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Achieving high tiensity of 3D carbon-carbon com-
posites requires repeated Ínpregnations of the veave
,vith pltch, resin, and/or pyrolyt i .c carbon), pyrolyses,
a¡d  s raph i t i za t ions  t f l te l t :1 .  The br r l k  c lens l ty  o f
Sraphitized 3D conposites ls llnlted by the openlng of
:racks on cooling fron the graphitization temperature
.lr ] ,  t i re trfreezing-ini l  of pyrolysis-gas bubbles in
iitch-precursor carbon, and. the fom¿tion of voids or
:racks as the solidified m¿trix shrlnks ciurlng pyro-

Jsls and graphitization. Tbus, even if the apparent
:ensity of the natrix and fibers qere to be that of
perfect graphite (about 2,26 e/cnr\,  the attainable
bulk density of the co¡trposite would be neasurably lover.
}e buJ-k clensity of near-isotropic polycrystallinq
graphites is sini lar i ly l inl ted to about Z,t e/cn' [r ]
:6].  Another l i ¡nitat ion ls the dinensional grovth of
:arbon-carbon bil1ets, in the later stages of process-
ing, vhicb sonetimes resr.¡Lts in reduced clensity in
sp i te  o f  ¡ rass  g¿ i .ns  [ ] ] .

Crack Volune

the volune of crack space V6 forned in a unlt
vo}¡me of conposite on cooldown to room tenperature Te
fron the crack-opening tenperature Tg nay be estina,ted:

-Y = 2or*Lr-l(,-l)l + 3.¿nf(r-() - orvo-fzrS(t-!)l (r)

vbere the d rs are the thermal expanelon coefflcients
of the yarn bundlee ( dvt is trensverse and 4L.1s para-
l1el to the a¡<is of the f ibers) and tbe natr ix (dm),
a¡d 5 is the rat io of X¿ to X (Figure 1) for veaves
in which X =Y end Xs = J¿ . Equetion (1) assr¡¡nes
cracks, of the type sketchetl in Figure I, courpletely
relieve the internal tenslle stresses that rrouLd act
ciuring coolclovn as a result of o(.1¡ t dm> dv¿.

CaJ.cul-ations nade using equation (1) irnply three
io flve percent of the voh¡me is occupied by the crack
space. Representative values for thernal expansivitles
verg used: yern-bundle expa^ngi;rrities (o(g= 7 to 13 x
rc -b /oc ,  dyco  I  to  1 .8  x  lo -b /oc)  r ¡e re  based on  t la ta
fo¡ unld.irectional carbon-carbons made vith hlgh-r¡ocluJ.us
fibers t7]t8] and on in-situ measurenents using eleva-
ted-temperature gicroscopy of 3D composites [9];  o(¡ lvas
ta¡(en as 5 x lO-o/oC, equal approximately to that of
ATJS graphite. The crack-opening ternperature vas taken
as ranging from about 2OOOoC to 2800oC [9]. Sensit ivi ty
of crack volume to veave geometry, as represented by ! ,
appea¡s to be a second,-order effect.

Pore Size

3D carbon-carbons, clensifled r¡ith pitch at pyro-
lysis pressures p belov a threshold value pt, tend to
contain one pore ln each matrix pocket. The thresholcl
pressure nay be vieved as the pressure at vhich the
pyrolysis gas occupies tbe sane volune as is nad.e aval-
lable by the shrirüing l iquid pitch; that is, at pf
there is no need for l iguld pltch to be eJected. fron
the conposite during the inlt ial  stages of pyrolysls.
At p<pI, outf low of pltch pronotes coalescence of gas
into one large bubble in each natrix pocket. Conposites
pyrolyzect at (or above?)pr will tend to retain a nr.¡mber
of separate snall pores in each natrlx pocket. Juilging

fron nicrostructural vier¡s of f lnlsheti  conposites[10],
pr 1s 1n the vicinlty of !00 atrnospheres; probably
pr is gulte sensitive to the grad.e of pitch a^ncl to
tbe theraal and barometric histories of the pyrolysis.

These speculat ions Lead to the concept of a
Itmechanicalt t  carbon-yield factor Ir  (vhich is pressure
tlependent) in etltlition to the coke-yielcl factor Y
(r¡hich appears lnsensitlve to pressure above about
50 atn [Z][t l ]) .  thus, the voh.¡me fract ion c of
graphite (of apparent density.Pa ) retainecl vithin
a ¡natrlx pocket after inpregnation wlth a unit volune

,of l iquid pitch (hevlng an j .nlt ial  clensity fx ) isz

c .=  y . ( ' f r /po ,

Valueg of Yf above one night occu¡ at p > pr.

The bulk clenslty of the 3D carbon-carbon nay
be given as:

fe= /a t (vr -v ' " )  +  fan(v"-v") (a)

where the volume fractions aclcl up to unity:

Vy  +  Vm+ Vvr  r -  Vp  +Vc - -  I  (+ )

end /^ = apparent tlensity of yarn bundle

Pa¡o 
rr [ " matrlx in pockets

Vt = volume fraction of yarn br¡ndfes
Vm = rr tr tt natrlx pocket

Vr = rr rr It natrix-pocket pores
Vrr= tr rr tt yaln bunclle voiils
Vc = rr rr tt crack sPace

For ill,ustrÉtive purposes, ve assune a balanced veave
( x = y = 2 ,  X ¡ = J z = Z - = O . í x , V ¡ . r ' . t s e e  F i g .  I ) .  I f  N
pores of d.inension ¡<o reside ln each nstrlx pocket:

vi" = ¡¡(*,)'v* (5)

Conblning equations (3)r(b) an¿ (5), one can d,erive
the relatlons betveen a,vera,ge pore size and. bul-k
clensity shovn in Figure 2. Add,itional assumptions
behlnd Figure 2 arep^, =/a¡r,  Vc= 0.01r, and thatVreis
either zero or included 1n V¿ . The assuuption in-
ptlcit in thls treatment, that the yarn bundles are
essentially fully tlensified, and do not gain in density
uhile the matrlx pores are tllninished cluring the last
several process cycles, recelves support frorn process
histories of unit l i rect ional ud 3D conposites densi-
f ied in the sane batch [f2]
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Figure 1. Sketch of Cracked, Unit CeIl



BiUet Crovth

Eacb ad,dit j.onal inpre gnat ion/pyrolysl s / graph-
itization cycle contributes to the fractlonal mass
gain ancl the fractional volume grovth of the billet:

+ = f t1. , .V.*  ceVrl (6)

.é)4 :' { c. G V. ((0. uatanceá (t)
v J r,.leaves )

where Cs = volunetrlc yieltl of graphite in cracks

o* c-p + V.(c"-cr)

P ¡  * . . O V a  t  c 7

- - l le P -
t r  I t  t l 1n pockets

G = factor to account for other effects on
the creep strain of yarn bunclles clurlng
graphitlzation

/A 
= aPparent <lenslty of the conposite

A decrease in bulk ttensity can occur with atttletl pro-
cessing if the fractional volu¡e grovth exceeds the
f rac t ionaL mass ga in .  Conbfn ing  equat ions  (3 ) r (b ) , (5 )
(6) an¿ (J), gives the fol lowing estinate for the
naximum attainable bulk clenslty fí ,
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Flgure 2. Pore Slze vs. Denslty (¡¡o Orowth)
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The voLumetrie yieltls nay be estlnated fron equatlon
(2) ustng reasonable estimates of the varLous factors:
Y  =  about  0 .8  [2 ] ¡  I t  =  I .0  fo r  the  c rack  Bpace Lnd,
for pores clenslf lecl at plpr, and Ir = about 0.3 for
pores densif iet l  at p 4(pr; Pr/pa = O.6l [ f¡ ] .  Based,
on these prelininary estfunates, a¡¡d taklng the creep
factor G as unity, naximum density is pretllctecl to
ra¡¡ge betveen O,)2ro4 snd O.95f¡ , for a,n assumed
crack volume Vc'' 0.0b. The grovth llnits to br¡lk
tlensity are schematically shown in Figure 3.

Concluding Renarks

The bulk tlenslty of grephltlzed 3D carbon-carbons
appears Lir¡lte<l to about 92 to 9, percent of the
apparent clensity of the constltuents. Prlncipa-l
factors contributl¡g to thls llnitatlo¡ are the crack
space that fo¡ns during graphitlzation and the billet
grovth phenonenon. The varlation of pore slze with
bulk density is greatest as the maxinum bulk density
is approached; at high bt¡J-k ilensities, pore size is
also qulte sensltlve to varlatlons in apparent denslty.
In conposltes denslfled wlth pitcb, pore-size sensltl-
vlty vill be redueed 1f pressures higher thar¡ a thres-
hold value are applied durlng pyrolysie vhlle the
pitch is etill fl.uial.

These concluslons are derived fron the slnpltfied
ilLustratlve calcuLations offered above. The issues
deserve nore iletaiLed treatments as to the lnfluences
of veave geometrl, yarn-bundle porosltyr and differen-
ces betveen the apparent denslties of the yarn bundles
a¡¡d the natrix pockets, anong other factors. Stu(y of
the process para.neters that control apparent densfty
and the in-situ volumetric yields of grephlte appears
northvhlle, as doea stucly of the creep behavlor of
yarn bundles at higb ternperaturcs.
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Figure 3. Grovth Linits to Density (Scben¿tlc)


