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In general ,  the behavior  of  carbon f ibers
depends  on  t he  sou rce  mare r i a l ,  t he  py ro l ys i s
program ( temperature,  t ime, and environment) ,
and  on  spec ia l  chem ica l  pos t - t r ea tmen ts .  Fo r
example,  a commercia l  f iber  can be designated
as  a  1o r ¡  t empe ra tu re  ( 1200 -1500 'C ) ,  a  med ium
(2000 -2500 "C) ,  o r  a  h i gh  t empe ra tu re  ( above

3000 'C )  p roduc t .  Th i s  pape r  i s  conce rnec l  r¿ i t h
the interact ion of  bromine wirh some carbon
f lbers and the resul ts are compared wi th those
reported for  the intercalat ion of  brornine by
c r ys ta l l i ne  g raph i t es .

Ma te r i a l s

The f ibers were selected f rom commercia l
sou rces  us i ng  bo th  PAN and  p i t ch  as  p recu rso rs .
F-5 is  a Courtauld HM PAN f iber.  F-46 is  a
Union Carbide carbon f lber,  Type P,  on which
the f in ish,  normal ly  present,  was removed by
hea t i ng  a t  500 "C  i n  a  he l i um  f1ow .  F -44  and
F-54 are pi tch-base f ibers (Union Carbide)
which had been heated above 3000oC. P-35 and
P-36 were obtained as the residues f rom an
air-bromine t reatment of  F-54 (45 hours ar
20 "C ) .  Spec  C  SP- l  we re  f l akes  o f  pu r i f i ed
natural  graphi te (100 um) f rom Nat ional  Carbon
C o .

Exper imental

The bromine adsorpt ion and desorpt ion
i so the rms  (20 'C ,  P  =  L77  t o r r )  we re  de te rm lned
on 100 mg samples ín an al l  g lass,  recording
vacuum balance (1) .  The x-ray dl f f ract ion
resul ts were determined by Car l  Vold of  the
NRL Mater ia l  Sciences Div is ion using a Phi l l ips
Ve r t i ca l  D i f f r¿c tome te r  (Cu  sou rce ) .  The
emission of  bromine r^¡ í th temperature programming
was determined by J.  B.  Romans of  the NRL
Surface Chemistry Branch using a modi f ied
microcoulombmeter (Mast  Instrument Co.) .  The
cal ibrat ion ! ¡as made wi th dry a i r  saturated
with a halogen of  knovm vapor pressure.

Resu l t s

The bromine isotherms in Figure 1 for  F-
54 were f i rs t  taken !o saturat ion and back to
ze ro  p ressu re  (po in t s  X  f o r  I  and  O  f o r  I I ) .
A f t e r  t he  re tu rn  t o  ze ro  p ressu res ,  i so the rm
II I  (points +)  and isotherm IV (points {E)
were obtained rnr i thout  the pronounced threshold

pressures of  isotherms I  and I I .  The three
bromine isotherms in Figure 2 were not  taken
to saturat ion,  but  r^ /ere returned to zero
p ressu re  f r om d i f f e ren t  pos i t i ons  o f  adso rp -
t lon.  No intercalat ion of  Br^ was found in F-

46 ,  even  a t  sa tu ra t i on ;  a l so  áo  em lss i on  o f
Br.  was observed in the thermal  cycl ing to
5 5 Ú " c  o r  r h i s  f i b e r .

The  002  sepa ra t i ons  o f  an  o r i g i na l  f i be r

and the same f iber af ter  bromine t reatmenrs
a re  s i ven  i n  Tab le  1 .  The  va lues  a re  a l so
given for  the average dimension of  the di f -
f r ac t i ng  doma in ,  t he  i n t e rp re ta t i on  o f  wh i ch
i s  g i ven  i n  D i scuss íon .

The emission of  bromine f rom P-36 is
shovm in Figure 3 for  two complete heat ing
cycles to 530"C using the same sample.  The
bromine contents of  the f ibers \^7ere determined
by  an  ac t i va t i on  ana l ys i s  based  on  i r r ad ia t i on
in a L inac Reactor  using 40 MeV. Simi lar
behav io r  was  repo r t ed  ea r l i e r  f o r  c r ys ta l l i ne
graphi te (2 )  .

D i scuss ion

I t  i s  l ns t r uc t i ve  t o  compare  t he  20oC
iso the rms  o f  B r .  on  na tu ra l  g raph i t e ,  Spec  C
SP-1 (3)  and on-the highly graphi t ized F-54
ca rbon  f i be r .

1 .  Th resho ld  P ressu re ,  Pa

Tn the 1.00 um f lakes of  natural
g raph i t e  P -  i s  15 -20  t o r r .  I n  F -54 ,  d i ame te r
18  pm,  t he ' va l ue  o f  P -  i s  60  t o r r  f o r  Ehe
in i t i a l  exposu re  t o  B i '  bu t  t h i s  d rops  t o  l 0
t o r r  a f t e r  one  cyc l e  o f  sa tu ra t i on  and  back  t o
ze ro  p ressu re ,  F i gu re  1 .  Th i s  r esemb les  t he
behavíor  of  a 2200"C pyrolyt ic  graphi te PG1
(4) where P- i^ras in i t ia l ly  95 torr  for  a 7 mm
th i ck  samp lé .  A f t e r  one  cyc l e  t o  sa tu ra t i on
and back to zero,  the sample had spl i t  in to
th in f lakes for  which P,  was 60 torr .  In the
case  o f  t he  f i be r  F -54 , - t h i s  same  behav io r
would be expected i f  the graphi te dornains in
the or ig inal  f iber  were ínter locked or  imbedded
in  a  ma t r i x .  The  resú1Ean t  sE ress  ra i ses  P -
to 60 torr  above which intercalat ion and
expans ion  occu r .

The  x - ray  d l f f r ac t i on  resu l t s  i n  Tab le  1
ag ree  w i t h  a  mode l  o f  i n t e r l ock i ng  c r ys ta l l i t e s .

*  I^ l i th f inancia l  assistance f rom the Nat ional  Research Counci l  of  Canada.
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Table 1:-  (002) Separat ion Before and Af ter
Bromine

Diameter
D i f f r a c t l n g

(002) Domain

F-44

P-35
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P- 35
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o
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f
(J
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The average dimension of  the di f f ract ing
domain is  7704 and in the cross-sect ioq of  the
f iber (18 ym diameter)  there are 5 x 104
domains.  Thus,  each carbon f iber can be v iewed
as a carbon composi te.  The intercalat ion of
Br, and expansion of each domain cracks the
rnaÍr ix  1n a great  var iety of  p laces along and
around the f iber and to dí f ferent  degrees.
Because the carbon layers are most ly paral1el
to the f iber length,  the cracks should also be
para11e1 to the length.  In fact ,  th is can be
seen in the SEl" f  for  PAN f ibers (F-5)  interca-
lated wi th AlCl1.  I t  was noted that  the crack
was longitudinal and not all the \^ray through
the f iber.  Now, when the pressure of  Br.  in F-
54 is  lowered to zero,  most  of  the Br^ 16aves
the graphi t ized regions which col lapsé and
a11or¿ the cracks to c lose so that  the f iber
approaches i ts  or ig inal  cross-sect ional  shape.
i . lhen the Brn pressure is  now raised again,  the
graphít ized-regions are agaín intercalated
but at  a lor^rer  P- (10 torr)  because the f iber
is now under mucñ less stress than the or ig inal
f iber.  This change is a lso shown by the rates
of  intercalat ion.  Thus,  in the ln i t ia l  exposure,
the rate is  very s low in the f í rst  10 torr
above P. ;  beyond that  and dur ing the second
intercalat ion,  the rate is  much faster .

Saunders,  Ubbelohde and Young (5)  showed
that  the appl icat ion of  pressure decreased the
amount of  Br,  intercalated in graphi te.  The
rel ief  of  an- internal  st ress should behave in
the reverse nu¡nner.

Final ly ,  i t  is  of  interest  that  for  the
f iber F-46 the P- hras so high that  even in
saturated Br,  vafor  at  20oC there was almosc no
weight  increáse.  This f iber had not  been heat
t reaced aE as high a temperaEure as F-54,  and
i t  has been shovm before that  th is wi l l  ra ise
P* for  an electron accept ing reactant  such as
Bir .  The intercalat ion pressure for  the F-46
f i6er may be above saturat ion pressure.

2.  Composi t ion near Saturat ion

The composi t ion is  best  considered
just  belor{  saturat ion so that  condensat ion in
the inter- f iber or  inter- f1ake regions is  not  a
fac to r  ( 1 ) ,  A t  20 "C ,  sa tu raE ion  p ressu re  i s
I75 torr  so thaE 160 torr  is  sui table.  For the
natural  f lakes in Spec C -  SP1 the amount is

Fígure 1: Intercalat ion adsorption and desorp-
t ion  iso therms ( I ,  I I  o r ig ina l ;  I I I '  TV a f te r
pumping) .

L ) -Br^ /C =  60  or  C, -Br^ .  For  the  F-54  f iber  i r
.  , n z  L J .  ¿ -
1s  4U  o r  C? - t t s t ) .  Th Í s  l owe r  B r ,  con ten t  cou ld
wel l  be thé-reEul t  of  the preseñce of  non-
graphi t ized regions -  the matr ix  referred to
above -  in which the intercalat ion of  Br,  does
not take place.

3.  Residue "Compoundtt

In the carbon f iber F-54,  the resi -
dual  Br,  at  zeÍo pressure amounts to 14 moles
per 1000 moles carbon. This is  about three
t imes the amount lef t  in  the 100 um f lakes of
Spéc  C  -  SP1 .  S ince  t he  g raph i t e  c r ys ta l l i t e s
i n  F -54  a re  abou t  7 .7  nm ac ross ,  one  wou ld
expect  a much smal ler  amount of  residual  Br.  ín
such sma11 crystals.  One possib le erplanat Íon
is that  when the f iber f i rs t  cracked open, some
of the internal  porosi ty became exposed to Br,
and  f i 11ed  w i t h  l i qu i d  as  t he  p ressu re  i nc rea6ed .
0n pressure reduct ion th is region empt ied at
lower pressures than for  f i l l ing and not  com-
pletely because the c losing of  the cracks
sea led  t hem o f f .  Spec i f i ca l l y ,  t he  t o ta l
vo l ume  o f_ these  po res  f o r  a . f i be ¡  o f  dens i t y
1 . 6  g m  c r n  "  m i g h t  b e  0 . 6  c m -  g m ' a n d ,  i f
f i l led r^r i th l iquid Br.  would contr Íbute 43
moles of  Br.  per 1000-mo1es carbon. This is
the observe¿l  tota l  amount near saturat ion.
Much of  th is must  be intercalated to account
for  the cracking of  the f iber.  An unknown,
remaining amount is  in the avai lable pores and,

Pressure of bromine iorr
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