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I n t  r o d u c t i o n

C o n s i d e r a b l e  l a t i t u d e  e x i s t s  f o r  d e s i g n i n g
c a r b o n - c a r b o n  c o r n p o s i t e s  w i t h  p r e s p e c i f i e d  p e r -
f o r m a n c e  a t t r i b u t e s  s r ¡ i t a b l e  f o r  r e e n t r y  v e h i c l e
c o r n p o r - r e n t s ,  i n c l u d i n g  n o s e  t i p s ,  h e a t  s h i e l d s ,  a n d
r o c k e t  o o z z L e s .  T h i s  c a n  b e  d o n e  v i a  s e l e c t i o n  o f
f i b r o u s  r e i n f o r c e r n e n t  p r o p e r t i e s  a n d  c o n s t r u c t i o n
a n d  b y  c h o i c e  o f  r n a t r i x  p r e c u r s o r  r n a t e r i a l s  a n d
p r o c e s s i n g  c o n d i t i o n s .  U n d e r  t h i s  p r o g r a r n ,
t h r e e - d i r n e n s i o n a l l y  w o v e n  g r a p h i t e  y a r n  p r e f o r r n s
w e r e  d e n s i f i e d  t o  y i e l d  c a r b o n - c a r b o n  c o r n p o s i t e s ,
u s i n g  v a r i o u s  r n a t r i x  p r e c u r s o r  r n a t e r i a l s  a n d
p r o c e s s i n g  c o n d i t i o n s .  E f f e c t s  o f  p r o c e s s  r n o d i f i -
c a t i o n s  o n  p r o c e s s  e f f i c i e n c y  ( d e n s i t y  g a i n  p e r
cyc le )  and vo lu rne  inc rease o f  the  cornpos i tes  and
o n  t h e  f i n a l  b u l k  d e n s i t y ,  o p e n  p o r o s i t y ,  a n d
p e r r n e a b i l i t y  w e r e  a s s e s s e d .

E x p e r i r n e n t a l  a n d  R e s u l t s

S i x t e e n  c a r b o n - c a r b o n  c o r n p o s i t e s  ( T a b l e  l )
w e r e  p r o c e s s e d  f r o r n  3 - D  f i b r o u s  p r e f o r r n s  w o v e n
b y  F i b e r  M a t e r i a l s ,  I n c .  ,  f  r o r n  T h o r n e l  5 0  y a r n s
i n  a n  o r t h o g o n a l  Z - Z -  3  c o n s t r u c t i o n  ( s h o w n  i n
R e f .  I  ) .  T h e  d i r n e n s i o n s  o f  b i l l e t s  6 9 7  a n d  6 7 6
w e r e  a p p r o x i r n a t e l y 4 x 4 x  8 i n . ,  a n d  t h e o t h e r
I 4  b i l l e t s  w e r e  a p p r o x i r n a t e l y  Z  t o  I 6 T o  o f  t h i s
v o l u m e .  T h e  b a s e l i n e  p r o c e s  s  w a s  r n u l t i p l e  c y c l e s
o f  ( l  )  c o a l  t a r  p i t c h  i r n p r e g n a t i o n ,  ( 2 1  p y r o l y s i s
a t  I , 0 0 0  p s i g  ( 3 0 0  p s i g  f o r  t h e  f i r s t  t h r e e  c y c l e s ) ,
a n d  ( 3 )  g r a p h i t i z a t i o n  i n  a r g o n  t o  2 , 8 0 0 ' C .  T h e
p y r o l y s i s  t e r n p e r a t u r e  w a s  6 7 5 "  C  f o r  t h e  i n i t i a l
p i t c h  c y c l e  a n d  1 , 0 0 0 " C  f o r  a l l  o t h e r  c y c l e s .  T h e
rnat r i x  was  A l l ied  Chern ica l  CPZ75-Grade I5V coa l
t a r  p i t c h .  T h e  p i t c h  w a s  p r e - h e a t - t r e a t e d  f o r  a l l
i m p r e g n a t i o n  c y c l e s  e x c e p t  t h e  i n i t i a l  o n e ,  t o
i n c r e a s e  c h a r  y i e l d .

M o d i f i c a t i o n s  i n c l u d e d  c a r b o n  v a p o r  d e p o s i -
t i o n  ( C V D )  s t e p s ,  r e s i n  d e n s i f i c a t i o n  s t e p s ,  p y r o -
l y s i s  a n d  g r a p h i t i z a t i o n  t e r n p e r a t u r e  v a r i a t i o n s ,
a n d  e x t r a  d e n s i f i c a t i o n  ( i r n p r e g n a t i o n  p l u s  p y r o -
I y s i s )  a n d  g r a p h i t t z a t i o n  c y c l e s .  F o r  C V D ,
r n e t h a n e  a t  I  , . 1 0 0 "  C  w a s  e r n p l o y e d  e i t h e r  a t  t h e
b e g i n n i n g  o f  p r o c e s s i n g  ( i n i t i a l  C V D )  o r  f o l l o w i n g
t h e  s e c o n d  p i t c h  d e n s i f i c a t i o n  s t e p  ( i n t e r r n e d i a t e
C V D ) .  F o r  i n t e r r n e d i a t e  r e s i n  p r o c e s s i n g ,  t w o
E N F  r e s i n  d e n s i f i c a t i o n  s t e p s  w e r e  c o n d u c t e d
a f t e r  t h e  s e c o n d  p i t c h  d e n s i f i c a t i o n  s t e p ,  o r  i f  a n
in te r rned ia te  CVD s tep  was ernp loyed in  the  sarne
b i l l e t ,  t w o  s t e p s  a f t e r  t h e  C V D  s t e p .  F o r  f i n a l
r e s i n  p r o c e s s i n g ,  t h e  f i n a l  t h r e e  d e n s i f i c a t i o n
s t e p s  w e r e  w i t h  E N F  r e s i n .  E N F  i s  5 0 - 5 0  r n i x -
tu re  o f  Dow Chern ica l  DEN 438 epoxy  novo lac  res in
a n d  Q u a k e r  O a k s  f u r f u r y l  r e s i n  p r e c u r s o r .  T h e

2 , 4 0 0 "  C ,  2 , 8 0 0 ' C ,  o r  3 ,  I  O O " C  h e a t  t r e a t m e n t s  i n
a r g o n  w e r e  c o n d u c t e d  a f t e r  e a c h  d e n s i f i c a t i o n  s t e p
except  the  in i t ia l  one or  the  f i rs t  o {  two in te r rned i -
a t e  r e s i n  c y c l e s .  T h e  t i r n e  a b o v e  2 ,  5 0 0 "  C  w a s  3
a n d  6  h o u r s  f o r  e a c h  2 , 8 0 0 " C  a n d  3 , 1 0 0 ' C  c y c l e ,
r e s p e c t i v e l y ,  F o r  g r a d u a t e d  i n c r e a s e s  i n  p y r o -
l y s i s  t e r n p e r a t u r e ,  t h e  t e r n p e r a t u r e s  f o r  t h e

second and th i rd  p i tch  cyc les  were  775"  C and
8 7 5 " C ,  r e s p e c t i v e l y ,  a n d  t h e  f i r s t  2 , 8 0 0 ' C  g r a p h i -
t i za t ion  cyc le  fo l lowed the  four th  p i tch  dens i f i ca-
t i o n  c y c l e .

Tab le  Z  surnrnar izes  process  e f f i c iency ,
degree o f  "overprocess ingr r  pas t  rnax i rnur r r  cor r rpos-
i t e  d e n s i t y ,  v o l u r n e  i n c r e a s e ,  a n d  s e l e c t e d  p h y s i c a l
p r o p e r t i e s  o f  t h e  l 6  r n a t e r i a l s .  T h e  v i s c o u s  p e r -
rneab i l i t y  coe f f i c ien t  was  de ter rn ined f  ro rn  rnea-
surernents  o f  n i t rogen f low th rough the  cornpos i te
i n  t h e  3 - D  w e a v e  Z  d i r e c t i o n .  F i g u r e  I  d e p i c t s
t y p i c a l  i n - p r o c e s s  p r o p e r t y  c h a n g e s  f o r  r n a t e r i a l
B B - 2 .  I n  a d d i t i o n ,  d e t a i l e d  r n i c r o s t r u c t u r a l
exarn ina t ion  and rnechan ica l ,  ther rnophys ica l ,  and
ab la t i ve  tes t ing  was done.  Some resu l ts  o f  these
l a t t e r  e v a l u a t i o n s  a r e  b e i n g  r e p o r t e d  b y  J .  J o r t n e r
a t  th is  conference and w i l l  be  re fe r red  to  in  the
d i s c u s  s i o n .

D i s c u s  s i o n

The cornpos i tes  inc reased in  vo lu rne  dur ing
p r o c e s s i n g ,  p a r t i c u l a r l y  d u r i n g  l a t e r  p r o c e s s  s t e p s
when the  dens i ty  was h igh .  The l inear  g rowth
tended to  be  la rger  in  the  X and Y d i rec t ions  than
in  the  Z  d i rec t ion ,  a  consequence o f  the  unba lance
o f  t h e  2 - Z - 3  w e a v e ,  A n a l y s e s  o f  t h e  g r o w t h  r n e c h -
an is rns  have been repor ted  in  Ref .  I  and by
L .  B .  G r e s z c z u k  a t  t h e  p r e s e n t  c o n f e r e n c e .  T h e
rnagn i tude o f  the  growth  appears  to  be  dependent  on
p r o c e s s i n g  d e t a i l s  a n d  v a r i e d  b e t w e e n  n e a r l y  z e r o
and l3To vo lu rne  change.  The growth  can l i rn i t  o r
decrease the  u l t i rna te  dens i ty  o f  the  cornpos i te  as
the  vo lu rne t r i c  inc rease can equa l  o r  exceed the
r n a s s  i n c r e a s e  i n  t h e  l a s t  p r o c e s s  c y c l e s  ( F i g -
ure  I  ) .  Po ten t ia l  dev ices  fo r  l i rn i t ing  growth  are
i n t e r r n e d i a t e  r e s i n  p r o c e s s i n g ,  h i g h - t e r n p e r a t u r e
graph i t i za t ion ,  and reduced rnax imum ternpera-
t u r e s  f o r  e a r l y  p r o c e s s  c y c l e s .

G r a p h i t i z a t i o n  t o  3 , 1 0 0 ' C  a p p e a r e d  t o
i rnprove process  e f f i c iency .  Wi th in  the  th ree
groups  o f  no  CVD,  in te r rned ia te  CVD,  and in i t ia l
C V D ,  t h e  3 ,  I 0 0 " C  v a r i a t i o n s  a l l  h a d  r e l a t i v e l y
h igh  bu lk  dens i t ies ,  h igh  ther rna l  d i f fus iv i t ies ,
d e c r e a s e d  r o o r n - t e r n p e r a t u r e  s t r e n g t h ,  a n d
i r n p r o v e d  a b l a t i o n  p e r f o r r n a n c e .  T h e  2 , 4 0 0 " C  h e a t
t r e a t r n e n t  r e s u l t e d  i n  p o o r  p r o c e s s  e f f i c i e n c y  a n d
d e c r e a s e d  r n e c h a n i c a l  p r o p e r t i e s  ( e x c e p t i n g  s h e a r
s t r e n g t h ) .  M u l t i p l e  f i n a l  g r a p h i t i z a t i o n  c y c l e s
r e s u l t e d  i n  i n c r e a s e d  c r a c k i n g  a n d  d e c r e a s e d
ab la t i ve  per fo r rnance.

I n t e r r n e d i a t e  : e s i n  c y c l e s  p r o d u c e d
i n c r e a s e d  p r o c e s s  e f f i c i e h c y ,  d e c r e a s e d  a p p a r e n t
d e n s i t y ,  d e c r e a s e d  r r r a c r o p o r e  s i z e ,  a n d  i m p r o v e d
o f f - a x i s  s t r e n g t h .  M i c r o s c o p y  r e v e a l e d  t h a t  t h e
r e s i n  t e n d s  t o  p r o d u c e  a  c a r b o n  r n a t r i x  t h a t
o c c u p i e s  t h e  i n t e r i o r  a r e a  o f  w e a v e  p o c k e t s  o r
l a r g e  p o r e s  r a t h e r  t h a n  c o a t  t h e  o u t e r  e d g e s  ( a s
p i t c h  p r o c e s s e d  a t  1 , 0 0 0  p s i g  d o e s ) ,  t h u s  i n c r e a s -
i n g  t h e  c o r n p o s i t e  i n t e r n a l  s u r f a c e  a r e a  a v a i l a b l e
f o r  f u r t h e r  o i t c h  d e o o s i t i o n  a n d  r e s u l t i n s  i n
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f .
increaeed pitch pickup. Init ial  CVD proceeeing
resulted in decreased bulk and apparent cornpoaite
denait ies, increaaed closed po"oi idy in t tre yirn l
bundles, decreased cornposite st i f fnees, and higher'
ablat ive receseion rates. Interrnediate CVD proc-
eeaing had only rnarginal effect on the compo;ite .
prope rt ie s.

Mogt of the cornparative density and porosity
improvernent of materiaL 676 relat ive to rnaterial D
occur red  nea¡  the  end o f  p rocees ing ,  poas ib ly  ind i -
cating an irnproved ability of liquid pitch to remain
in larger cornposites during the late carbonization
cycles when the paths for penetrat ion are narrow.
The baee l ine  low-presaure  p i tch  process  prov ides
reasonably high procese eff iciencies unti l  the corn-
posite poroeity ia reduced to approximately l5fo.
Thereaf te r ,  e i ther  inc reaeed process  preaaurea
(e .  g .  ,  15 ,000 ps ig )  o r  rnod i f i ca t ions  guch ae  in te r -
rnediate reain cycles are needed to achieve high
eff iciencie s.
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DM Three Graphi t izat ion Cyclea

at  Compl€t ion of  proceeaing

BB-l  Intermediate CVD
BB-2 Intermediate CVD and

Intermediate Resin
BB-3 Intermediate CVD and High-

Temp  Graph  (3 ,  100 .  C )
BC- I  In i t ia l  CVD
BC-2 In i t ia l  CVD and Intermediate

Ree in
BC-3 In i t ia l  CVD and High-Ternp

Graph i t i za t i on  (3 ,  100 '  C )
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Table 2

Code

Denei f icat ione
t o  l .  8 ?  B / c m 3
BuIk Density

Denei f ic  at ione /
Graphitizations
Past Maximum

Denai ty

Volume
Inc rease

%f

Block Datat Specimen Dataf Viscous
Permeabi l i ty
Coefficient
¡610  i r r - 2

PB
g / c m 3

PA

E/ crn3

P

%

o' B

g l cm3

pA

gl cm3

P

%

697
676
n

A
DD
R
R R
B
c
DM
B B - I
B B - 2
B B - 3
B C - l
BC-Z
B C - 3

0
)
3
4
3
I
I
5

0
3
5

o

I
0

o / o
o l o
o l o
z l z
z l z
0 / 0
o l o
z l ?
o l 0
o /z
2 1 2

I o t 2 l l o r Z
o l o
2 1 2
2 1 2
z l z

4
8
3-9
)
l 3
2 - 7
0 - 3

4
1 0
f,

4
8
6
N. D.
N. D.

r .  9 2
t .  94
l . 9 l
l . 9 0
r . 9 2
l . 9 l
l .  9 0
r .  8 8
r . 9 4
l .  8 8
1 . 8 8
r .  9 0
1 4 7

l .  8 3
l .  8 7
r .  8 7

2 . 0 7
?,. 09
2 .  t o
z .  07
z .  08
z.  07
?.  06
2 . 0 6
z .  09
2 .  I L
z .  06
2 .  0 5
2 . 0 7
? , . 0 4
z .  oz
z. 06

t .  )

7 . 3
8 . 9
8 . 4
8 . 2
8 . ¿
7 . 4
8 . 7

r t . 2
Q O

1 . 5

l .  o

1 0 . 0
1 . 5

8.  I

é t
90
9 l
q l

9 l
ó t
9 L

8 8
8 9
9 r
o 1

83
8 8
89

2 .  t 2
2 .  t l
z .  t 2
2 .  l 0
2 . 0 8
z .  t 0
z .  1 2
? .  t z
2 .  t r
2 . 0 6
z .  t l
?  n r

2 . 0 7
2 . 0 8

I 0 .  0
r 0 .  I
1 0 .  0
9 . 3
8 . 3

I l . 0
8 . 6

I  r .  5
1 0 .  I
7 . 3

l l .  ?
o )

1 0 .  I

0 . 7

r .  b
3 . 8
o . 7
r . 2
7.  I
o . 7

tL .  z
0 . 2
z . o
0 . 6
2 . 0
0 . 5
0 . 6
0 . 6

f

+
Approximate volume increase from before
Pg - BuIk density. P¡ - Apparent density
specimene).  P -  open porosi ty calculated

f i rst  graphi t izat ion to end of  processing,
(ASTM C-20 water immersion for  b locks;  hel ium pycnometry for
f rom bulk and apparent  densi t ies.
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