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I  n t roduct i  on-- - - -Tñe 
Slassy carbons obta ined by pyro lys is  of

t he rmose t t i ng  res ' i ns  a re  we l l  known  fo r  t he i r
res i s tance  to  c r ys ta l l i t e  g row th  du r i ng  h iqh -
tempera tu re  exposu re .  Phase -con t ras t  obse rva t i ons
w i th  t r ansm iss ion  e lec t ron  n i c roscopy  have  shown
that  these carbons are cornposed of  in terweaved cry-
sta l  I  i  tes i  n  a tangl  ed geornetr i  ca l  arranclement  (1 )  .
I t  has been sugoested that  the res is tance to cry-
s ta l ' l i t e  g row th  i s  due  to  t h i s  t ang led  m ic ros t ruc tu re
(2 ) .  Tha t  cons ide rab ' l e  m ic ropo ros i t y  i s  p resen t  i n
the  g lassy -ca rbon  m ic ros t ruc tu re  i s  obv ious  f rom the
re la t i ve l y  1ow dens i t y  o f  t h i s  ma te r j a ' 1 .  The  ro1e
wh ich  them ic ropo ros i t y  p lays  i n  t he  res i s tance  to
c rys ta l l i t e  q row th  i s  t he  sub , j ec t  o f  t h i s  pape r .

I t  i s  known  f rom s tud ies  o f  i so t rop i c  py ro l y t i c
ca rbons  w i th  m ic ros t ruc tu res  s im i ' l a r  t o  t hose  o f
g lassy  ca rbons  tha t  h igh - tempera tu re  f as t -neu t ron
i r rad ia t i on  causes  cons ide rab le  dens i f i ca t i on  o f
t he  tang led  m ic ros t ruc tu re ,  obv ious ' l y  resu ' l t i nq  i n
renova ' l  o f  much  o f  t he  m ic ropo ros i tV  (3 ) .  The  mechan -
i sm o f  t h i s  dens i f i ca t i on  i s  t houqh t  t o  resu l t
f rom the expansion of  ind iv idual  carbon cry-
s t a l l i t e s  p e r p e n d i c u l a r  t o  t h e ' l a y e r  p l a n e s  a n d  t h e
sh r i nkaqe  o f  t he  c r ys ta l l i t es  pa ra l l e l  t o  t he  

' l aye r

p lanes .  Thus ,  h igh - tempera tu re  i r r ad ia t i on  o f  a
q lassy  ca rbon  shou ' l d  p roduce  the  tang ¡1ed  m ic ros t ruc -
tu re  w j t h  g rea t l y  reduced  m ic ropo ros i t y  and  annea l i nq
o f  i r r ad ia ted  and  un i r rad ia ted  ma te r i a ' l  shou ' l  d  a l ' l  ow
a study of  the ef fect  of  the microporosi ty  on cry-
s t a l l i t e  q r o w t h .
Exper imenta l---.-.-TIe 

cafbon investigated was obtained from the
Beckwi th Carbon Company and was desiqnated 

'1800 
Grade

indicat inq heat  t reatment  to 
'1800oC. 

Sma' l l  n ieces of
t h i s  ma te r i a l  we re  i r r ad ia ted  i n  a  se r i es  o f  capsu ' l es
used  p r imar i i y  t o  s tudy  the  behav io r  o f  g raph i t es
du r i ng  i r r ad ia t i on ,  a  p rog ra rn  suppo r ted  by  t he  t J .S .
Energy Research and Deve' lopment  Adnl in is t rat ion
( C o n t r a c t  E ( 0 4 - 3 ) - 1 6 7 ,  P r o j .  A c r n : t .  1 7 ) .  F o ' l l o w i n q
i r rad ia t i on ,  spec imens  were  hea ted  to  e j t he r ' 12000C.
l900oc or  22000C and held for  one hour at  these
temperatures jn  a graphi te-res is tance furnace.

Measu remen ts  o f  t he  appa ren t  c r ys ta l l i t e  s i ze ,
Lsr  w€f€ obta ined f rom x-ray d i f f ractometer  t races
o f  t he  (002 )  re f l ec t i on  us ing  coppe r  Ko  rad ia t i on .
L ,  was  ca l cu la ted  f rom the  fo rmu ia :  L .=0 .89 r /B  cos  0 .
whe re  t r  i s  t he  wave  l eng th  o f  t he  rad la t i on ,  B  i s  t he
ha l f - he igh  peak  w id th ,  and  0  i s  t he  B ragg  ang le .

Spec imens  were  a l so  examjned  w i th  t r ansm iss ion
electron microscopy.  To prepare specimens for  th is
examina t i on ,  t hey  we re  f i r s t  mechan i ca l l y  po l i shed  to
a th ickness of  about  50um and then were th inned by
sput ter ing wj th 6 Kev argon ions unt i l  they were
su f f i c i en t l y  t h i n  f o r  t r ansm jss jon  w j th  l 0ó  Kev
e l  ec t rons .
Resu l t s  and  Conc lus ions

The  va r i a t i on  o f  dens i t y  w j t h  f as t -neu t ron  expo -
su re  a t  l l 0Ooc  i s  shown  i n  F ig .  1 .  As  expec ted ,  f ás t -
neu t ron  i r r ad ia t i on  d id  cause  dens i f i ca t i on  o f  t he
ma te r i a l .  The  spec imen  se lec ted  fo r  subsequen t
examinat io¡-was one exposed to a fast -neutron f luence
o f  l 0 .3x l0z l  n / cn¿ ,  E>0 .18  Mev .  As  can  be  seen  f rom
the  f i gu re ,  t h i s  spec imen  had  a  dens i t y  o f  2 .04g l sm3 .

The  appa ren t  c r ys ta l ' l i t e  s i ze  ca l cu la ted  f i om
broaden ing  o f  t he  (002 )  x - ray  d i f f r ac t i on  peak  i s
shown  i n  F ig .  2  as  a  f unc t i on  o f  t he  annea i i nq

temperature. Because of the very broad nature of the
d i f f rac t ion  peak  and because la t t i ce  s t ra ins  a lso  can
cont r ibu te  to  b roaden ing ,  these va lues  shou ld  no t  be
taken I  i tera' l  ' ly as a crystal  I  i te size, but they can
be cons idered as  a  measure  o f  the  c rys ta l l ine  per -
fec t ion .

l rradiat ion produced some increase in the appar-
en t  c rys ta ' l l i te  s ize ,  bu t  on  subsequent  annea l ing
there was very l i t t le incrgase up to the maximum
temperature emp' loyed (22000C). bn the other hand,
the unirradiated mater ia ' l  showed s' igni f icant increases
in  the  apparent  c rys ta l l i te  s ize  when i t  was  annea led
at temperatures above 19000C. Thus, i t  seems that
removal of  the microporosi ty from glassy carbon
produces a mater ia ' l  which Ís more stable on subsequent
annea l ing  than the  carbon w i th  mic roporos i ty .

A  t ransmiss ion  e ' lec t ron  mic rograph o f  the  un i r rad ia ted
carbon a f te r  annea l ing  a t  2200oC is  shown in  F ig .  3 .
The magn i f i ca t ion  is  no t  su f f i c ien t ' l y  h igh  tha t ' layer
p lanes  can be  reso lved,  bu t  i f  the  magn i f i ca t io r r  was
i r rc reased,  p lanes  cou ld  be  reso lved in  each o f  the
sma' l l  bands in the micrograph. Several  of  these bands
ind ica ted  by  ar rows.  Thus ,  these bands are  images o f
reg ions  w i th in  the  spec imen where  curved and/or  tw is ted
ribbons or sheets of para' l ' le l  layer planes are per-
pend icu la r  to  the  spec imen sur face .These mic ros t ruc tura l
observa t ions  are  cons is ten t  w i th  those nrade prev ious ly
on f ragmented spec imens( l  ) .

A  s in l i la r  m ic rograph o f  the  i r rad ia ted  spec imen
after anneal ing at 2200oC is shown in Fig. 4.  Not
surpr is ing ' l y ,  i t  does  no t  appear  the  same as  the
un i r rad ia ted  mater ia l .  Bands are  no  longer  v is ib le .
However,  very smal ' l  d i f f ract ion-contrast f r inges are
now present.  Several  are marked by arrows. Although
s l igh t ly  smal le r ,  these f r inges  appear  ident ica l  to
those obsgrved in  i so t rop ic  pyro ly t j c  carbons  where  i t
was  shown tha t  the  f r inges  a lways  appeared in  reg ions
where the layer planes were perpendicular to the surface
of the foj l  and that the fr inges were perpendicular to the
layer  p lanes  (4 ,5 ) .  Assuming th is  to  be  the  case in
F i g . 4 ,  t h e  o r i e n t a t i o n s  o f  t h e  d i f f r a c t j o n - c o n t r a s t
f r inges  suggest  tha t  the  tang led  mic ros t ruc ture  is
s t i1 l  p resent  s jnce  the  f r inges  f requent ly  fa l l  in  a
ser ies  wh ich  apparent ly  de f ines  a  band s imi la r  to  those
of  the  un i r rad ia ted  mater ja l .  (See the  f r inges  marked
b y  a r r o w s  i n  F i g . 4 . )  A 1 s o ,  w i t h i n  s m a l l  r e g i o n s
f r inges  are  or ien ted  in  many d i f fe ren t  d i rec t ions .  Thus ,
i r rad ia t jon  apparent ly  d jd  no t  des t roy  the  tang led
mi crostructure.

These resu ' l t s  ind ica te  tha t  the  mic roporos i ty  in
the  tang led  mic ros t ruc ture  o f  g lassy  carbon is  no t  the
s t ruc tura l  fea ture  respons ib ie  fo r  i t s  res is tance to
crys ta l l i te  g rowth  dur ing  annea l ing .  Rather  they  show
that  remova l  o f  the  mic roporos i ty  enhances  the  s tab i l i t y
o f  the  mater ia l .  The h igh  re"s is tance to  c rys ta l l i te
growth  in  g lassy  carbon probab ly  l ies  in  the  tang led
nature  o f  the  mic ros t ruc ture .  S ince  inc reases  in  the
average c rys ta ' l l i te  s ize  most  p robab ly  occur  th rough
growth of one crystal ' l i te at the expense of others and
s i n c e  i n t e r s t i t i a l  m o b i l i t y  i n  t h e  c r y s t a l l i t e s  i s
h i g h  i n  d i r e c t i o n s  p a r a l l e l  t o  t h e  l a y e r  p l a n e s  ( 6 ) ,
easy  t rans fer  o f  a toms to  one c rys ta l l i te  wou ld  requ i re
tha t  ad jo in ing  c rys ta l ' l i tes  have near ' l y  the  same or ien-
ta t ion .  Th is  i s  no t  the  s i tua t ion  in  g lassy  carbon.
Dens i f i ca t ion  o f  the  s t ruc tu re  th rough i r rad ia t ion
apparent ly does not change this arrangement,  but
"t ightening upI of the structure wou' ld accentuate the
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misai ' ignment of neighboring crysta' l ' l  i tes and thereby
make c rys ta l l i te  g rowth  more  d i f f Í cu l t .
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Figure  3

Microstructure of unirradiated carbon after
anneal ing at I IOOoC. Arrows indicate bands
which are images of crystal l i tes whose layer
lanes are perpendicular to the surface of
the specimen.

Microstructure of imadiated carbon after
anneal ing at I }OOoC. Arrows indicate
dif f ract ion contrast f r inges simi lar to
those observed in isotropic pyrocarbons.

c

, . ¡ l

r¡

2 4 6

Fast- l leutron F' l  uence ( ' l  021
Var ia t ion  o f  dens i ty  dur ing

8 ' t0
t

n fcm ' ,  E>0 .18  l ' l ev )

i rradi ati on at 
' l  ' l  

00oC.

60

40

c<

CJ
N

q

(u
p

fJ

'-

P

c)
!

c-

I
I
I

I
/

I r rad ia ted  /

Anneal ing Tennerature (oC)

Apparent  c rys ta l l i te  s ize  (1 . )  as  a  func t ion
of anneal ing temperature.
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