
The strength antl  st i f fness of graphit ized 3D
carbon-carbon conposltes, vhen loacled nechanlcal ly
along a t l l rect ion paral lel to a set of yarns, appear
to be doninated by the propert ies of that set of
yarn bundles because the contlnuity of load through
transversely-oriented yarn bunclles a¡d matrix nater-
ial is fnterrupted by the open crack pattern ( i tes-
c r ibed in  [ f ]  [Z ] ) .  Thus ,  i t  i s  no t  surpr is ing  tha t
good linear correlations have been observed between
tensi le strength (and st i f fness) antl  the f lber area-
fract lon ln the i l l rect ion of loacl ing. Shear behavior
however, depends upon the transfer of force from one
set of yarns to another. Glven the crack pattern,
two orthogonal- sets of yarns co¡municate rnechanically
only through load paths that are of limited. area and
somevhat tortuous. As the temperature is raised.,
ancl the cracks close to the extent that fr ict ional
load transfer can take place across them, the shear
st i f fness of the composÍte shoufd lncrease. That
such an effect does take place is i l lustrated. by
measurenents of shear rnociulus at several tenperatures
u p  t o  2 5 0 0 o C  h l .

Shear behavior ls closely ¡elated to tensi le or
compresslve behavlor in direct lons other than the
principal yarn direct ions. Such t 'off-axist '  tensi le
or compreasive tests can be used to r igorously derive
the shear mod.ulus a¡d to infer a good approxirnatlon
to the shear stress-straln behavior t3] tL].  For
exanple, unlaxlaL compression in the l+!-d.egree off-
axls t i i rect ion (bisectlng the p0o angle between
tr¡o yarn sets) nay be resolved into t 'on-axist '  shear
plus biaxial conpression (Figure 1). As the shear
clefornations in typical orthogonal carbon-carbons
vi11 be large relat ive to the conpressional strains,
such tests offer a convenient vay of studying shear
behavior. Figure 2 shows schenatically sorne of the
essential features of the stress-strain resnonse of
3D carbon-earbons tested in l+!-clegree off-ai is com-
pression at room ternperature:

the strains attalned are much higher than
strains-to-fai lure in on-axis tests;

tbe stress-strain curves are smoothly non-l in-
ear and xnuch of the non-l1near strain f.s recov-
erecl on unloaailng. (Non-linearlty frequently
occurs in on-axis tests, but 1s usually acco¡n-
panieii by Jogs in üre curve that a¡e attributed
to progressive crackfng of f i la.nents, and other
irreversible effects ) .

A technlque has been clevelopeci to obtain repl i-
cas of specimen surfaces while the specimens are
uncler load 1n a mechanical"-test nachlne. Replicas
were made from a 4lo off-axis conpresslon specimen
of one of the naterials (D) descrtbed by Selbold
t:] .  These repl icas were then processed. for vier¡-
ing in the electron microscope, ancl photographs vere
taken 1n a scanning electron microscope. The rep-
l" ica is essentlal ly a "negative" of the specinen
surfaces; thus cracks and pores appear as protru-
sions in the photos. Figure 3 shovs the d.evelopment

of a crack withln a yarn bunclle at stralns of about
5 percent. No other type of da.nage is readily s,ppar-
ent at this nagnif icat lon. On a much f iner scale, at
about 5000X nagnif icat ion, there appears to be an
opening of very f lne cracks ln the rnatr ix betveen f lL-
a¡nents vithln a yarn bundle. The hlgh strains mea-
sured. Ín such specimens appear to be accor¡¡odatect by
distort ions of exist ing cracks, extenslon of cracks
surround.ing yarn bund.les, anal forrratlon of nev cracks
within the yarn bundles. None of these processes
appear to involve brea^hage of fila¡rents.

fhese are prelirninary results. Encouragement
nay be t ler ived fron the success of the observational
technique: there appears to be much ¡rore informatlon
to be gleaned from nore detalled photography and fron
taking repl icas at other loatl  condlt ions ( lncluding
zero load s.f ter unload.tng).

The snooth non-l inear loading/unl-oading stress-
strain curve i.n off-axis compresslon ie qual-ltatively
sir¡ i lar in essential features to the stress-strain
response of bul-k graphite in rrrllaxlal- conpresslon.
fn stut l ies of prooftest ing graphfte [6] [7],  i t  was
found that annealing after loadlng would. restore the
original dimensions of the specinen (erase the resid-
ua1 strain) and also restore the virgin stress-strain
response. The ¡nechanlsms underlying thts phenomenon
are not r¡elL understood. Sorne controversy surrounds
the question r¡hether polycrysta11lne graphite deforms
non-Linearly by rneans of classical cl lsloeatlon-notlon
plastlci ty or by means of crack openlng or by both
mechanisns. I t  would be of lnterest to dl.scover
vhether the carbon-carbon system also responds to
annealing in the same !¡ay as aioes graphite.
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Figure 1. Off-axis conpression test of 3D carbon-
carbon conposite.
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Figure 2. Typtcal stress-gtrain response.
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Flgure 3.
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Replicas of the sarne region at tvo loeds
tlurlng a¡¡ off-e:cis conpression test of ¡
3D carbon-cerbon (Materlal D):

Top: at zero load

Botton: at 5500 psi strese end
approx. 5 percent strein

l{ote extension of cracks around yarn
bw¡dle ¿t center of ¡üoto and, occurrence
of nev crack through the bunclle.
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