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Abstract—Four carboni/carbon composites fabricated with either PAN fibers or coal wr piteh fibers were
cxamisted. Detailed analysis of composite properties and structure included total surface area by Kr adsarption
at 77 K. active surface area, porosity, crystaiiite parameters, as well as SEM and optical microscopic ebservations.
Rates of composite gasification were measured at 1123 K in 3.1 KPa of steam. Under these experimental
conditions the composites tabricated with PAN fibers are roughly three times as reactive as those fabricated
with pitch fibers. Microscopic examination of e composites provides detail on two different microstrictures
for each fiber and respective composite. Binder ussociated with the fibers is influenced by the fiber microstruciure,
and a continuation of structure is developed throughout the composite body, Even though the fiber fraction is
ondy approximately 50% of the composite by weight, it is clear that fiber microstructure influences overail
composite microstructure and. hence, composite physical properties and subsequent composite gasification

behavior,

Key Words—Carbon/casbon composites, gasification, PAN fibers, piteh {ibers, reactivity.

I INTRODUCTION

Composites, in general, have long been appreciaied as
substitutes for conventional materials when the need for
superior properties exists in an application. Carbon fiber
reinforced carbon composites (C/C composites) are of
current interest because of the variety of unique engi-
neering propertics they possess. The fiber imparts strength,
stiffness and fatigue resistance to the composite, while
the carbon matrix holds the fibers together. There is also
a synergistic effect between {iber and carbon matrix which
results in high fracture toughness and wear resistance.
The maost atiractive properties of composites, however,
are their high speeific strength and modulus which are
the result of the high degree of anisotropy in the graphite
crystal lattice.

One of the many uses {or these 3D C/C composites
is as the exit nozzle for rockets. In this application the
compasite is subjected 1o severe conditions produced dur-
ing solid propellant combustion. During the firing, an
oxidative environment is produced; and the composite
nozzle gasifies. This is a problem to recket motor de-
signers, because as the nozale gasifies, the properties and
performance of the motor are altered. Under the extreme
conditions which exist in this acrospace application. the
C/C composite must maintain predictable design prop-
erties. Therefore, the rcactivity behavior of C/C com-
posites needs te be predicted for the given operating
conditions, prior o actaal motor firing.

Fowards this end, this investigation was initiated as a
first approach to relate the composite [abrication process.,
the microstructure and physical properties, and their in-
Huence on compasite gasification bebavior in steam. Steam
was chosen becaase it is the single most important species
in the gas stream which contribuies to C/C composite
nozzle gasification in rocket motors propelled by alu-
minized solid propellants.
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2. EXPERIMENTAL APPROACH

2.1 Materials

< The four C/C composites examined were obiained {rom
the Air Force Rocket Propulsion Laboratory (AFRPL);
their intended use was as rocket nozzle materials, All are
3D carbon fiber reinforced composites. Their apparent
differcnces are due to fiber type used and total number
of denstfications experienced during fabrieation.

Table 1 highlights the major compositional differences
between each of these composites and gives final buik
densities. The carbon fibers manulactured by Union Car-
bide Corp., are derived {rom either polyacrylonitrile (PAN})
or coal tar pitch, The carbon matrix is formed from both
a coal tar pitch and a thermoset resin, The composites
are densified, first by the pitch for a totd of three im-
pregnations and then by the resin for additional impreg-
nations.

2.2 Sample preparation

Considerable emphasis was placed on accurately sam-
pling the 3D cytindrical C/C billets in a manner which
maost represented the composite integrity as a rocket noz-
zle material. However, variations in the {iber fraction of
the materials do exist in the billet; and the samples were,
therefore, taken from regions where the volume fraction
of fibers was highest. Such arcas are also those which
experience gasification under rocket motor operating con-
ditions.

Samples were removed using a small diamond saw and
washed in methanol using an ultrasonic bath. Composite
samples, 0.318 em X 0.635cm % 0.159 cm, were used
for all characterization stidies unless otherwise stated.
Sample plates contained bundles of fibers lying perpen-
dicular to their fuces. Samples prepared for reactivity
studies were cut in a similar orientation, and had dimen-
sions 0.318 cm X 0.953 em x 0.079 cm.
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Fable |. Characteristics of C/C composites

Table 2. Measured properties of C/C composites

SAMPLES FIBER DEHSIFICATION BULK DENSITY
CYCLES {g/cc)
A PAN 9 1.96
B Pitch 6 1.95
< Pitch 7 1.87
] PAN 12 1.88

2.3 Procedures

Descriptions of all experimental procedures are given
in detail elsewheref1].

3.3.% Specific surface areas. Determination of total
surface area (TSA) was accomplished using the BET
theory and Kr as the adsorbate, 8ix sample shices for cach
composite were weighed and placed into a sample holder,

2.3.2 Cryseallite size determination. Sumple slices of

each composite were ground to — 100 mesh. The entire
sample (fiber and binder) was ground to this mesh size
without sieving. Samples of the ground material (0.03
) were mixed in a 50150 ratio by weight with a Si powder
standard. The resulting mixture was pliced on a glass
stide and mixed thoroughly with coliodion 1o bind the
sample as & thin film to the glass surface. Three shide
mounts of this type were prepared for each composite
and examined using a Rigaku X-ray diffractometer with
monochromatic (40 KV, 20 mA) CuK, radiation.

2.3.3 Density and porosity analysis. Open, closed and
total porosities were euleubated directly from experimen-
tally determined, He, Hg, and X-ray densities, using
standard procedures,

2.3.4 Oprical microscopy. Two sample slices in or-
thogonal orientations were removed from cach compo-
site, They were mounted in a thermosetting resin and
finely polished repeatedly to remove seratches from the
surface, Exanunation was carried out under polarized
light. A half-wave plate was placcd between the sample
and the analyzer to generate reflectance interference colors,

2.3.5 Scanning electron microscopy. All composites
were examined in the SEM using 25 KV accelerating
voltuge, with ne conducting metallic layer applied.

2.3.6 Thermal gravimetric analysis. The reactivity of
each campositc was determined in 3.1 kPa of steam car-
ried by N, (ultra high purity 99.999% N,) using a TGA
apparatus, The reaction temperature was 1123 K and the
gas flow rate was 355 cc (STPYmin. The temperature
wis controlled to =1 K for the duration of cach run.

3. RESULTS

3.4 Swrface areas

Krypton adsorption surfuace arcas are listed in Table 2.
Surface arcas for the composite materials under exami-
nation are quite small, runging from 0,10 to 0.19 m¥/g.
Although this is ap extremely narrow range, the com-
posites fubricated with the PAN fibers had smaller surface
arcas than those containing pitch fibers. Values for the
Kr surfuce arcas of the fibers present in the composite
have appeared in the literature. Hoffman and Lowry gave

C B 3] A
Surface
Area {mi/g) 0.19 0.18 0.13 0.10
L (um) 13 32 45 48
L, (om) 15 140 100 140
Interlayey
spacing (am) 0.3422 0.3361 9,363 0.23361

a range of surface areas for these fibers between 0.3-0.4
m'/g|2]. Walker et al. reported the surface arca of the
PAN fiber #s 0.37 m*/g(3]. This agrees well with the
geometric arca for this fiber, calculated from its outer
diameter of 7 wm and a bulk density of 1.71 g/cc.

3.2 Crystallite parameters

Figure 1 presents X-ray diffraction patierns for the as-
received fibers, prior to composite fabrication and final
heat treatment. It is scen that the PAN fibers had a much
smaller erystallite size than did the pitch-based fiber. The
interlayer spacing of the as-recetved pitch fiber was 0.343
nm.

Crystallite dimensions and interlayer spucings for the
composites are listed in Table 2, the latter being a good
indication of the extent of graphitization in cach sample.
Composites A and B have the smallest interlayer spae-
ings. The interfayer spacing for a perfect graphite crystal

(oo2)

NBS Si Stendord

Pitch,

PAN

Fig. t. Diffraction patteras of as-received PAN and pitch fibers.
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is 0.33538 nm. A value of 0.3361 nm indicates that thesc
composites (at least the binder carbon in the case of
composite A) are well graphitized, since they approach
this value. it is apparent that the composite C is poorly
graphitized, having a layer spacing of 0.3422 nm. Crys-
tatlite parameters for C arc also not comparable to those
of the other composites.

The d-spacings recorded for the composites are a re-
flection of the most graphitic constitucnt present, as long
as 1t is present in reasonable amounts. Since the d-spac-
ings of the C/C composites were determined from a fine
powder consisting of fibers, binder and resin, the most
graphitizable of these three constituents will produce the
dominant diffraction pattern. The interlayer spuacings for
all the composites, with the exception of C. are approx-
imately 0.336 nm, meaning that ai least one phase in
cach of these composites has a similar degree of crys-
tallinity. As will be shown from microscopy studies, the
resin carbon is amorphous and thus cannot be responsible
tor the pronounced (002) diffraction peak in three of the
composites. Further, since PAN is not as graphitizable
as coal tar pitch{4], it is thought that the d-spacings re-
corded for composites A, B and D are representative of
the carbon derived from coal tar pitch.

3.3 Elememtal analysiy

A semi-quantitative spectroscopic analysis of trace in-
organic elements present in the C/C composites is given
in Fable 3. B is relatively clean compared to the other
samples. No treads in the concentrations of speeific ele-
ments are evident, although Fe, 8i and Ca are generally
the predominant trace elements. The presence of trace
cleraents in composites may be primarily the result of
sizing the fibers to induce greater adhesion with the ma-

Table 3. Spectrographic analyses of C/C composites

ELEMERTS (ppm) A B LI
Fe oo 5 40 104
51 160 20 250 100
B 4] i 40 20
Cu 10 D 19 1868
Ca 100 10 80 g
Mg 40 5 50 500
Ha 10 D ¥ 20
cr 20 D 3] 0
Hi 20 D ) 20
Co 20 HD ) 20
v 10 D %) 0
Ba 30 D b 6
st 5 ND D 5
Zr tib D 40 20
T1 to 5 20 u
AL D 0 Ho )

ND - lor Detected

Table 4. Densities and porasities of C/C composites

C/C Corposites

& n C il
Progezcles (PA) (PITCHY (PITCHY (PAKY
Bulk Benaity 1.96 1.59 1.87 1.88
{g/cc)
Q“g 2.Cl6 2.642 1.987 1.959
{g/ec)
Q"E 2.125 22371 2.136 ¥.239
{g/cc)
axwrny 2.26] 2,163 2.313 2.262
{g/ee)
Open Paresity 0.025 0.G29 £.035 0.656
{ec/e)
Clesed Poroaity 0.629% 0.¢19 a.018 0.0G5
fecip)
Total Poroaity 0.054 0.048 Q.853 &.061
(sa/g}
Cpen Porosity (X) 5.1 5.9 1.0 ji.2

trix. However, we are not aware of any specific treat-
ments to either the PAN or the piteh fibers.

3.4 Densiry and porosity measurements

Helium, mercury and X-ray densitics are presented in
Table 4. Also given in this fable are total, open and closed
porosities as caleulated from the density measurements.
Percentages of the sample volumes which are accessible
te He (9% open porosity) are quite smail. Composite D
has the greatest value (11,2%). The other samples bave
open porositics which range between 5.1 and 7.0%. Con-
tributions of open and closed parosity to total porosity
vary from composite to composite. The smallest amount
of closed porosity is present i the D composite. This
sample experienced twelve densification cycles, more
than the number reccived by the other composites.

3.5 Optical microscopy

In cach composite all three carbonaceous constituents
are unique and readily identifiable. Porosity (open and
closed) is observable, and the degree of adhesion at the
fiber/binder interface is also recognizable, Fibers are clearly
visibte under the microscope. Their structure as filaments
is unique. The carbon from the coal tar pitch binder wus
distinguishable because of its optical activity, displaying
reficctance interference colors under polarized light, Thus
large domain regions existed in which crystallite align-
ment was excellent. Carbon derived from the resin could
be distinguished since it exhibited ne optical activity,
indicating random crystallite atignment.

Figure 2 is an optical micragraph which clearly shows
the three constituents in composite D. Pitch binder is the
closest to the fiber since it was the {irst impregnant used
during densification. Pitch can be seen between both
those fibers lying paraliel and those lying perpendicular
to the plane of the photograph (Fig. 3). Resin is primarily
located in pockets in the pitch which may be ay large as
25 wm (Fig. 2.

The porosity and porosity distribution in these com-
posites vary because of the number of impregnations
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experienced during the densification process. Porosity in
these composites is found almost everywhere, Voids exist
between the individual fibers in a bundle, sround the
fiber bundles, at the fiber/binder imerfuce, and at lurger
structural cracks produced as a result of the processing
eycles.

Compuosite C cracked catastrophically during process-
ing and does not have as graphitic a character as do the
other composites in this study, Figure 4, an optical mi-
crograph of this material, shows large thermal stress cracks
which are present at regulur intervals along the fibers.
Also present are separations between the pockets of resin,
coul tar pitch, and fiber.

The strength of the fiber/binder interface is of consid-
criable importance in that it anderscores the strength of
the entire composite billet, Areas of binder pulling away
from the fiber are observed in all composites, as well a8
arcits at which the interface is uninterrupted.

3.6 Scamning electron microscopy

Each composite can readity be distinguished under the
SEM due to the separate and unique microstructure of
cach fiber type.

Cross-sectional ends of both PAN and piteh {ibers are
shown in Figs. 5 and 6. PAN fibers have an extremely
irregular outer surface with a diameter of approximately
5-6 pm. They appear to have u thin sheath associated
with cach fiber, but this could be a part of the binder.
The crenellated outer surface of the PAN fibers has ridges
running paraliel to the fiber axis (Fig. 7). Also associated
with the PAN fibers are scales which are perpendicular
to the fiber axis. These scales are binder material which
is intimately associated with the fiber (Fig. 8).

Pitch fibers have an entirely different structure. They
have an almost circular cross-section with a diameter of
8—10 pm (Fig. 6}. This aifows for a close packed fiber
stacking which maximizes fiber volume. Between cuch
of the fibers. one can see binder pulling away from the
outer surface, There wre also cracks in this binder which
He parallel to the {iber axis, The surface of the piteh fiber
is completely smooth, In Fig. 9 sheets of the outermost
layers are removed in a mansner that has the appearance
of u roll of paper which is being unwound. Again, it is

difficult to say whether this cuter sheathing is a part of

the binder or the fiber ttscH, Examination of a single
pitek fiber (Fig. 10} shows a microstructure which is
composed of many microfibrils. approximately 500 nm
in diameter. The sheathing is torn away from the fiber
surface, exposing the microfibrils which also have a cie-
cufar cross-section.

Finally, the binder associated with the fibers hus o
structure which is almost a continuation of the fiber mi-
crostructure. Binder surrounding the PAN fibers has swirl
eracks in it, which indicate a mesophase transition having
eccurred during fabrication (Fig, 11). Binder arcas as-
sociated with the pitch fibers do not display these cracking
patterns. This binder is almost sheet like in nature with
some stress cracking present {Fig. 12).

3.7 Cennpaosite reactivity
Reactivities of the 3D C/C composites are given in
Fig. [3. Shown are burn-ofl versus time plots for the

four composites at 1123 K with & 3.1 kPa entering steam
pressure. There are two distinet sets of burn-off curves
for the four sumples. Samples D and A are roughly three
times as reactive under the experimental conditions used
as are samples C und B, The former tweo composites arc
fabricated from PAN fibers, while the fatter are made
from pitch fibers.

Figure 14 is an expanded view of these reactivity plots
at fow levels of burn-off, Initial rate data follow the same
trends seen in the extended reactivity plots. Composites
made from PAN fibers are more reactive than those made
using pitch fibers, The steady state rates (rates taken over
the linear portion of the extended bura-off plots) for cach
composite are presented in Table 5. These rates are ox-
pressed in two different sets of units—mae reacting per
h per myg starting weight and mg reacting per h per m’
starting Kr surface area (TSA). Rates expressed by the
fiest uait differ by a factor of 3.1, rates expressed by the
second unit differ by a factor of 5.5, Rates are also given
for two of the composites rormalized te active surface
area {ASA). They will be discussed shortly.

4, DESCUSSION

4.1 SEM and optical results—relevance to
physical propertiex

Composites fabricated with pitch fibers have lurger
surface areas as measured by Kr adsorption at 77 K than
do the composites fabricated with PAN fibers, Visible
details of the composite microstructure provide an ex-
planation. The composites containing pitch fibers have
cracks in the binder arca which are as large us 500 nm.
Cracks in this area run paralfel to the pitch fiber axis.
Porosity developed as a result of this cracking is acces-
sible 1o Kr. and its presence increases the surface ares
of the composite. Composites which are composcd of
PAN fibers do not exhibit oper porasity of the same
degree. Binder does not shrink and pull away from the
PAN fiber surface us it does with the piteh fibers, Instead.
ihere is scale development ol the binder perpendiculur to
the PAN fiber axis which inhibits the growtiv of open
porosity along the fiber length, Graphitic fuyers of binder
act as plates, closing off accessible porosity, This binder
structure does, however, ereaie 1 more developed closed
porosity.

Figures 11 and 12 are micrographs of the binder arcas
in composites containing PAN and piteh fibers, respec-
tively. Fhe orientation of the micrographs is parallel 1o
the fiber axis. Swirl cracks in the binder associated with
the PAN fiber give rise to the scale development seen on
the PAN fibers, Scales are the result of shear stresses on
the binder area when PAN fibers in the composite were
physically separated for observation. Development of
mesoplase lumellae within the binder of composites fab-
ricated with PAN fibers had orientation to the fiber axis
which waus not expecied. Lamellac of the mesophase nor-
mally orient paralle] to the fiber surfice. resulting in basal
planes in the binder juxtaposed parallel 1o the fiber sur-
fuce, Here instend, the mesophase lamellae are oriented
perpendicular to the fiber surface and maintin this ori-
entation throughout the processing. Thermal stresses de-
velop the swirl eracks between praphite fayer planes in
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&

2. PAN fiber, pitch carbon and resin carbon in

composite 1.

Fig.

Fig. 4. Cracking in supportiag fibers and surrounding resin
impregnant. Composite C.

Fig. 3. Location of pitch binder and resin impregnant with re-
spect fo supporting fiber and axial fibers composite D. Note
cracking in the binder.

Fig. 5. PAN fiber cross-section, composite A.

Fig. 6. Pitch fiber cross-section, compasite B.

the binder which become closed porosity inaccessible to
cither Kr or He. A greater amount of clased porosity is
consistent with PAN-based fiber composite A having a
greater porosity closed te He and a lower Kr surface area
than does the pitch-based fiber composite B, as seen in
Tables 2 and 4. Smooth and regular flow patterns of
binder associated with pitch fibers reflect the parallel
orientation of this binder to the {iber axis. The contin-
uation of structure from the pitch fibers is a concentric
arrengement of binder carbon layer planes around the

Fig. 7. PAN fiber surface showing ridges along fiber axis, com-
posite A,

smooth and cylindrical pitch fiber axis. Separation of
pitch fibers {rom the composite billet cleanly shears the
binder basal plane from the fiber basal plane {rurning
along the tiber axis). This binder area is shown in Fig.
12. Depressions remain in areas where fibers were re-
moved, Stress fractures shown are the result of some
irregularities in the processing of this composite,

Tt is interesting that all four composites have similar
levels of total porosity; however. the amounts of open
and closed porosity vary. Stress cracks may develop within
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Fig. 8. Scales on PAN fiber surfuce, composiie A,

Fig. 0. Pitch fiber containing microfibrils, composite B.

Pl
Fig. 12, Binder associated with piteh fiber composite B.

composites comuining pitch fibers, giving rise 1o the closed
porasity of these composites. Development of stress cracks
in anomalous billets can cventually reduce the amount
of closed porosity and increase the level of open porosity
contained by the composite, This is the case with com-
posites D and C; large stress {ractures were seen in both
fiber and binder. Beeause of this, composite D has 92%
of its total pore volume accessible to He; whereas com-

Fig. 9. Outer sueface of pitch fiber, composite B,

Fig. 15, Actual recession of PAN fiber end below the compusite
surface on a post-fired rocket nozzle compuosite .

posite A, which had mo processing anomalies. has only
46% of its total pore volume accessible to He.

Finally, both types of carbon fiber contain porosity due
to the orientation of the non-planar “graphitic’” layers
(fibrils) of which they are composed. This orientation.
which has been described wsing a “wrinkled ribbon™
modet, places these (ibrils generally with alignment par-
allel 1o the fiber axis|3}. Elongated pores in the range of
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1-2 am in diameter and 20 nm in length exist between
these interwoven fibrils, Examination of the pitch fibers
has provided evidence of the existence of [ibrils within
the fiber structure. The accompanying porosity is inac-
cessible due to the “*sheathing’ of these fibers in a skin
which appears to be part of the fiber itself. In Fig. 10,
the sheath is pulled away from the pitch fiber, exposing
fibrils. Porosity of this sort contributes io the closed po-
rosity of these composite materials.

4.2 Compaosite reactivity,

4.2.% Influence of impurities on reactivity. Impurities
have 2 profound influence on the gasification of carbon-
accous materials in steam. It is well recognized that Fe,
Co, and Ni eatalyze the carbon-steam reaction|6]. These
trace clements are present at different levels in each of
the composites. Calcium is also an excellent catalyst for
carbon gasification in stcam. However, due to the com-
plexity of studying catalytic activity and the number of
possible catalysts present, a detailed investigation was
not conducted, No obvious correlations were drawn be-
tween specific elements and their catalytic activity in Cf
C composite gasification by steam.

4.2.2 Active surface area—normalization of compos-
ite rates. Rates measurcd on each composite can be nor-
malized in several different ways. Table 5 lists these rates
under experimental conditions, normalized to initial sam-
ple weight and 1o TSA measured by Kr adsorption. 1t is
not surprising that attempts to normalize reactivities based
on TSA are not successful, based on the large difference
in reactivities of the basal plane and prismuatic planes in
graphite. Physical adsorption of Kr does not differentiate
between these surfaces. A better normalization of these
data should be possible, however, using total active sur-
face arca {ASA) as measurcd by oxygen chemisorp-
tion[7].

Oxygen chemisorption measurements are based on ox-
ygen atoms chemisorbing on carbon sites occupying 0.083
nm?® at the edges of carbon crystallites (prismatic planes).
A and B were sclected for this study. Details of the
experimental procedures are described by Taylor{8].
Sample slices, as used in alt other characterization ex-
periments, were brought to 573 K in 66.4 Pa of O, for
24 h. The amount of oxygen chemisarbed was determined
direetly from the amount of CO and CO, desorbed upon
subsequent heating of the samples at 1233 K in vacuum.
The ASA's were 0.14 m*/ g and 0.63 m*/g for B and A.
H is interesting that the ASA for composite A measured
at 373 K gready exceeds its TSA, as measured by the
physical adsorption of Kr at 77 K. Taylor recognized that

‘Fable 5. Rates of reaction for .079 cm thick sample slices at
1123 K in 3.1 kPa steam

SAMPLES RATE RATE RATE
(mg /o) n(_t_aglmz TSA-h} (mp /o2 ASA~h)
A 0,618 180.0 28.6
I3 0.Gl4 167.7 -—
] 0.005% az.8 42.1
¢ 0.0083 43.7 —

there is some uncertainty in the arca to be assigned o a
chemisorbed oxygen stem{8]. He assumed that all the
oxygen was bonded to the carbon surface in carbonyl
aroups. in which case an assigned area of 0.083 nm’ is
reasonable. However, if oxygen were bonded in anhy-
dride groups, for example. one oxygen atom would oc-
cupy only about (1,054 nm’. [n any case. no reasonable
banding of oxygen in a functional group would lower the
area occupied by the oxygen atom sulficiently to reduce
the ASA for composite A below that of its TSA. The
conclusion is that at 573 K, O, is accessible to some
microporosity which is inaccessible to Krat 77 K. This
is not surprising for two reasons. First. O, has a smalter
minimum dimension than does Kr. Second. the higher
the measurement temperature, the greater the value of
the diffusion coefficient; snd the more rapidly equilib-
rium is attained. It was pointed out earlier that composite
A has a larper closed pore volume than does B. This is
consistent with the discrepancy between ASA and TSA
being greater {or composiie A,

Table 5 presents reactivity results for A and B aor-
malized by the ASA. The rates differ by a factor of 1.3,
This difference could be attributed to at least two factors.
Overall reactivities are the sums of an uncaislyzed rate
and a catalyzed rate. In the case ol the uncatalyzed rate,
Q. dissociates at carbon active sites. However. in the
case of the catalyzed rate, O, dissociates (and more ef-
ficiently) at impurity sites. The contributions of the cat-
alyzed rates to the overall raies for the two composites
could (and would be expected to) be different depending
upon the specilic activities of impuritics present and their
degree of dispersion. Second. steam af reaction iemper-
ature (1123 K) would be expected 10 be more accessible
1o previously assigned closed pores than would O, at 573
K. In this case ASA, as measured by oxygen chemi-
sorption at 573 K. would still not be expected (o be a
precise normatizing parameter, even if the contributions
of the catalyzed rates 1o the overall rates happened to be
ncgligible,

The measured ASA takes aceount of the anisotropy of
the graphite structure, being located primarily on the
edges of basal plancs. Due to the weave of the fibers in
the composite. a large amount of the expased composite
surface s composed of fiber surfaces. The alignment of
basal planes near the outer surface of a fiber is prefer-
entially circumferential, t.c. they are arranged in con-
centric cylinders. not in radial directions. Therefore. the
exposed portion of these fibers consist of basd plane
surfaces. containing e ASA. The remainder of the
composite surfiee is binder and some fiber ends,

Binder areas are influenced heavily by the amount of
poresity they contain. Fiber ends are mostly losaied on
the surface of the composite and are readily accessible
to the propellant product stream. The edge ares of the
fiber erystallites contains most of the fiber ASA, and this
edge area is located at the ends of the fibers. Uader rocket
motor operating conditions, these fiber ends erode much
more rapidly than ihe surrounding composite material[9].
Pock marks are produced on the C/C surface as evidenee
of the concentrated active area ot these sites (Fig. 13).
i is this fiber edge arca. along with accessible hinder
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Fig. 13. Reactivities of composites in 3.1 kPa entering H,O at
HK O B0 GO DA, A

cdge arca which contain the measured ASA; and it is this
area which appears to reflect the observed recession re-
sults.

4.2.3 Preferential reactivity of specific carbonaceous
constituents. Each composite is composed of three uniquely
identifizble constituents, viz. the fibers, the coal tar pitch
binder carbon, and the resin carbon. Each of these has a
unique structure and associated reactivity, As described,
the fiber should gasify preferentially at the fiber ends,
where edge arca is concentrated. The only exception to
this would be gasification at vacancies or dislocations on
exposed fiber basal surfaces.

Pitch binder carbon is graphitizable and exhibits re-
flectance interference colors indicative of graphitic layer
planc development and alignment. Reactivity of this binder
ares would depend on the degree of layer plane devel-
opment during the mesophase transition and the creation
of these lamellae. Yet, more important is the accessibility
of binder arca to the reactant gas species.

The resin carbon is amorphous and has the appearance
of a glassy carbon, which has a randomly oriented crys-
tllite structare. Precursors of glassy carbons are usually
thermosetting resins. The amorphous appearance of this
material is the result of very little crystallite growth and
a system of cavities and apertures created by its disor-
dered crystaltite structure. One might, therefore, predict
a higher reactivity for this resin carbon than for the pitch
binder carbon. However, a unique physical property of
#lassy carbons is their impermeability to gases. Most of
the porosity they contain is not accessible, resulting in
very small availuble surface srea. All of this would com-
bine to produce 2 material which would not necessarily
be more reactive than the pitch binder carbon.

As expected, it is found that gasification rates of glassy
carbon artifacts are uniform in the different orthogonal
directionsf 10]. Whether the overall gasification rate of
the artifact is higher or lower than that of graphite artifacts
depends upon the ratio of basal plane 1o edge surface
arca in the latter. For a high ratio, glassy carbon has the
higher reactivity; for a low ratio, graphite artifacts have
the higher reactivityf{10].
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Fig. 14. [nitinl burn-off vs fime plots at £123 K in 3.1 kPa
entering H.O for composites: A, AO. DO, COLVB.

5. SUMMARY

1t is evident that gasification behavior is directly linked
to the structure of the fiber constituent in these C/C
composites. Fiber structure appears to dictate the amount
of accessible porosity 1o corrosive gases in these materials
by influencing the development of the associuted binder
phases. Perhaps, this is most apparent with the compos-
ites composed of pitch fibers which have a circular cross-
section and smooth outer surface. Binder wraps itself
around these fibers in a concentric fashion during the
densification process; and, a5 a result, the ASA of these
composites is concentrated at the fiber ends.

The development of composite microstructure is not
as obvious for the composites fabricated with PAN fibers.
Their structure is irregular, having a crenellated cross-
section and 4 roughened outer surface. Binder forms scales
on this fiber surface which lic perpendiculur to the fiber.
The reason for this development is not obvious but may
possibly be attributed to processing. Perhaps, a pressure
treatment of these composites during processing coupled
with the unique structure of these PAN fibers influences
this scale formation. These scales of binder still attached
to the PAN fiber surface indicate that this fiber/binder
interface is much improved over that of the pitch fiber/
binder interface. Strength of & composite depends greatly
upon the extent of banding at the interfuce between binder
carbon and fiber surface.

in this stady composites composed of PAN fibers are
more structurally sound based on this inierface. However,
their ASA and subsequent mass reuactivity are greater.
Therefore, one must understand the structural tradeofts
to be made between mechanical properties and gasifi-
cation hehavior when using composites composed of
uniquely structured fibers.
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