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SUMMARY 

G r a p h i t e  f l u o r i d e  f i b e r s  can be produced by  f l u o r i n a t i n g  p r i s t i n e  or 
i n t e r c a l a t e d  g r a p h i t e  f i b e r s .  The h ighe r  the  degree o f  g r a p h i t i z a t i o n  o f  t h e  
f i b e r s ,  t h e  h i g h e r  t h e  tempera ture  needed t o  reach the  same degree o f  f l u o r i -  
n a t i o n .  I n  t h i s  s tudy  p i t c h  based f i b e r s  were f l u o r i n a t e d  t o  f l u o r i n e - t o -  
carbon atom r a t i o  between 0 and 1 .  The g r a p h i t e  f l u o r i d e  f i b e r s  w i t h  a 
f l u o r i n e - t o - c a r b o n  atom r a t i o  near  1 have e x t e n s i v e  v i s i b l e  s t r u c t u r a l  damage. 
On t h e  o t h e r  hand, f l u o r i n a t i o n  of f i b e r s  p r e t r e a t e d  w i t h  bromine or f l u o r i n e  
and bromine r e s u l t  i n  f i b e r s  w i t h  a f l u o r i n e - t o - c a r b o n  atom r a t i o  n e a r l y  equal  
to  0.5 w i t h  no v i s i b l e  s t r u c t u r a l  damage. The e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  
f i b e r s  i s  dependent upon t h e  f l u o r i n e  t o  carbon atom r a t i o  and ranged from 
10-2 to  1011 Q-cm. The thermal  c o n d u c t i v i t y  o f  these f i b e r s  ranged from 5 t o  
75 W/m-K, which i s  much l a r g e r  than  t h e  thermal  c o n d u c t i v i t y  o f  g l a s s  
(1 .1  W/m-K), which i s  t h e  r e g u l a r  f i l l e r  i n  epoxy composites. I f  g r a p h i t e  
f l u o r i d e  f i b e r s  a re  used as a f i l l e r  i n  epoxy or PTFE, the  r e s u l t i n g  composi te  
may be a h i g h  thermal  c o n d u c t i v i t y  m a t e r i a l  w i t h  an e l e c t r i c a l  r e s i s t i v i t y  i n  
e i t h e r  the  i n s u l a t o r  or semiconductor range.  The e l e c t r i c a l l y  i n s u l a t i n g  
p r o d u c t  may p r o v i d e  hea t  t r a n s f e r  w i t h  lower temperature g r a d i e n t s  than  many 
c u r r e n t  e l e c t r i c a l  i n s u l a t o r s .  P o t e n t i a l  a p p l i c a t i o n s  a re  p resen ted .  

INTRODUCTION 

E l e c t r i c a l l y - i n s u l a t i n g  eng ineer ing  m a t e r i a l s  a re  g e n e r a l l y  a l s o  t h e r m a l l y  
i n s u l a t i n g ,  which i n  many e l e c t r i c a l  systems i s  an impor tan t  d isadvantage.  
T h i s  i s  because the  h e a t  produced by t h e  system i s  d i s s i p a t e d  v e r y  s l o w l y  
th rough  t h e  thermal  i n s u l a t o r ,  r e s u l t i n g  i n  an accumula t ion  o f  waste energy 
and r e q u i r i n g  an i nc rease  i n  the  r e j e c t i o n  temperature t o  m a i n t a i n  thermal  
equ i  1 i b r i u m  w i t h  t h e  env i ronment .  Consequnt ly ,  deg rada t ion  o f  e l e c t r i c a l  pe r -  
formance l i f e  and/or  r e l i a b i l i t y  o f  t h e  system may r e s u l t .  S t a t e - o f - t h e - a r t  
e l e c t r i c a l  systems, where h i g h e r  power l e v e l s  a re  be ing  d i s s i p a t e d  from 
smal' ler volumes, f a c e  such a thermal c h a l l e n g e .  Examples o f  t h e  i n s u l a t o r s  
desc r ibed  above are :  
i c s ;  i n s u l a t o r s  for w ind ings  o f  a l t e r n a t o r s ;  s u b s t r a t e s  for t h i n  f i l m  r e s i s -  
tors; and e l e c t r i c a l  p r o t e c t i o n  l aye rs  i n  a i r c r a f t  d e i c e r s .  The d e i c e r  
p r o t e c t i o n  l a y e r s  e l e c t r i c a l l y  p r o t e c t  t h e  h e a t i n g  elements and t h e i r  power 
sources f r o m  l i g h t n i n g  s t r i k e ,  and a t  t h e  same t i m e  t r a n s f e r  t h e  hea t  from 
t h e  h e a t i n g  element t o  t h e  i c i n g  sur face ( r e f .  1 ) .  

p r i n t e d  c i r c u i t  boards f o r  h i g h  d e n s i t y  power e l e c t r o n -  

Heat d i s s i p a t i o n  problems 



may be a l l e v i a t e d  by u s i n g  g r a p h i t e  f l u o r i d e  f i b e r s  developed i n  t h i s  s tudy  as 
a f i l l e r  i n  epoxy or p o l y t e t r a f l u o r o e t h y l e n e  (PTFE)  t o  form a t h e r m a l l y  con- 
d u c t i v e  e l e c t r i c a l  i n s u l a t o r .  

G r a p h i t e  f l u o r i d e  i s  most commonly produced by f l u o r i n a t i n g  g r a p h i t e  
m a t e r i a l s  w i t h  f l u o r i n e  gas a t  a h i g h  temperature.  I t  i s  e l e c t r i c a l l y  i nsu -  
l a t i n g ,  c h e m i c a l l y  i n e r t ,  and hydrophobic. I t s  mo lecu la r  s t r u c t u r e  d i f f e r s  
from t h a t  o f  g r a p h i t e  i n  t h a t  t he  u n i t  c e l l  has a cyc lohexane,  r a t h e r  than a 
benzene, s t r u c t u r e ,  w i t h  the  f l u o r i n e  atom bonded t o  t h e  carbon atom cova- 
l e n t l y  ( f i g .  1 ,  r e f .  2 ) .  I n d u s t r i a l  a p p l i c a t i o n s  f o r  t h i s  m a t e r i a l  have been 
e x p l o r e d  d u r i n g  t h e  p a s t  two decades ( r e f .  3 ) .  C u r r e n t l y ,  i t  i s  commer i ca l l y  
a v a i l a b l e  i n  t h e  powder form for use as a d r y  l u b r i c a n t ,  o r  cathode m a t e r i a l  
i n  l i t h u m  b a t t e r i e s .  Repor ts  of g r a p h i t e  f l u o r i d e  i n  t h e  f i b e r  form a r e  
scarce.  However, Endo r e c e n t l y  repo r ted  t h a t  t h e  u l t r a t h i n ,  h i g h l y  g r a p h i -  
t i z e d  vapor grown f i b e r s  can be f l u o r i n a t e d  ( r e f .  4 ) .  Recen t l y  g r a p h i t e  
f l u o r i d e  was a l s o  produced by r e a c t i n g  f l u o r i n e  w i t h  i n t e r c a l a t e d  g r a p h i t e  
m a t e r i a l s 1  a t  h i g h  temperature ( r e f s .  3 and 5). 

The thermal  c o n d u c t i v i t y  of g r a p h i t e  f l u o r i d e  has n o t  been e x p l o r e d  
p r e v i o u s l y .  However, t he  va lue  i s  l i k e l y  t o  be h i g h  if t h e  damage t o  the  
carbon-carbon bonds d u r i n g  t h e  f l u o r i n a t i o n  r e a c t i o n  i s  sma l l .  T h i s  i s  
because t h e  major  mechanism for thermal  conduc t ion  a t  room tempera ture  i s  t h e  
t r a n s m i s s i o n  of mo leu la r  v i b r a t i o n  through t h e  c o v a l e n t  carbon-carbon bonds. 
Mo lecu la r  v i b r a t i o n  t ransmiss ion  v i a  the carbon-carbon doub le  bonds i n  
g r a p h i t e  s i n g l e  c r y s t a l s  and the  h i g h  modulus P-100 g r a p h i t e  f i b e r s  from 
Amoco produces a thermal c o n d u c t i v i t y  f o u r  t imes t h a t  of  copper ( i . e . ,  
1600 W/m-K, r e f .  6) and comparable to copper ( i . e . ,  300 t o  520 K, r e f s .  7 and 
8). r e s p e c t i v e l y .  

I n  t h i s  s tudy ,  g r a p h i t e  f l u o r i d e  i n  f i b e r  form was syn thes i zed  and char-  
a c t e r i z e d .  The thermal  c o n d u c t i v i t y  and e l e c t r i c a l  r e s i s t i v i t y  o f  g r a p h i t e  
f l u o r i d e  f i b e r s  was measured. P o t e n t i a l  a p p l i c a t i o n s  o f  t h i s  new m a t e r i a l  
suggested by t h e  r e s u l t s  o f  t h i s  r e p o r t  i s  a l s o  d iscussed.  

METHODS AND EXPERIMENTS 

Graph i te  F i b e r s  

Two h i g h l y  g r a p h i t i z e d  p i t c h  f i b e r s  (P-100 and P-75) and two l e s s  g r a p h i -  
t i z e d  p i t c h  f i b e r s  (P-55 and P-25) f rom Amoco C o r p o r a t i o n  were  used i n  t h i s  
s tudy.  
f i b e r s  p r e i n t e r c a l a t e d  w i t h  f l u o r i n e  and copper f l u o r i d e  was s t u d i e d  i n  o r d e r  
t o  unders tand t h e  e f f e c t :  o f  f l u o r i n e  i n t e r c a l a t i o n  on the  subsequent h i g h  
tempera ture  f l u o r i n a t i o n  r e a c t i o n .  A l so  s t u d i e d  were  h i g h  tempera ture  f l u o r -  
i n a t i o n  o f  P-100 and P-75 f i b e r s  p r e t r e a t e d  w i t h  bromine a t  room tempera ture ,  
and h i g h  temperature f l u o r i n a t i o n  o f  P-55 f i b e r s  p r e t r e a t e d  s e q u e n t i a l l y  w i t h  
f l u o r i n e  and bromine a t  room temperature. 
above were p r e i n t e r c a l a t e d  w i t h  f l u o r i n e  because bromine does n o t  r e a c t  w i t h  
p r i s t i n e  P-55, b u t  does r e a c t  w i t h  f l u o r i n e  i n t e r c a l a t e d  P-55. I n t e r c a l a t i o n  

I n  a d d i t i o n  to  p r i s t i n e  f i b e r s ,  h i g h  temperature f l u o r i n a t i o n  o f  

The brominated  P-55 f i b e r s  d e s c r i b e  

l I n t e r c a l a t i o n  i s  a process i n  which gues t  atoms or molecu les  a r e  
i n s e r t e d  i n t o  t h e  space between t h e  g r a p h i t e  l a y e r s .  
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of these p i t c h  f i b e r s  wi th  f l u o r i n e  and bromine i s  d e s c r i b e d  i n  d e t a i l  e l s e -  
where ( r e f s .  9 and 10). 

I n  o r d e r  t o  unders tand t h e  r e a c t i o n  between f l u o r i n e  and PAN f i b e r s ,  one 
PAN f i b e r  sample, Amoco's T-300, was a l s o  t e s t e d  f o r  f l u o r i n a t i o n  r e a c t i o n .  

F1 uor  i n a t i o n  React i o n s  

Approx ima te l y  0.3 gram of each f i b e r  d e s c r i b e d  above was p laced  i n  a 
c r u c i b l e  f o r  f l u o r i n a t i o n .  The c r u c i b l e  c o n t a i n i n g  t h e  f i b e r  was p l a c e d  i n  a 
61 cm long ,  f l a n g e d ,  3 - i n .  Schedule 40 n i c k e l  p i p e  which was connected t o  t h e  
gas source.  The o u t l e t  of t h i s  f l u o r i n a t i o n  r e a c t o r  was connected t o  a bed 
o f  aluminum o x i d e  beads where the  f l u o r i n e  was reduced to  aluminum f l u o r i d e .  
A l l  m a t e r i a l s  were made of n i c k e l  except for t h e  c r u c i b l e  s tand and t h e  gas 
i n l e t  tube,  which were made o f  copper. Th i s  system was purged w i t h  n i t r o g e n  
and heated f o r  2 t o  3 h r  b e f o r e  f l u o r i n e  was i n t r o d u c e d  i n t o  the  p i p e  a t  a 
c o n t r o l l e d  f low r a t e .  F i b e r  f l u o r i n a t i o n  was conducted i n  the  tempera ture  
range of  250 t o  550 "C. 
exper iments except  one, where i n  order  t o  s tudy  f l u o r i n e  p a r t i a l  p ressu re  
e f f e c t s ,  a m i x t u r e  of 1 pe rcen t  f l u o r i n e  and 99 p e r c e n t  n i t r o g e n  was used to  
f l u o r i n a t e  p r i s t i n e  and brominated P-75 a t  390 "C. The r e a c t i o n  t i m e  was 
21 h r  un less  o t h e r w i s e  s p e c i f i e d .  
t h e  f i r s t  2 t o  3 h r  of f l u o r i n a t i o n ,  and 25 cc t h e r e a f t e r .  A f t e r  f l u o r i n a -  
t i o n ,  t h e  system was coo led  and purged w i t h  n i t r o g e n .  

Pure f l u o r i n e  a t  1 atm p ressu re  was used i n  a l l  

The f l u o r i n e  flow r a t e  was 50 cc /min  d u r i n g  

Microscopic  Examinat ion 

A l l  g r a p h i t e  f l u o r i d e  f i b e r s  were examined under an o p t i c a l  microscope 
w i t h  19 - 390X m a g n i f i c i a t i o n .  The f i b e r  s t r u c t u r a l  damage which o c c u r r e d  
d u r i n g  f l u o r i n a t i o n  was examined. Also, assuming the  f i b e r  d iameter  was 10 pm 
b e f o r e  f l u o r i n a t i o n ,  t he  d iameter  changes d u r i n g  f l u o r i n a t i o n  w e r e  measured. 

Meight A n a l y s i s  

The we igh ts  of a l l  f i b e r  samples before and a f t e r  f l u o r i n a t i o n  were  
measured. Knowing t h a t  t h e  we igh t  o f  bromine i n  b rominated  f i b e r  samples i s  
18 p e r c e n t  of  The carbon we igh t  before f l u o r i n a t i o n  ( r e f .  9 > ,  and assuming no 
bromine loss d u r i n g  f l u o r i n a t i o n ,  t h e  we igh t  ga ins  thus  o b t a i n e d  w e r e  then  
used t o  c a l c u l a t e  the  f l u o r i n e  content  i n  t h e  f i b e r .  

E l e c t r i c a l  R e s i s t i v i t y  

For  most samples the  two p o i n t  method was used to  measure the  r e s i s t i v i t y .  
I n  t h i s  method b o t h  ends o f  t h e  s i n g l e  f i b e r  or f i b e r  s t rands  were  p a i n t e d  
w i t h  e i t h e r  carbon or s i l v e r  p a i n t  t o  form t h e  e l e c t r i c a l  c o n t a c t  t o  an ohm- 
meter .  The e l e c t r i c a l  r e s i s t i v i t y  i s  equal t o  the  measured f i b e r  r e s i s t a n c e  
t imes t h e  f i b e r  c r o s s - s e c t i o n a l  area and then  d i v i d e d  by t h e  f i b e r  l e n g t h .  
The f o u r - p o i n t  method ( r e f .  9) was used o n l y  i n  cases where the  f i b e r  r e s i s t -  
ance va lues  w e r e  so smal l  t h a t  they were comparable to  t h e  c o n t a c t  r e s i s t a n c e  
between t h e  f i b e r s  and t h e  p a i n t s .  
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Thermal C o n d u c t i v i t y  

Nine or 16 s t rands o f  f i b e r s  were embedded i n  an epoxy b l o c k  t o  form a 
sample. The thermal c o n d u c t i v i t y  o f  t h e  f i b e r s  was c a l c u l a t e d  by e x c l u d i n g  
t h e  epoxy c o n t r i b u t i o n  from the  thermal  c o n d u c t i v i t y  o f  t h e  f i b e r - e p o x y  com- 
p o s i t e  samples. D e t a i l s  o f  t h i s  c a l c u l a t i o n  and t h e  thermal  c o n d u c t i v i t y  
measurement method w e r e  d e s c r i b e d  p r e v i o u s l y  ( r e f .  7 ) .  Because o f  t h e  t i m e  
consuming n a t u r e  o f  such a s tudy ,  t h e  thermal  c o n d u c t i v i t i e s  o f  o n l y  s e l e c t e d  
samples were  measured. The samples were s e l e c t e d  based on e i t h e r  t h e  s i g n i -  
f i c a n c e  o f  the  exper imenta l  d a t a  or t h e  impor tance f o r  p o t e n t i a l  i n d u s t r i a l  
a p p l i c a t i o n s .  

RESULTS AND D I S C U S S I O N  

V i s u a l  and M i c r o s c o p i c  Observa t i on  

F i g u r e  2 i s  a photograph o f  one g r a p h i t e  f i b e r  sample and s i x  g r a p h i t e  
f l u o r i d e  f i b e r  samples. The s i x  g r a p h i t e  f l u o r i d e  f i b e r  samples w e r e  produced 
by f l u o r i n a t i n g  p r i s t i n e  P-100, P-75, P-55, T-300, and brominated  P-100, and 
P-75 f i b e r s ,  a t  450 "C for  21  h r .  F i g u r e  3 c o n t a i n s  mic rophotographs  o f  t h e  
g r a p h i t e  f l u o r i d e  f i b e r s  desc r ibed  above. S t r u c t u r a l  damage d u r i n g  f l u o r i n a -  
t i o n  can be observed on f i b e r s  produced from p r i s t i n e  g r a p h i t e ,  b u t  n o t  on 
those produced from brominated g r a p h i t e .  
f l u o r i d e  f i b e r  produced f r o m  a f l u o r i n e  i n t e r c a l a t e d  f i b e r .  T h i s  f i b e r  sus- 
t a i n e d  observab le  s t r u c t u r a l  damage, b u t  was n o t  as e x t e n s i v e l y  damaged as 
those produced from p r i s t i n e  f i b e r s .  T h i s  i n d i c a t e s  t h a t  b o t h  bromine and 
f l u o r i n e  i n t e r c a l a t e d  i n  the  f i b e r s  m o d i f y  the  k i n e t i c s  o f  f l u o r i n a t i o n .  
However, i n  o r d e r  t o  o b t a i n  g r a p h i t e  f l u o r i d e  f i b e r s  w i t h  t h e  l e a s t  s t r u c -  
t u r a l  damage, brominated f i b e r s  a re  p r e f e r r e d  ove r  f l u o r i n e  i n t e r c a l a t e d  
f i b e r s  or p r i s t i n e  f i b e r s  as a raw m a t e r i a l .  

F i g u r e  3 a l s o  i n c l u d e s  a g r a p h i t e  

G r a p h i t e  f l u o r i d e  f i b e r  samples w i t h  h i g h  f l u o r i n e  c o n t e n t  and produced 
f r o m  brominated g r a p h i t e  f i b e r s  a r e  d a r k  yellow i n  c o l o r .  T h i s  i s  d i f f e r e n t  
f r o m  the  t y p i c a l  wh i te ,  g rey ,  or b l a c k  c o l o r  o f  g r a p h i t e  f l u o r i d e .  I t  i s  an 
i n d i c a t i o n  t h a t  some bromine e x i s t s  i n  t h i s  p r o d u c t .  

F l u o r i n a t i o n  o f  PAN based T-300 r e s u l t e d  i n  e x t r e m e l y  f r a g i l e  f i b e r s ,  and 
was n o t  i n v e s t i g a t e d  f u r t h e r .  

Weight A n a l y s i s  

Tables I and I 1  show the  compos i t i on  o f  g r a p h i t e  f l u o r i d e  f i b e r s  produced 
from f l u o r i n a t i n g  p r i s t i n e  and i n t e r c a l a t e d  g r a p h i t e  f i b e r s ,  r e s p e c t i v e l y ,  for  
21 h r  un less  o therw ise  s p e c i f i e d .  From these two t a b l e s ,  t he  r e l a t i v e  reac-  
t i v i t y  o f  p r i s t i n e  and i n t e r c a l a t e d  f i b e r s  t o  f l u o r i n e  gas can be observed.  
P r i s t i n e  f i b e r s  r e a c t  w i t h  f l u o r i n e  gas a t  a r e l a t i v e l y  h i g h  tempera tu re .  
Th is  r e a c t i o n  produces g r a p h i t e  f l u o r i d e  w i t h  a f l u o r i n e - t o - c a r b o n  atom r a t i o  
equal or close t o  1.0. Brominated f i b e r s ,  on t h e  o t h e r  hand, r e a c t  w i t h  
f l u o r i n e  gas a t  a r e l a t i v e l y  low tempera ture ,  p roduc ing  g r a p h i t e  f l u o r i d e  w i t h  
a f l u o r i n e - t o - c a r b o n  a tomic  r a t i o  equal t o  0.5. However, f l u o r i n a t i o n  of 
brominated f i b e r s  w i l l  n o t  i nc rease  t h e  f l u o r i n e  t o  carbon atom r a t i o  t o  much 
more than 0 . 5  unless t h e  f l u o r i n a t i o n  tempera ture  i s  e x t r e m e l y  h i g h  (550 " C ) .  
These da ta  suggest t h a t  bromine a c t s  as a c a t a l y s t  to  i n i t i a t e  t h e  f l u o r i n a t i o n  

4 



r e a c t i o n ,  p r o d u c i n g  a s t a b l e  compound wh ich  r e s i s t s  f u r t h e r  f l u o r i n a t i o n .  
Such a compound may be s i m i l a r  t o  the C2F suggested by Nakajima and Watanabe 
( r e f s .  3 and 51, b u t  i s  b e l i e v e d  t o  c o n t a i n  bromine.  

Tab les  I and I 1  a l s o  i n d i c a t e  t h a t  t h e  h i g h e r  t h e  degree o f  g r a p h i t i z a t i o n  
of  t h e  f i b e r s ,  t h e  h i g h e r  t h e  temperature needed t o  reach  t h e  same degree o f  
f 1 uor  i n a t  i on.  

As shown i n  t a b l e  11, t h e  f l u o r i n e  i n t e r c a l a t e d  and then brominated  P-55 
f i b e r s  were subsequent ly  t r e a t e d  w i t h  f l u o r i n e  by t h r e e  d i f f e r e n t  r e a c t i o n  
t i m e  and tempera ture  combina t ions .  The purpose of these t h r e e  exper iments  was 
t o  produce g r a p h i t e  f l u o r i d e  f i b e r s  of t h e  same compos i t ion  by f l u o r i n a t i n g  
t h e  same f i b e r s  for  d i f f e r e n t  d u r a t i o n  and tempera ture  combina t ions .  O n l y  two 
of  these exper iments ,  i . e . ,  350 "C f o r  4 h r  and 300 "C for 21 h r ,  r e s u l t e d  i n  
f i b e r s  w i t h  t h e  same compos i t ion .  The h igh- tempera ture ,  s h o r t - t i m e  exper iment  
r e s u l t e d  i n  f i b e r s  w i t h  e x t e n s i v e  v i s i b l e  s t r u c t u r a l  damage, b u t  t h e  low- 
tempera ture ,  long- t ime exper iment  produced f i b e r s  w i t h  no v i s i b l e  s t r u c t u r a l  
damage. The t h i r d  exper iment ,  i . e . ,  275 "C for 48 h r ,  produced f i b e r s  w i t h  a 
d i f f e r e n t  compos i t i on  than t h a t  o f  the o t h e r  two samples (CFo 39Br0 026).  
However ,  t o  t h e  b e s t  knowledge of the a u t h o r s ,  t h e  f l u o r i n a t i o n  tempera ture  
used i n  t h i s  exper iment ,  275 "C, i s  t he  l owes t  f l u o r i n a t i o n  tempera ture  eve r  
r e p o r t e d .  

The r e s u l t s  desc r ibed  above seem t o  suggest t h a t  slow f l u o r i n a t i o n  can 
reduce f i b e r  s t r u c t u r a l  damage. However, t h i s  i s  n o t  always the  case. I t  i s  
no ted  t h a t  a f l u o r i n a t i o n  r e a c t i o n  a t  450 "C f o r  21 h r  i n  a m i x t u r e  o f  f l u o -  
r i n e  a t  0.01 atm and n i t r o g e n  a t  0.99 atm caused more damage to  p r i s t i n e  and 
brominated  P-75 than r e a c t i o n  a t  450 "C and 21 h r  i n  f l u o r i n e  a t  1 atm d i d ,  
even though t h e  fo rmer  r e a c t i o n  i s  presumably s lower  due t o  t h e  low p a r t i a l  
p r e s s u r e  o f  f l u o r i n e .  The r e l a t i o n  between f l u o r i n a t i o n  k i n e t i c s  and t h e  
s t r u c t u r a l  damage i s  e v i d e n t l y  too complex t o  be determined by t h e  exper iments  
d e s c r i b e d  he re .  

E l e c t r i c a l  R e s i s t i v i t y  

Tab le  I11 shows t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  g r a p h i t e  f l u o r i d e  f i b e r s  
and t h e  s tandard  d e v i a t i o n  from t h e  average of 5 or 6 va lues .  The f l u o r i n e -  
to -carbon atom r a t i o  i s  a l s o  i nc luded  i n  t h i s  t a b l e  for comparison. For t h e  
sake o f  s i m p l i c i t y ,  o n l y  t h e  most r e p r e s e n t a t i v e  d a t a  a re  shown i n  t h i s  t a b l e .  
I t  can be seen t h a t  t h e  r e s i s t i v i t y  o f  t h e  f i b e r s  can be t a i l o r e d  t o  m e e t  t h e  
va lues  r e q u i r e d  f o r  c e r t a i n  a p p l i c a t i o n s .  Also, i n  comparing t h e  we igh t  d a t a  
t o  e l e c t r i c a l  c o n d u c t i v i t y  da ta ,  severa l  phenomena can be observed.  

The s tandard  d e v i a t i o n  as a percentage of t h e  average r e s i s t i v i t y  v a l u e  
reaches  a maminum when t h e  f l u o r i n e - t o - c a r b o n  atom r a t i o  i s  about  0.5.  T h i s  
suggests  t h a t  t h e  env i ronment  f o r  the conduc t ion  e l e c t r o n s  changes s i g n i -  
f i c a n t l y  when t h e  f l u o r i n e - t o - c a r b o n  atom r a t i o  changes from s l i g h t l y  s m a l l e r  
t o  s l i g h t l y  l a r g e r  than 0.5.  
conduc to r  range a t  t h i s  f l u o r i n e  f r a c t i o n .  

The e l e c t r i c a l  r e s i s t i v i t i e s  a r e  i n  semi- 

The e l e c t r i c a l  r e s i s t i v i t y  o f  g r a p h i t e  f l u o r i d e  f i b e r s  was f o d  t o  be 
c l o s e l y  r e l a t e d  t o  the  f l u o r i n e - t o - c a r b o n  atom r a t i o .  
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When t h e  f i b e r  has a f l u o r i n e - t o - c a r b o n  atom r a t i o  near  ze ro ,  t h e  f l u o r i -  
na ted  f i b e r  i s  a conductor ,  which has a d e t e c t a b l e  e l e c t r i c a l  r e s i s t i v i t y  
change from t h e  p r i s t i n e  va lue  even though t h e  e x i s t a n c e  o f  f l u o r i n e  cannot  
be de tec ted .  

Wi th  one except ion  ( t h e  o n l y  exper iment  i n  t h i s  s t u d y  where f l u o r i n a t i o n  
r e a c t i o n  was completed i n  a s h o r t  t ime,  i . e . ,  4 h r ) ,  when t h e  f i b e r  has a 
f l u o r i n e  t o  carbon atom r a t i o  near  0.5,  i t  remains f r e e  o f  v i s i b l e  s t r u c t u r a l  
damage when examined under an o p t i c a l  microscope,  w i t h  e l e c t r i c a l  r e s i s t i v i t y  
i n  e i t h e r  semiconductor or i n s u l a t o r  range, i . e . ,  from 0.01 t o  h i g h e r  than  
1011 ncm. 

When the  f i b e r  has f l u o r i n e - t o - c a r b o n  atom r a t i o  near  1.0, s t r u c t u r a l  
damage t o  t h e  f i b e r s  i s  a lways v i s i b l e  under an o p t i c a l  microscope,  and i t  i s  
an i n s u l a t o r ,  w i t h  e l e c t r i c a l  c o n d u c t i v i t y  too low to  be measured a c c u r a t e l y .  

Produc ts  w i thou t  s t r u c t u r a l  damage, and w i t h  f l u o r i n e  to  carbon r a t i o s  
near  0.5 a r e  most u s e f u l  f o r  i n d u s t r i a l  a p p l i c a t i o n s .  I n  t h i s  p r o j e c t ,  t h e y  
were produced o n l y  by  f l u o r i n a t i n g  f i b e r s  p r e t r e a t e d  w i t h  bromine. 
f i b e r s  o f  t h i s  type were s e l e c t e d  f o r  thermal  c o n d u c t i v i t y  t e s t i n g .  

Some 

Thermal C o n d u c t i v i t y  

Table I V  summarizes the  thermal  c o n d u c t i v i t y  va lues  o f  s e l e c t e d  samples. 
E l e c t r i c a l  r e s i s t i v i t y  and f l u o r i n e  t o  carbon atom r a t j o  o f  these samples a r e  
a l s o  shown i n  t h i s  t a b l e  i n  o r d e r  t o  examine ( 1 )  t h e i r  r e l a t i o n s  t o  t h e  
thermal  c o n d u c t i v i t y  of these samples, and (2 )  t h e  p o s s i b l e  a p p l i c a t i o n s  
r e q u i r i n g  a c e r t a i n  combina t ion  of e l e c t r i c a l  and thermal  p r o p e r t i e s .  The 
g r a p h i t e  f l u o r i d e  f i b e r s  produced from f l u o r i n a t i n g  prebrominated  P-75 a t  370 
or 390 "C for 21 h r  a r e  e l e c t r i c a l  i n s u l a t o r s  h a v i n g  thermal  c o n d u c t i v i t e s  
( 5  and 10 W/m-K> much h i g h e r  than o r d i n a r y  g l a s s  ( 1 . 1  W/m-K> or q u a r t z  
(1 .4  W/m-K). Epoxy or PTFE composi tes made w i t h  t h i s  f i b e r  c o u l d  be used t o  
r e p l a c e  f i b e r  glass-epoxy or quar tz-epoxy composi tes i n  a p p l i c a t i o n s  where 
h i g h  thermal  c o n d u c t i v i t y  would improve t h e  performance, such as p r i n t e d  
c i r c u i t  board-heat s i n k s ,  e l e c t r i c a l  i n s u l a t o r - h e a t  s i n k s  f o r  t h e  w ind ings  i n  
an e l e c t r i c  genera tor ,  s u b s t r a t e s  m a t e r i a l  f o r  t h i n  f i l m  r e s i s t o r s ,  or  e l e c -  
t r i c a l  p r o t e c t i o n  l a y e r s  i n  an a i r c r a f t  d e i c e r .  The g r a p h i t e  f l u o r i d e  f i b e r s  
produced by f l u o r i n a t i n g  prebrominated  P-100 a t  350 and 370 "C f o r  21 h r  have 
e l e c t r i c a l  r e s i s t i v i t y  i n  semiconductor range and thermal  c o n d u c t i v i t e s  (50 
and 75 W/m-K) comparable t o  i r o n  (75 W/m-K). The g r a p h i t e  f l u o r i d e  f i b e r  
produced by f l u o r i n a t i n g  P-55 f i b e r s  p r e t r e a t e d  w i t h  b o t h  f l u o r i n e  and 
bromine a t  300 "C  for  21 h r  a l s o  has e l e c t r i c a l  r e s i s t i v i t y  i n  semiconductor  
range.  I t s  thermal c o n d u c t i v i t y  (20 W/m-K) i s  comparable t o  s t a i n l e s s  s t e e l  
(15 W/m-K). The l a s t  f i b e r  m a t e r i a l  desc r ibed  above i s  much l e s s  expens ive  
than t h e  o t h e r  f i b e r  m a t e r i a l s ,  and t h e r e f o r e  may be more a t t r a c t i v e  f o r  
p o t e n t i a l  i n d u s t r i a l  a p p l i c a t i o n .  The l a s t  t h r e e  f i b e r s  desc r ibed  above may 
be u s e f u l  as a ma te r ia l  for making res is to rs .  They a l s o  may p r o v i d e  an 
improved cathode m a t e r i a l  f o r  l i t h u m  b a t t e r i e s .  Due t o  t h e  f i b r o u s  shape o f  
t h e  g r a p h i t e  f l u o r i d e ,  t he  cathode m a t e r i a l  thus  made i s  more e l e c t r i c a l l y  
and t h e r m a l l y  conduct ive than t h a t  made from powdered g r a p h i t e  f l u o r i d e  w i t h  
comparable f l u o r i n e  con ten t .  There fore ,  e l e c t r i c a l  c o n d u c t i v i t y  enhancement 
chemicals  may n o t  be needed t o  form a conduc t i ve  cathode,  and t h i s  may a l l o w  
t h e  l i t h u m  b a t t e r y  to opera te  a t  h ighe r  c u r r e n t  w i t h o u t  caus ing  o v e r h e a t i n g .  
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CONCLUSION 

Fluorinating pristine or intercalated pitch fibers at high temperatures 
The higher the degree of graphiti- can result in graphite fluoride fibers. 

zation of the fibers, the higher the temperature needed to reach the same 
degree of fluorination. 

After fluorinating the pristine graphite fibers, the fluorine-to-carbon 
atom ratio in the product can be between zero and 1.0. For these two 
extremes, the fluorination temperatures are 350 and 450 "C, respectively, for 
most graphitized P-100; and 250 and 350 "C, respectively, for nongraphitized 
P-25. 

Unlike pristine fibers, fluroination of brominated fibers results in 
fibers with a fluorine-to-carbon atom ratio nearly equal to 0.5 and with no 
visible structural damage. The electrical resistivities of the fibers 
measured in this study were either in the semiconductor range, from 10-2 to 
106 Q-cm, or in the insulator range, larger than 10l1 Q-cm. The thermal 
conductivity of these fibers was in the 5 to 75 W/m-K range, which is much 
larger than that of glass or quartz (1.1 and 1.3 W/m-K, respectively), which 
is the regular filler for epoxy. Therefore, graphite fluoride fiber-epoxy 
composites may have application where heat dissipation is important, such as 
printed circuit boards in high density power electronics, insulators in the 
windings of alternators, substrates material in thin film resistors, and the 
protection layers in aircraft deicers. 
electrical resistivity in semiconductor range could be used as an improved 
heat sink-cathode material in high power lithum batteries. 

Also the graphite fluoride fibers with 
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TABLE I. - FLUORINE TO CARBON ATOM RATIO I N  
GRAPHITE FLUORIDE FIBERS PRODUCED BY FLUO- 

RINATING PRIST INE P ITCH BASED GRAPHITE 
FIBERS AT A FLUORINE PRESSURE OF 

1 ATM FOR A HEATING TIME OF 
21 HR UNLESS OTHERWISE 

SPECIFIED.  

Temperature, I P-100 I P-75 I P-55 1 P-25 I OC 

450 
450 
390 
350 
300 
250 

temperature 
Room 

0.84 

b.66 

0 
0 
CO 

---- 
.024 

a F l u o r i n a t e d  i n  a m i x t u r e  o f  1 p e r c e n t  f l o r i n e  

bThe sample s i z e  was 10 gm, a l l  o t h e r  samples 
and 99 pe rcen t  n i t r o g e n .  

were 0.3?0.05 gm, h e a t i n g  sequence was: 15 h r  
a t  room temperature,  6 h r  a t  200 OC, ramp a t  
cons tan t  r a t e  ove r  36 h r  t o  390 OC, t hen  6 h r  
a t  390 OC. 

'1 h r  o f  f l u o r i n a t i o n .  
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TABLE 11. - FLUORINE TO CARBON ATOM R A T I O  I N  GRAPHITE 
FLUORIDE FIBERS PRODUCED BY FLUORINATING BROMINE 

INTERCALATED PITCH BASED GRAPHITE FIBERS AT 
A FLUORINE PRESSURE OF 1 ATM FOR A 

HEATING T I M E  OF 21 HOURS, UNLESS 
OTHERWISE S P E C I F I E D .  

Temperature, 
O C  

P- 100 
(CBrO .026) 

500 
450 
450 
390 
370 
350 
300 
275 
250 

temperature 
Room 

0.75 
.65 

c.49 
.50 
.47 
.058 

--__ 

----- 
0.099 

P-75 
(CBr0.026) 

p-55a 
(CFO .07 BrO .026) 

I ----- 

.54 
e.39 I 

----- I 
aThe P-55 f i b e r s  were i n t e r c a l a t e d  w i t h  copper f l u o r i d e  and 

f l u o r i n e  a t  room temperature, brominated,  and reac ted  w i t h  
f l u o r i n e  a t  room temperature b e f o r e  h i g h  temperature 
f l u o r i n a t i o n .  

b F l u o r i n a t e d  i n  a m i x t u r e  o f  1 p e r c e n t  f l u o r i n e  and 99 p e r c e n t  
n i t r o g e n .  

CThe sample s i z e  was 10 gm, a l l  o t h e r  smples were 0.3k0.05 gm 
h e a t i n g  h i s tog ram was room temperature f o r  15 h r ,  then 200° 
f o r  6 h r ,  then inc rease  t o  390 O C  a t  cons tan t  r a t e  i n  36 h r ,  
then 390 O C  f o r  6 h r .  

d4 h r  o f  f l u o r i n a t i o n .  
e48 h r  o f  f l u o r i n a t i o n .  
fl h r  o f  f l u o r i n a t i o n .  
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TABLE 111. - ELECTRICAL R E S I S T I V I T Y  OF FIBERS PRODUCED BY FLUORINATING PITCH 
BASED GRAPHITE FIBERS AT A FLUORINE PRESSURE OF 1 ATM FOR A 

HEATING T I E M  OF 21 HR UNLESS OTHERWISE SPECIFIED. 

F i b e r  type F1 u o r i  n a t i  on E l e c t r i c a l  r e s i s t i v i t y  
temperature, - 

O C  Average, Standard d e v i a t i o n ,  
52-cm p e r c e n t  o f  average 

v a l u e  

P-1 00 none 2 . 5 3 ~  1 0-4 

P-100 300 3 . 4 5 ~ 1  0-4 

Br-P-100 370 5 .29x102 

Br-P-75 370 3 . 8 1 ~ 1 9  

P-100 250 3 . 2 4 ~  1 OV4 

Br-P-lOOa none .52x 1 0-4 
Br-P-1 00 250 .76x 1 0-4 
Br-P-100 350 3 . 7 8 ~  1 0-2 

Br-P-75 none 1 .08x 1 0 i 4  

Br-P-75 390 > l o  
P-55 none 9 . 2 8 ~ 1 0 - ~  
P-55 250 8 . 3 2 ~  1 0-4 
P-55 350 9 . 7 6 ~  1 OV4 
F-Br-F-P-5Sb 300 .21 104 
F-Br-F-P-55 '350 1 .72x104 
F-Br-F-P-55 d275 3.2 

F1 u o r i  ne t o  
carbon 

atom r a t i o  

11.1 
7.41 
4.93 
9.62 
9.21 

17.7 
119 

8.33 ------ 
------ 

15.6 

12.4 
28.6 
65.7 
43.8 

4.81 

0.47 
.50 

0 
.57 
.62 

i 
0 
0 
0 

.54 

.53 

.39 

F ibe r  t ype  F l u o r i n a t i o n  Thermal E l e c t r i c a l  
temperature,  conduc- r e s i s t i v i t y ,  

t i v i  t y ,  Q-cm 
W/m-K 

aThe "Br-" i n d i c a t e s  t h e  f i b e r s  were prebromi na ted  a t  room temperature.  
bThe F-Br-F i n d i c a t e s  t h e  f i b e r s  were i n t e r c a l a t e d  w i  t h  f l u o r i n e  and copper 

f l u o r i d e ,  then brominated, and then reac ted  w t i h  f l u o r i n e  gas a t  room tem- 
p e r a t u r e  f o r  1 h r  be fo re  t h e  f l u o r i n a t i o n  r e a c t i o n .  

CF1 u o r i  nated f o r  4 h r .  
dF luo r ina ted  f o r  48 h r .  

F l u o r i n e  t o  
carbon 

atom r a t i o  

TABLE I V .  - THERMAL CONDUCTIVITY OF GRAPHITE FLUORIDE FIBERS PRODUCED 
BY FLUORINATING PITCH BASED GRAPHITE FIBERS AT A FLUORINE PRESSURE 

OF 1 ATM FOR A HEATING T I M E  OF 21 HR, UNLESS 
OTHERWISE S P E C I F I E D .  

Br-P-75 370 
Br-P-75 390 
B r-P-1 O O a  350 
Br-P-100 370 
F-B r-F-P-55 300 

10 3.81 71 Ob 0.57 
5 >10 .62 

50 5 . 2 9 ~ 1 0 '  .50 
75 3 . 7 8 ~ 1  O-' .47 

20 .2 1 104 .54 
I r o n  room 
S t a i n l e s s  s t e e l  room 
Quar tz  room 
G1 ass room 

___------ ---- 
---- 75 

15 ____----- 
____----- ---- 1.3 

1.1 ____----- ---- 



O F  
O C  

FIGURE 1. - MOLECULAR STRUCTURE OF GRAPHITE FLUORIDE (CF),. 
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FIGURE 2. - GRAPHITE FIBERS BEFORE AND AFTER FLUORINATION AT 1 ATM BY FLUORINE GAS AT 
450 OC FOR 21 H R .  (A)  P-55, (B) T-300, ( C )  P-75, (D) BROMINATED P-75, (E) P-100, 
(F) BROMINATED P-100, ( G )  TYPICAL PRISTINE GRAPHITE FIBER. 
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F I G U R E  3 .  - MICROGRAPH O F  G R A P H I T E  F I B E R S  AFTER F L U O R I N A T I O N  A T  1 ATM BY F L U O R I N E  GAS AT 
450 OC FOR 21 HI?. 

( F )  BROMINATED P-100. ( G )  F L U O R I N E  INTERCALATED P-75. 
( A )  P-55, (B)  T-300, ( C )  P-75. ( D )  BROMINATED P-75. (E)  P-100, 
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