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ABSTRACT 

Well e s t a b l i s h e d  techn iques  o f  a n a l y t i c a l  e l e c t r o n  mic roscopy  have 
a p p l i c a t i o n s  t o  t h e  c h e m i s t r y  o f  c o a l .  
several  i n t e r a c t i o n s  which occur  when e l e c t r o n s  a r e  i n c i d e n t  on a specimen. 
Two such i n t e r a c t i o n s  a r e  d iscussed i n  t h i s  paper:  1: X-ray emiss ion  
spectroscopy and 2:  
i n  t h e  study o f  m e t a l l i c  and ceramic systems. 
a r e  i l l u s t r a t e d  by a p p l i c a t i o n s  t o  m e t a l l i c  and ceramic systems; i n i t i a l  
a p p l i c a t i o n s  t o  coa l  a re  then descr ibed.  

The techn iques  use one o r  another o f  

E l e c t r o n  energy l o s s  spectroscopy. Both methods a r e  used 
The p r i n c i p l e s  o f  t h e  techn ique 

I NTRODUCTI ON 

Many i n t e r a c t i o n s  occur  when e l e c t r o n s  a r e  i n c i d e n t  upon a s o l i d .  
and o p t i c a l  photons  may be emi t ted ,  e l e c t r o n s  may b a c k - s c a t t e r ,  secondary 
e l e c t r o n s  may be e m i t t e d  and changes i n  energy o f  t r a n s m i t t e d  e l e c t r o n s  may 
occur f o r  t h i n  specimens. 
microprobe, t h e  scanning e l e c t r o n  microscope, i n  o t h e r  e l e c t r o n  and photon 
spec t roscop ic  i n s t r u m e n t s  and 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  microscope. We 
c o n s i d e r  t w o  o f  t h e s e  spec t roscop ies  i n  t h i s  paper:  
c h a r a c t e r i s t i c  x - r a y  l i n e s  f r o m  atoms i n  t h e  s o l i d  and measurement o f  t h e  
loss-o f -energy  o f  t h e  t r a n s m i t t e d  e l e c t r o n s  when i o n i z i n g  c o l l i s i o n s  a r e  made 
w i t h  atoms i n  a t h i n  f o i l .  

X-ray 
. 

These phenomena have been u t i l i z e d  i n  t h e  e l e c t r o n  

u t i l i z a t i o n  o f  t h e  

The use o f  x - r a y  emiss ion  spectroscopy has been made e x t e n s i v e l y  u s i n g  
t h e  e l e c t r o n  m i c r o p r o b e  and t h e  scanning e l e c t r o n  microscope. I n  t h a t  case, a 
th ick .spec imen i s  used i n  which t h e  e l e c t r o n s  a r e  stopped i n  t h e  specimen. 
C h a r a c t e r i s t i c  x - r a y  l i n e s  f rom s p e c i f i c  atoms i n  t h e  s o l i d  a re  counted e i t h e r  
w i t h  a c r y s t a l  d e t e c t o r  o r  w i t h  an energy d i s p e r s i v e  d e t e c t o r  t o  deduce t h e  
compos i t ion  o f  t h e  s o l i d .  
m e t a l s  and a l l o y s  ( 1 - 5 )  and a l s o  f o r  d e t e r m i n a t i o n  o f  t h e  o r g a n i c  s u l f u r  
con ten t  of coa l  (6-10). That a p p l i c a t i o n  has been g e n e r a l l y  success fu l .  
C a l i b r a t i o n  o f  t h e  system has been made u s i n g  known s u l f u r - b e a r i n g  
standards. Such c a l i b r a t i o n  r e q u i r e s  t h a t  a m a t r i x  o f  about t h e  compos i t ion  
o f  Coal must b e  used s i n c e  f l u o r e s c e n c e  and a b s o r p t i o n  c o r r e c t i o n s  a r e  
s i g n i f i c a n t .  F o r t u n a t e l y ,  a s i n g l e  c a l i b r a t i o n  cons tan t  a p p l i e s  t o  a l l  Coals 
w i t h o u t  much e r r o r .  

T h i s  techn ique has been a p p l i e d  e x t e n s i v e l y  t o  

The b i g g e s t  d i f f i c u l t y  w i t h  these measurements i s  t h e  r e l a t i v e l y  l a r g e  
volume o f  m a t e r i a l  f rom wh ich  t h e  x - rays  come. Because o f  g l e c t r o n  s c a t t e r i n g  
and f luorescence, t h e  volume o f  measurement i s  about 100 w . 
homogeneity i n  t h e  specimen o v e r  t h i s  volume must e x i s t  f o r  t h e  measurement t o  
be r e l i a b l e .  
problems, s i n c e  one can never be sure t h a t  small s u l f i d e  p a r t i c l e s  may n o t  

Thus, 

For measurement o f  o r g a n i c  s u l f u r  i n  coa l ,  t h i s  has posed some 
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e x i s t  under t h e  surface, unseen by examinat ion  o f  t h e  surface fea tures .  
Procedures have been e s t a b l i s h e d  b y  a number o f  i n v e s t i g a t o r s  t o  c i rcumvent  
t h i s  problem. 

T h i s  techn ique has been h e a v i l y  e x p l o i t e d  by m i n e r a l o g i s t  and e x t e n s i v e  
procedures have been developed t o  make q u a n t i t a t i v e  measurement o f  t h e  m i n e r a l  
c o n c e n t r a t i o n s  i n  o r e s  (11-14).  T h i s  techn ique a l s o  has been used f o r  p y r i t e  
i n  coal  u s i n g  programmed scanning o f  p o l i s h e d  surfaces. 

examinat ion o f  m i n e r a l s  i n  c o a l s  (15-17) and a l s o  f o r  examinat ion  o f  t h e  
c o n c e n t r a t i o n  o f  o r g a n i c  elements i n  c o a l .  
descr ibed i n  the nex t  s e c t i o n  and a p p l i c a t i o n s  a r e  presented  f o r  measurement 
o f  s u l f u r ,  c h l o r i n e  and o t h e r  o r g a n i c  c o n s t i t u t i o n s  o f  c o a l .  

We have developed techn iques  o f  t r a n s m i s s i o n  e l e c t r o n  microscopy f o r  

P r i n c i p l e s  of these t e c h n i q u e s  are  

X-RAY EM1 SSION SPECTROSCOPY 

Chemical a n a l y s i s  u s i n g  emiss ion  spectroscopy i s  based on t h e  measurement 
o f  c h a r a c t e r i s t i c  Ka o r  La l i n e s  upon e x c i t a t i o n  w i t h  i n c i d e n t  e l e c t r o n s .  
t r a n s m i s s i o n  e l e c t r o n  microscopy t h e  d e t e c t o r  i s  almost always an energy- 
d i s p e r s i v e  d e t e c t o r  w i t h  a r e s o l v i n g  power o f  about 150 eV. T h i s  l i m i t s  t h e  
d e t e c t a b i l i t y  o f  ad jacent  elements i n  t h e  p e r i o d i c  t a b l e ,  b u t  t h e  v a r i e t y  o f  
e lements p resent  i n  coa l  i s  so small t h a t  no s e r i o u s  d i f f i c u l t y  a r i s e s  f r o m  
t h i s  source. A schematic o f  t h e  appara tus  i s  sketched i n  Fig.  1. The 
spectrum d i s p l a y e d  i n  t h e  m u l t i - c h a n n e l  ana lyzer  c o n s i s t s  o f  two p a r t s ,  
c h a r a c t e r i s t i c  l i n e s  o f  t h e  elements p resent  and a background r a d i a t i o n .  
background i s  u t i l i z e d  i n  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  c o n c e n t r a t i o n  o f  
elements p resent ,  s i n c e  i t  can he used t o  deduce t h e  volume o f  t h e  specimen. 
A sketch o f  a t y p i c a l  spectrum f o r  s u l f u r  i s  shown i n  Fig.  2. 

p resent  i n  t h e  specimen depends on a method developed f o r  b i o l o g i c a l  m a t e r i a l s  
b y  Pro fessor  T. H a l l  and h i s  c o l l e a g u e s  (18-21).  
t h e  Ka l i n e  o f  s u l f u r  i s  p r o p o r t i o n a l  t o  t h e  number o f  s u l f u r  atoms i n  t h e  
volume. H a l l  showed t h a t  t h e  volume from which t h a t  r a d i a t i o n  came c o u l d  be 
c o n v e n i e n t l y  measured by  s i m u l t a n e o u s l y  c o u n t i n g  t h e  background c o u n t s  -- i t  
i s  known t h a t  t h e  background ( o r  b remsst rah lung)  count  r a t e  i s  p r o p o r t i o n a l  t o  
t h e  t o t a l  number o f  atoms i n  t h e  volume, t h e  r a d i a t i o n  f rom each t y p e  o f  atom 
b e i n g  weighted accord ing  t o  i t s  a tomic  number. The we igh t  percent  o f  s u l f u r  
i n  t h e  volume i s  p r o p o r t i o n a l  t o  t h e  r a t i o  o f  t h e  count  r a t e  f o r  s u l f u r  
d i v i d e d  by the  count r a t e  f o r  t h e  bremsst rah lung r a d i a t i o n .  

I n  

The 

The q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  c o n c e n t r a t i o n  o f  o r g a n i c  elements 

The count  r a t e  f o r  

S (Wt %)  = A cs/ch 

The measurement i s  t h e r e f o r e  a s imp le  one -- t h e  c o n c e n t r a t i o n  o f  s u l f u r  i n  
t h e  specimen i s  g i v e n  b y  t h e  r a t i o  o f  two count  r a t e s  which can be measured i n  
a few minutes  o f  c o u n t i n g  t i m e  i n  t h e  e l e c t r o n  microscope. 

c o a l ,  o i l  sha le  and amber: 

c o n c e n t r a t i o n  i n  f u e l s  (16). 
t h e  maceral types, i t  i s  necessary t o  average t h e  measurements o v e r  a number 

We have developed t h i s  system and made t h r e e  p r i n c i p a l  a p p l i c a t i o n s  t o  

1. The techn ique can be used t o  measure t h e  average o r g a n i c  s u l f u r  
Since t h e  o r g a n i c  s u l f u r  c o n t e n t  v a r i e s  among 

I 
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o f  independent d e t e r m i n a t i o n s  t o  g e t  a good mean value. 
measurements o v e r  random spots  i n  a coa l  specimen i s  s u f f i c i e n t ;  Raymond has 
n o t e d  t h a t  o n l y  15 measurements a r e  needed i n  h i s  SEM method, i f  t h e  
measurements a r e  made over  o n l y  v i t r i n i t e  macerals. 
measurements on f o u r  c o a l s  u s i n g  o u r  TEW method compared w i t h  s tandard  ASTW 
measurements i s  shown i n  Fig.  3. 

We have found t h a t  50 

A p l o t  showing 

2. The TEM method i s  v a l u a b l e  t o  measure v a r i a t i o n  of o r g a n i c  s u l f u r  
con ten t  among maceral t y p e s :  t h e  genera l  v a r i a t i o n  had been known from 
e a r l i e r  measurements, h u t  t h e  TEM method shows f i n e r  v a r i a t i o n  t h a n  i s  
p o s s i h l e  by gross techn iques .  

We have f o l l o w e d  t h e  l o s s  o f  o r g a n i c  s u l f u r  d u r i n g  h e a t i n g  of coal .  
Our measurements o f  l o s s  o f  s u l f u r  were made f o r  i n e r t ,  o x i d i z i n g  and reduc ing  
atmospheres, 

methods i s  a complex chemical  a n a l y s i s .  I n  p r i n c i p l e ,  t h e  same x- ray  
techn ique we have used f o r  s u l f u r  migh t  be used t o  determine t h e  oxygen 
conten t  d i r e c t l y .  
comes a t  535 eV, compared wi th t h e  v a l u e  o f  2300 eV f o r  s u l f u r .  
a b s o r p t i o n  problems i n  t h e  d e t e c t o r  window a r e  much more severe f o r  oxygen. 

3. 

OXYGEN: D e t e r m i n a t i o n  o f  t h e  oxygen c o n t e n t  o f  coa l  hy standard 

The main d i f f i c u l t y  i s  t h a t  t h e  Ka x - ray  l i n e  o f  oxygen 
Consequently 

Even so. we have made such a measurement u s i n g  window-less d e t e c t o r  on a 
P h i l i p s  420 microscope. An example i s  g iven  i n  Fig.  4. We can observe b o t h  
t h e  oxygen l i n e  and t h e  carbon l i n e  on t h e  same scan and t h u s  have t h e  
p o s s i b i l i t y  t o  compare t h e i r  magnitudes t o  g e t  a genera l  n o t i o n  o f  t h e  
r e l a t i v e  c o n c e n t r a t i o n  o f  t h e s e  two elements. 

I n  p r a c t i c e ,  t h e  measurement i s  ex t remely  d i f f i c u l t .  The weak l i n e s  o f  
oxygen and carbon are  absorbed by t h e  m a t r i x .  Even more, oxygen and carbon 
come on o p p o s i t e  s i d e s  of t h e  C Ka a b s o r p t i o n  edge: 
a b s o r p t i o n  s ide. 
t h i n n e s t  coal  samples. Even more, s u r f a c e  contaminat ion  o f  t h e  specimen may 
produce a d d i t i o n a l  a b s o r p t i o n  o f  t h e  two x - ray  l i n e s .  There fore ,  t h e  
measurement i s  n o t  s t r a i g h t f o r w a r d .  Even so, u s i n g  po lymer ic  f i l m s  as 
standards,  we have made measurements on macerals o f  v i t r i n i t e ;  we a r e  a l s o  i n  
process o f  making measurements on f u s i n i t e  and r e s i n i t e .  C l e a r l y  t h i s  
techn ique i s  expens ive  enough t h a t  i t  w i l l  no t  he h e a v i l y  used f o r  oxygen 
a n a l y s i s  r o u t i n e l y .  However i t  does o f f e r  t h e  p o s s i b i l i t y  o f  mapping o u t  
v a r i a t i o n s  i n  oxygen c o n t e n t  o f  c o a l s  f rom maceral t o  maceral and o f  measuring 
t h e  s p a t i a l  v a r i a t i o n  o f  oxygen w i t h i n  a g i v e n  maceral .  

oxygen i s  on t h e  h i g h  
Therefore,  a b s o r p t i o n  c o r r e c t i o n s  must be made even f o r  t h e  

ENERGY LOSS SPECTROSCOPY 

E l e c t r o n s  p a s s i n g  th rough a s o l i d  make h o t h  e l a s t i c  and i n e l a s t i c  
c o l l i s i o n s  w i t h  t h e  e l e c t r o n s  i n  t h e  m a t e r i a l .  The e l a s t i c  c o l l i s i o n s  have 
i m p o r t a n t  uses i n  d i f f r a c t i o n  and o t h e r  f e a t u r e s  o f  examinat ion  o f  m a t e r i a l s .  
However, t h e  i n e l a s t i c  c o l l i s i o n s  a l s o  produce a beam of e l e c t r o n s  c o n t a i n i n g  
i m p o r t a n t  in fo rmat ion .  I n  t h e  l a s t  twenty  y e a r s ,  a spectroscopy termed 
ELECTRON-ENERGY -LOSS-SPECTROSCOPY (EELS) has come t o  he recogn ized as an 
i m p o r t a n t  t o o l  i n  study t h e  c h e m i s t r y  o f  s o l i d s .  A numher of e x c e l l e n t  rev iew 
papers e x i s t  (22,23) and an enormous number of examples of a p p l i c a t i o n  of t h e  
techn iques  t o  s t u d i e s  o f  t h e  p h y s i c s  and chemis t ry  o f  a l l o y s  and compounds has 
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heen publ ished. 
t h e  genera l  c h a r a c t e r i s t i c s  o f  t h e  t e c h n i q u e  and t h e  p o t e n t i a l  f o r  i t s  
a p p l i c a t i o n  t o  t h e  s tudy  o f  t h e  chemis t ry  o f  t h e  c o a l  and o t h e r  hydrogen 
carbon mater i  a1 s. 

Consequently o n l y  a few examples w i l l  be g i v e n  h e r e  t o  show 

The study o f  t h e  chemis t ry  o f  l i g h t  elements i n  s o l i d s  by EDAX uses 
r a t h e r  low energy x-rays -- f r o m  perhaps 250 t o  3000 eV. 
systems a r e  a t tuned t o  t h a t  energy range. The energy l o s s  s p e c t r o s c o p i c  
techniques, on t h e  o t h e r  hand, use t h e  h i g h  energy range o f  t h e  i n c i d e n t  
e l e c t r o n  beam, s i n c e  t h e  compos i t ion  o f  t h e  specimen i s  deduced f r o m  t h e  h igh-  
energy p a r t  of t h e  l o s s  spectrum; i.e., t h e  a c c e l e r a t i n g  v o l t a g e  o f  t h e  
microscope ( t y p i c a l l y  100 keV) minus t h e  i n e l a s t i c  c o l l i s i o n  e n e r g i e s  o f  a few 
hundred t o  a few thousand eV. Th is  r e q u i r e s  q u i t e  a d i f f e r e n t  spectroscopy. 

The x - ray  d e t e c t i n g  

I n  p r a c t i c e ,  energy l o s s  spectroscopy has u t i l i z e d  e i t h e r  e l e c t r o s t a t i c  
o r  magnet ic means f o r  s e p a r a t i n g  t h e  t r a n s m i t t e d  beam o f  e l e c t r o n s  i n t o  energy 
regimes which r e f l e c t  t h e  elemental  compos i t ion  o f  t h e  m a t e r i a l .  
i n s t r u m e n t a l  scheme i s  sketched i n  t h e  l o w e r  h a l f  o f  F ig .  1. There t h e  
t r a n s m i t t e d  e l e c t r o n s  a r e  separated i n t o  t w o  groups, one a group o f  e l e c t r o n s  
which have t r a v e r s e d  t h e  specimen s u f f e r i n g  no i n e l a s t i c  c o l l i s i o n s ,  t h e  o t h e r  
a group o f  e l e c t r o n s  wh ich  have s u f f e r e d  an i n e l a s t i c  c o l l i s i o n  o f  energy AE. 
The increment of energy l o s s  i s  t y p i c a l l y  i n  t h e  range o f  a few hundred t o  a 
few thousand eV. 

A t y p i c a l  

A g r e a t  many s t u d i e s  have been made on meta ls ,  a l l o y s  and compounds. 
D e t a i l s  o f  these s t u d i e s  can he seen by  t h e  examinat ion  o f  t h e  many r e v i e w s  
and o r i g i n a l  papers. 
technique. 

The f i r s t  s tudy  i s  an examinat ion  o f  t h e  a l l o y  system V + 5%Ti + a smal l  
amount o f  carhon. 
p r e c i p i t a t e  o f  a vanad ium- t i tan ium-carb ide  forms i n  a vanadium m a t r i x .  A 
micrograph o f  t h a t  p r e c i p i t a t e  i s  shown i n  F ig .  5. Spectra f o r  t h e  vanadium 
s o l i d  s o l u t i o n  and f o r  t h e  c a r b i d e  a r e  shown i n  F ig .  6 superimposed on each 
o ther .  The.mat r ix  of vanadium shows a s t r o n g  vanadium a b s o r p t i o n  peak f o r  t h e  
L edge a t  520 eV. A smal l  carhon edge i s  seen a t  about 285 eV. The L edge o f  
vanadium i s  l o s t  i n  t h e  background a t  460 eV. The same spectrum f o r  t h e  beam 
focused on t h e  p r e c i p i t a t e  s h o w  v e r y  c l e a r l y  a l l  t h r e e  elements, t h e  vanadium 
L edge t h e  t i t a n i u m  L edge and t h e  carbon K edge. 

emission spectrum o f  t h e  same c a r b i d e s  and a d d i t i o n a l  d i f f r a c t i o n  measurements 
gave t h e  complete s o l u t i o n  t o  t h i s  m i c r o s t r u c t u r e .  The p r e c i p i t a t e  i s  a 
s t r u c t u r e  o f  vanadium-t i tanium-carbide o f  compos i t ion  about VTiqCg. T h i s  i s  a 
hexagonal c a r b i d e  whose basa l  p lane r e s t s  a g a i n s t  t h e  (110) p l a n e  o f  t h e  
vanadium m a t r i x .  The successful  a n a l y s i s  o f  t h i s  m a t e r i a l  was made p o s s i h l e  
by  t h e  combined spec t roscop ies  and d i f f r a c t i o n  techn iques  a v a i l a b l e  i n  a 
modern a n a l y t i c a l  e l e c t r o n  mic roscope (24) .  

However, we present  two s t u d i e s  t o  show t h e  power of t h e  

When heat  t r e a t e d  a p p r o p r i a t e l y  an ex t remely  f i n e  

The a n a l y s i s  of t h i s  spectrum comhined w i t h  analyses made by  an x - r a y  

A second example f r o m  o u r  l a b o r a t o r y  was based on an a n a l y s i s  o f  a 
p r e c i p i t a t e  i n  a c r y s t a l  o f  t i t a n i u m  d i b o r i d e ,  TiR2. 
o f  t h a t  specimen showed a m a t r i x  c o n t a i n i n g  some p r e c i p i t a t e s  on w e l l  d e f i n e d  
c r y s t a l  p lanes (25). Energy l o s s  s p e c t r a  o f  b o t h  t h e  t i t a n i u m  d i b o r i d e  m a t r i x  
and t h e  p r e c i p i t a t e  a r e  shown i n  F i g .  7. The p e r t i n e n t  l i n e s  come a t  energ ies  

An e l e c t r o n  mic rograph 
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o f  460 eV f o r  t h e  L edge o f  T i ,  284 eV f o r  t h e  K edge o f  C and 188 eV f o r  t h e  
K edge o f  B. 
embedded i n  t i t a n i u m - d i b o r i d e .  F u r t h e r  d i f f r a c t i o n  a n a l y s i s  i n  t h e  microscope 
showed t h a t  t h e  c a r b i d e  i s  an FCC s t r u c t u r e  embedded i n  a hexagonal m a t r i x  o f  
t h e  d i b o r i d e .  
these i n v e s t i g a t o r s .  

T h i s  a n a l y s i s  shows t h a t  t h e  p r e c i p i t a t e  i s  t i t a n i u m - c a r b i d e  

The geometry o f  t h e  matching p l a n e  has a l s o  been deduced by 

Many o t h e r  measurements migh t  be c i t e d  t o  show t h e  power o f  t h i s  
e f f e c t .  
and oxygen K a b s o r p t i o n  edges. An example i s  shown i n  Fig.  8. 
more work w i l l  b e  r e q u i r e d  t o  p u t  t h i s  on a q u a n t i t a t i v e  b a s i s  s i n c e  t h e  
a b s o r p t i o n  edge f o r  oxygen i s  b a r e l y  v i s i b l e  f o r  t h e  s h o r t  c o u n t i n g  t i m e  used 
i n  t h i s  f e a s i b i l i t y  measurement. 
and t h i s  s u r e l y  means t h a t  t h e  a p p l i c a t i o n  i s  p o s s i b l e .  

We have made energy  l o s s  spec t ra  o f  coa l  and can observe t h e  carbon 
A g r e a t  dea l  

However, techn iques  a r e  improv ing  r a p i d l y ,  

SUMMARY 

Spectroscopic methods u s i n g  b o t h  emiss ion  and a b s o r p t i o n  c h a c t e r i  s t i c s  o f  
t h e  i n t e r a c t i o n  o f  e l e c t r o n s  w i t h  atoms i n  a s o l i d  a r e  common i n  m e t a l l u r g y  
and ceramic i n v e s t i g a t i o n s .  Each has unique c h a r a c t e r i s t i c s  and a p p l i c a t i o n s ,  
b u t  they  a r e  even more power fu l  when t h e y  a r e  used i n  combinat ion.  A n a l y t i c a l  
e l e c t r o n  microscopy i s  i n  i t s  i n f a n c y  f o r  coa l  and o i l  shale,  b u t  t h e  
p o t e n t i a l  i s  p l a i n l y  e v i d e n t .  
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Fig.  5 TEM Micrograph o f  a 
V-Ti-C Carbide. 

F ig .  7 EELS Spectrum f o r  T i c  
i n  a TiB2 mat r ix .  
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