a l y s i s  b y  m e t a l  c o m p o u n d s  

r a t h e r  t h a n  b y  t h e  f r e e  m e t a l  was  i n c o n c l u s i v e .

The a b s e n c e  o f  a n y  p a r t i c u l a r  m e t a l  compound am ong  m ost  

o f  th e  d e p o s i t s  s u g g e s t e d  t h a t  no  d e f i n i t e  r o u t e  s u c h  

as M —> I1X—} 0  e x i s t e d ,  w h e r e  IIX i s  t h e  p o s s i b l e  c a t a l y s t ,  

and t h e r e f o r e  t h a t  t h e  f r e e  m e t a l  was l i k e l y  t o  b e  t h e  

c a t a l y s t  b y  d e f a u l t .  H o w e v e r ,  a  f i r m  c o n c l u s i o n  a s  t o  

the  n a t u r e  o f  t h e  c a t a l y s t  w o u l d  r e q u i r e  more p o s i t i v e  

e v i d e n c e .

3 .1 .8 .  Edge D e n o s i t s

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

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

the f o i l  c e n t r e  w e re  much c o o l e r  t h a n  t h e  n o m i n a l  f o i l  

t e m p e r a t u r e .  The d e p o s i t s  on t h e s e  edge  r e g i o n s ,  fo rm e d  

a t  a p p r o x i m a t e l y  4 5 0 ° C , w e re  e x a m i n e d  s e p a r a t e l y  and 

found t o  h a v e  a  c o m p l e t e l y  d i f f e r e n t  m o rp h o lo g y .

The n a t u r e  o f  t h e  c a r b o n  fo rm e d  w a s  a g a i n  d e t e r m i n e d  

p r i m a r i l y  b y  t h e  r a t e  and e x t e n t  o f  d e p o s i t i o n  r a t h e r  

than by t h e  p a r t i c u l a r  g a s  o r  m e t a l  e m p lo y ed .  M e t a l  g r a in  

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

f o i l  c e n t r e ,  h u t  due t o  t h e  i n c o m p l e t e  a n n e a l i n g  a t  the  

l o w e r  t e m p e r a t u r e  s m a l l e r  g r a i n s  w ere  f r e q u e n t l y  e n c o u n t e r e d * 

H a t e  3 .3 4  f ro m  e x p e r i m e n t  7K c o n t a i n s  p a r t i a l l y  f o r m e d  

boundary d e p o s i t s  mad® up o f  c o n t i n u o u s  row® o f  

■•■hdiviciual e l i m p s  o r  n o d u l e s  o f  m a t e r i a l *



P l a t e  3 * 34

( t y p i c a l  a p p e a r a n c e  o f  c a r b o n  d e p o s i t e d  a t  

t h e  c o o l e r  p a r t s  o f  m e t a l  f o i l s .  [P S  7 2  7 4 3 ]

m a g n i f i c a t i o n  -- 8 8 , 0 C 0 X
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S e p a r a t e  n o d u l e s , s i m i l a r  t o  t h o s e  c o n s t i t u t i n g  t h e  

boundary  d e p o s i t s  a r e  a l s o  s c a t t e r e d  i n s i d e  t h e  m e t a l  

g r a i n s . T h i s  m i c r o g r a p h  s h o w s  t h e  v a r i a t i o n s  i n  

a p p e a r a n c e  and t h i c k n e s s  o f  t h e  c a r h o n  p r o d u c t  w i t h i n  

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

number o f  c a r b o n  f i l a m e n t s .

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

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

i n f l a t e  3 . 3 5  f r o m  e x p e r i m e n t  7 F .  The t h i c k  c l u m p s  

appeared  t o  f o r m  i n  a  m a i m e r  a n a l o g o u s  t o  t h e  g r o w t h  

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

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

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

P l a t e  3 . 3 6 ,  I t  i s  s u g g e s t e d  t h a t  t h e s e  n o d u l e s  w e r e  

formed a t  t h e  s i t e s  o f  e m e r g e n t  m e t a l  d i s l o c a t i o n s  

e x p l a i n i n g  t h e  s i m i l a r i t y  b e t w e e n  t h e m  and t h e  n o d u l e s  

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

a l s o  a p p e a r e d  t o  b e  s o u r c e s  o f  m e t a l ,  a l l o w i n g  t h e  

t r a n s p o r t  o f  m e t a l  f r o m  t h e  f o i l  on  t o  t h e  d e p o s i t  o u t e r  

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

d e c o m p o s i t i o n .  T h i c k e r  c a r b o n  p r o d u c t s  had t h e  

a p p e a r a n c e  o f  P l a t e  3 . 3 ?  f r o m  e x p e r i m e n t  IQ and g a v e  

d i f f r a c t i o n  p a t t e r n s  w h i c h  r e v e a l e d  t h e  s l i g h t  t e n d e n c y  

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

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

Point  f o r  t h e  g r o w t h  o f  f i l a m e n t o u s  c a r b o n  s i m i l a r  t o  t h e
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P l a t e  3 . 3 5 .

I n i t i a l  f o r m  o f  d e p o s i t  f o r m e d  a t  f o i l  e d g e s ,  

f r o m  e x p e r i m e n t  7 F .  [ P S  7 2  6 4 6 ] .

m a g n i f i c a t i o n  = 8 8 , 0 0 OX.
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P l a t e  3 . 3 6

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

o f  n o d u l e s  f r o m  e x p e r i m e n t  7K. [l\TS 7 2  7 4 6 ] .

m a g n i f i c a t i o n  = 88,000X.





P l a t e  3 .3 7

T h i c k e r  e d g e  c a r b o n  d e p o s i t  f r o m  e x p e r i m e n t  

IQ .  [ 1 A  VI 7 9 1 ] .

m a g n i f i c a t i o n  = 88,000X.
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ones i n  P l a t o  3 .  3 8 .  The f i l a m e n t s  w e r e  many m i c r o n s

in l e n g t h  b u t  w e r e  i n v a r i a b l y  v e r y  t h i n  w i t h  a  c o n s t a n t
o

d i a m e t e r  o f  a b o u t  3 0 0  A ? g i v i n g  a  l e n g t h  t o  w i d t h  r a t i o  

of g r e a t e r  t h a n  o n e  h u n d r e d • ' F i l a m e n t s  h a v e  b e e n  f o r m e d  

at t h e  f o i l  e d g e  i n  a l l  s i x  i n t e r a c t i o n s  l i s t e d  i n  

Table 3 . 1  and a l l  p o s s e s s e d  a n  e x t e r n a l  c a r b o n  w a l l  w i t h  

a h o l l o w  o r  a m o r p h o u s  c e n t r a l  z o n e .  Ho B r a g g  d i f f r a c t i o n  

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

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

t i p s  and  w e r e  f r e q u e n t l y  p e a r - s h a p e d  l i k e  t h e  o n e s  

r e p o r t e d  b y  B a k e r  e t  a l .  ( 1 9 7 2 B ) . An e x a m p l e  i s  g i v e n  

In P l a t e  3 . 3 9 .  The S . A . D .  p a t t e r n s  o f  t h e s e  f i l a m e n t s  

were p o l y c r y s t a l l i n e  and  c o n t a i n e d  o n l y  ( o l )  and ( h k )  

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

3 . 2 .  I n  S i t u  O x i d a t i o n  S t u d i e s

O x i d a t i o n  o f  t h e  p y r o l y t i c  c a r b o n s  w a s  u n d e r t a k e n  

in o r d e r  t o  o b t a i n  m o r e  i n f o r m a t i o n  c o n c e r n i n g  t h e  

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

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

with a v i e w  t o  e v e n t u a l l y  e s t a b l i s h i n g  t h e  r o l e  o f  t h e  

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

A s a m p l e  o f  g r a p h i t e  f r o m  e x p e r i m e n t  1 2 0  w a s  p l a c e d  

u n s u p p o r t e d  on an e l e c t r o n  m i c r o s c o p e  s p e c i m e n  h o l d e r  and  

o x i d i s e d  a t  8 0 0 ° C  i n  d r y  o x y g e n .  The c o u r s e  o f  t h e  

o x i d a t i o n  w a s  f o l l o w e d  b y  b r i g h t  f i e l d  m i c r o s c o p y  and  

s e l e c t e d  a r e a  d i f f r a c t i o n .  A t  8C0°C m o l e c u l a r  o x y g e n
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P l a t e  5 . 3 8

F i l a m e n t a r y  c a r b o n  s h o w i n g  i t s  a s s o c i a t i o n  

w i t h  t h e  n o d u l a r  d e p o s i t s ,  f r o m  e x p e r i m e n t  7 F .  

[ITS 7 2  6 6 1 ] .

m a g n i f i c a t i o n  . 88 ,000X.





P l a t e  3 .3 9

F i l a m e n t a r y  c a r b o n ,  s e v e r a l  c o n t a i n i n g  p e a r - s h a p e d  

m e t a l  p a r t i c l e s .  [ l A  7 2  2 3 0 ] .

m a g n i f i c a t i o n  = 1 2 0 , 0 0 0 X .

\
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e t c h e s  g r a p h i t e , r e f l e c t i n g  t h e  g r e a t e r  r e a c t i v i t y  o f  t h e  

edge c a r t o n  a t o m s  ( T h o m a s , 1 9 6 6 ) .  t h e  e t c h  p i t s  

o b s e r v e d  h e r e  w e r e  m o s t l y  r e g u l a r  h e x a g o n s  a n d  c o n t a i n e d ,  

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

c a t a l y s i n g  t h e  g a s i f i c a t i o n  o f  t h e  c a r b o n *  As t h e  

i n t e n s i t y  o f  t h e  g r a p h i t e  r i n g s  i n  t h e  d i f f r a c t i o n  

p a t t e r n s  b e c a m e  w e a k e r  a  s e c o n d  m a t e r i a l ,  pFiOOH, a p p e a r e d *  

Table 3 * 6  s u m m a r i s e s  t h e  c h a n g e s  i n  t h e  d i f f r a c t : . o n  

p a t t e r n s  d u r i n g  t h e  o x i d a t i o n *

G r a p h i t e  f r o m  e x p e r i m e n t  70  w a s  o x i d i s e d ,  a s  s e e n  

i n  T a b l e  3 . 6 ,  and a s  t h e  o x i d a t i o n  p r o g r e s s e d  t h e  S . A . I n  

p a t t e r n  o f  F i O  g r a d u a l l y  r e p l a c e d  t h a t  o f  c a r b o n ,  a s  

shown b y  T a b l e  3 . 7 .

T a b l e  3 . 7

o
d. s p a c i n g s ,  i n  A ,  f r o m  t h e  o x i d a t i o n  o f  e x p e r i m e n t  7 0  d e p o s i t ,

SP1 b e f o r e  a f t e r  2 0  m i n s .  a f t e r  4 0  m i n s .
g r a p h i t e  o x i d a t i o n  o x i d a t i o n  o x i d a t i o n  F i O

3 . 3 5 5

2 . 1 2 8

1 . 6 7 8

1 . 2 2 9

3 . 3 8

2 . 1 0 0

1 . 7 1 1

1 . 2 3 3

3 . 4 5

2 . 4 - 2 3

2 . 0 9 4

1 . 7 0 5

1 . 4 7 9

1 . 2 2 6

2 . 4 2 1

2 . 0 8 2

1 . 4 - 7 7

1 . 2 6 2

1 .2 0 0

2 . 4 1 0

2 . 0 8 8

1 . 2 5 9

1 .206

1 . 1 5 3 1 . 1 5 4 1 . 1 5 4
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The o x i d a t i o n  a t  6 0 0 ° C  o f  a  g r a i n  b o u n d a r y  d e p o s i t  

from t h e  s a m e  e x p e r i m e n t  w a s  p e r f o r m e d  and  P l a t e  3 * 4 0  

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

The d e p o s i t  p r o v e d  t o  b e  an  o r i e n t e d  p o l y c r y s t a l l i n e  

carbon w h o s e  ( 0 0 0 2 ) p l a n e s  w e r e  p a r a l l e l  t o  t h e  

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

the c o n c l u s i o n  r e a c h e d  i n  s e c t i o n  3 . 1 . 6 .

The f l a k e  g r a p h i t e  f o r m e d  i n  e x p e r i m e n t  1 6 A  w a s  

a l s o  e x a m i n e d  b y  t h e  o x i d a t i o n  t e c h n i q u e .  A t  6 0 0 ° C  i n  

the e l e c t r o n  m i c r o s c o p e  e d g e  o x i d a t i o n  an d  p i t  f o r m a t i o n  

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

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

and some d e g r e e  o f  c h a n n e l l i n g  b y  t h e  m e t a l  w a s  o b s e r v e d .  

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

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

c o a l e s c e .  S t u d i e s  o n  t h e  o r i e n t a t i o n  o f  t h e  s i d e s  o f  t h e  

etch p i t s  u s i n g  t h e  S . A . P .  m e t h o d  i n d i c a t e d  t h a t  o x i d a t i o n  

took p l a c e  p a r a l l e l  t o  t h e  <  1 0 1 0 >  d i r e c t i o n .  T h i s  i s  

termed ” p a r a l l e l  o x i d a t i o n "  and  i s  t h e  t y p e  n o r m a l l y  

o c c u r r i n g  a t  6 0 0 c C ( T h o m a s ,  1 9 6 6 ) .  The e t c h  p i t s  i n  

H a t e  3 . 4 1  a l l  h a v e  s i d e s  c o r r e s p o n d i n g  t o  ( 1 1 2 0 )  p l a n e s .

O x i d a t i o n  o f  p l a t e l e t  g r a p h i t e  f r o m  e x p e r i m e n t  I I  a t  

800°C l e d  t o  s i m i l a r  r e s u l t s .  P i t t i n g  o f  t h e  g r a p h i t e  

Was v e r y  e v i d e n t .  H o w e v e r ,  w i t h  f e w  e x c e p t i o n s ,  t h e  

s id e s  o f  t h e  e t c h  p i t s  w e r e  n o t  h e x a g o n a l  and t e n d e d  t o  

i r r e g u l a r ,  a s  P l a t e  3 . 4 2  s h o w s .  O x i d a t i o n  

p r o c e ed ed  a l o n g  d i f f e r e n t  ( 0 0 0 2 ) p l a n e s  i n d e p e n d e n t l y ,



P l a t e  3 .4 0

G-rain  b o u n d a r y  d e p o s i t  f r o m  e x p e r i m e n t  ?C 

p a r t i a l l y  o x i d i s e d  a t  6 0 0 ° C  i n  o r d e r  t o  s h o w  

t h e  a l i g n m e n t  o f  t h e  ( 0 0 0 2 ) l a y e r  p l a n e s  r e l a t i v e  

t o  t h e  g r a i n  b o u n d a r y  l i n e .  [2JS *70 2 0 5 0 ] .

m a g n i f i c a t i o n  = 92,000X.





P l a t e  3 .4 1

P l a t e l e t  g r a p h i t e  f rom e x p e r i m e n t  16A 

p a r t i a l l y  o x i d i s e d  a t  600°C showing th e  

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

[NS 70 20 89 ] .

m a g n i f i c a t i o n  = 1 0 6 , COOX.





P l a t e  5 .4 2

P a r t i a l l y  o x i d i s e d  p l a t e l e t  g r a p h i t e  from

e x p e r im e n t  1L showing i r r e g u l a r  p i t s  c o n t a i n i n g

s m a l l  m e ta l  c a t a l y s t  p a r t i c l e s .  [NS 71 4 6 0 ] .
<>

m a g n i f i c a t i o n  = 17 ,600X.
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r e s u l t i n g  i n  a  g r a d u a l  d e c r e a s e  i n  t h i c k n e s s  o f  t h e  

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

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

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

These m e t a l  p a r t i c l e s  w e r e  n o t  p r e s e n t  b e f o r e  t h e  o n s e t  

of  o x i d a t i o n  and  w e r e  s e e n  t o  c o a g u l a t e  d u r i n g  t h i s  

o x i d a t i o n  and  d u r i n g  p r e v i o u s  o x i d a t i o n  s t u d i e s .
o

They v a r i e d  i n  s i z e  b u t  o n e s  a r e  s m a l l  a s  2 0  A i n  

d i a m e t e r  w e r e  d e t e c t e d .

By c a l c u l a t i n g  t h e  a m o u n t  o f  m e t a l  i n v o l v e d  i n  t h e  

o x i d a t i o n  p r o c e s s  o n  e s t i m a t e  f o r  t h e  p r o p o r t i o n  o f  

m eta l  c o n t a i n e d  i n  t h e  p l a t e l e t  g r a p h i t e  o f  0 *1$  b y  

w e i g h t  w a s  a r r i v e d  a t .  A v a l u e  o f  2 $  n i c k e l  p r e s e n t  i n  

the o v e r a l l  c a r b o n  d e p o s i t  o f  e x p e r i m e n t  2 3 1  w a s  o b t a i n e d  

by g a s i f i c a t i o n  o f  a  w e i g h e d  q u a n t i t y  o f  p r o d u c t  a n d  

r e w e i g h i n g  t h e  m e t a l  r e s i d u e .  T h e s e  f i g u r e s  i n d i c a t e  

t h a t  m o s t  o f  t h e  m e t a l  d i s t r i b u t e d  among t h e  d e p o s i t  

e x i s t s  a s  f r e e  m e t a l  o r  a s  m e t a l  a t t a c h e d  t o  f i b r e s  

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

l a t t i c e .

A p i e c e  o f  d e p o s i t  f r o m  e x p e r i m e n t  1L w a s  u s e d  a s  a  

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

The c o m b i n e d  s p e c i m e n  w a s  t h e n  o x i d i s e d  i n  t h e  e l e c t r o n  

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

i s  show n i n  P l a t e  3 . 4 3 .  The m o r e  o p a q u e  p a r t s  a r e  

s i n t e r e d  n i c k e l  w h i c h  i s  c a t a l y s i n g  t h e  g r a p h i t e  

o x i d a t i o n .  The g a s i f i c a t i o n  i s  b e i n g  c a t a l y s e d  u n i f o r m l y
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P l a t e  5 .4 5

Oxidation o f  platelet graphite being catalysed 
by an evaporated film of nickel. [WS 71 658].

m a g n i f i c a t i o n  = 88,000X.





154

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

c o n t r a s t  w i t h  t h e  mode o f  c a t a l y s i s  w h en  i n t r i n s i c  n i c k e l  

p a r t i c l e s  w e r e  u t i l i s e d .  T h i s  and o t h e r  e v i d e n c e  

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

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

l a t t i c e  i t s e l f *

F i b r o u s  g r a p h i t e  f r o m  e x p e r i m e n t  1AF w a s  p l a c e d  on  

a, s i l i c a  s u p p o r t  f i l m  and  o x i d i s e d  a t  b e t w e e n  5 4 0 ° C  and  

640°C. The c o u r s e  o f  t h e  o x i d a t i o n  w a s  r e c o r d e d  and a  

number o f  f e a t u r e s  c o n c e r n i n g  t h e  m e c h a n i s m  w e r e  r e v e a l e d .  

P l a t e  3 . 4 4  w a s  t a k e n  b e f o r e  t h e  c o m m e n c e m e n t  o f  o x i d a t i o n  

and P l a t e  3 . 4 5 ,  3 . 4 6  and 3 . 4 7  a r e  f r o m  t h i s  sam e  a r e a  

a f t e r  1 0 ,  3 2  and  5 8  m i n u t e s  o x i d a t i o n  r e s p e c t i v e l y .

At 54G°C t h e  i n i t i a l  c h a n g e  w a s  t h e  i n w a r d  m o v e m e n t  o f  

the m e t a l  a t  t h e  t i p s  o f  f i b r e  b r a n c h e s .  T h i s  i n d i c a t e d  

that  t h e  i n n e r  r e g i o n  o f  t h e  f i b r e  c l u s t e r s  w e r e  n o t  w h o l l y  

f i l l e d  w i t h  m e t a l  and  h o l l o w  a r e a s  m u s t  h a v e  b e e n  p r e s e n t .  

The m o b i l i t y  o f  t h e  m e t a l  a t  5 4 0 ° C  w a s  s l i g h t l y  

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

the f i b r e s  w e r e  a c t u a l l y  p r o d u c e d .  S u b s e q u e n t l y ,  t h e  

o x i d a t i o n  s t a r t e d  a t  t h e  o u t e r  g r a p h i t e  s u r f a c e .

This v e r i f i e d  t h a t  t h e r e  w a s  n o  e a , s y  r o u t e  b y  w h i c h  g a s e s  

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

P a r t i c l e ,  o t h e r w i s e  t h e  o x i d a t i o n  w o u l d  h a v e  o c c u r r e d  

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

S ^ a p h i t e ,  o x i d a t i o n  r e v e a l e d  t h e  p r e s e n c e  o f  m e t a l  among
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P l a t e  3.4,4

F i b r o u s  g r a p h i t e  f r o m  

e x p e r i m e n t  1AP b e f o r e  

o x i d a t i o n *  [NS 7 2  3 5 4 - ] .

m a g n i f i c a t i o n  = 4 0 , 0 0 0 X e

P l a t e  3*45

The sam e a r e a  o f  d e p o s i t  

a s  i n  P l a t e  3*4-4 a f t e r  

10 m i n u t e s  o x i d a t i o n .

[NS 7 2  3 5 7 ] .

m a g n i f i c a t i o n  -  4 0 , 0 0 0 X .

P l a t e  3 * 4 6

The s a m e  a r e a  a s  P l a t e  

3 . 4 4  a f t e r  3 2  m i n u t e s  

o x i d a t i o n .  [NS 7 2  3 6 2 ] .

P l a t e  3 . 4 7

The sam e  a r e a  a s  P l a t e  3 . 4 4  

a f t e r  5 8  m i n u t e s  o x i d a t i o n *  

[IIS 7 2  3 7 0 ] .

m a g n i f i c a t i o n  = 40,000X. m a g n i f i c a t i o n  = 4G?000X.





the f i b r o u s  g r a p h i t e ’ s? l a t t i c e  and t h e  r e s u l t i n g  s m a l l  

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

car b on  w a l l  p a r a l l e l  t o  t h e  b a s a l  p l a n e s .  F i n a l l y ,  

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

o x i d a t i o n  p r o c e s s .

3 . 3 -  S c a n n i n g  E l e c t r o n  m i c r o s c o p y

E x a m i n a t i o n  o f  d e p o s i t s  b y  s c a n n i n g  e l e c t r o n  

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

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

a l l  g r a i n s ,  P l a t e  3 . 4 8  f r o m  e x p e r i m e n t  1H s h o w s  t h a t  

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

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

or p a r t i a l l y  c o v e r e d .  The v a r i a t i o n  i n  d e p o s i t  r a t e  w i t h  

m eta l  o r i e n t a t i o n  h a s  b e e n  d i s c u s s e d  i n  t h e  I n t r o d u c t i o n  

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

c o v e r e d  i n  d e p o s i t .  The i n d i v i d u a l  g r a i n s  i n  P l a t e  3 . 4 8  

are d i s t i n g u i s h a b l e  b u t  n o  s i g n s  o f  p r e f e r r e d  g r a i n  

b ou n d ar y  d e p o s i t i o n  a r e  e v i d e n t .  T r a n s m i s s i o n  

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

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

the l e v e l  o f  t h e  g e n e r a l  c a r b o n  p r o d u c t .  H e n c e  t h e  

d e g r e e  o f  e n h a n c e d  i r r a d i a t i o n  e x p e r i e n c e d  b y  t h e  

boundary  d e p o s i t s  i n  P l a t e  3 . 4 9  f r o m  e x p e r i m e n t  I P  

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

as s u g g e s t e d  i n  s e c t i o n  3 . 1 . 8 .

S h o r t  d u r a t i o n  e x p e r i m e n t s  k now n t o  c o n t a i n  o n l y  

P l a t e l e t  g r a p h i t e  w i t h  d i f f r a c t i n g  e d g e  m a t e r i a l  w e r e
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P l a t e  3 . 4j3

V a r i a t i o n  o f  d e p o s i t  t h i c k n e s s  on  d i f f e r e n t  

n i c k e l  g r a i n s  a f t e r  e x p e r i m e n t  1H.

m a g n i f i c a t i o n  = 42G X.

P l a t e  3 . 4 9

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

e x p e r i m e n t  I P .

m a g n i f i c a t i o n  250OX.
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exHTaj.il - o. b y  o «i i ) a n d  t h e  f l a b  f f e a / f c u r e l e s s  a p p e a r a n c e  

c on  it. l r m e  d p r e v i o u s l y  d i s c u s s e d  i d e a s  c o n c e r n i n g  t h e  

n a t u r e  o f  t h e  p l a t e l e t  d e p o s i t .  The a r e a  i n  P l a t e  3 . 5 0  

f r o m  e x p e r i m e n t  1R r e v e a l s  f e a t u r e s  c o n s i s t e n t  w i t h  

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

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

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

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

w i t h  t h e  n o d u l a r 5 r o u g h e r  o u t l i n e s  o f  t h e  d e p o s i t  f r o m  

t h e  l o n g e r  r e a c t i o n  I P  i n  p l a t e  3 . 5 1 .  T h i s  o u t e r  s u r f a c e  

c o r r e s p o n d s  t o  f i b r o u s  o r  n o n - o r i e n t e d  m a t e r i a l .

The l i g h t e r  r e g i o n s  may b e  m e t a l - r i c h  p a r t i c l e s  c a r r i e d  

o u t w a r d  b y  t h e  g r o w i n g  c a r b o n .

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

e x p e r i m e n t  IK i s  g i v e n  i n  P l a t e  3 . 5 2 *  The s u r f a c e  

f e a t u r e s  a r e  much l e s s  r e g u l a r  t h a n  o n e s  f r o m  t h e  c e n t r e  

d e p o s i t  o f  t h e  sa m e  e x p e r i m e n t  i n  P l a t e  3 . 5 0 .

The c l u m p s  o r  n o d u l e s  d e s c r i b e d  i n  3 . 1 . 8  a r e  p r o m in e n t *  

j u t t i n g  o u t  f r o m  t h e  f l a t t e r  r e g i o n s .  A l s o  v i s i b l e  are  

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

know n t o  b e  p r e s e n t  among t h e  p r o d u c t  o f  t h i s  e x p e r i m e n t .

3 . 4 .  X - R a y  P o w d e r  A n a l y s i s

T a b l e  3 . 8  ( o v e r )  g i v e s  a  c o m p a r i s o n  b e t w e e n  t h e  

l a t t i c e  s p a c i n g s  o f  S P 1  g r a p h i t e  and g r a p h i t e  d e p o s i t e d  

i n  e x p e r i m e n t  1 2 C, b o t h  s e t s  o f  d a t a  o b t a i n e d  f r o m  

X - r a y  p o w d e r  p h o t o g r a p h s .
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P l a t e  5 . 5 0

P l a t e l e t  g r a p h i t e  f r o m  e x p e r i m e n t  1R c o n t a i n i n g  

d i f f r a c t i o n  e d g e s .

m o d i f i c a t i o n  1 0 , 5 0 0 X .

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

f r o m  e x p e r i m e n t  IP*

m a g n i f ic a t io n  = 6,200X.





160

P l a t e  3 , 5 2

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

e x p e r i m e n t  1R.

m a g n i f i c a t i o n  = 4 ,500X .



r̂.
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T able  3 .8

d s p a c i n g s ,, i n  A> .from SP 1 g r a p h i t e and e x p e r i m e n t  ,120
g r a p h i t e

Pyro ly t ic
g rap h i te

3 . 35M

2.130 

2.032 

1 .677

SP1
g r a p h i  t e

2 . 1 3 1

2 . 0 2 9

1 * 6 7 5

In  6 ex

0002

1010

1011

0 0 0 4

D i f f e r e n c e

0 . 0 0 2

0 . 0 0 1

0 * 0 0 3

0*002

It  can  b e  s e e n  t h a t  t h e r e  w a s  e x c e l l e n t  a g r e e m e n t  

between t h e  l a t t i c e  s p a c i n g s  o f  t h e  t w o  g r a p h i t e s .

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

s p a c in g  o f  3 . 3 5 5  A w h i c h  c o r r e s p o n d e d  t o  1 0 0 $  s t a c k i n g  

order a n d  t h e r e f o r e ,  a c c o r d i n g  t o  F r a n k l i n ' s  ( 1 9 5 1 B )  

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

was i m p o r t a n t  i n  e s t a b l i s h i n g  t h e  h i g h  q u a l i t y  o f  t h e  

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

600°C and 7 0 0 ° G .

3.5 H a s s  S p e c t r o m e t r y

I n  o r d e r  t o  o b t a i n  i n f o r m a t i o n  on  t h e  mode o f  

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

f o r m a t i o n  o f  c a r b o n  m a s s  s p e c t r o m e t r i e  a n a l y s i s  w a s  

e m p loye d .  A f t e r  e x p e r i m e n t s  IV and IV/ m uch o f  t h e  

methane a t m o s p h e r e  u s e d  w a s  f o u n d  t o  h a v e  b e e n  

c o n v e r t e d  t o  h y d r o g e n .  The p e r c e n t a g e  o f  h i g h e r  

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



p r e s e n t  a s  i m p u r i t i e s  i n  t h e  u n r e a c t e d  m e t h a n e .

T h i s  w a s  t o  h e  e x p e c t e d  a s  a n y  h i g h e r  h y d r o c a r b o n  form ed  

w oul.a  h e  a t  l e a s t  a s  r e a c t i v e  a s  m ethane  and would  

d e c o m p o s e  c o m p a r a t i v e l y  r e a d i l y  t o  c a r b o n .

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

2 3 0 ,  23D and 2 3 1 ,  2 3 J  w e r e  c o m p l e x  and t h e i r  

c o m p o s i t i o n s  a r e  l i s t e d  i n  T a b l e  3 . 9 *

T a b le  3 . 9

G a s e o u s  p r o d u c t s  (%) o f  b u t a d i e n e  d e c o m p o s i t i o n .

It US E x p t ,  2 3 G , 2.3D E x p t .  2 3 1 ,

H* 60 30

10 30

f  TT JjL4 10 30

a n 7 2

m m - ?

a n 4 1

c 4 k6 4- -

° 4 H 10 2 -

a  Ha 2 -

I n  b o t h  s c t s  o f  e x p e r i m e n t s ,  o f t h e  w e i g h t  o f

c o n t a i n e d  i n  t h e  b u t a d i e n e  a p p r o x i m a t e l y  20i? has  b e e n  

d e p o s i t e d  a s  c a r b o n  and t h e  r e m a in c ie r  was  l e f t  i n  t h e  

g a s  p h a s e  a s  v a r i o u s  h y d r o c a r b o n  s p e c i e s .  Prom t h e  

p o i n t  o f  v i e w  o f  b u t a d i e n e  d e c o m p o s i t i o n  t h e  r e a c t i o n  

had g o n e  t o  c o m p l e t i o n  a s  no  b u t a d i e n e  r e m a i n e d  among 

t h e  g a s  m i x t u r e  h u t  f r o m  t h e  s t a n d p o i n t  o f  c a i b o n
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depo&j.  biou.  o n l y  fOp r e a c t i o n  had t a k e n  p l a c e  and 

u n d o u b t e d l y  a  l o n g e r  r e a c t i o n  w o u ld  h a v e  l e d  t o  

f u r t h e r  d e p o s i t i o n  o c c u r r i n g  v i a  d e c o m p o s i t i o n  o f  the  

i n t e r m e d i a t e  g a s e s .  The much f a s t e r  r a t e  o f  c a r b o n  

f o r m a t i o n  w h e n  b u t a d i e n e  was  e m p lo y e d  ( see .  s e c t i o n  3 . 6 ) 

w o u ld  b e  e x p e c t e d  t o  be  p o s s i b l e  o n l y  f o r  p a r t  o f  t h e  

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

t h e r m a l  s t a b i l i t y  w e r e  a v a i l a b l e  i n  t h e  g a s  p h a s e  t o  

c o n t i n u e  t h e  f a s t  d e c o m p o s i t i o n .  Y/hen o n l y  CH4 and 

Cglig w e r e  l e f t  t h e  r e a c t i o n  r a t e  w o u ld  d e c r e a s e  

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

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

a v a i l a b i l i t y  o f  c a t a l y s t  s u r f a c e s .

3 . 6 .  K i n e t i c s

Any  m e c h a n i s m  w h i c h  a t t e m p t s  t o  e x p l a i n  

c o m p r e h e n s i v e l y  t h e  p r o c e s s e s  i n v o l v e d  i n  c a r b o n  d e p o s i t i o n  

h a s  t o  b e  a b l e  t o  i n t e r p r e t  t h e  o b s e r v e d  r e a c t i o n  k i n e t i c s .  

The w e i g h t  o f  c a r b o n  d e p o s i t e d  d u r i n g  a w i d e  v a r i e t y  o f  

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

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

The a c c u r a c y  o f  t h e  m e a s u r e m e n t s  t a k e n  was  n o t  h i g h  

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

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

t e m p e r a t u r e  g r a d i e n t  a l o n g  t h e  r e a c t i n g  f o i l ,  w h i c h  was 

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

e n c o u n t e r e d  s e v e r a l  c o n c l u s i o n s  a b o u t  t h e  n a t u r e  o f  tne 

r e a c t i o n s  c a n  b e  draw n f r o m  t h e  k i n e t i c  d a t a  o b t a i n e d .



Lxperim-.:?n tb on t b e  n i c k e l ^ m e t h a n e  s y s t e m  a t  

*'• 7 0 0 °C a n d  6 0 0  t o r r  h a v e  show n t h a t  t h e  r a t e  o f  c a r b o n  

d e p o s i t i o n  d e c r e a s e s  a s  t n e  r e a c t i o n  t im e  was  i n c r e a s e d .  

F i g u r e  3 . 1  i n d i c a t e s  t h e  e x t e n t  o f  t h e  drop i n  r a t e  w i t h  

t i m e .  O t h e r  w o r k e r s  ( B a u k l o h  e t  a l . ,  1950?  W alker  e t  a l . ,

1 9 5 9 B ?  T e s n e r  e t  a l * ,  1 9 7 0 ;  Tamai e t  a l .  , 1 9 6 8 ) ,  s t u d y i n g  

t h e  i n t e r a c t i o n  o f  i r o n ,  c o b a l t  and n i c k e l  on c a r b o n  

m o n o x i d e  and h y d r o c a r b o n s ,  h a v e  f o u n d  a s i m i l a r  r a t e  

d e p e n d e n c e  on  t i m e .  The f i r s t  t h r e e  g r o u p s  o f  w o r k e r s  

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

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

c a t a l y t i c  i n d u c t i o n  p e r i o d .  l o b o  ( 1 9 7 1 )  w o r k i n g  w i t h  

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

t o  b e  t o t a l l y  i n d e p e n d e n t  o f  t i m e  o v e r  c o n s i d e r a b l e  

p e r i o d s .  H o w e v e r ,  h i s  p r o c e d u r e  i n v o l v e d  p a s s i n g  a  

h e a t e d  g a s  o v e r  a  f o i l  r a t h e r  t h a n  t h e  more u s u a l  

r e s i s t a n c e  h e a t i n g .  B e c a u s e  o f  t h e  t e m p e r a t u r e  g r a d i e n t  

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

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

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

t h e  t h i c k n e s s  o f  d e p o s i t s  i n c r e a s e s .  The method o f  

h e a t i n g  t h e  g a s  a v o i d s  t h i s  f a c t o r ,  e x p l a i n i n g  why no drop

i n  r a t e  w i t h  t i m e  w a s  f o u n d  b y  L o b o .

A t  a  c o n s t a n t  r e a c t i o n  d u r a t i o n  o f  two h o u r s  and au 

a t e m p e r a t u r e  o f  7 0 0 ° C  a p r e s s u r e  c h a n g e  from 1 t o r r  t o  

6 0 0  t o r r  i n  t h e  n i c k e l  m e t h a n e  s y s t e m  r e s u l t e d  i n  a

d o u b l i n g  o f  t h e  d e p o s i t i o n  r a t e ,  a p p r o x i m a t e l y .
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With  m e th a r s e / i r o n  i n t e r a c t i o n s  an in c r e a s e  in r a t e  by 

a f a c t o r  o f  a b o u t  t h r e e  was caused by the 600-fold increase  

i n  p r e s s u r e .  Tamai and co-workers  (1968) found t h a t  a t  

900°C and 1000°C th e  r a t e  of the methane^nickel  r e a c t io n  

was n e a r l y  i n d e p e n d e n t  of p r e s s u r e  between 60 . t o r r  and 600 

t o r r  w h i l e  th e  m e t h a n e / i r o n  r e a c t i o n  r a t e  a l t e r e d  hv a 

f a c t o r  o f  be tw een  f i v e  and ten  f o r  the  same change in  

p r e s s u r e .

Work pe rfo rm ed  w i th  n i c k e l  powder of p a r t i c l e  

d i a m e t e r  a p p r o x i m a t e l y  5 yU, (experiment  IP) showed th a t  

th e  r e a c t i o n  r a t e  (and d e p o s i t  morphology) was p ro po r t ion a l  

to  th e  s u r f a c e  a r e a  of  the  metal  bu t  independent of 

p a r t i c l e  s i z e  i n  the  range  5 to  lOQytb .

E x p e r im e n t s  i n v o lv in g  methane under a v^ide v a r i e ty  

of  c o n d i t i o n s  have shown t h a t  the r e a c t i o n  r a t e  using 

i r o n  was be tw een  two and t h r e e  t imes t h a t  obtained with  

n i c k e l ,  t h i s  i n  s p i t e  o f  the f a c t  t h a t  purer  cond i t ions  

were r e q u i r e d  f o r  i r o n  to f u n c t i o n  as a carbon d ep o s i t io n  

c a t a l y s t .  Tamai (1968) quoted an average i ron  to 

n i c k e l  e f f i c i e n c y  r a t i o  of  5, c la im ing  t h a t  the d i f f e re n c e  

in  a c t i v i t y  was m ain ly  due to  the  g r e a t e r  a b i l i t y  of i ron  

to  p e rm e a te  i n t o  ca rb o n  l a y e r s .

The r a t e  of r e a c t i o n  of propane w ith  n ic k e l  was 

found t o  be s i m i l a r  to  t h a t  of the methane r e a c t io n ,  

b o th  g i v i n g  r a t e s  below those observed f o r  the tn ree  

u n s a t u r a t e d  g a s e s  employed. Thus the e f_ e c t  of ^ a i n  

l e n g t h  or  number o f  carbon  atoms was much l e s s  thcn±
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pi od ucea by the p r e s e n c e  of a double bond in  the 

decom posing  m o le c u le .  At 20 t o r r  CH4 and C3II8 were 

; t i l i g h u l y  s lo w e r  t u a n  C3H6 and acetone and much slower 

t h a n  At h i g h e r  p r e s s u r e s ,  as mentioned,  the

i n c r e a s e  in  r a t e  of Cil4 , and presumably C3H8 , 

d e c o m p o s i t i o n  was minimal b u t  w i th  C4H6 the v a r i a t i o n  was 

much g r e a t e r .  F ig u re  3 .2  d e s c r i b e s  the r a t e  changes 

cau sed  by  a r a n g e  of  p r e s s u r e s  cover ing  more than 4 orders 

o f  m a g n i tu d e .  The average  v a lu e s  of CH4 r e a c t i o n  r a t e s  

a re  i n c l u d e d  f o r  com par ison .  At lower p re s su re s  the 

r a t e s  o f  c a r b o n  d e p o s i t i o n  from C4H6 and-CII4 were f a i r l y  

s i m i l a r  b u t  as  the  p r e s s u r e  was in c re ased  the d i s p a r i t y  in 

r a t e s  widened u n t i l  a t  600 t o r r  a more than 100-fold 

d i f f e r e n c e  e x i s t e d .  The r a t e  of r e a c t i o n  of C3I^ a lso  

i n c r e a s e d  c o n s i d e r a b l y  w i th  p r e s s u r e .

Lobo (1971)  found t h a t  w i th  C3H6^Hg mixtures  a t  

715°C t h e  o r d e r  o f  r e a c t i o n  w i th  r e s p e c t  to  the 

h y d ro c a rb o n  was one between 100 and 150 t o r r  bu t  approached 

z e ro  a t  lo w e r  p r e s s u r e s .  This i s  s i m i l a r  to the. 

v i a r i a t i o n  shown i n  F ig u re  3 .2  f o r  b u tad iene .  Belov/ approx. 

1 t o r r  C4Kg gave a ca rb o n  p roduc t  i d e n t i c a l  to  t h a t  from 

s a t u r a t e d  g a s e s ,  i n d i c a t i n g  t h a t  under those c ond i t ions  

i t s  c a r b o n  d e p o s i t i o n  mechanism was s i m i l a r .

At h i g h e r  p r e s s u r e s ,  c o r re sp o n d in g  to f a s t e r  d e p o s i t io n ,  

some s o l i d  p hase  c a rb o n  was observed as o e t a i l e d  in 

s e c t i o n  3 . 1 . 3 .
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4 .  D iscu ss io n  

4*1.  G e n e r a l  Con s i d e r a t i o n s

P a r i  o f  t h e  r e a s o n  f o r  the  degree of confus ion  

i n  th e  l i t e r a t u r e  r e g a r d in g  the chemical  n a tu r e  of 

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

c r i t e r i a  p ro p o s e d  f o r  ju d g in g  c a t a l y s t  performance.

I t  i s  known t h a t  P e , Co and Hi i n c r e a s e  the r a t e  of 

f o r m a t i o n  o f  c a r b o n  from gaseous p r e c u r s o r s  and a lso  

i n c r e a s e  th e  c r y s t a l l i n e  p e r f e c t i o n  of the carbon 

formed a t  any g iv e n  tem p era tu re  (see  I n t r o d u c t i o n ) .  

These two a s p e c t s  a r e  undoub ted ly  i n t e r - r e l a t e d  but  

r e q u i r e  t o  be c a r e f u l l y  d i s t i n g u i s h e d .  Condit ions 

which  w i l l  f a v o u r  a v e r y  h igh  r a t e  of carbon 

, d e p o s i t i o n  w i l l  n o t  be i d e a l  f o r  the format ion  of 

l a r g e  p l a t e l e t s  of  ” p e r f e c t ” g r a p h i t e .  One example 

i s  t h e  a u t o - c a t a l y t i c  b eh av iou r  of the product  carbon 

r e p o r t e d  by s e v e r a l  a u th o r s  (Bromley e t  a l . r I960;

Lobo, 1 9 7 1 ) .  As th e  ca rbon  i s  d e p o s i te d  i t  in c re a s e s  

the  r a t e  o f  f u r t h e r  d e p o s i t i o n  a l though  i t  i s  known 

t h a t  c r y s t a l l i n i t y  d e c r e a s e s  w i th  amount of d epos i t  

(Walker  e t  a l - r 1959A) and H i r a i  and Tajima (1967) have 

shown t h a t  c r y s t a l l i n e  g r a p h i t e  w i l l  not  grow on top of 

a g r a p h i t e  s u b s t r a t e .

Carbon m o b i l i t y  and d i f f u s i o n .  The carbon species  

which i s  th e  immedia te  p r e c u r s o r  of the  g i a p h i t e  l a t t i c e  

formed i n  d e p o s i t i o n  s t u d i e s  i s  no t  known fo i  c e r t a i n .  

The work o f  Katsumoto,  mentioned prev ious ly ,  suggests
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s p e c i e s  a r e  i m p o r t a n t .  These 0^ s p e c i e s ,  or 

s u r f a c e  ” C atoms ” , would he expected to  have a 

h i g h e r  m o b i l i t y  t h a n  l a r g e r  hydrocarbon fragments 

and would f i t  i n t o  th e  growing g r a p h i t e  l a t t i c e  

more e a s i l y  t h a n  th e  l a r g e r  s p e c i e s .  For these  

r e a s o n s  the  f o l l o w i n g  s e c t i o n  d e a l s  e x c l u s i v e l y  w i th  

t h e  s i t u a t i o n  e n co u n te re d  by in d iv i d u a l  carbon atoms.

Robertson  (1968)

has  g i v e n  t h e  v a l u e s  f o r  d i f f u s i o n  r a t e s  of carbon 

atoms on v a r i o u s  s u r f a c e s .  They a re :

odFe 5 .3  x 10 cm. sec .  a t  672°C

12.1  x 10” cm?sec .” 1 a t  761°C

Hi 5 .0  x 10 cm. 2 sec-• a t  750°C

g r a p h i t e  ( a  d i r e c t i o n )  1 .35  x 10”l 3 cmusec. 1 a t  2185°C

2.7  x 10~13 cm?sec. a t  2200°C

The h i g h  v a l u e s  o f  ca rbon  m o b i l i t y  on Fe and Ni may 

e x p l a i n  why th e  b u i l d  up of g r a p h i t e  c r y s t a l s  can occur 

a t  t h e s e  low t e m p e r a t u r e s ,  b u t  s t r i c t l y  they  only apply 

t o  t h e  f i r s t  g r a p h i t e  l a y e r  on the metal  s u r f a c e ,  

A d d i t i o n a l  l a y e r s  a re  formed on a g r a p h i t e  f i lm  and 

th e  lo w e r  m o b i l i t y  v a lu e s  f o r  d i f f u s i o n  of carbon on 

g r a p h i t e  shou ld  a p p ly .  To e x p la in  the continued ordered 

g ro w th  i t  i s  b e l i e v e d  t h a t  metal  has to  be a v a i l a b l e  

a t  t h e  g row th  s i t e s  to a id  the decomposit ion  of the gas 

and to  a l l o w  a s u f f i c i e n t l y  h igh  carbon atom m o b i l i ty  

f o r  g r a p h i t e  f o r m a t io n .
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At 700°C the solubility of carbon in nickel is,
S -- 7.05 x 10~5 g.cm.~s (Lander et al., 1952) and the ' 
diffusion rate, D, is 3.28 x 10~9 cm.2sec.“1 
(Diamond , 1965). The feasilibity of forming a film

oof carbon almost 100 A thick on the nickel surface due 
to dissolved carbon coming out of solution as the foil 
is cooled after reaction can be calculated.
The time taken for cooling from 700°C to 100°C is approx. 
5 seconds and the distance through which carbon atoms can 
diffuse in this time is V/Dt = 1.28 x 10~4cm.
Assuming that for this distance into the foil a 
saturated solution exists then the amount of carbon 
per unit area arriving at the surface is 9.02 x I0~7g.,

ocorresponding to a film over 200 A thick. Taking into 
account the approximations and assumptions made it is 
reasonable to conclude that a carbon film of the 
thickness observed could be formed by the dissolution 
method described. The appearance of the film was 
similar to that formed by Derbyshire, Presland and 
Trimm (1972) using a dissolution-precipitation technique. 
Metal mobility and diffusion. The mobility of various 
metals on graphite has been observed by many workers 
during the course of graphite oxidation studies (Sears 
et al. , 1963; Presland et al., 1963; Thomas et al., 
1964). During this present work several graphite 
oxidations were followed and the mobility of nickel 
particles noted. The ability of nickel to move easily
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over graphite surfaces is therefore an advantage for 
carbon deposition catalysis, being necessary to 
explain the presence of the nickel among the carbon 
deposit. However, the diffusion of nickel through 
bulk pyrographite, as investigated by Wolfe and Borg 
(1964), is considerably more difficult. Bor diffusion 
parallel to the a- and c-axes the diffusion 
coefficients Da and lb, respectively, are given by,
Da = 1*76 x 1G2 exp (-48.1 x 103/ r t ), and
Be = 2.43 exp (-53.2 x 103/ r t )

Fo diffusion at all through the graphite layer planes 
was detected in graphite annealed at a temperature above 
3300°C, proving that the sole diffusion mechanism in an 
imperfect lattice is via defects.

Presence of Sulphur and Carbon Impurities. The precise 
effect of the sulphur impurity in nickel foils is uncertain. 
It is known that - sulphur segregates to the nickel (110) 
surface during thermal treatment and inhibits carbon 
formation on metals (see sections 1.2.1 and 1.2.2) but its 
exact mechanism remains obscure. It is possible that the 
sulphur presence on the surface retards the (110) 
reactivity, explaining the faster rate of reaction of the
(ill) and related planes. The uneven coverage of the
flietal surface within any one grain, often encountered in 
carbon deposition experiments, may be due to outcrops Oj. 
metal sulphide formed “from the sulphur impurity.
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G a l l o n  also segregates to the nickel surface 
on heating and ins previous presence of trace amounts 
is necessary for carbon deposition catalysis (Blakely et 
al. , 19 fO; Goad et al. , 1971)* Since carbon-bearing 
gases adsorb on free metal ratner than on metal 
carbides (section 1*1*3.2) the need for having carbon 
already on the surface is surprising. The surface 
carbon may aid the dehydrogenation of adsorbed 
hydrocarbon species.

4.2. F11amentary Carbon.
In section 3.1.4 the growth of the graphite 

fibres at 700°G was discussed. Metal for the catalysis 
of fibre growth was obtained by distortion of the foil 
surface due to the stresses incurred by the platelet 
graphite growth processes. This effect is similar 
to the release of compressive stresses during deposition 
reactions by the formation of metal and metal oxide 
whiskers reported by Gulbransen and Copan (1959) and 
encountered during the in situ work described in 
Chapter 5. Metal at the junction of several graphite 
crystals is forced into adopting a nodular shape at the 
surface and if the compression is sufficiently greau a. 
column of metal is extruded until the compressive forces 
are released. As the metal is being foi’ced outwards the 
graphitic diffracting edge region is growing alongside 
and gradually forms a graphite fibre. If the stress 
is not large then the metal nodule may not separate from
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the substrate surface and a hemispherical fibre will 
result* In the former case, howevery once the stress 
is released by extrusion the metal contained in the 
fibre M necks ” and finally separates from the parent 
foil * Further growth of the fibre generally carries the 
catalyst particle with it, though from time to time 
some of the metal is left along the body of the fibre 
(see, for example, Plate 3.20). It appears likely that 
if any additional stress is experienced by the foil near 
the root of the fibre then this can be released by the 
removal of further amounts of metal along the centre of 
the fibre, since fibre centres are normally hollow 
except for areas containing metal*

The oxidation work performed on the graphite fibres 
has established that the metal within the fibres is 
mobile at temperatures well below 700°C and the mobility 
is also shown by the amount of branching and clustering 
which occurs v/henever there is a .plentiful supply of 
metal within the fibres. The oxidation work indicated 
the existence of small particles of metal among the 
graphite wall in addition to the large particle at the 
fibre tip. The manner in which this material became 
incorporated into the graphite matrix will now be 
described.

High resolution studies have revealed that at the 
fibre tip the carbon wall narrows, meaning that the 
graphite planes furthest away from the metal core are
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•behind the inner ones in growth sequence. In this 
region one planes sbill remain parallel to the fibre 
surface and therefore only the innermost one is in 
actual contact with the metal particle and no other 
ones have ever been adjacent to the metal. This is 
apparent when the growth scheme outlines in section 
3.1.4 is recalled; the outer carbon layers are the 
ones which were originally at the upper surface of the 
platelet graphite. For this reason the growth of the 
fibre wall by the insertion of layer planes on to the 
surface of the metallic particle, involving either 
gaseous diffusion through the carbon on to the metal or 
diffusion of carbon through the particle, cannot explain 
the observed fibre fine structure.'

Even if a fibre of the type described is formed 
in isolation it cannot grow by carbon deposition 
directly on to the central particle's surface as this 
process will not give rise to parallel-oriented basal 
planes. This can be understood by reference to 
Figures 4.1 to 4.7. -Figure 4.1 represents an early 
stage of fibre growth when one carbon layer plane has 
partially formed on the metal* Only if this particle 
does not move can successive planes form on the metal 
surface to give Figure 4.2. For most types of fibre 
this simple picture is not valid. The appeal a nee of 
the second (inner) layer plane means that the xir^t one 
has to separate from the metal surface either at the top
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or  a t  t h e  b o t tom  of the  c o n ta c t  a r e a .  In both  cases  

t h i s  s e p a r a t i o n  w i l l  cause  the  p lan e s  to  lo se  t h e i r  

p a r a l l e l  o r i e n t a t i o n ,  as  i n d i c a t e d  by F ig u re s  4 .3  and 4 .4 ,  

r e o p e c t i v c l y .  Cont inued  growth w i l l  produce f i b r e s  with 

the  fo rm s  o f  F i g u r e s  4 .5  and 4 . 6 ,  r e s p e c t i v e l y .

F e i t h e r  o f  t h e s e  ty p e s  have been observed in  t h i s  work, 

th e  t r u e  f i b r e  c h a r a c t e r i s t i c s  be ing  summarised by 

F i g u r e  4 . 7 . which  i s  an i d e a l i s e d  r e p r e s e n t a t i o n  of the 

f i b r e  i n  P l a t e  3 .3 0 .

I t  s h o u ld  be n o te d  t h a t  the  f i b r e s  formed by

L ieberm an  e t  a l .  (1971)  have a s t r u c t u r e  s i m i l a r  to t h a t

d e s c r i b e d  i n  F i g u r e  4 . 5 ,  implying t h a t  they  were formed 

d u r i n g  c a r b o n i s a t i o n  by a b u i ld - u p  of the b a sa l  p lanes  

from t h e  i n s i d e .

To e x p l a i n  the  observed f e a t u r e s  of the f i b r e s  i t  

i s  n e c e s s a r y  t o  p o s t u l a t e  t h a t  the  a c t iv e  spec ie s  migrate  

to  t h e  exposed  growing g r a p h i t e  p l a n e s .  This i s  in  

a cc o rd  w i t h  t h e  o x i d a t i o n  evidence  of small metal

p a r t i c l e s  i n  th e  g r a p h i t e  w a l l s .  Since each f i b r e  has

a c o n s t a n t  d i a m e t e r  bulk  d i f f u s i o n  of c a t a l y s t  through 

the  c a r b o n  w a l l  to  the  s u r f a c e , which would lead to a 

g r a d u a l  t h i c k e n i n g  o f  the  w a l l  w ith  i n c r e a s in g  d is tan c e  

from th e  f i b r e  t i p ,  does no t  occur to  any s i g n i f i c a n t  

e x t e n t .  This  i s  t r u e  even of f i b r e s  which have metal 

p a r t i c l e s  d i s t r i b u t e d  a long t h e i r  c e n t r e s ,  fo r  example

the  f i b r e s  in  P l a t e  3 .2 0 .

The o n l y  o t h e r  means of  t r a n s f e r r i n g  metal from 

the c a t a l y s t  p a r t i c l e  to  the  carbon su r face  involves the
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r e l e a s e  o f  mobile  metal  s p e c i e s  from the  c a t a l y s t  su r face  

t o  t h e  g rowing  ca rb o n  f a c e s  by s u r f a c e  d i f f u s i o n .

S in c e  t h e s e  m e ta l  s p e c i e s  a l th o u g h  p r e s e n t  in  the 

g r a p h i t e  l a t t i c e  a re  n o t  v i s i b l e  even under the 

r e s o l u t i o n  of  P l a t e  3 .30  they  must c o n s i s t  of  no more 

t h a n  two o r  t h r e e  atoms and i t  i s  suggested t h a t  they  

e x i s t  a s  i n d i v i d u a l  atoms.  The t r a n s p o r t a t i o n  of the 

atoms t o  th e  c a r b o n  may be a ided by the form at ion  of 

o r g a n o - m e t a l l i c  s p e c i e s  from p a r t i a l l y  decomposed 

h y d ro c a rb o n  m o le c u l e s .  McCarrol l  e t  a l .  (1969) have 

a rgued  t h a t ,  f o r  example ,  the  a d s o rp t io n  of an e thylene  

m o le c u le  by  a  n i c k e l  atom w i l l  a l low  the  atom to  t r a v e l  

" a c r o s s  th e  n i c k e l  s u r f a c e  more e a s i l y .  The metal  

atoms w i l l  .lump from the  c e n t r a l  p a r t i c l e  on to. the 

f i r s t  c a r b o n  l a y e r  and a c t  a s  " keying a g e n t s ” fo r  the 

p o s i t i o n i n g  o f  the  i n d i v i d u a l  carbon atoms in to  the 

g r a p h i t e  l a t t i c e .  Some w i l l  move on to  h igher  p lanes  

w h i le  o t h e r s  w i l l  be i n c o r p o r a te d  in to  the growing carbon 

s t r u c t u r e .  The r o l e  of  the  l a r g e  m e ta l l i c  p a r t i c l e  

i s  t o  a c t  a s  a so u rc e  of atoms f o r  the p ropaga t ion  of the 

c a t a l y t i c  p r o c e s s  by t h i s  means.

This  g row th  mechanism i s  v a l id  even i f  the  c e n t r a l  

p a r t i c l e  c o n t a i n s  a m eta l  compound r a t h e r  than the f r ee  

m e t a l ,  a s  s u g g e s t e d  by e l e c t r o n  d i f f r a c t i o n  evidence ,  as 

long  a s  th e  rem ova l  of  sm al l  amounts of metal  can be 

a c h i e v e d .  S in c e  t r a n s i t i o n  metal  compounds, e spec ia l ly  

o x id e s ,  a r e  n o n - s t o i c h i o m e t r i c  t h i s  c o n d i t io n  should not 

be to o  s t r i n g e n t .
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Trie c e s s a t i o n  of f i b r e  growth occurs whenever 

t h e  c a r b o n  d e p o s i t i o n  o v e r ta k es  the  t r a n s l a t i o n a l  motion

o.». the. cen  u ra i  p a r t i c l e .  .it i s  l i k e l y  t h a t  the carbon 

c e p o s i t i o n  i s  n o t  un i to rm  i n  speed or d i r e c t i o n  in  anv 

g i v e n  f i b r e  and as  soon as the m eta l  becomes coated in 

a l a y e r  o f  c a rb o n  i t s  outward movement i s  blocked and the 

f i b r e  s t o p s  growing a f t e r  com ple te ly  e n ca p su la t in g  the 

m e ta l*  That  the  m e ta l  i s  en cap su la ted  was shown by 

th e  o x i d a t i o n  s t u d i e s  as no g a s i f i c a t i o n  of the  inner  

p l a n e s  o c c u r r e d  u n t i l  oxygen had a c c e s s ,  c o n s id e rab ly  

a f t e r  t h e  o n s e t  of o x i d a t i o n .  The o th e r  p o s s ib l e  

r e a s o n s  f o r  t e r m i n a t i o n  of f i b r e  growth, namely chemical 

d e a c t i v a t i o n  o r  c o o l i n g  a t  the  f i b r e  t i p  (d iscussed  in 

C h a p te r  5 )  a r e  n o t  a p p l i c a b l e  to t h i s  type of f i l a m e n t .

E n c a p s u l a t i o n  occurs  when the  innermost  l a y e r  plane 

c o v e r s  t h e  whole o f  the  m eta l  p a r t i c l e .  This cu ts  o f f  

t h e  s u p p l y  of  m e ta l  to  the  o th e r  g r a p h i t e  p lanes  which 

a r e  s t i l l  g rowing and would be expected to  slow down t h e i r  

r a t e  o f  g ro w th ,  a l t h o u g h  i t  appears  t h a t  normally  

s u f f i c i e n t  m e ta l  atoms a re  a l r e a d y  a v a i l a b l e  among t nein­

t o  a l l o w  c o m p le t io n  of growth.

The m e ta l  r e q u i r e d  f o r  the format ion  of 

f i l a m e n t a r y  ca rb o n  grown a t  450°C i s  obtained rathex 

d i f f e r e n t l y  from th e  manner j u s t  descr ibed  f o r  f i o r e s .  

F o r m a l ly  f i l a m e n t s  n u c le a t e d  a t  the  s i t e  Ox the nodular  

d e p o s i t  which was common a t  t h i s  tem pera tu re .

As m en t io n ed  i n  s e c t i o n  3.1*8 the nodu lar  d ep o s i t  ^pp.eare’’
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t o  c o n t a i n  l a r g e  amounts o f  m e ta l  and the s e p a r a t io n  

o f  m e t a l  p a i  t i d e s  a l low ed  the growth, of the 

f i l a m e n t a r y  carbon® Tneir  appearance and the  presence 

o f  p e a r - s h a p e d  m e ta l  p a r t i c l e s  a t  t h e i r  t i p s  suggest  

t h a t  t h e s e  f i l a m e n t s  a re  s i m i l a r  to  the one's whose growth 

s e q u e n c e  has  been  d e s c r ib e d  by Baker e t  a l .  (1972B).

They have p o s t u l a t e d  t h a t  i n  the  case  of CSH2 on Be, Co, 

Hi, d e c o m p o s i t i o n  on th e  exposed p a r t s  of the metal  

p a r t i c l e  w i l l  c ause  a tem pera tu re  g r a d i e n t  w i th in  the 

p a r t i c l e .  The d e p o s i t e d  carbon  w i l l  d i s s o l v e  in  the 

m e t a l ,  d i f f u s e  a lo n g  the  the rm al  g r a d ie n t  and be 

p r e c i p i t a t e d  a t  the  p r o t e c t e d  c o o le r  reg io n .

F u r t h e r ,  more c r y s t a l l i n e  carbon w i l l  be depo s i ted  a t  

th e  exposed  p a r t s  and w i l l  form an o u te r  sk in  covering 

th e  i n n e r  r e g i o n  of  r a t h e r  amorphous carbon. In t h i s  

c a s e  a l s o  t o t a l  e n c a p s u l a t i o n  of the p a r t i c l e ' accompanied 

th e  t e r m i n a t i o n  o f  f i l a m e n t  growth.

4*3.  F la k e  G ra p h i t e

The a v e ra g e  t h i c k n e s s  of the  carbon product  can 

be e s t i m a t e d  from the  weight of d e p o s i t  on a known 

area, o f  f o i l .  For  a weight  i n c r e a s e  of 1 mg. the 

a v e r a g e  t h i c k n e s s  i s  7500 A b u t  a f t e r  approx. 0 .5  mg. 

o f  c a r b o n  has formed,  the  e x a c t  va lue  de].) ending on 

e x p e r i m e n t a l  c o n d i t i o n s ,  n o n -o r i e n te d  carbon begins to form 

i n  a p p r e c i a b l e  q u a n t i t i e s .  Hence the maximum 1c
o

d im e n s io n  f o r  p l a t e l e t  g r a p h i t e  i s  about 4000 A.

F o r  t h e  p r o d u c t i o n  of  l a r g e r  c r y s t a l s  o i f j . e i e n t  e ^ p e r i r -n
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c o n d i t i o n s  woulo be r e q u i r e d ;  perhaps a tempera ture  

i n c r e a s e  or  use of lower  p r e s s u r e s  w ith  p u re r  metal 

would improve the  c r y s t a l  d imensions .

S e v e r a l  models f o r  the course  of hydrocarbon 

d e c o m p o s i t i o n  were l i s t e d  by Pres land  and Walker (1969):

1 .  C hem ica l  model .  Q± and C2 sp e c ie s  e . g .  CHS , C2H2 

p r e s e n t  on th e  m e ta l  s u r f a c e  polymerise  and c r y s t a l l i s e  • 

a s  c a r b o n .

2. Thin  f i l m  model .  Dehydrogenation of the gas occurs ,  

s i n g l e  c a rb o n  atoms move a c ro s s  the  carbon surface  and 

s l o t  i n t o  p o s i t i o n  a t  growth f r o n t s .

3. M e t a l l u r g i c a l  model. This mechanism'is  r e sp o n s ib le  

f o r  t h e  d i s s o l u t i o n - p r e c i p i t a t i o n  method of g rap h i te  

f o r m a t i o n  and has been shown ( s e c t i o n  4 .1 )  to  p lay

o n ly  a minor  p a r t  i n  p roducing  carbon d e p o s i t s  during the 

p r e s e n t  work. P r e s l a n d  and Walker considered t h a t  

s i n g l e  c r y s t a l  g r a p h i t e  would no t  be formed in  the sh o r t  

t im e  r e q u i r e d  t o  c o o l  a metal  f o i l  to  room temperature .

A f u r t h e r  p o s s i b i l i t y ,  n o t  mentioned in  t h e i r  paper i s ,

4 .  I n t e r m e d i a t e  compound model. Deposited carbon 

e n t e r s  t h e  m e ta l  l a t t i c e  forming an approximately  

s t o i c h i o m e t r i c  c a r b i d e ,  such as Fes C, which can 

decompose e s p e c i a l l y  a t  h ig h e r  tem pera tures  where 

c a r b i d e s  of  Fe ,  Co, Mi are  u n s t a b l e ,  to  give 

c r y s t a l l i n e  c a rb o n .  L i t t l e  evidence f o r  the 

e x i s t e n c e  of  i n t e r m e d i a t e  c a r b id e s  was found during
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t h e s e  s t u d i e s .  H o w e v e r ,  h o b o  ( 1 9 7 1 )  d e t e c t e d  s e v e r a l  

ph.rdk.j0 o i n  h i o  w o r k  w h i c h  may h a v e  b e e n  i n t e r m e d i a t e  

c a r b i d e s .  Tamai e t  a l . ( 1 9 6 8 )  r e p o r t e d  t h a t  P e 3 C and 

H i j C  may  b e  a c t i v e  i n  c a r b o n  f o r m a t i o n  f r o m  p a r a f f i n s  

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

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

o f  P e 3C ,  d e t e c t e d  b y  X - r a y s .

B l a u  and P r e s l a n d  ( 1 9 7 0 )  form ed  l a m i n a r  

( p l a t e l e t )  g r a p h i t e  a t  l o w  p r e s s u r e s  f r o m  a c e t y l e n e .  

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

q u a l i t y  d e p o s i t s  and e x p l a i n e d  t h i s  f a c t  by  r e a s o n i n g  

t h a t  a  r i s e  i n  p r e s s u r e  p r o d u c e d  an i n c r e a s e  i n  

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

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

The e f f e c t  o f  a  r i s e  i n  t e m p e r a t u r e  was t o  im p r ove  t h e  

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

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

w h i c h  a l l o w e d  a  more  o r d e r e d  g r o w t h  p r o c e s s .  T h e i r  

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

s t u d i e s .

The p r e s e n c e  o f  s m a l l  am ounts  o f  m e t a l  among t h e  

f l a k e  g r a p h i t e  c r y s t a l s  s u g g e s t s  t h a t  t h e  m echan ism  o f  

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

s e c t i o n  4 . 2  f o r  f i b r e  g r o w t h .  Ho i n f o r m a t i o n  on t h e  

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

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

t h i s  i s  n o t  p o s s i b l e  w i t h  t h e  f i b r o u s  m a t e r i a l  i f  would
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a l s o  n o t  o c c u r  w i t h  p l a t e l e t  g r a p h i t e .  I t  i s  p r o p o s e d ,  

t h e r e f o r e ,  t h a t  m e t a l  r e a c h e s  t h e  g r a p h i t e  l a t t i c e  by  

s u r f a c e  d i f f u s i o n ,  t h a t  i n d i v i d u a l  m e t a l  a tom s  a r e  

f r e e  t o  m ove  o v e r  t h e  s u r f a c e  o f  t h e  g r o w i n g  c r y s t a l s  

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

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

t h r o u g h o u t  t h e  w h o l e  c r y s t a l .

The o r i e n t a t i o n  o f  t h e  a - a x i s  o f  t h e  c r y s t a l  i s  

d e t e r m i n e d  b y  t h e  m anne r  i n  w h i c h  t h e  f i r s t  b a s a l  p l a n e  i s  

d e p o s i t e d  a s  s u c c e e d i n g  p l a n e s  h a v e  t h e  same  

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

w i t h i n  a  g i v e n  m e t a l  g r a i n  t o  a l i g n  w i l l  be due t o  an 

e p i t a x i a l  r e l a t i o n s h i p  b e t w e e n  t h e  m e t a l  and c a r b o n  

l a t t i c e s .  The e x i s t e n c e  o f  e p i t a x y  i n  p y r o l y t i c  c a r b o n  

d e p o s i t s  i s  i n  d i s p u t e .  P r e s l a n d  e t  a l .  ( 1 9 7 0 )  found  

t h a t  g r a p h i t e  w a s  l a i d  down e p i t a x i a l l y  on t h e  ( 110 ) 

n i c k e l  f a c e s  a t  1 0 0 0 ° C  w i t h  t h e  g r a p h i t e  ( 0 0 0 2 )  p l a n e s  

p a r a l l e l  t o  t h e  n i c l e l  ( 11 0 ) s u r f a c e ,  t h e  d i r e c t i o n a l  

r e l a t i o n s h i p  b e i n g  unk now n .  T h i s  was  i n  s p i t e  o f  t h e  

f a c e  t h a t  t h e  ( 1 1 1 ) n i c k e l  f a c e  i s  g e o m e t r i c a l l y  more  

f a v o u r a b l e  f o r  e p i t a x y  and w as  f o u n d  t o  r e a c t  f a s t e r  

t h a n  t h e  ( 1 1 0 ) p l a n e ,  i n  d i s a g r e e m e n t  w i t h  t h e  

f i n d i n g s  o f  C u n n i n g h a m  e t  a l *  ( 1 9 5 7 ) ,  d i s c u s s e d  i n  

s e c t i o n  1 . 1 . 3 . 3 .  L i t t l e  e v i d e n c e  f o r  e p i t a x y  was  

d e t e c t e d  i n  t h i s  w o r k .
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5 . 1 .  I n t r o d  a c t i o n

M e t a l  and m e t a l  o x i d e  ” smoke p a r t i c l e s ” have  

b e e n  p r e p a r e d  b y  b u r n i n g  m e t a l s  i n  a i r  ( Y e o r i a n ,  19 3 5 ;  

E h r a r d t  e t  a L ,  1 9 4 0 )  and b y  e l e c t r i c  a r c i n g  b e t w e e n  . 

t w o  e l e c t r o d e s  o f  t h e  same m e t a l  ( H a r v e y  e t  a l ,  I 9 6 0 ) .  

I n  t h e  e x p e r i m e n t s  b y  H a r v e y  and c o - w o r k e r s  m e t a l l i c  

i r o n  g a v e  r i s e  t o  y  P e 2 0S p a r t i c l e s  and n i c k e l  formed  

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

c r y s t a l l i n e  and s h o w i n g  a  d e f i n i t e  t e n d e n c y  t o  adhere  

t o g e t h e r  i n  c h a i n s .  P a r t i c l e s  o f  m e t a l l i c  i r o n  and 

n i c k e l  c a n  b e  p r e p a r e d  b y  e v a p o r a t i n g  t h e  a p p r o p r i a t e  

m e t a l  i n  a r g o n  a t  l o w  p r e s s u r e s  (Kirnoto e t  a l ,  1 9 6 3 ) .

On e x p o s u r e  t o  a i r  t h e  m e t a l s  t e n d  t o  form a t h i n  

c o a t i n g  o f  o x i d e  ( K i m o t o  e t  a l . ,  1 9 6 6 )  and i f  o x i d i s e d  

f o r  a  f e w  s e c o n d s  a t  5 0 0 ° C  i n  a i r  i r o n  p a r t i c l e s  

i n i t i a l l y  f o r m  y  P e 2 0 s w h i c h  t h e n  c h an ge  t o  a P e 2 03

( K a i t o  e t  a l ,  1 9 7 0 ) .

The m e t a l  c h a i n s ,  when p l a c e d  on s p e c i m e n  h o l d e r s ,  

f o r m  a  s e l f - s u p p o r t i n g  n e t w o r k  w h i c h  r e m o v e s  t h e  need  

f o r  t h e  n o r i n a l  c a r b o n  o r  s i l i c a  s u p p o r t  f i l m .  They can  

t h e r e f o r e  b e  u s e d  a s  s u b s t r a t e s  i n  t h e  o b s e r v a t i o n  o f  

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

a t t e n d a n t  f e a r  o f  a n y  i n t e r a c t i o n  w i t h  s u p p o r t i n g  media  

A p r e l i m i n a r y  s t u d y  o f  t h e  c h a n g e s  e f f e c t e d  by h e a t i n g
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t h e  c h a i n s  w a s  c a r r i e d  o u t  and was  f o l l o w e d  by  work  

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

m i c r o s c o p e  e m p l o y i n g  t h e  i r o n  and n i c k e l  c h a i n s  a s  

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

5 . 2  E x p e r i m e n t a l

5 . 2 . 1 .  A p p a r a t u s ;  The p r e l i m i n a r y  w o r k  was done

i n  t h e  S i e m e n s  E l m i s k o p  I  m i c r o s c o p e  u s i n g  t h e  h o l l o w

a p e r t u r e  d r i v e  d e s c r i b e d  e a r l i e r .  The c a r b o n  

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

C h e m i s t r y  G rou p  a t  A . E . H . E .  H a r w e l l  i n  a J e o l c o  Jem 7A 

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

' o b s e r v a t i o n  o f  i n  s i t u  h i g h  t e m p e r a t u r e  r e a c t i o n s .

I t  w a s  d e s i g n e d  b y  H a s h i m o t o  e t  a l .  ( 1 9 6 6 )  and c o n v e r t e d  

f o r  u s e  i n  t h i s  s y s t e m  b y  F e a t e s  e t  a l .  ( 1 9 7 0 ) .

5 . 2 . 2 .  C h e m i c a l s ;  The p r e l i m i n a r y  s t u d i e s  u s e d  t h e

i r o n  and n i c k e l  d e s c r i b e d  i n  t h e  f i r s t  c h a p t e r .

L a t e r  w o r k  u s e d  s p e c t r o s c o p i c a l l y  p u r e  i r o n  and n i c k e l .  

The h y d r o g e n  and  a c e t y l e n e  w e r e  9 9 $  p u r e  and th e  methane  

w a s  9 9 . 9 $  p u r e .

5 - 2 . 3 ,  P ' r o c e d u r e ; To o b t a i n  t h e  c h a i n s  e a c h  m e t a l

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

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

5 0  t o r r  an d  1 0 0  t o r r  a r g o n  or  n e o n .  The c h a i n s  o f  

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

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

The u n s u p p o r t e d  c h a i n s  w e r e  s u b j e c t e d  t o  h e a t i n g  and
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c h e m i c a l  r e a c t i o n  i n  the  e l e c t r o n  microscope.

5 o 3 R e s u l t s

5 . 3 . 1 .  P r e l i m i n a r y  S t u d i e s  u s i n g  I r o n

5 .  3 . 1 . 1 *  A t  Room T e m p e r a t u r e ;  The c h a i n s  w e r e

e x a m i n e d  i n  t h e  e l e c t r o n  m i c r o s c o p e .  P a r t i c l e  s i z e s
o  o

varied f r o m  1 0 0  A t o  1 5 0 0  A.  T h e i r  c r y s t a l l i n i t y  was  

shorn  b y  d a r k  f i e l d  m i c r o s c o p y  and s e l e c t e d  a r e a  

d i f f r a c t i o n  w o r k ,  f o r  e x a m p l e  P l a t e  5 . 1 .  Th is  p l a t e  

c o n t a i n s  a ~ i r o n  d_ s p a c i n g s  and some d i f f u s e  r i n g s  due  

t o  y  P e 2 03 f o r m e d  b y  a i r  a t  room t e m p e r a t u r e  a c t i n g  

o n  t h e  c h a i n s  o v e r  a p e r i o d  o f  s e v e r a l  d a y s .

T a b l e  5 . 1  and T a b l e  5 . 2  c o n t a i n  t h e  m ea s u r e d  d s p a c i n g s  

o f  a —i r o n  and y  P e g 03 , r e s p e c t i v e l y .

T a b l e  5 . 1

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

C a l c u l a t e d  d L i t e r a t u r e  a - i r o n  i n d e x  D i f f e r e n c e

s p a c i n g s  ( A )  d, s p a c i n g s  (A )  (A)

2 .0 3 6  

1 .4 3 6  

1 .1 7 2  

1 .0 1 2

0 .9 0 8

0 .8 2 7

2 . 0 2 6 8  1 1 0  0 . 0 0 9

1 . 4 3 3 2  2 0 0  0 . 0 0 3

1 . 1 7 0 2  211 0.002

1 . 0 1 3 4  220 0.001

0 . 9 0 6 4  3 1 0  0.002

0 . 8 2 7 5  222 0.001



Plate  5.1

S e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  o f  i r o n  

c h a i n s  a t  room  t e m p e r a t u r e .  [NS 7 0  1 5 4 9 ] .





P l a t e  5 .2

S i n g l e  i r o n  c h a i n  s h o w i n g  t h e  s u r f a c e  y  P e 2 03 

l a y e r .  [ l A  7 0  6 1 9 ] .

m a g n i f i c a t i o n  = 3 5 0 f 000X.





C a l c u l a t e d  d l i t e r a t u r e  F e g 03 R e l a t i v e  D i f f e r e n c eQ O
s p a e i n g s  ( A )  d s p a c i n g s  ( a ) I n t e n s i t y  (A)

2 , 9 0  2 . 9 4 4  90 0 . 0 4 4

2 . 5 0  2 . 5 1 0  1 0 0  0 . 0 1 0

2 . 0 8 2  90  

— 1 . 8 1 8  8 0  -  

3 - 6 2 4 -  1 . 6 0 2  90  0 . 0 2 2

1 . 4 7 4  1 . 4  72  90  0 . 0 0 2

P l a t e  5 . 2  s h o w s  a s m a l l  c h a i n  l y i n g  a t  t h e  e d g e  o f  a 

s p e c i m e n  h o l d e r .  Many o f  t h e  i n d i v i d u a l  p a r t i c l e s  

h a v e  a  s o l i d  i n n e r  r e g i o n  w i t h  a d e f i n i t e  t e r m i n a t i o n  

f o l l o w e d  b y  a  more t e n u o u s  s u r f a c e  l a y e r .  Th is  s u r f a c e  

l a y e r  c o r r e s p o n d s  t o  t h e  y  F e g 03 form ed b y  a i r  

o x i d a t i o n .  T h e r e  a p p e a r s  t o  be a  d e g r e e  o f  a l i g n m e n t  

b e t w e e n  s om e  c r y s t a l  p l a n e s  o f  t h e  o x i d e  and t h e  s u r f a c e  

o f  t h e  p a r t i c l e .

5 , 5 . 1 . 2 .  H e a t in g:  i n  t h e  M i c r o s c o p e .  When i r o n  

c h a i n s  w e r e  h e a t e d  i n  the- m i c r o s c o p e  two e f f e c t s  were  

n o t e d ?

1 .  The p a r t i c l e  s i z e  i n c r e a s e d  due t o  s i n t e r i n g  and 

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

P l a t e s  5 . 3 ,  5 . 4  and 5 . 5  show t h e  a p p e a r a n c e s  o f  one c h a i n ,  

a t  3 5 0 ° C , 6 0 0 ° C  and 7 0 0 ° C ,  r e s p e c t i v e l y .
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P l a t e  5 . 5  

I r o n  c h a i n  a t  3 5 0 ° C 

i n  t h e  e l e c t r o n  m i c r o s c o p e ,  

[P S  VO 1 5 5 2 ] ,

m a g n i f  i c  a t i o n  = 30*000 , .

P l a t ^ ^ o 4 

Same i r o n  c h a i n  a s  a b o v e  

a t  6 CO00 .  [US 7 0  1 5 6 2 ] .

m a g n i f i c a t i o n  = 3 0 y0 0 0 X .

P l a t e  5 , 5

Same i r o n  c h a i n  a s  a b o v e  

a t  7 0 0 ° C .  [ITS VO 1 5 7 4 ] ,

m a g n i f i c a t i o n  = 30,0C0X.

P l a t e  5 , 6  

S . A . D o  p a t t e r n  o f  an a r e a  

o f  c h a i n s  a t  3 5 0 ° C sh o w in g  

m o s t l y  P e 304 r i n g s .

[US 70  1 5 5 7 ] ,

P l a t e  5 . 7  

S . A . D *  p a t t e r n  o f  an a r e a  

o f  c h a i n s  a t  600°C showing  

P e 304 r i n g s  w h i c h  d e n o t e  a 

l a r g e r  p a r t i c l e  s i z e  than  

P l a t e  5 . 6 .  [US 70  1 5 6 7 ] .

P l a t e  5 >8

S . A . D .  p a t t e r n  o f  an a r e a  

o f  c h a i n s  a t  V00°C s h o w in g  

P e 3 04 and a P e 2C3 r e f l e c t i o n s ,  

[KS 7 0  1 5 7 8 ] .



\
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2* I n  s p i t e  o f  t h e  v a c u u m  o f  b e t w e e n  1 0  * and IG~° t o r n  

o x i d a t i o n  o f  t h e  i r o n  t o o k  p l a c e  a t  e l e v a t e d  

t e m p e r a t u r e s .  P l a t e s  5 . 6 ,  5 . V and 5 . 8  s h o w  t h e  

d i f f r a c t i o n  p a t t e r n s  o f  an a r e a  o f  c h a i n s  a t  3 5 0 ° C 6 0 0 ° C  

and 7 0 0 ° 0  r e s p e c t i v e l y .  P l a t e  5 .6  i s  a l m o s t  c o m p l e t e l y  

pe304 w i t h  n e g l i g i b l e  a - i r o n  l e f t  i n t a c t .  P l a t e  5 . 7  i s  

due t o  F e s 04 o f  l a r g e r  p a r t i c l e  s i z e  t h a n  a t  3 5 0 ° C .

PI a t  e 5 . 8 i  s  d u e t  o a F e 2 0 S \v 1 1 h t r a c e s  o f  F e 3 04 .

The p a r t i c l e  s i z e  h a s  f u r t h e r  i n c r e a s e d .  T a b l e  5 . 3  and  

Table 5 . 4  g i v e  t h e  eg s p a c i n g s  o f  t h e  P e ;5 0 4 and o: F e 2 0 3 , 

r e s p e c t i v e l y .

T a b l e  5 . 3

Pe, 0/ f r o m  o x i d a t i o n  o f  a - i r o n  i n  t h e  e l e c t r o n  m i c r o s c o p e

C a l c u l a t e d  L i t e r a t u r e  --'6304 R e l a t i v e
o 0;

d s p a c i n g s  ( A )  d s p a c i n g s  ( A )  I n t e n s i t y

D i f f e r e n c e

(A)

4 . 8 7 0 4 . 8 5 0 4 0 0 .0 2 0

2 . 9 7 3 2 . 9 6 6 70 0 . 0 0 7

2 . 5 2 3 2 .  5 3 0 100 0 * 0 0 7

2 . 0 9 4 2 . 0 9 6 70 0*002

1 * 7 1 4 1 . 7 1 2 6 0 0 .0 0 2

1* 6 1 7 1 .  614- 8 5 0 . 0 0 3

1 . 4 8 1 l a  4 8 3 8 5 0 .0 0 2

1 . 0 6 4 1 . 0 9 2 6 0 0 . 0 2 8

0 . 8 5 7 0 . 8 5 7 5 0 0
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Tab'] o 5 ,  1

■ F e 0 3 f  r  o m o : :i. <d a t i  on o f  a - - i r o n  i n t h e  e l e c t r c >n m i o r o s (

J c u l a t e d L i t e r a t u r e  a - P e g  0 5 R e l a t i v e D i f f e r
o . o o .

s p a c i n g s  (A ) <d s p a c i n g s  (A) I n t e n s i t y ( h *V ^ J

3 . 0 8 5 3 .6 6 25 0 . 0 3

2 . 6 6 9 2 . 6 9 100 0 . 0 2

2 . 4 8 4 2 . 5 1 5 0 0 . 0 3

2 , 1 7 8 2 . 2 0 1 3 0 0 . 0 2 3

1 . 8 4 7 1 . 8 3 8 4 0 0 . 0 0 9

1 . 7 1 4 1 . 6 9 0 6 0 0 . 0 2 4

5.. 3 . 1 ,  3 H e a t i n g  i n  H y d r o g e n  and  M e t h a n e .  The i r o n

c h a i n s  w e r e  h e a t e d  t o  6 0 0 ° C  i n  h y d r o g e n .  The d e g r e e  

o f  s i n t e r i n g  w a s  r e d u c e d  h u t  t h e  o x i d a t i o n  o f  t h e  i r o n  

w a s  n o t  p r e v e n t e d .  I n  t h e  p r e s e n c e  o f  h y d r o g e n  o r  

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

m a t e r i a l  and  some a r e a s  w e r e  s e e n  t o  c o n t a i n  t h i n  

o v e r g r o w t h s .  P l a t e  5 . 9  s h o w s  b o t h  o f  t h e s e  f e a t u r e s  

and P l a t e  5 . 1 0  t a k e n  t e n  m i n u t e s  l a t e r  i n d i c a t e s  t h a t  t h e  

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

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

s h o w n  i n  P l a t e s  5 . 9  and 5 . 1 0  g a v e  n o  i n f o r m a t i o n  a b o u t  

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

5 . 3 . 2 .  P r e l i m i n a r y  S t u d j.e s  u s i n g  I T l c k e l

5 . 3 . 2 . 1 .  A t . R o o m  Temper a t u r e . The p a r t i c l e  s i z e s  o f  t h e
o  o

n i c k e l  c h a i n s  l a y  b e t w e e n  1 0 0  A and 2 0 0 0  A ,  a p p r o x i m a t e l y  

t h e  s am e  a s  t h e  r a n g e  f o u n d  w i t h  i r o n  c h a i n s .
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P l a t e  5 .9

I r o n  c h a i n s  c o a t e d  i n  t h e  p r e s e n c e  o f  h y d r o g e n  

o r  m e t h a n e ,  [ITS 7 0  1 8 9 4 ] ,

m a g n i f i c a t i o n  = 1 8 0 , 0 0 G X

P l a t e  5 . 1 0

The s a m e  a r e a  a s  i n  P l a t e  5 , 9  s h o w i n g  t h e  e f f e c t  

o f  t h e  e l e c t r o n  b e a m  o n  t h e  c o a t i n g  m a t e r i a l »

[US VO 1 8 9 6 ] .

m a g n i f i c a t i o n  = 180,000X.





-| Q[-'

P l a t o  5c 1 1  s h o w s  t h e  t y p i c a l  a p p e a r a n c e  o f  t h e  c h a i n s  

a t  r o o m  t e m p e r a t u r e  and P l a t o  5 „ 1 2 c o n t a i n s  t h e  

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

f o u n d  a r e  l i s t e d  i n  T a b l e  5 c 5 ,

Tab l e  5 . 5

P i  c j  e l  c h 8.1 no  f  o r  med b y  e v a p o r a t i o n  o f  n i c k e l  f o i l  i n a r g o n 

C a l c u l a t e d  L i t e r a t u r e  n i c k e l  I n d e x  D i f f e r e n c e

s p a c i n g s  (A )
\

<3 s p a c i n g s  (A)
u

_ ( A ) _

2 . 0 3 6 2 . 0 3 4 111 0 . 0 0 2

1 . 7 5 7 1 . 7 6 2 200 0 . 0 0 5

1 . 2 5 2 1 .  2 4 6 220 0 . 0 0 6

1 . . 061 1 . 0 6 2 4 3 1 1 0 .0 0 1

1 . 0 1 3 1 . 0 1 7 2 222 0 . 0 0 4

0 . 8 9 0 0 . 8 8 1 0 4 0 0 0 . 0 0 9

0 . 7 9 9 0 . 8 0 8 4 3 3 1 0 . 0 0 9

0 . 7 7 6 0 . 7 8 8 0 4 2 0 0 . 0 1 2

5 c 3 c 2 c 2 .  H ea t i n g  i n  t h e  M i c r o s c o p e *  The sam e  t w o  

e f f e c t s  n o t i c e d  w i t h  t h e  i r o n  c h a i n s  w e r e  o b s e r v e d  w i t h  

t h e  n i c k e l  c h a i n s j

( 1 )  The n i c k e l  s i n t e r e d  g r a d u a l l y  a s  t h e  t e m p e r a t u r e  

w a s  r a i s e d .  P l a t e s  5 . 1 3 , .  5 . 1 4  and 5 . 1 5  w e r e  t a k e n  

a t  3 5 0 ° C , 6 0 0 ° C  and ?00°0% r e s p e c t i v e l y .  T h ey  s h e w

( 2 )  The n i c k e l ,  t h o u g h  more r e s i s t a n t  t o  o x i d a t i o n  t h a n  

i r o n ,  c h a n g e s  t o  n i c k e l  o x i d e ,  N i O ,  on  p r o l o n g e d  

h e a t i n g .  P l a t e s  5 . 1 6 ,  5 . 1 7  and  5 . 1 8  a t  3 5 0 ° C ,  6 0 0 ° C  

and  7 0 0 ° C ,  r e s p e c t i v e l y ,  s h o w  i n c r e a s i n g  a m o u n t s  o f
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A p p e a r a n c e  o f  

t e m p e r a t u r e .

P l a t e  5 . 1 1

t h e  n i c k e l  c h a i n s a t  r o o m

m a g n i f i c a t i o n  = 1 8 0 f 000X.





P l a t e  5 .1 2

S e l e c t e d  a r e a ,  d i f f r a c t i o n  p a t t e r n  f r o m  t h e  

i n s e t  a r e a  o f  n i c k e l  c h a i n s .  [NS '70 1 9 6 7 ] ,

m a g n i f i c a t i o n  -  8 0 , 0 0 0 X .





The a r e a  o f  c h a i n s  s h o w n  

i n  P l a t e  5 . 1 1  a f t e r  

s i n t e r i n g  a t  3 5 G ° 0 .

[FS  VO 1 6 1 3 ] .

m a g n i f i c a t i o n  = 3 C S0 0 0 X

P I  .ate  5 . 1 4

The s a m e  a r e a  a s  P l a t e  5 . 1 3  

a f t e r  f u r  the:" s i n t e r i n g  a t  

6 0 0 ° C . [ITS VO 1 6 2 6 ] .

m a g n i f i c a t i o n  = 3 0 , Q 0 0 X

P l a t e  5 . 1 5

The s am e  a r e a  a s  P l a t e  5 . 1 3  

a f t e r  s i n t e r i n g  a t  7 0 0 ° C  

[HS VO 1 6 3 9 ] .

m a g n i f i c a t i o n  ~ 30,000X

S . A . P .  p a t t e r n  o f  n i c k e l  

c h a i n s  a t  3 5 0 ° C s h o w i n g  a  

t r a c e  o f  H iO .  [P S  7 0  1 6 1 2 ] .

P l a t e  5 . 1 7

S . A . D .  p a t t e r n  a t  6 0 0 ° C  

s h o w i n g  F i  and F i O  r i n g s .  

[KS VO 1 6 2 V ] .

P l a t e  5 . 1 8

S . A . D .  p a t t e r n  a t  7 0 0 ° C  

s h o w i n g  f u r t h e r  c o n v e r s i o n  

o f  n i c k e l  t o  n i c k e l  o x i d e .



m

y
*  9
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n i c k e l  o x i d e  and  a l s o  an i n c r e a s e  i n  c r y s t a l  s i z e .  

T a b l e  5 , 6  g i v e s  t h e  d s p a c i n g s  o f  t h e  n i c k e l  o x i d e

l . a b l e . , 5 .  6

N i c k e l  o x i d e  f r om o x i d a t i o n  o f  n i c k e l  i n  t h e e l e c t r o n

m i c r o s  c o p e .

l i t e r a t u r e  n i c k e l  I n d e x  D i f f e r e n c e
o

o x i d e  d_ s p a c i n g s  ( a )

2 . 3 8 5 2 . 4 1 0 111 0 . 0 2 5

2 . 0 6 0 2 . 0 8 8 200 0 . 0 2 8

1 . 4 7 2 1 . 4 7 6 220 0 . 0 0 4

1 . 2 6 2 1 . 2 5 9 3 1 1 0 . 0 0 3

1 . 1 9 0 1 . 2 0 6 222 0 . 0 1 6

1 . 0 3 5 1 . 0 4 4 1 4 0 0 0 . 0 0 9

3 . 2 . 3 . H e a t i n g  i n  H y d r o g e n  aiid  M e t h a n e , H e a t i n g

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

n i c k e l  o x i d e  f o r m a t i o n  t h o u g h  s i n t e r i n g  w a s  n o t i c e a b l y  

i n h i b i t e d  i n  t h e  p r e s e n c e  o f  h y d r o g e n ,  P l a t e  5 . 1 9  s h o w s  

an a r e a  o f  c h a i n s  w h i c h  h a s  b e e n  a l l o w e d  t o  c o m p l e t e  t h e  

s i n t e r i n g  p r o c e s s  i n  h y d r o g e n  a t  6 0 0 ° 0 .

5 , 3 , 3 .  C a r b o n  D e p o s i t i o n  o n  I r o n

5 . 3 . 3 , 1 .  B e a c t i o n  w i t h  A c e t v l e n e . The i r o n  c h a i n s  w e r e  

l e f t  a t  8 2 5 ° C f o r  1 5  m i n u t e s  w h e n  i t  w a s  f o u n d  t h a t  t h e  

i r o n  w a s  c o v e r e d  i n  a  t h i c k  l a y e r  o f  p o l y c r y s t a l l i n e  c a r b o n .

C a l c u l a t e d  d_
a

s p a c i n g s  ( a )



P l a t e  5.1,9

N i c k e l  c h a i n s  s i n t e r e d  i n  h y d r o g e n  a t  6 0 0 ° G  

[MS 7 0  1 9 0 9 ] .

m a g n i f i c a t i o n  = 8 0 , 0 0 0 X





1 QQ

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

l e n g t h  '.1300 A o r  l e  s s  w e r e  o b s e r v e d , many o f  t h e m  h a v i n g  

d e f i n i t e  m e t a l  p a r t i c l e s  a t  t h e i r  t i p s 0 A t y p i c a l  a r e s  

o f  d e p o s i t  i s  s h o w n  i n  P l a t e  5 * 2 0 .  S e l e c t e d  a r e a  

e l e c t r o n  d i f f r a c t i o n  w o r k  on  t h i s  d e p o s i t  s h o w e d  t h e  

p r e s e n c e  o f  c a r b o n  a n d  P e 5 04 o n  t h e  r e a c t i o n  p r o d u c t s ®  

The & s p a c i n g s  m e a s u r e d  a r e  s u m m a r i s e d  i n  T a b l e  5 . V.

T a b l e  5 . 7

F e ? 0* a n d  n o l y c r y s t a l i i n c  c a r b o n  f o r med b y  r e a c t i n g  

a c  o t  y  1 e n e w i t h  i r o n  c h a  i n  s

V
i p a c i n g s  ( A )

3 c 3 5 5

2 . 1 2 8

1 . 2 2 9

C a l c u l a t e d  d_ F e 3 0 4 4  SPO
s p a c i n g s  (A ) (A)

5 . 0 8 5 4 . 8 5 0

3 , 4 5

2 .  9 1 0 2 . 9 6 6

2 . 4 7 1 2 . 5 3 0

2 .1 1 0

a-00cCO 2 . 0 9 6

1 . 7 1 9 1 . 7 1 2

1 . 6 0 7 1 . 6 1 4

1 . 4 8 3 1 . 4 8 3

1 . 2 3 0

5 . 3 . 3 . 2  c h e  a c  t  j. on  v/1 t h  tie t h  a n e  .. I r o n  c h a i n s  i n  2 t o r r  

m e t h a n e  a g a i n  f o r m e d  a  l a y e r  o f  c a r b o n  a t  8 2 5 ° C.

A f t e r  a  p e r i o d  o f  o n e  o r  t w o  m i n u t e s  a t  t h i s  t e m p e r a t u r e  

v e r y  s t r a i g h t  f i l a m e n t s  g r e w  o u t  f r o m  t h e  i r o n  m a t r i x ,



I r o n  o x i d e ,  F e 3 C4 , 

w h i s k e r s  f o r m e d  b y  

a c t i o n  o f  m e t h a n e  on  

i r o n  c h a i n s  a t  8 2 5 ° 0 ,

m a g n i f i c a t i o n  = 1 5 0 , 0 C 0 X .

P o l y c r y s t a l l i n e  a n d  

f  i  1 a n  e n t  o u s  c  a r b  on f  o r  me d 

b y  a c t i o n  o f  a c e t y l e n e  on  

i r o n  c h a i n s  a t  8 2 5 ° C .

m a g n i f i c a t i o n  = 5 0 , 0 0 0 X .

P l a t e  5 . 2 3

C a r b  o n  f  i 1 a m e n t s  f  o r  me d on  

n i c k e l  c h a i n s  b y  r e a c t i o n  

w i t h  . a c e t y l e n e  a t  8 2 5 ° C .

ma gn i  f  :i. c a  t  i  o n = 150,  OC OX.

P l a t e  5 . 2 2

P o l y c r y s t a l l i n e  c a r b o n  

l a y e r  f o r m e d  on n i c k e l  b y  

a c e t y l e n e  p y r o l y s i s  a t  8 2 5 ° C ,

m a g n i f i c a t i o n  = 75,000X.
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different areas of chains producing the filaments 
at slightly different times and thus implying a 
temperature variation in the system. In every erase 
the filaments would grow only for periods of about 
15 seconds and then cease growth completely.
Plate 5.21 shows the features common to all of the 
filaments; a geometrical regularity of shape, either 
perfectly straight or with changes of direction of 
exactly 1 2 0°; an absence of internal markings such 
as a division into edge and central regions; 
no metal particle at the filament tip. Diffraction 
patterns from individual ones verified that they 
differed from the carbon filaments previously 
described and that they were in fact single crystal 
" whiskersn of Fe304 . The d spacings from a single 
whisker are shown in Table 5.8.

Table 5.8
Pe?Ch whisker formed by the reaction of methane on 
iron chains.

Calculated d Literature Fes04 Relative Difference
o . O ospacings (A) d spacings (A) Intensity (A)

5.15 4.85 40 0.30
2.978 2.966 70 0.012
2.516 2.530 100 0.014
2.068 2.096 70 0.028
1.639 1.614 85 0.025
1.482 ' 1.483 85 0.001
1.268 1.279 30 0.009
1 .193 1.211 20 0.018
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An oxidation of the product of the methane/iron 
reaction had no effect on the Pe304 whiskers as would 
he expected hut resulted in a general conversion of the 
iron chains to Pe304 . Diffraction patterns of the 
product of the oxidation consisted entirely of Fe3 04 

rings indicating that the carhon deposit.layer has heen 
completely removed.

5.3.4. Carhon Deposition on Uickel 
5. 3.4.1. Reaction with Acety 1 ere. The nickel chains 
left reacting at 825°C with 2 torr acetylene produced 
a deposit layer as shown hy Plate 5.22 which hy 
diffraction was shown to he polycrystalline carhon.
The d_ spacings obtained are given in Tahle 5.9.

Tahle 5.9
Polycrystalline carhon formed hy reaction of acetylene 
with nickel chains.

Calculated c[ SP1 graphite d_
spacings (A) spacings (A) Index

3.4 3.355 0002
2.05 2.128 1010
1.74 1.688 0004

Carhon filaments, of length approximately lyx, 
similar to those shown on Plate 5.23 were produced, 
though only at the edge of the specimen holder where 
the temperature was highest.
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5* 3.4. 2 . Beaction with Methane. Two methane/nicke 1 
experiments were carried out. The first gave exactly 
the same polycrystalline and filamentous carbon as 
found for nickel acetylene; the second gave angular 
filaments which were similar to the Pe3 04 whiskers 
previously discussed except that their diameters 
decreased slightly with growth. They were probably 
whiskers of FiO.

5.4. Discussion and Conclusion
The in situ work is of interest in the context 

of other metal chains phenomena (discussed in the 
introduction to this chapter) and also for the 
information it adds to our knowledge of carbon deposition 
processes.

5.4.1. Polycrystalline Carbon. The polycrystalline 
carbon deposited in almost all of the interactions is 
featureless and of low quality. The diffraction rings 
obtained from it were the (02), (10), (ll) and (04) reflections, 
no general (hkl) reflections being observed.
Fo attempt was made to calculate crystallite sizes using 
ring half-width measurements but the deposit appeared 
to be little better than the amorphous, carbonaceous 
contamination formed on specimens in the electron 
microscope under normal operating conditions.
(Hillier,. 1948; Konig, 1951). Contamination is 
produced by the breakdown of hydrocarbon vacuum pump oil
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giving rise to a hydrocarbon polymer which is 
carbonised by continued bombardment in the electron 
beam (Ennos, 1953, 19545 Heide, 1958, 1963).
The mechanism of the formation of the polycrystalline 
carbon is probably similar to that of the contamination, 
the more controlled conditions of fixed gas pressure and 
elevated temperature resulting in a product with some 
degree of crystallinety. The appearance of this 
deposit was different on iron than on nickel indicating 
that the nature of the substrate played a limited role 
in determining the form which the polycrystalline 
carbon adopted. Baker et al. (1972J\) found that 
” flocculent, amorphous” deposit can form on iron, 
silica or alumina indicating that the substrate 
particles acted purely as a nucleus for deposition above. 
900°K. The present work was performed mostly at 1100°K.

5.4.2. F i 1 pane nt ar y C arb on. The carbon filaments formed 
in these studies were sufficiently ordered to give fibrous 
diffraction patterns and to exhibit what appeared to be 
edge and centre regions. They were probably most similar 
to the filaments formed in coating unit experiments on 
iron and nickel from a variety of gases at approximately 
450°C. As expected, no platelet graphite was 
deposited in the in situ studies. Baker et al. (1972A) 
have shown that platelets do not normally form in 
experiments where the polycrystalline carbon has been 
deposited.



Two major facts emerge from the observation of the 
growth of the filamentous carbon. Firstly, the period 
of growth of each filament was very short compared with 
the total reaction time; secondly, in several instances 
filament growth occurred on different areas of 
substrate after slightly different times due (presumably) 
to temperature variations. Both of these pieces of 
information would have been very difficult to obtain by 
any means other than in situ studies.

The brevity of each filament’s growth period 
suggests that growth cessation is due to chemical 
deactivation of the aatalyst particle. This was found 
for carbon m o n o x i d e j iron interactions by Walker et al. 
(1959B), where the iron catalyst was gradually 
converted to the inactive Fe3C. This argument is 
reinforced by the fact that other work in the present 
system (Baker, priv. comm.) has shown that the presence 
of hydrogen, which would replenish the catalyst by 
converting Fe3C back to iron, causes the filaments to 
grow for longer periods. The observation that the 
initiation of filamentary growth is affected by 
temperature fluctuations may indicate that growth 
ceases suddenly due to a cooling down of the tip of 
the filament since heat transfer by conduction becomes 
more difficult with increasing filament length.
However,, tile fibres grown by hydrocarbon decomposition 
in the coating unit reported in Chapter 1-4 and the
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filaments discussed by Baker et al. (1972B) both 
ceased growth because of an impermeable carbon layer 
which prevented access of gas to the active sites, 
thereby inhibiting reaction and it is probable that 
these filaments stopped growing for the same reason.

Baker and co-workers (Priv. Comm.) have found 
using this reaction system that the existence of a 
polycrystalline carbon layer on top of the metal 
substrate is a prerequisite for filament nucleation. 
There is undoubtedly a direct analogy between this 
observation and the fact that in deposition experiments 
in the coating unit carbon fibres grew at 700°C only 
after a layer of platelet graphite had formed.
Both features imply that the original carbon layer is 
needed in order to aid the separation of a metal 
particle from the metal substrate to form the 
catalyst at the tip of the growing fibre.

5*4.3. Oxide Whisker Growth
V/hiskers are filamentous single crystals of near 

uniform cross-section with a high degree of structural 
perfection. Directional changes or ” kinks" at 
crystallographic angles are frequently found and it has 
been shown that a facet common to both arms of the kink 
implies no change in orientation of the crystal (Baker, 
1956; Courteney, 1957;. Saimoto, I960).



The growth of whiskers, being uni-directional, 
requires that the prevailing supersaturation must 
remain below (p/pe )crj_̂  > 'the critical supersaturation 
ratio, otherwise growth may occur spontaneously on all 
crystal faces (Evans, 1972). It is uncertain in these 
instances whether the oxide whiskers grew from the solid 
phase using the oxide coating known- to form on the metal 
chains*' surface or whether they grew from the vapour 
phase using atmospheric 11 oxygen.

In a situation where a thin polycrystalline layer 
of material (in this case oxide) lies on a rigid 
substrate (metal) deposition processes (carbon formation) 
produce compressive stress in the surface layer which can 
be relieved by whisker growth. In these circumstances the 
whiskers are single crystals and often possess kinks, 
as found here. The growth rate is increased by high 
temperatures and the presence of oxygen or organic 
contaminants. Alternatively, the whiskers may have 
formed by a metal^oxygen chemical reaction at sites of 
screw dislocations in the solid.

The growth of iron whiskers by Pe(C0) 5 chemical 
vapour deposition has been observed in detail in the 
electron microscope (Gabor et ah, 1969)* Kittaka and 
Kaneko (1969) have used carbon black particles to 
catalyse the formation of iron whiskers from iron 
halides at 500°C~900°C.
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