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I n t r oduc  t i on

In 1973, the above Laborator ies vrere of fered
f inancia l  support  f rom the Science Research Counci l
t o  advance  ou r  t heo re t i ca l  and  p rac t i ca l  expe r i ence
in  t he  use  o f  phase  con t ras t ,  h i gh  reso lu t i on  e l ec -
t r on  m ic roscopy  i n  wh i ch  rhe  cons t í t uen t  1ame l1a r

mo lecu les  o f  ca rbon  a re  p ro j ec ted  as  l i nes  o r
f r i nges  on  t o  t he  sc reen  o f  t he  m ic roscope ,  a
technique which owes much to Ban (Ref.  1) .  fühen
scudy ing  g raph i t i c  ma te r i a l s ,  t he re  appea rs  t o  be
less  o f  a  p rob le rn  w i t h  i n t e rp re ta t i on  as  pa ra l l e l

f r i nges ,  ex tend ing  ove r  cons ide rab le  d i s t ances ,
can  be  f ocussed  on to  t he  sc reen .  f t  i s  v r i t h
isotropíc carbons and anisotropic carbons of  HTT
<15OO K ,  t ha t  p rob lems  o f  i n t e rp re ta t i on  a r i se .
The  de ra i l  o f  t he  re l a t i ve  pos i t i ons  o f  sho r t ,  non -
l i nea r  f r i nges  appea rs  t o  be  (a t  l eas t )  a  f unc t i on
o f  f oca l  pos i t i on  adop ted  du r i ng  imag ing ,  o f
specimen th ickness and of  exrent  of  exposure of
t he  ca rbon  spec imen  t o  t he  e l ec t r on  beam.  Th i s
i nves t i ga r i on  i s  now  comp le te  and  cons i s t s  o f  an
app ra i sa l  o f  sem i - t heo re t i ca l  aspec t s  and  seve ra l
s t r uc tu ra l  ana l yses  o f  ca rbon i za t i ons  and  g raph i r i -

sa t i ons  wh i ch  f o rm  pa r t  o f  t he  ove ra l l  s t ud ies  o f

t he  Labo ra to r i es .  The  f o l l ow ing  i s  a  sununa ry  o f
t h e  e s s e n t i a l  f i n d i n g s .

The  Techn ique  o f  Phase -Con t rasE  E lec t r on  M ic roscopy

The  po ten t i a l  bene f i t s  o f  de focus  phase -

con t ras t  e l ec t r on  m ic roscopy  i n  t e rms  o f  e l uc i da -
t i on  o f  s t r uc tu ra l  de ta i l  a re  such  t ha t  no  o the r
t echn ique  can  se r i ous l y  be  cons ide red .  Howeve r ,
t he  a t t endan t  con t ras t - t r ans fe r  d i f f i cu l t i e s
inherent  in th is type of  work appear to be prohib i -

t i ve  i n  t e rms  o f  t he  ex t r ac t i on  o f  r ea l i s t i c
i n f o rma t i on  (Re f .  2 ,  3 ) .  Hence ,  t he  ma jo r  p rob lem

is  whe the r  o r  no r  i t  i s  poss ib l e  t o  a r r i ve  a t  a
working compromise of  using an opt imum contrast

t r ans fe r  w indow  wh i ch  does  no t  exc l ude  re l evan t
informaEion.  The approach to the problem is one

o f  es tab l i sh i . ng  an  accep tab le  expe r imen ta l  bas i s
f o r  m i c roscopy  as  d i s t i nc t  t o  f he  comp lemen ta r y
t h e o r e E i c a l  a n a l y s e s  ( R e f .  3 ) .

Fo r  phase  ob jeccs ,  pu re l y  geome t r i ca l  cons id -

erat ions alone,  in demanding a minimal  phase

d i f f e rence  be tween  naves  sca t t e red  f r om the  t op

and  bo t t om o f  t he  spec imen  (Re f .  4 )  g i ve  a  t h i ck -
ness  l ím i t a t i on  requ i r i ng  t  <<  25  nm fo r  a

reso lu t i on  o f  d=O.3  n rn .  Mo re  exac t i ng  requ i r emen ts

are evident  in the weak-phase approximatíon.

Values of  t  < 15 nm for  d isordered carbons and

t  <  7 .5  nm fo r  c r ys ta l l i ne  ca rbons  p robab l y

rep resen t  r r ppe r  l im i t s .  Fo r  d i so rde red  ca rbons ,

a  comp l i ca ted  supe r - impos i t i on  o f  image  de ta i l

cou ld  we l l  p rove  t he  u l t ima te  l i n i r a t i on  t o  spec imen

th i ckness .  Gene ra l l y ,  f o r  ca rbons ,  t he  samp le

shou ld  p re fe rab l y  be  as  t h i n  as  i s  cons i s t en t  w i ch

the  p robab le  m i c ros t r uc tu re .

Fo r  t he  JEOL  1OOC TEMr  a  spec i f i ca t i on  o f  Ehe
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  o f  1 . 4  u r n ,  i . e .  C "
( rh í s  pa ramere r  de f i nes  t he  con t ras t  r r ans fe r
p rope r t i es  o f  t he  m ic roscope  and  hence  t he  e f f i c -
i ency  o f  i nag ing )  i s  i nadequa te  f o r  t he  range  o f
l a t t í c e  s p a c i n g s  i n  t h e  r a n g e  0 . 3 O  r o  1 . O  n m  o f
impo r tance  i n  d i so rde red  ca rbons .

Hence ,  because  de ta i l  w i t h i n  t h i s  r ange
canno t  be  ímaged  í n  a  cons i s t en t  manne r  an  op t i ca l
wo rk i ng  s i t ua t i on  requ i r es  t he  cho i ce  o f  t he  mosE
su i rab le  de focus  pos i r i on .  Th i s  can  on l y  be  done
by observing an image on the microscope v iewing
sc reen  and  hence  dec i s i ons  based  on  t he  v i s i b i l i t y
o f  de ta i l  wou ld  seem to  be  reasonab le .  I t  i s
cons ide red  t ha t  a t  a  de focus  pos i t i on  (A f )  o f  - 9O  nm
the  range  o f  r easonab le  imag ing  i s  f o r  l a t t i ce
s p a c i n g s  ( d )  o f  O . 3 4  t o  1 . 5  n m .  A  d i p  i n
i n tens i t y  occu rs  a t  d  =  0 .46  n rn .  A t  a  de focus
posi t ion of  -13O nm rhe range of  imaging is  for
l a t t i ce  spac ings  o f  O .3  t o  O .56  nm wh i ch  cove rs
rhe  g raph i t e  basa l - p l ane  spac ing  o f  O .335  n rn .
However,  there is  an informat ion gap in the range
d  =  0 .56  t o  O .72  nm and  i n f o rma t i on  i n  t he  range
d  =  O . 3 1  t o  O . 5 6  n m  i s  p r e s e n r e d  w i t h  r e v e r s e d
(nega t i ve )  con r ras t .  I t  i s  conc luded  t ha t  t he
near-Scherzer opt imum underfocus of  Af  = -90 nm
shou ld  be  used  whe reve r  poss ib l e  f o r  a l l  ca rbon
irnaging when a disordered component is  apparent .
I t  is  considered that  at  Af  = -90 nm typical  images
o f  l a rge  ca rbon  c r ys ta l l i t e s ,  sma l1  ca rbon  c r ys ta l -
l i t e s  and  sys tems  o f  de fec t i ve  g raph i t i c  shee t s
i nd i ca te  t ha t  a  sens ib l e  d i r ec t  i nEe rp re ta t i on  ( i n

t e rms  o f  a  p ro j ec ted  cha rge -dens í t y  d i s t r i bu t i on )
i s  poss ib l e  f o r  t h i n  samp les  o f  ca rbon .  I ^ / i t h  a
A f  o f  - 13O nm,  f r i nge -con t ras t  i s  r eve rsed  w i t h i n
c r ys ta l l i t e s  so  p resen t i ng  d i f f i cu l t i e s  i n  measu r i ng
the  c r ys ta l l i t e  w id th  f o r  m i c roc r ys ta l l i ne  ca rbon .
Also for  d isordered carbons the t ransfer  gap operat-
i ng  a t  t h i s  l eve l  o f  de focus  i nduces  l oss  o f
i n f o rma t i on  v i t a l  t o  t he  cha racEe r i za t i on  o f  m i c ro -
s t r uc tu re  and  ove res t ima res  o f  t he  deg ree  o f
c r ys  t a l  l i n i  r y .

The  E luc i da t i on  o f  S t ruc tu re  i n  Ca rbon

CataTgt ic Graphi t izat ion of  Carbons:  Chemical
ca ta l ys i s  o f  g raph i t i za t i on  ca r r i ed  ou t  unde r
vacuum in an Fe-doped polyfur fury l  a lcohol  carbon
resu l t s  i n  t he  f o rma t i on  o f  r e l a t i ve l y  we l l -
deve loped  t u rbos t ra t i c -g raph i t e  sheeEs  a t  unusua l l y

l o r ^ r  t empe ra tu res  (873  K ) .  I ü i t hou t  ca ta l ys i s ,
temperatures in excess of  2OO0 K would normal ly  be
requ i r ed  t o  i n i t i a t e  t he  o rde r i ng  necessa ry  i n  t he
p roduc t i on  o f  s im i l a r l y  t deve loped?  ma te r i a l
( R e f .  5 )  .

voids in Carbons and Graphi tes:  I t  is  concluded
that  opt imum-defocus images represent the only means

of obtain ing informat ion concerning void character-
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i s t i c s  i n  d i s o r d e r e d  c a r b o n s  T h e  v o i d s ,  a s
obse rved ,  can  be  c l ass i f i ed  i n  t e rms  o f  s t r uc -
t u ra l  c l ass i f i ca t i ons .  P r ima ry  vo ids  a re  f o rmed
by  dev ia t i ons  f r om a  f avou red  i n t e r l aye r  o r  i n t e r -
mo lecu la r  spac ing .  Seconda ry  vo ids  a re  f o rmed
by  morpho log i ca l  aspecEs  o f  c r ys ta l l i t e s  and
a s s o c i a t i o n s  o f  c r y s t a l l i t e s .  F o r  e x a m p l e ,
sha rp -edged  space  can  be  c rea ted  bounded  by  i nEac t
g raph i t i c  shee t s .  Need le - shaped  p r ima ry  vo ids ,
O .4  nm w id th  and  1  t o  3  nm i n  l eng th  o f t en  occu r
w i t h  non - tw inned  t i l t  bounda r i es ,  tw i s t  bound -
a r i es  e t c .  r e l i ev i ng  i nduced  c r ys ta l l og raph i c
s t r ess ,  I n  t h ree -d imens ions  t he  vo id  i s  mo re
l i ke l y  t o  be  "penny -shaped " .  O the r  t ypes  o f  vo i d
wh i ch  have  been  imaged  i nc l ude  t ape red ,  i some t r i c ,
cons t r i c t ed ,  i nEe r - connec t i ng ,  bo t t l e - shaped ,
c l o s e d - e n d e d ,  s l i t  a n d  w e d g e  s h a p e s .  E s s e n t i a l l y ,
t he  vo id  cha rac te r  i s  c l ose l y  dependen t  upon  t he
c rys ta l l og raph i c  s t r uc tu re  o f  t he  ca rbon  o r  g raph i t e .

Heat- tTeatment of  Graphi t iz lng Carbons:  Changes
have been examined in anisotropic carbon f rom í ts
f o rma t i on  f o l l ow ing  coa lescence  o f  t he  mesoohesp
(HTT  75O K )  t o  an i so t rop i c  

" o ¡ " s  
(HTT  1143  K )

Org reave  l ean  coa l - t a r  f o rms  mesophase ,  a t  750  K ,
composed  o f  s t acked  l ame l l a r  mo lecu les  abou t  1 .2  nm
in  l eng th  buE  w i t h  sma l l e r  mo lecu les  p resen t  be t v ¡een
the  o r i en ta ted  moLecu les  and  m iso r i en ta ted  w i t h
respec t  t o  Che  ma jo r  ax i s  o f  p re fe r red  o r i en ta t i on .
A t  HTT  945  K  t hese  sma l l e r  mo lecu les  i n t e r l i n k  w i t h
the  l a rge r  ones  caus ing  d i s rup t i ons  w i t h i n  1oca1 l y
p re -o r i en ta ted  ma te r i a l .  A  s t r a i ned  s t r uc tu re  i s
created Í / i th in the semi-coke which now contains
m ic ro - i nc l us íons  o f  i nhomogeneous  ma te r i a l ,  2 .O  nm
in  s i ze ,  and  a l so  g ra i ns  abou t  20  nm i n  d i ame te r .
Fu r t he r  hea t -E rea tmen t  i n i t i a t es  t he  annea l i ng  o f
t he  s t r a i n  so  i nc reas ing  mo lecu la r  s í ze ,  p l ana r i t y
and  l oca l  p re fe r red  o r i en ta t i on .  (Re f .  6 ) .

In a study of  a graphi t iz íng carbon f rom poly-

v i ny l  ch l o r i de  t he  p re fe r red  s tack i ng  o f  basa l  p l anes
(HTT  923  K )  con f i rms  t he  mode l  o f  equa to r i a l  s t ack -
i ng  o f  mo lecu les  p red i c t ed  f r om op t i ca l  m i c roscopy
and  e l ec t r on  d i f f r ac t i on .  Seconda ry  s t r uc tu re  o f
c r ys ta l l i t e s  f r om the  1ame11a r  mo lecu les  deve loped
a t  an  HTT  o f  1373  K  be ing  comp le ted  a t  1573  K .  An

o rde r i ng  i n t o  sE r i ps  o r  shee t s  o f  maEer i a l  i s
i n i t i a t ed  a t  1773  K  and  deve lops  con t i nuous l y  t o
2273  K ,  when ' t hey  can  be  20  nm i n  w id th  and  may

ex tend  f o r  d i s t ances  g rea te r  chan  4OO nm i n  l he
L "  d i r ec t i on .  They  a re  composed  o f  c l ose l y -
l i n ked  m ic ro - c r ys ta l l i t e s .  t h ree -d imens iona l
o rde r i ng  appea rs  a t  22 - / 3  K  and  a t  2673  K  t he  m ic ro -
c r ys ta l l i t e s  have  now  fo rmed  a  s i ng le  l a rge

c rys ta l l i t e  w i t h  d imens ions  o f  t he  s t r i ps .  These

s t r i ps  a re  l i n ked  by  na r row ,  l ong  c r ys ta l s  o f  ca rbon

o r  by  a  d i so rde red ,  t h ree -d imens iona l  a r ray  o f  basa l
p l a n e s .  T h i s  l i n k i n g  m a t r i x  r e - c r y s E a l l i z e s  a E

tempera tu res  o f  abou t  2673  K .  Vo ids  appea r  be tween

t h e  c r y s t a l l i t e s .

Eeam Sensj t iv i tg of  Graphl t izabfe Carbans:  Samples

o f  l ow  HTT  (<10OO K)  a re  sens i t i ve  t o  t he  e l ec t r on

beam.  The  (OO2)  d i f f r ac t i on  peak  l oses  f o rm  and

becomesd i f f use  as  a  r esu l t  o f  t he rma l  and  i r r ad ia -

t i on  damage .  Th i s  i s  ma rked  f o r  a  samp le  o f  coke
(HTT  75O K ) ,  t he  damage  be ing  l ess  c r i t i ca l  i n

cokes  o f  HTT  945  K .  Damage  can  be  reduced  by

us ing  l owe r  magn i f i ca t i ons  f o r  as  l ong  as  poss ib l e ,

and  p re focuss ing  t he  ob jec t i ve  l ens  so  reduc ing

exDosu re  t imes  t o  l ess  t han  1O  seconds .

Heat- t reatment of  Non-graphi t iz ing Carbons:  Poly-
v i ny l i dene  ch lo r i de  ca rbon  (HTT  <1073  K )  i s
cha rac te r i zed  by  a  mean  appa ren t  l aye r  l eng th  o f
1 .1  nm and  an  appa ren t  spac ing  o f  0 .68  nm.  I n
the temperature range 1073 to 1973 K a gror4r th of
de fo r rned  i n t e r - tw in i ng  g raph i t i c  l aye rs  occu rs
to  es tab l i sh  a  r i bbon  mode l .  The  g row th  o f
t u rbos t ra t i c  c r ys ta l l i r es  a t  HTT  >  =  i 973  K
and  Ehe  p rog ress ion  t o  a  t h i n -wa l1ed ,  i so t r op i c
t h ree -d imens iona l  c l osed  f oam-s t ruc tu re  i s  now
pos tu l a ted .  These  s t r uc tu ra l  changes  exp la i n
the complexi ty of  the rnechanism of_1ogs of
po ros i t t  and  su r f áce  a rea  (>1oo0  r2g -1 )  i n  t hese
PVDC ca rbons ,  by  hea t  t r ea tmen t  (Re f .  7 ,  8 ,  9 ) .
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