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A b s t r a c t .  C a r b o n  f i b e r  e f f i c i e n c i e s  i n  t h i n  c a r b o n
c a r U o n  p a n e l s  f a b r i c a t e d  w i t h  P 1 0 0  a n d  T 3 0 0 ,  M F 5 5 .
and IM6 yarns  as  ca lcu la ted  f rom tens iLe  tes ts  were
3 5 .  3 9 ,  a n d  2 2 4 ,  r e s p e c t i v e l y .  T h e  l o w  f i r e d  P A N  I M 6
pane ls  were  adverse ly  a f fec ted  by  the  modera te  CVD
tempera ture  most  pane ls  rece j ,ved .  MF55 pane ls  were
unaf fec ted  by  a  ) .ower  CVD tempera ture .  P l00  pane ls
wh ich  were  re i .mpregnated  w i th  a  res in  inc reased in
s t r e n g t h  b y  2 6 8 .

I  n t roduc t  ion

Commerc i . a l l y  ava i l ab l e  ca rbon  f i be r s
can  be  ve ry  s t r ong .  How  we lL  t hese
p rope r t i es  a re  ca r r i ed  ove r  t o  t he  t ens i l e
s t r eng th  o f  t h i n  ca rbon  ca rbon  pane l s  r r i l l
b e  d l s c u s s e d  i n  t e r m s  o f  f i b e r  e f f i c i e n c y .
F i b e r  e f f i c i e n c y  i s  a  c o e f f i c i . e n t  u s e d  t o
quan t j . f y  how  we I l  t hese  f i be r s  con t r i bu te
to  t he  p rope r t i es  o f  t he  compos i . t e  on  t he
b a s i s  o f  a  v o L u m e t r i c  r u l e  o f  m i x t u r e s .
I t  i s  exp ressed  as  f o l l . ows :

U T S  = U T S - x V - x e -
c r r r

whe re  UTS¡  i s  t he  u l t ima te  t ens i l e  s t r eng th
o f  t h e  c o m p o s i t e .  A  s i m i l a r  e q u a t i o n
ex i s t s  r e l a t i ng  t he  modu lus  o f  t he  f i be r
and  t he  compos i t e .  Because  t he  ma t r i x  i s
mos t l y  ha rd  ca rbon  and  ha rd l y  mono l i t h i c ,
t he  ma t r i - x  i s  assumed  t o  con t r i bu te  no th -
i n g  t o  t h e  c o m p o s i t e  p r o p e r t i e s .  S i n c e
the  voLume  f r ac t i on  o f  f i be r  i n  t he
tens i l e  d i r ea t i on  Vs  i s  l im i - t ed  bv
geome t r ! ¡ ,  and  t he  u l t ima te  t ens i l e  s t i eng th
o f  t he  f i be r  UTS¡  i s  l im i t ed  by  t he  t ech -
no logy  and  i s  beyond  t he  scope  o f  t h i s
pape r ,  t he  e f f i c i ency  i s  t he  on l y  pa ram-
e te r  t ha t  i s  i n f l - uenced  by  p rocess ing .
The  e f f i c i ency  dependence  on  deg rada t i on
o f  t he  coup l i ng  be tween  f i be r s  t h rough  t he
ma t r i x  due  t o  vo i ds  and  c racks  w i l l  be  ex -
pJ -o red  by  f i l l i ng  t he  vo ids  w i t h  an  epoxy
res j . n .  The rma l -  damage  t o  f j - be r  due  t o
p r o c e s s i n g  w i I l  a l s o  b e  c o n s i d e r e d ,  b u t
mechan i ca l  damage  due  t o  weav ing  and  han -
d l i n g  w j . l 1  b e  n e g l e c t e d .

Expe r imen ta l

T h i n  p a n e l s  w e r e  f a b r i c a t e d  a t  H i t c o
o f  Ga rdena ,  CA  us j - ng  a  number  o f  ya rns .
P a n e l s  w e r e  c o n s t r u c t e d  a s  f o l l o w s :  I M 6 -
1 2 k  y a r n  i n  a  2  p 1 y  S - h a r n e s s  s a t i n  w e a v e ,

M F 5 5 - 3 k  y a r n  l n  a  2  p l y  8 - h a r n e s s  s a t i n
weave ,  and  PL00 -2k  ya rn  as  t he  wa rp  and
T300  as  t he  f i l l  i n  a  2  o r  4  p l y  h reave .
A I I  pane l s  unde rh ren t  pheno l l c  r es i n  r i . g i d -
i za t i on ,  py ro l ys i s ,  and  chem i . ca l  vapo r
depos i t i on  o f  py ro l y t i c  ca rbon  a t  a  mod -
e ra te  t empe ra tu re .  Some  p rocess  expe r i r nen -
t a t i on  was  done .  S ince  IM6  i s  a  l ow - f i . r éd
PAN ya rn .  some  pane l s  we re  hea t  se t  a t
2 5 0 0 ' C  b e f o r e  r e s i n  i m p r e g n a t i o n .  S o m e
MF55  pane l s  a l so  unde rwen t  a  l owe r  t empe ra -
t u r e  C v D .

Pane l s  we re  rece i ved  a t  LPARL  as  12 -
i n .  x  1 2 - i n .  s h e e t s .  T h e s e  h r e r e  c u t  i n t o
0 . 7 5 - i n .  s t r i p s  i n  t h e  w a r p  d i r e c t i o n  a n d
c u t  i n  h a l - f  t o  g i v e  6 - i n .  s p e c i m e n s .
A L u m i n u m  t a b s  1 . 5  i n .  l o n g  w e r e  b o n d e d  t o
t h e  s t r i p s  w i t h  e p o x y  t o  g i v e  a  3 - i n .  g a g e
Ieng th .  Spec imens  we re  pu l l ed  apa r t  a t
0 . 0 5  i n . / m i n .  p e r  A S T M  s t a n d a r d  D 3 0 3 9  a n d
the  ou tpu t s  o f  a  s t r a i n  gage  bonded  t o  t he
s p e c i m e n  a n d  a  l o a d  c e l L  w e r e  c o n t i n u o u s l y
reco rded  on  a  cha r t .  As  cu red  pane l
t e n s i l - e  d a t a  w e r e  s i m i l a r l y  o b t a i n e d  b y
H i t co .  Some  o f  t he  pane l  s t r i ps  we re
vacuum j -mp regna ted  w i t h  UCC ERL  422 I  r es i n
wi.th 3 pph BF3-MEA as a catafyst and cured at
125  "C  ove rn i gh t  .

D i s  c u s s  i o n

P a n e L  d a t a  i s  g i v e n  i n  t h e  t a b l e s .
U l t i m a t e  t e n s i l e  s t r e n g t h s  f o r  t h e  P L 0 0
pane l s  ave raged  more  t han  40  ks i ,  w i t h  a
h i g h e s t  s t r e n g t h  o f  7 7  k s i .  T h e  t e n s i l e
e f f i c i e n c y  w a s  3 5 t .  M F 5 5  p a n e l s  h a d  a
t e n s i l e  s t r e n g t h  o f  5 2  k s i  a n d  a n  e f f j . -
c i e n c y  o f  3 9 3 .  P a n e l s  m a d e  w j - t h  I M 6  h a d
s t r e n g t h s  a n d  e f f i c i e n c i e s  w e l l  b e l o w  t h o s e
f o r  P 1 0 0  a n d  M F 5 5  p a n e l s  t h o u g h  t h e  a s -
cu red  e f f i c i enc ies  compare  f avo rab l y .  The
ave rage  moduJ -us  o f  t he  P100  pane l s  was
3 8  M s i  ( w i t h  a  m a x i m u m  o f  4 2  M s i ) ,  c o n s l d -
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erab l -y  more  than the  MF55 and IM6 paneLs.
The f iber  modu lus  e f f i c iency  was o i ¡e r  gOt
f o r  a l l  p a n e l s ,

Process ing  var j .ab les  w i l l  a f fec t  the
ef f i c iency .  pas t  exper ience w i th  low_f i red
PAN f iber such as IM6 has shown that
ser ious  de lami .na t ion  and/or  warp ing  resu l ts
f rom thermal  s t ra ins .  Conseguent f ! ,  sorne
o f  t h e  I M 6  p a n e l s  u e r e  h e a t  j e t  a t - i S O O " C ,
weLl over the moderate CVD temperature used,
to  t ry  to  mi t j .ga te  the  prob lem.  F ibers  in
the  heat  se t  pane l  shrank  in  d iameter  such
tha t  the  pane l  v ras  no  longer  t igh t ly  woven,
r e s u l t i n g  i n  m i s a l i g n m e n t  o f  t t é  f i i l
f i bers  and o ther  p rob lems.  As  can be  seen
in  Tab le  I  fo r  bo th  the  as-cured  and posr ._
C V D  d a t a ,  h e a t  s e t t i n g  t h e  f i b e r  w h i l é  i n
the  pre form kras  no t  a  success fu l  so lu t ron .

Tab le  L  a . l -so  shows tha t  the  poros j .Ey ,
a  func t ion  o f  the  impregnat ion  prócedure ,
res . l .n  cur ing  and char r ing  proper t ies ,  and
t h e  p y r o l . y s i s  p r o c e s s  w a s  s i g n i f i c a n t
( - 9 3 )  i n  n e a r l y  a l l  t h e  p a n e i s  a s  m e a s u r e d
by  mercury  poros imet ry .  poros i ty  appears
not  on ly  as  vo ids  bu t  aLso as  c ráck l -
runn ing  bo th  para l leL  and perpend icu la r  to
the  p lane o f  the  pane l .  CVD can hea l  some
o f  t h e  c r a c k s ,  b u t  c a n n o t  f i l l  t h e  v o i d s .
Loh,  tempera ture  CVD o f  MF55 pane ls  d id  no t
adverse ly  a f fec t  the  mechan ica l  p roper t ies .

Some pane ls  nere  sub jec ted  to  the
b imat r ix  approach,  where in  as  ind ica ted  in
Tab le  2 .  the  poros i ty  has  been reduced to-2 t  by  vacuum impregnat ion  v r i th  a  res in .
The tab le  shows tha t  a  marked increase o f
2 6 E  i n  t h e  t e n s i l e  s t r e n g t h  o f  p l 0 0  p a n e l s
occur red ,  bu t  tha t  no  such impro . remÁnt
o c c u r r e d  f o r  a n y  o f  t h e  o t h e r  p a n e l s .

C o n c l u s  i o n

The imp l ica t ions  o f  th is  paper  fo r
t h i n  c a r b o n  c a r b o n  p a n e l s  a r e :

l .  On ly  f iber  f i red  a t  tempera tures
h igher  than the  grea tes t  compos i . te  p ro_
cess ing  tempera ture  shou ld  bé  used.

2 .  Lorúer  CVD process ing  tempera tures
c a n  b e  u s e d  w i t h  d e l e t e r i o u s  e f f e é t s .

3 .  Vo ids  and c racks  p lay  a  ro le  in
reduc ing  f iber  e f f i c iency ,  wh ich  in  some
cases  can be  mi t iga ted  by  the  b imat r ix
approach.

4 .  Th in  carbon carbon paneJ.s  a re
v i a b l e  s t r u c t u r a l  m a t e r l a L s  w i t h  t e n s i l e
s t r e n g t h s  a p p r o a c h i n g  8 0  k s i .

Tab le  2 .  B imat r ix  Th in  pane l  Data

p a n e l Por UTS mod t lTs / i lTs
I  k ' s i  M s i  

- ' - ' { ' " n - c v o

P 1 0 0 ( 0 2 )  2 . 3 2

P r 0 0 ( 0 4 )  1 . 7 1

M F s 5 ( 0 2 )  2 . 3 1

r M 6 ( 0 2 )  2 . 1 3

4 9  . 3  3 8 . 2
! 7  . 6  1 4  . 5

5 7 . 9  4 0 . 8
+ 1 3  . 2  ! 2 . 2

5 0  . 6  t l . 9
1 s . 0  ! 0 . 7

3 7 . 4  1 1 . 6
1 8 . 6  1 I . 0

126

126

9 9

9 9

Table l .  Thin Carbon Carbon panel Dara

pos t -cvD as cured
p a n e l t

m i I
e f s
t

mod
M s i

por V¡
t t

UTS mod
k s i  M s i

efm UTS
t  k s i

P 1 0 0  (  0 2  )

P l 0 0  (  0 4  )

M F 5 5  (  0 2  )

M F 5 5 ( 0 2 ) L r

r M 6 ( 0 2 )

r M 6 ( 0 2 ) H s

3 9 . 1  3 6 . 1
1 ? . s  ! 3 . 7

4 6 . 1  3 9 . 3
! 6 . 4  ! 2 . 7

5 1 .  l -  1 2  . 2
1 4  . 0  1 0 . 6

5 3  . 2  1 1 . . 9
1 3  . 3  1 1 . 4

3 7 . 8  1 1 . 3
t 6  . 9  1 1 .  r

1 9 . 5  1 3  . 5
+ 1 . 4  + 1 . 4

r 0 4

9 8  6 r . 9  4 9  . 9
! 6 . 7  1 s . 9

8 8  8 3  . 6  1 8 . 0
8 2  j B . 6  1 t . s

8 2

I 0 4  ] - 2 0  . 7  1 2 . 3
1 8 . 7  ! 0  . 7

l r 8  5 0  . 4  I 7  . 9
! 6 . 6  l 0  . 7

3 5

4 0

2 4

2 5

3 4

O U

2 L

2 0

3 2

8 . 7

1 0  . 0

9 . 8

9 . 5

6 . 8

3 9
3 9

3 4

3 5

3 9

2 2

3 t
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