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sional  s t ructura l  development ,  whereas evolut ion of
the G'  doublet  ind icates layer  s tack ing order .  Thus,
Raman spectroscopy is  a very usefu l  tool  for  charac-
ter iz ing the near-sur face st ructures of  carbons.
Both as-heat- t reated sur faces and br i t t le  f racture
sur faces are sui table for  s tudying the undisturbed
structure [5,6] .

Experimenta l Procedure

The GLCs studied were obtained from Beckwith
Carbon (B)  and Sigr i  E lect rographi t  (S)  as 3 rm
th i ck  p la tes .  The 'bu l k '  g raph i t i za t i on  behav io r  o f
these carbons was studied ear l ier in  terms of  den-
s i t y  [ 4 ] ,  magne t i c  suscep t i b i l i t y  [ 7 ] ,  and  Raman
spectra [5,6] .  In  the present  work,  smal1 samples
were heated in  graphi te cruc ib les in  a graphi te re-
s is tance furnace in He for  30 min at  2200:3000 C.
These samples were then crushed and spectra were
obta lned f rom both. the heat- t reated exter ior  (E)
sur faces and the in ter ior-mater ia l  f racture (F)  sur-
faces us ing a Jobin-Yvon t40LE Raman microprobe wi th
514 .5  nm lase r  exc i t a t i on  and  a  l 00x  ob jec t i ve  l ens
(c3 ¡ rm spot  s ize) .  The shor t  work ing d is tance of
th is  lens restr ic ted the select ion of  measurement
posi t ions on the i r regular  F sur faces;  but  lower
magni f icat ions resul ted in  poor-qual i ty  spectra.
The spectra were analyzed in terms of the v, 1,,1, I
and  qua l i t a t i ve  shapes  o f  t he  G  (1580 ) ,  D  (1350 )
and  G '  (27006 ¡ -1 )  bands .  The  G  da ta  i nc luded  con -
t r ibut ions f rom the unresolved 0 '  band.  I  va lues
were detern ined by weighing cut-out  t rac ings.

Resu l t s  and  D iscuss ion

Spectra obtained from the heat-treated E sur-
faces showed progressive graphi t izat ion wi th in-
creasing HTT, and were insensi t ive to locat ion on
the sample.  The F sur faces,  in tended to present
inter ior  mater ia l ,  general ly  had much more d isorder-
ed st ructures but  there was considerable var iat ion
at  h igh HTT. Evolut ion of  the st ructures toward
that  of  graphi te was indicated by:  a)  decreasing I
of  the D'  shoulder  of  G,  and of  D;  b)  narrowing of
G and D.  and a oradual  sh i f t  o f  vn f rom-1585 to
-1580 cm- l  and in f rom -1350 to sT36O qm-l ;  and c)
in i t ia l  narrowint  of  the swnmetr ica l  G'  wi th shi f t
o f  v6,  f ¡sm-?69í to >2715 im- l  fo l lowed by increas-
ing assynnetry and broadening of  th is  band culmin-
at ing in  the modulat ion character is t ic  of  graphi te.

F ' ig .  1 shows the width of  the G band ( inc luding
D ' )  as  a  f unc t i on  o f  HTT  fo r  E  ( so l i d )  and  F  (open
symbols)  sur faces.  t . i id lhs é 40 cm- l  ind icate loss
oi  D' ;  widths f  25 cm- l  correspond to in ter layer

I  nt roduct ion
I t  i s  we l l  known  tha t  ha rd ,  91ass - l i ke  ca rbons

(GLCs) are paragons of  non-graphi t izabi l i ty ,  due to
the morphological  constra ints  inherent  in  the very
f ine-scaled isotropic ,  microporous st ructure.  Mono-
l i th ic  samples reta in smal l  apparent  crysta l l i te
s ize wi th no ev idence of  regular  layer  s tack ing or-
der ,  and propert ies character is t ic  of  very d isorder .
ed structures even after processing to heat treat-
ment temperatures HTT ¿ 3000 C [1-7]. 0n the other
hand,  i t  is  a lso wel l  establ ished [2,8,9]  that  when
finely powdered hard carbons such as 6LC are heated
above some crit ical temperature ()2000 C), a smal1
portion of the material transfonns abruptly to gra-
phi te p lus a graphi t izable turbostrat ic  form (nul t i -
phase  g raph i t i za t i on ) .  Th i s  t r ans fo rma t i on  i n l t i -
a tes on the par t ic le  sur faces [9] ,  enabled by the
re laxat ion of  microstructura l  constra ints .

I t  might  be expected that  graphi t izat ion would
also occur  on the f ree sur faces of  monol i th ic  GLC.
Some support for this is provided by reports of op-
t ica l ly  anisotropic  pore wa11s,  weak graphi te spikes
on the broad (002) XRO peak and positive magnetore-
s is tance af ter  h igh HTT in macroporous,  1ow-densl ty
GLCs  [10 ,11 ] .  D i rec t  ev idence  fo r  s i gn i f i can t  evo -
lution of the surface structure of normal-denslty
GLCs was obtained using ordinary Raman spectroscopy
t6] .  This  paper presents the resul ts  of  a more ex-
tensive character izat ion of  GLC sur face st ructures
by microprobe laser  Raman scat ter ing.

Characterization of Carbons by Raman Spectroscopy
The spectra of carbon materials result from the

inelast ic  scat ter ing of  opt ica l  photons by in- layer
phonons,  wi th in a depth of  f  100 nn.  The spectrum
of crysta l l ine graphi te consists  of  a f i rs t -order
l ine G at  -1580 cm-1,  and an a lsymetr ic  doublet
G ' ¡ . 2 )  a t -2700  and  - f 735  cm- l  ( p l us  y {eak  fea tu res
at ' -2450 and-3250 cm- l )  in  the second-order  range.
In disordered carbons, due to the relaxation of syri l-
metry select ion ru les,  addi t ional  bands occu¡  at
-1350 (D), -1620 (D' )  and somet imes -2950 . ¡ -1 ;  G is
shi f ted to s l ight ly  h igher  f requency;  and a l l  l ines
a re  b roadened ,  t he  G 'doub le t_ fus ing  i n to  a  s i ng le
symmetr ica l  band at¿2710 cm-l  [5 ,6, . l2 ] .  Spectra l
parameters that are useful for assessing carbon
structura l  development  inc lude the posi t ions v,
widths I , l ,  in tegrated in tensi t ies I  and shapes of
these bands.  The intensi ty  rat io  In/ lc  is  a mea-
su re  o f  l aye r  s i ze  and  pe r fec t i on ,  6u t - i s ' i nsens i -
t ive to s tack ing order .  Lespade et  a l .  [12]  found
that  v6 and !16 are a lso good indicators of  2-d imen-
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Fig.  l .  l . l id th of  G (at : . l580 cm -1¡  versus heat  t reat-- 
ment temDerature for Beckvlith and Siqri GLCs.

s p a c i n g s  d ¡ ¡ 2 3 0 . 3 4 2  n m [ 1 2 ] .  T h e  r a t i o  o f  t h e  i n -
tens ' i ty  of -Ú-to that  of  the combined G+D'  bands is
p lot ted in  F ig.  2.  Both of  these f igures shotr ' l  that
the E sur face is  a l ready less d isordered than the
inter ior  (F)  for  HTT = 2200 C,  and the Z-d imension-
a l  s t ructure of  the E sur faces develops rapid ly  as
HTT increases to 2600 C. The scatter of the F re-
sults for HTT ¡ 2600 C can be attributed to the fact
that  cracks developed in the samples dur ing t reat-
ment so that the F surfaces obtained by crushing
were a mixture of fresh interior surfaces and heat
t reated sur faces [6] ,  which were indis t inguishable
in appearance.  The inter ior  s t ructure is  best  re-
presented by the most disordered F spectra. The
resul ts  suggest  that  in ter ior  f racture data were
no t  ob ta ined  fo r  a l l  samp les .

The complete range of  s t ructura l  evolut ion,  in-
c luding development  of  3-d imensional  graphi te crys-
ta l l in i ty ,  may be moni tored in  terms of  the evolu-
t ion of  the G'  band by p lot t ing l ¡J6 ' / t . l6  v€rsuS } .16.a5
shown  i n  F ig .  3 ,  a  mod i f i ed  ve rs ion  0 f  a  g raph i t i -
zat ion d iagiam proposed by Lespade et  a l .  [12] .
The lower l imb of  th is  p lot  corresponds to verydis-
ordered st ructures wi th d6g2 :  0.344 nm; broad,  as-
syrrnetr ica l  G wi th appreciable D'  in tensi ty ;  and
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synrnetr ica l  G' .  The r is ing l imb below the knee jn-
d icates graphi t izat ion wi th d6g2 decreasing toward
the  g rapÉ i tL  va lue  as  l { 6  f a l l i - be1ow-30  cm- I ,  and
| lG,  increasing as the dÓublet  evolves wi th develop-
ing stacking order .  The GLC data progress monotoni -
ca ' l ly  a long th is  curve wi th increasing HTT'  and the
exter ior  (E)  sur faces are a lways bet ter  graphi t ized
than the f racture (F)  sur faces of  the same sample.
The  h ighes t  l . l c , /WG va lues ,  t hose  fo r  S ig r i  E  su r -
faces wi th HTT)2800 C,  correspond to modula. ted G'
bands and approach the values found for  wel l  graph-
i t i zed  " so f t "  ca rbons  l l 2 ] .

Conc lus ions

These microprobe Raman results show that the e¡<-
te r i o r  su r faces  o f  mono l i t h i c  a lass - l i ke  ca rbons  do
indeed develop wel l -graphi t ized st ructures at  h igh
temperatures.  This sur face graphi t izat ion evolves
progressively  and apparent ly  uni formly wi th increas-
i ng  HTT22200  C ,  i n  con t ras t  t o  t he  d i scon t i nuous ,
mul t iphase t ransformat ion that  is  character is t ic  of
hard-iarbon powders [9].
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