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The unique therrnostructural propert ies of
:arbon-carbon cornposites has afforded an oPPor-
::nity to achieve significant irnprovernents in
:eentry vehicle and rocket nozzle perforrnance.
l ire increasing use of carbon-carbon cornposites
-:as created the need for an analyt ical rnodel to
:redict cornposite propert ies. Such a rnodel,.  i f  i t
: s  to  be  o f  use  to  the  processor  as  we l l  as  the
:esigrrer, must be physicaLly based using identi f ied
::: icrostructural characterist ics with rnic ro-
--: :echanicaL principles to predict cornposite stress-
s¡rain behavior. The objective of this effort was
:irected towards developing an analyt icaL rnodel
:cr cornposite tensi le behavior. The developrnent
,¡. such a rnodel combined with e>rperirnental
. .-eri f icat ion can provide a ryreans of predict ing
: ptirnum rnic ro structural f eature s, eff ect of
:e fec ts ,  and fa i lu re  c r i te r ia .  There fore ,  the
::rodel can provide guidance for rnaterials research
and developrnent as well  as inputs to structural
analys e s .

The anal.ysis and rnodeling of carbon-carbon
:ornposites requires an understanding of the
:nfluenc e of rnany cornpo s ite rnic ro s t ructu ral
';a riabl e s : f ilarn ent s,rnat ri c e s, f ilarn ent -rnat rix
:nteractions, construction pararneters and
rrocessing procedures. Consequently, the init ial
steps in this study were to identi fy the rnicro-
structural characterist ics and to deterrnine the
:node and sequence of consti tuent fai lures. The
:nicrostructural characterist ics of interest,
:ilarnent and rnatrix orientation and rnicro-
c rack ing ,  have been descr ibed in  Reference l .
The crack propagation studies were conducted in
the scaruring electron rnicroscope to identi fy the
microstructural pararneters that control crack
init iat ion and propagation (Ref. Z). .Previous work
on carbn-carbon cornposites have shown that the
crack path was controLled by the highly oriented
larnina in the rnatr ix and that fracturing occured
not at the fiber-rnatrix interface but within the
rnatr ix (Ref. 3). Model input pararneters were
obtained f rorn the s e ex¡re rirnental rnea sur ernent s
or observations in order to el irninate the necessity
for est imating pararneters.

The ability to predict the uniaxial tensiLe
propert ies of a rnul. t idirect ional cornposite by a
physical ly based analyt ical rnodel reguires the
input of unit  cel l  propert ies. This in turn
rJquires the deveiopinent of longitudinal and

t ransverse  un id i rec t iona l  p roper ty  mode ls .  A
longitudinal rnodel has been developed and reported
previously (Ref. 4). This rnodel could predict the
experirnental stress-strain behavior of carbon-
carbon cornposites rnanufactured by high and low
pressure procedures. In addit ion, the signif icant
effect of bent f iLarnents on strength was f irst
predicted by the rnodel and then confirrned by crack
propagation tests in the SEM.

Through the longitudinal rnodeling efforts and
rnicrostructural analyses, the exceptional ly high
and difficult -to - explain rno dulu s of cornpo sites
fabr ica ted  by  low pressure  procedures  was a t t r ibu ted
to the highly aligned graphitic pLanes laying parallel
to the f i larnents. A sirni lar problern exists in
atternpting to explain the extrernely low transverse
rnodulus of such unidirect ional- cornposites. One
rnechanisrn proposed to explain the e>rperirnental
data was that the rnajori ty of the f i larnents ate not
bonded to the rnatr ix (Ref. 5). However, analyses
of  the  f rac tu re  faces  o f  t ransverse  tens ion  spec-
irnens indicated that the rnajority of the filarnents
had matrix bonded to thern. Consequently¡ other
rnechanisrns rnust be sought. One, following along
sirni lar 1ines, is that ci¡curnferential rnicrocracks
exist in the sheath surrounding the filarnents.
Another rnechanisrn to be discussed deals with
rnodel. ing the cornposite based on the rnicrostructural
features of the rnatr ix phase.

The transverse rnodel consists of f i larnent,
sheath and buLk rnatr ix containing porosity arranged
in  ser ies  w i th  equa l  s t ress  in  each.  On the  bas is
of the photornicrograph and sketch of a transverse
view of a unidirect ional cornposite in Figure l ,
i t  is suggested that the sheath can be taken as well
al igned graphite planes containing p0-deg kinks
across  the  en t i re  cornpos i te  c ross  sec t ion .  Th is
descript ion, which is ideal ized in Figure 2, is
cornpletely consistent with the longitudinal rnodel
already developed.

The sheath rnodulus
equation for a kink along

E,. = E. l+(* +t s  . t *

was calculated using the
100% of the sheath length:
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where  R =  k inkrad ius
E, = single crystal Youngrs rnoduLus

Ga = síngle crYstal shear rnodulus

t (  =  R - T  / r n ( ( R + T  / z ) / ( R - T  l z \ ls '  "  s  ' -  s '
J = Sreath thickness

For a Thornel 50 f i l .arnent with a 6 ¡, ,* diarneter and
sheath thickngss of 0. 5 ¡r rn, the cal.culated rnodulus
was 0 .  10x10o ps i  .  The t ransverse  rnodu lus  o f  a
Thorne l  50  f iber  has  been rneasured a t  0 .65  x l0o
p s i  ( R e f . 5 ) .

A nurnber of approaches exist for calculat ing
the rnodulus of the bulk rnatrix which was assurned
to be a porous isotropic rnaterial.  An approach
by Greszczuk  ca lcu la tes  the  average s t ress  and
strain in an isotropic elast ic body containing a
square  ar ray  o f  cy l indr ica l  pores  (Ref .  7 ) .  A
second approach, by Mackenzie, calculates the
shear rnodulus by applying a hornogeneous shear
to  a  la rge  sphere  conta in ing  a  pore  (Ref .  8 ) .
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Wagner ,  O 'Rourke ,  Ar rns t rong measured the
tens i le  and shear  rnodu l i  and Po issonrs  ra t io  o f  an
iso t rop ic  bu lk  g raph i te  w i th  a  l5  to  3 l lo  range in
poros i ty  (Ref  .  9 ) .  The resu l ts  o f  th is  s tudy  were
cornpared to  Greszczuk  and Mackenz ie  assurn ing
Po issonrs  ra t ion  independent  (  y  )  and dependent
(  u  =  F n ( V o  ) )  o n  p o r o s i t y  ( F i g .  3 ) .  T h e  t e n s i l e
rnodu lus 'o f  a  coa l  ta r  p i tch  bu lk  mat r ix  was
obtained frorn the experirnental data of Eitrnan,
G r e s z c z u k ,  a n d  J o r t n e r  ( R e f .  5 ) .  T h e  t e n s i l e
rnodu lus  o f  the  p i tch  w i th  40% poros i ty  was O.52 x
16b ps i .  Us ing  Mackenz ie rs  equat ion  and assurn ing
a  P o i s s o n ' s  r a t i o  o f  , 2 4 ,  E  w a s  c a l c u l a t e d  t o  b e
2 , 4 8  x  1 6 6  p s i .  o

The e f fec t i ve  cornpos i te  t ransverse  rnodu lus
(E-  )  fo r  representa t ive  Thorne l  50-p i tch  cornpos-
i te -s  i s  shown in  Tab le  l .  Poros i ty  was found to
have a  s rna l le r  e f fec t  than an t ic ipa ted .  Decreas ing
the  poros i ty  by  one-ha l f  resu l ted  in  on ly  a  I3To
increase in  rnodu lus .  These ca lcu la ted  modu l i
cornpared favorab ly  to  the  exper i rnenta l l y  rneasured
v a l v e s  o f  0 .  l 5  t o  0 .  3 0  x  l 0 o  p s i .  ( R e f .  5 ) .

Another  rnechan is rn  rnus t  account  fo r  the
lower  range o f  these exper i rnenta l l y  rneasu¡ed
rnodu l i .  M ic rographs  and x - ray  rad iographs  o f
these cornpos i tes  ind ica ted  tha t  ex tens ive  rnacro /
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r n i c r o c r a c k i n g  w a s  p r e s e n t .  T h e r e f o r e ,  t h e
d isp lacernents  due to  the  presence o f  c racks  must
a l s o  b e  c o n s i d e r e d .  B a s e d  u p o n  t h e  w o r k  o f  T a d a ,
P a r i s ,  a n d  I r w i n  ( R e f  .  l 0 ) ,  t h e  d i s p l a c e r n e n t s
assoc ia ted  w i th  a  c rack  o f  leng th  2a  in  a  body  o f
w id th  2b  and he igh t  2h  was ca lcu la ted .  Assurn ing
the  compos i te  i s  un i fo r rn  body  w i th  average
proper t ies ,  the  e f fec t i ve  t ransverse  cornpos i te
rnodu lus  was ca lcu la ted  fo r  a  cornpos i te  spec i rnen
( 0 . 7 0  x  0 , 2 5  x  0 . 2 5  i n c h )  w i t h  v a r i o u s  a / b  r a t i o s
( R e f .  I 1 ) .  I t  i s  s e e n  f r o r n  T a b l e  I  t h a t  t h e  s c a t t e r
in  the  exper i rnenta l  measurernents  can be  pred ic ted
b y  t h e s e  a n a l y s e s .

The cornb ina t ion  o f  rn ic ros t ruc tura l  ana lyses
to  charac ter ize  cornpos i te  s t ruc tu re  and c rack
propagat ion  rnodes ,  and rn ic ro rnechan ica l  p r inc ip les
can be  used to  deve lop  a  phys ica l l y  based cornpos i te
rnode l .  The t ransverse  rnode l  be ing  deve loped can
predict the experirnental modulus of unidirect ional
compos i tes  on ly  when the  rna t r i x  i s  taken as  a
h igh ly  a l igned sheath  conta in ing  k inks ,
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F ig .  3 .  E f fec t  o f  Poros iüy  on  Tens i le  Modu lus

T a b l e  l .  P r e d i c t e d  T r a n s v e r s e  M o d u l i
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