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The  Raman  spec t ra  o f  ca rbon  ma te r i a ' l s  have  been
thogoh t  t o  compr i se  j us t  two  l i nes ,  a t  

. 1580  
and  

.1360

c m - l  ( l - 6 )  I  b u t  r e c e n t  s t u d i e s  ( 7 , 8 )  h a v e  r e v e a l e d
seve ra l  add j  t i ona l  l ' i nes  f o r  bo th  c r ys ta l  1  i ne  g raoh -
i t e  and  d i so rde red  ca rbons .  Some resu l t s  o f  an  on -
g o i n g  i n v e s t i g a t i o n  f o r  t h e  b e h a v i o r  o f  t h e s e  l i n e s
and  o f  t he  cha rac te r i za t i on  o f  va r i ous  ca rbon  ma te r -' i a1  t ypes  a re  desc r i bed  he re .

Spec t ra  we re  exc i t ed  w i th  488  ( some t imes  514 .5 )
nm rad ja t i on  f r om a  CRL  52  A r+7K¡+  l ase r  and  scanned
w i th  a  Spex  140 . l  doub le  monoch roma to r /pho tomu l t i p l i e ¡
d e t e c t o r  w i t h  a  s p e c t r a l  s l i t  w j d t h  s e t t i n g  o f  8  c m - r .
Man .y  ma te r i a l s  we re  s tud ied  i nc lud ' i ng  na tu ra l  g raoh -
i t e  s i n g l e  c r y s t a l s  ( N G S C ) ;  c o m p r e s s i o n - a n n e a l e d
p y r o l y t i c  c a r b o n  ( C A P C ) ;  " m a s s i v e "  ( M P C )  a n d  f l u i d i z -
ed -bed  (FBPC)  p -y roca rbons ;  g lassy  ca rbons  (GC) ;  ana
ca rbon  f i be rs  f r om PAN,  rayon ,  and  p i t ch .  V i rg in  o r
f rac tu re  su r faces  were  used ;  bu t  a l so  t he  e f f ec t s  o f
mechan i ca l  po l i  sh ing ,  i on -bombardmen t  e t ch ing r  f €dc -
to r  i r r ad ia t i on ,  and  ox ida t i on  we re  obse rved  fo r  some
mate r i a l s .  The  FBPCs  and  GCs  were  hea t  t r ea ted  ove r
the  range  

. l 000 -3000oC.  
Spec t ra  we re  ana l yzed  i n  t e rms

o f  l i n e  p o s i t i o n ,  i n t e g r a t e d  i n t e n s i t y  I ,  a n d  f u l i
w i d t h  a t  h a l f  h e j g h t  L l  u s i n g  a n  a n a l o g u e  t y p e  c u r v e
s y n t h e s i z e r  a n d  G a u s s i a n  l j n e  s h a p e s .

The  pos i t j ons  and  some cha rac te r j s t i cs  o f  t he
l i n e s  o b s e r v e d  a r e  s u m m a r i z e d  i n  T a b l e  I .  P o l a r i z a -
t i o n  s t u d j e s  s t i l l  i n  p r o o r e s s  s u g g e s t  t h a t  G i ,  c i ,
G " ,  a n d  o e r h a p s  D  a n d  D ' a r e  p o l a r i z e d  b u t  t h á t  G - i s
n o t .  T h e  s t u d j e s  a l s o  s u g g e s t  t h a t  a l l  l j n e s  ( e x c e p t
pe rhaos  G" )  resu l t  f r om jn -p1ane  v ' i b ra t j ona l  modes .
The  p rev ious l y  repo r ted  G  and  D  l i nes  have  been  as -
c r j b e d  t o  E 2 q  a n d  4 1 n  v i b ,  m o d e s  r e s p e c t i v e l y  ( 1 ) .
D '  i s  r e s p o n S i b l e  f g ñ  t n e  b l u e - s h i f t  o f  t h e  a p n a r e n t
G  l i n e  t o  ; 1 6 0 0  c m - r  i n  v e r y  d i s o r d e r e d  c a r b o n s .  I n
such  ca rbons  bo th  G  and  D  appea r  as  b road  peaks  on
ve ry  b road  pedes ta l s .  The  G '  band  appea rs  t o  be  the
f i r s t  o v e r t o n e  o f  D .  D  i s  s i l e n t  i n  c r y s t a l l  i n e  c r a p h -' i t e ,  w h i l e  G '  i s  a b s e n t  o r  a t t e n u a t e d  i n  v e r y  d i s -
o rde red  ca rbons  and  damaged  g raph i t es  whe re  D  i s
s t rong ,  t hough  the  two  co -ex i s t  j n  annea led  ca rbons .
T h i s  s u g q e s t s  t h a t  t h e  m o d e ( s )  i n v o l v e d  e x h i b i t
e l e c t r o - o p t i c  a n h a r m o n i c i t i e s  ( 9 ) .  I t , a ' l s o  s e e m s  s i g -
n i f i c a n t  t h a t  o n l y  o n e  l  i n e  ( . l 3 7 0  c m - r )  i s  o b s e r v e d
i n  h e x a g o n a l  B N .

The  s t ruc tu re -sens i t i v i t y  o f  t he  spec t ra l  f ea tu res
makes Raman spectroscopy a usefu l  technioue for  car-
bon  ma te r j a l s  cha rac ten i za t i on .  Rep resen ta t i ve
spec t ra  a re  shown  i n  F iq .  l .  The  CAPC c leavage  spec -
t rum j  s  t yp i  ca l  o f  c r ys ta l  1  i  ne  g ¡aph i  t es  ,  compr i  s i  nQ
a  s h a r p  G ,  w e a k  G " , a h d  s t r o n g  G i , G i . D a m a g e  b y  i o n
e t c h i n o  a t t e n u a t e s  G '  a n d  q e n e r a i e s - D  &  D ' ;  s i m j l a r
e f f e c t s  r e s u l t  f r o m  p o l i s h i n g  l a y e r  e d g e s .  F o r  G C
( . l 0 0 0 ' C ) ;  D ,  D ' ,  a n d  G  o v e r l a p  a n d  G '  i s  a b s e n t ;  b u t
i t  deve lops  as  a  symmet r i ca l  band  w i th  i nc reas ing
H T T .  M P C s  e x h j b i t  G ' ,  D ' ,  G ,  a n d  D  b u t  I  a n d  W  d e -
pend  on  depos i t i on  t empera tu re  ( . | 600 -2500"C) .

The  deve lopmen t  w i t h  HTT  o f  t he  w id ths  Wn , t , Jn  and
t h e  r e l a t i v e  i n t e q r a t e d  j n t e n s i t i e s  I n / l c ,  I c ' / l n  f o r
seve ra l  ca rbons  a re  compared  i n  F ig .  Z .  f he  dCs  üe re
ob ta ined  f rom Eeckw i th  and  S ig r i ;  t he  FBPCs  were  de -
pos i t ed  f rom o ropy lene .  The  g raph i t j zab j l  i t . y  o f  C - . l 3
(  I ' l  50 "C)  was  fa j  r l y  h i  qh  wh i  I  e  t ha t  o f  C -4  (  I  350oC)
was  med jum acco rd ing  to  d iamagne t i c ,  dens i t y ,  and
X- ray  d i f f r ac t j on  da ta  ( . l 0 ) .  The  HTT  fo r  G '  aDpear -

ance  deoqnds  on  ca rbon  t ype  and  co r resoonds  to  W¡
<  9 0  c m - r  .  I n i t i a l  w i d t h s  i n c r e a s e  w i t h  q r a o h i t i i -
a b i 1 i t y ;  f j n a l  w ' i d t h s  f o r  t h e  F B P C s  a r e  i o w e r  t h a n
tha t  f o r  GC.  The  ma jo r  spec t ra l  evo ' l u t i on  occu rs  f o r
HTT<  24000C,  u rh i l e  t he  ca rbons  a re  s t i l  I  d i so rde red ,
and  the  i n f l uence  o f  l a - ye r  s tack ing  o rde r  appea rs  t o
b e  n e g l  i g i  b 1 e .

The  spec t ra l  cha rac te r i s t j cs  o f  f i be r  ca rbons  a re
sens j t i ve  t o  o recu rso r /p rocess jno  d i f f e rences ,
co r re la te  we l l  w i t h  mechan i ca l  p rooe r t i es ,  and  depend
s y s t e m a t i c a l l . v  o n  s u r f a c e  " o r i e n t a t i o n " .  I n  F i g .  3 ,
I ¡ / 1 6  f o r  

' l a t e r a l  
s u r f a c e s  j s  o l o t t e d  a q a j n s t  t h a t

f o r  f r ac tu red  c ross  sec t i ons  f o r  a  l a rqe  number  o f
f i be r  t . vpes .  D i so rde r  dec reases  w j th  i ñc reas ing
the rmo-mechan j ca l  D rocess jnq ,  bu t  j n  a l l  cases  I ¡ )  0
a s  e x o e c t e d .  A  p r o n o u n c e d  t r e n d ,  i n c r e a s i n g  w i t h "
modu lus  E ,  f o r  t he  su r face  to  be  more  o rde red  than
t h e  i n t e r i o r  ( c r o s s  s e c t i o n )  i s  e v i d e n t  ( 2 ) .  T h i s
suppo r t s  o the r  ev jdence  fo r  a  deve lop ing  shea th / co re
duo lex  s t ruc tu re .  The  s t rong  i n f l uences  o f  p recu rso r
and  p rocess  i  ng  a re  c l  ea l i  n  an  I  ¡ /  I 6  p l  o t ,  F i  g .  4 .
The  sha rp  peak  j n  PAN f i be rs  co rñe lá tes  w j t h  f r ac tu re
pa rame te r  behav io r  ( l l )  and  ma .v  be  re la ted  to  t he  j n -
f l uences  o f  r es idua l  s t resses  and  n i t r ooen .  The  h iqh
d i s o r d e r  i n  a n i s o t r o p i c  ( m e s o o h a s e )  p i t c h  f j b e r s  i ' s
a t t r j bu tab le  t o  l ow  p rocess jng  i emoera tu res (<2000oC) .
The  e f f ec t s  o f  HTT  (F<  l n0  GN/m¿)  and  ho t - s t re t ch ing
( E > . l 0 0 )  a r e  o u a l i t a t i v e l y  s j m i l a r  f o r  f i b e r s  f r o m
r a y o n  a n d  j s o t r o p j c  o i t c h .

The  Raman  ac t i v i t y  o f  ca rbons  o r j q i na tes  f r om jn -
p l a n e  I a t t i c e  v i b r a t ' i o n a l  m o d e s ,  a n d  i s  r e s p o n s i v e
p r imar i l y  t o  de fec t s  and  d i s to r t i on  a f f ec t j nq  t he
symmet ry  and  pe r fec t i on  o f  t he  l aye r  s t ruc tu re .  As
the  de ta i l ed  o r i g i ns  o f  t he  l i nes  become be t te r  unde r -
s tood ,  Raman  spec t roscop .v  n rom ises  to  evo l ve  f r om a
use fu l  emp i r i ca l  cha rac te r i za t i on  me thod  to  a  sens i -
t i ve  p robe  i n to  t he  na tu re  o f  t he  s t ruc tu ra l  d i so rde r .
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