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Introd uction

The 3-D carbon_-carbon cornpos i tes  undergo
dirnensional changes [t ]  auring the rnult iple
carbond iza t ion /graph i t i za t ion  cyc les ,  as  shown in
F ig .  la .  For  the  par t i cu la r  rna ter ia l  shown,  a l l
d i rnens ions  decrease in i t ia l l y .  Subsequent  p rocess-
ing  cyc les  cause l i t t le  change in  the  Z  d i rnens ion
and s ign i f i can t  inc reases  in  X ,  y  d i rnens ions .
Other pert inent changes that occur in the rnaterial
and are related to the growth phenornena are shown
i n  F i g .  l b .

Ana lys is  and Resu l ts

To establ ish the rnechanisrn that causes
d i rnens iona l  changes dur ing  process ing ,  an  approx i -
rnate analysis was conducted using a mathernatical
rnodel shown in Fig. 2. Start ing with the ternpera-
tu re-dependent  p roper t ies  o f  cons t i tuents  ( f ibers
and rnatr ix),  the elast ic and therrnal propert ies in
üe ax ia l  and t ransverse  d i rec t ioo"  o f  yarn  bund les
we¡e  ca lcu la ted  us ing  equat ions  ( rnod i f ied  to
account  fo r  f iber  o r tho t ropy)  o f  [2  and 3 ] .  The
rnatr ix within the yarn bundles ahd rnatr ix pockets
was assurned to  have te rnpera ture-dependeñt
rnechanical and therrnal propert ies sirni lar to
ATJS graph i te .  The f ibers  were  assurned to  be
orthotropic. The arnbient in situ Thornel 50 f iber
Youngrs  rnodu lus  in  the  ax ia l  d i rec t ion  was de ter -
rn ined us ing  the  resu l ts  o t  [e ] .  Var ia t ions  o f
f iber axial modulus and axial coeff icient of ther-
mal  expans ion  w i th  tempera ture  were  taken as
shown in l5J. The roorn-ternperature youngrs
rnodulus and coeff icient of therrnal expansion of
the  f ibers  in  the  t ransverse  d i rec t ion  were  ca l -
culated using equations of [Z and 3] in cornbination
wi th  tes t  da ta  on  t ¡ansverse  Youngrs  rnodu lus
and t ransverse  ther rna l  expans ion  da ta  fo r
graphite/epoxy cornposites. Once the rootn-
te rnpera ture  proper t ies  o f  the  f ibers  in  tJ le  t rans-
ve¡se  d i rec t ion  were  de ter rn ined,  the  var ia t ion
of  these proper t ies  w i th  te rnpera ture  was assurned
to be sirni lar to pyrolyt ic graphite in the c-
d i rec t ion .  The f ina l  resu l ts  fo r  the  typ ica l  p rop-
er t ies  o f  un id i rec t iona l  carbon-carbon yarn
bund les  are  g iven in  [ f ] .

To deterrnine the elast ic and therrnal prop-
ert ies and the internal stress state in the 3-D
carbon-carbon compos i tes  as  the  la t te r  undergo
exposure to elevated ternperatures, analyt ical
techn iques  s i rn i la r  to  those descr ibed in  [Z ] ,  were
used. The norninal void content of 3-D máÍerial
was assurned to be 8%, of which 2/o of the voids
were estirnated to be within the yarn bundles. The
effect ive f iber content ( including sheath of highly
oriented rnaterial) within the yarn bundle was
taken as ó8{e, which is representative of the values
observed in various cornposites. Tbe dirnensions
of the yarn bundles in the X, Y, and Z direct ions
we¡e taken as shown later in Fig. 5. Typical

theoretical results as well  as l i rnited experirnen-
tal data on the rnechanical and therrnal proper-
t ies  o f  3 -D carbon-carbon cornpos i tes  a re  shown
in  F igs .  3  and 4 ,  whereas  F ig .  5  shows the  f ina l
resu l ts  on  the  s t ress  s ta te  o f  var ious  loca t ions
wi th in  the  3-D carbon-carbon cornpos i tes .  The
s t resses  shown were  based on  e las t i c  ana lys is .
I f  the inf luence of plast ici ty (both f ibers and
rnatr ix undergo elast ic deforrnations at high
ternperatures) were taken into accoont, the
s t resses  wou ld  be  somewhat  lower  than shown
in  F ig .  5 .  I t  i s  these s t resses  tha t  cause the
changes in the dirnensions of the 3-D carbon-
carbon b locks  as  we l l  as  in te rna l  c racks  w i th in
the  yarn  bund les  and a t  the  bund le  c rossovers .
The cornpress ive  s t resses  a t  loca t ions  shown
in  F ig .  5  cause the  yarn  bund les  to  undergo
necking and bi l lowing, as well  as cracking within
the yarns as shown in Fig. 6. As the yarns
undergo neck ing  and c rack ing  due to  compress-
i v e  s t r e s s e s ,  t h e  t e n s i l e  s t r e s s e s  i n  t h e  d i r e c -
t ion  o f  yarn  ax is  a re  re l ieved.  The ne t  resu l t  i s
tJrat during tJle init ial  processing cycles, only
necking and interyarn cracking takes place. Such
deforrnations would cause init ial  decrease in the
d i rnens ions  o f  3 -D carbon-carbon cornpos i tes
blocks. Upon exposure to addit ional processing
cycles, the necking ceases when the f iber corn-
pac t ion  a t  the  yarn  c rossovers  i s  s tab l i zed .  H igh
tens i le  s t resses  then ar ise  in  the  d i rec t ion  o f
y a r n s  ( s e e  F i g .  5 ) .  T h e  t e n s i l e  s t r e s s e s  w o u l d
be sornewhat lower than shown in Fig. 5 because
of rel ief due to plast ic f iber deforrnations at high
ternpera tures .  On coo ldowd,  the  h igh  tens i le
s t resses  wou ld  be  re l ieved;  however ,  a  perma-
nent  se t  and c rack ing  a t  theyarn  c rossovers  wou ld
take place because of the plast ic deforrnations
noted above. I t  is this perrnanent set which
causes  the  inc rease in  the  d imens ions  o f  3 -D
c a r b o n - c a r b o n  b l o c k s .  B e c a u s e  t h e  s t r e s s e s  a r e
hi.gher in tJle X and Y direct ions than ín t lne Z
d i rec t ion ,  the  inc rease in  X  and Y d imens ions
should be higher than the increase in the Z dirnen-
s ion .  _The exper i rnenta l  resu l ts  shown in  F ig .  I
and [t ]  confirrn the behavior postulated on thi basis
o f  theore t ica l  resu l ts .  As  is  read i l y  seen,  the
various blocks init ial ly undergo decrease in dirnen-
sions and on subsequent carbonization/ gr aphit izat ion
cyc les  the  d i rnens ions  o f  the  b locks  inc rease,  the
increases  be ing  grea ter  in  the  X and Y d i rec t ione
than in t}ne Z direct ion. Work is now underway to
obtain quanti tat ive results on the dirnensional
changes of 3D C-C composites during the mult iple
p r o c e s s i n g  c y c l e s .
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