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AN ASSESSMENT OF GRAPHITIZED CARBON FIBER USE FOR
ELECTRICAL POWER TRANSMISSION

I. INTRODUCTION

Graphite is an anisotropic lamellar solid with physical properties
which compare favorably with those materials used conventionally in
electrical power transmission. In Table 1, onme can compare the mechanical,
thermal and electrical characteristics of the graphite a-axis to the
properties of copper, aluminum, the 6201 aluminum alloy used for all
aluminum power tremsmission linmes, and a zinc coated stainless steel used
for mechanical support with the weaker metals. (1) The properties of the
graphite a—axis are equivalent or better in all respects except for a
deficiency of a factor of 10-20 in electrical conductivity. However, there
are known ways to chemically modify the graphite by intercalation which
improve the conductivity by factors of 10-20. (2,3,4) Figure 1 shows
examples of that improvement for several chemical species; note that the
improvement is substantial (~X10) over a wide range of intercalant
concentrations. The mechanical and electrical properties of graphite are
impressive and, if ome normalizes to unit weight, the low density of carbon
accentuates those properties compared to other materials (see Figure 2).

While the a—-axis properties of graphite are impressive, they are not
very useful for power transmission unless carbon can be shaped to impart
those properties along the axis of a filament. In fact, carbon chemists
have been quite successful in incorporating the desired a-axis graphitic
properties into the axial properties of a fiber (Table 2). Carbon fibers
with high strength to weight ratios are presently exploited in graphitized
carbon fiber/epoxide composites. These composites have had much publicized
use in golf club shafts and tennis rackets., They will find increasing use
as replacements to conventional structural materials ian aircraft,

automobiles and other areas where strength to weight ratios are a growing

Manuscript approved November 1, 1982,
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Figure 1.
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Basal plane electrical conductivity of graphite with various
intercalants: °c6n H!\Us (Ref. 4), AC8n Ast (Ref. 4);0 Cx Br2
(A.R. Ubbelohde, Proc. Roy Soc London A327, 289 (1972)), ——
various alkali graphite intercalation compounds (E. McRae, D.

D. Billand, J.F. Mareche and A. Herold, Physica 99B, 489

(1980)).
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concern. The fibers in these high strength composites have moderately good
electrical conductivity o~10% (0m)-2 and excellent temnsile strengths (~3
GPa). From the perspective of power transmission the critical question is
whether the conductivity can be raised to o~107((m)-2 while retaining the
mechanical strength.

There are problems to surmount before one might develop and utilize the
properties of graphitized carbon fibers for power transmission. How much
more of the a—~axis properties of graphite can be imparted to the filament
configuration? Will the chemical modification schemes necessary to improve
the electrical conduction in pure graphite also work in the fibers? Will
the modifications be stable for years or tems of years? Will modification
impair the other desirable properties? Can appropriate graphite filaments,
which now cost on the order of $1090/1b., be made cheaply enough to compete
with conventional materials? The following report will examine these
questions and assess the techmological and economic problems facing the use
of carbon fibers for electrical power transmission. One can anticipate the
general answer. In the near term, graphitized fibers will likely be useful
only in those selected applications chosen so that the unique properties of
the fibers will permit new design possibilities which offset the fiber
cost,

In Section II the fundamental chemistry and physics which impart to
graphitized carbon its unique properties are examined. In Section III the
possible application of fibers to power transmission are discussed in more
detail, Several specific applications where the fiber properties have
special potential are examined. Some conclusions and recommendations are

presented in Section IV.
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II. CARBON FIBER PROPERTIES

A. Manufacture

Most commercial graphitized carbon fibers are presently made from
one of three precursor polymeric material :: rayon, polyacrylonitrile (PAN)
or pitch, The general processing procedures follow the sequence: the fiber
is formed, stabilized, carbomized, and then graphitized. (5-11). The
polymeric fibers are first stabilized via an oxidation process to increase
the char yield and/or retain any axial alignment imparted during fiber
formation. The stabilized polymer is then pyrolyzed in the vicinity of
1000°C. This removes most of the foreign atoms (0O, N, etc.) and begins the
growth of extended hexagonal networks. To some extent the carbon can now be
viewed as sheets of two dimensional polymer made from phenyl rings. Further
heat treatment at higher temperature extends the networks and leads to the
formation of three dimensional islands. The islands have a turbostratic
graphite structure, i.e., the two dimensional planes are stacked, but are
rotationally misoriented. Higher temperature treatments (2000-3000°C),
where the planes reorient to form the ABAB three dimensional graphite
structure, are referred to as graphitization. Both carbonization and
graphitization processes are likely to be done with the fibers under tension
to orient networks parallel to the fiber axis. The carbon in a graphitized
fiber is believed to be a set of tangled ribbons or sheets of layered
networks (see Figure 3). The size of the networks, their preferred
orientation, and the extent of layering depend on the starting material and
the processiang parameters, Structural alignment is genmerally better with
higher processing temperature and strain.

An alternative technique for producing high quality graphitized

carbon fibers has been developed by Endo and coworkers. (12) They form the

. SRS s
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Figure 3. Schematic representations of the interpenetrating ribbons and

planes of carbon which are believed to reflect carbon fiber

s ture (after B.J. Wicks, J. Nucl. Mater. 56, 287 (1975)).
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fiber by pyrolyzing a mixture cf{ benzene and hydrogen at temperatures around
1100°C, The fibers are subsequently graphitized at temperatures above
2800°C. Fibers made in this way, and those made from mesophase pitch (13)
by conventional spinning techniques, show the greatest potential for very
high electrical conductivity.

In carbon fiber manufacturing technology the structure of the
polymer precursor, the nature of the precursor treatment, and hot stretching
all play a significant role in final fiber properties. But, in general, the
desired properties in all carbom fibers improve with higher heat treatment
temperatures (HTT). One can study the increased ordering caused by heat
treatment and strain by means of X-ray diffraction techmiques. (10,14,15,16,
17,18,19) The averaged planar spacing can be measured from the 004
diffraction angle. The polar width of the 002 lines provides an estimate of
the coherence length Lc (i.e. number of stacked plames n = Lc/d) (10,14,20);
the azimuthal width ¢ of the 00 lines provides an estimate of the preferred
orientation of the crystallites. (10,15,19,21) One can also measure a
coherence length La for the in—-plane hexagonal network from the widths of
the (hk0) diffraction lines. (10,14,15,22) Given the structure shown in
Figure 3, the measured coherence length is likely to be related to a radius
of curvature rather than the true extent of the hexagonal network. The
evolution of order with heat treatment temperature (HIT) and strain is
illustrated in Figures 4 and §.

Microstructural observations of fibers by optical, high resolution .
scanning electron microscopy and scanning transmission electron microscopy
have also contributed to the knowledge of fiber structure. (16,17,23) Three
basic microstructural types are commonly recognized in graphitized carbon

fibers: radial structures with a preshaped missing wedge, random structures,
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Figure 4.
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and onion skin. Scanning electronm microscopy of GY-70 and TP 4104B, two

highly graphitized fibers which are mentioned extemsively im this report,

showed concentric and radial structures, respectively. (24)

One interesting result of NRL research has been the discovery that

nuclear magnetic resonance of fluorine-bearing intercalants in the fibers

can be used to study the fiber microstructures. NMR has

been shown to

confirm the X-ray diffractica conclusion that orientation of the graphitic

c—axis is perpendicular to the TP 4104B fiber axis. (25)

The general trend toward improved graphitization with HIT as

demonstrated by La' Lc and ¢ in Figures 5 and 4 are consistent with changes

in electrical condnctivity (Figure 6), in elastic modulus (Figure 7 left),

s

and in tensile strength (Figure 7 right) . The preferred orientation of c-

axis perpendicular fiber axis is precisely what is needed to maximize the

fiber electrical condactivity and temsile modulus. As a

general rule, soft

carbons (such as from a mesophase pitch precursor) provide better electrical

and mechanical properties than do hard carbons (such as from a PAN

precursor) for a given treatment temperature. Soft carbons are also char-

acterized by being relatively more soft mechanically and
more readily at lower temperatures,

Because the HIT is not sufficient in itself to
properties, it is important to have some way in which to
properties., The ordering parameters L‘, Lcand ) are not
the literature. The value of the conductivity itself is

and is likely to be a good indicator of fiber potential.

by graphitizing

specify fiber
correlate their
commonly cited in
frequently measured

The work of

Ezekiel (26) and others (10,27,28) has shown that the values of the tensile

modulus and electrical conductivity are closely related.
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Figure 6.
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B. Intercalated Fiber Electrical Conductivity: Empirical Development

The effect of chemical dopants on transport phenomena in carbons
has been examined largely in a rigid band approximation. More extensive
band calculations on intercalated graphite have been carried out to examine
the modified electron density of states and the carrier effective mass, but
little has been done on the less ordered systems such as fibers. However,
there has been considerable research in recent years to determine
empirically the effect of chemical dopants on fiber electrical
conductivity.(24,29,30-37) The major results are summarized in Table 3.

One can draw several conclusions from the data in Table 3. First,
the conductivity of carbon fibers can be improved by the same intercalants
as in graphite. That improvement can be X10-25 for in situ measurements oﬁ
highly graphitized fibers and X2-10 for residue compounds. When several
fibers have been intercalated under the same conditions, the more graphitic
fibers (as determined by o (300°K) and E) improve the most. This
observation is shown by the work of Herinckx (31) on rayon-based fibers with
K as intercalant, of Goldberg and Kalnin (34) on PAN-based fibers with
various fluorinated acceptors, and of the present work reported on PAN- and
mesophase pitch-based fibers with K, Br, and ICl as intercalants. Second,
the relative improvement in fiber conductivity by a given intercalant can be
greater than that observed for the same intercalant in graphite. Third, the
intercalated fiber conductivity can be as high as 107 (Gm)-2. This is
equivalent conductivity to iron (¢ = 107 (9m)-1) and within a factor of 6 of
copper (o = 5.8x107 (fm)-2). Fourth, the enhancement of fiber conductivity
is always accompanied by the change of the temperature coefficient of
resistance toward a more positive value. All virgin fibers showed negative

TCR. The more graphitized intercalated fibers showed positive values of

15
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TCR, indicative of metallic—like behavior. Fifth, the conductivity
enhancement can be stable in an ambient of air and at elevated temperatures.
The work of Oshima et al. (37) on a mesophase pitch fiber (#6, Table 3)
demonstrated air stability to 100°C. The residue compounds of Br, and HNO,
were also air stable; the Br, residue compounds showed stable conductivity
up to 300°C. Deitz and Hooley (38) have reported Br, residue compounds of
TP 4104B can be stable up to 900°C in helium. Sixth, this work and that of
Deitz and Hooley have shown that the more graphitized fibers intercalate
more readily. For instance, TP 4104B intercalates Br, at (p/p,)Br,~0.6.
For GY-70 Br, did not intercalate for (p/p,)Br,~1 and it was necessary to
first intercalate ICl1 which is known to intercalate more readily from work
on graphite. The IC1 could be largely pumped away and Br, then inserted
into the GY-70.

These experimenta] results demonstrate a potential for highly
conductive, stable carbon fibers. But the research is not adequate to
answer the question of how good one might make fiber conductivity. To
answer that question one needs to know dore about the basic
physical/chemical processes which determine electronic transport in carbon
and carbon fibers,

C. E ronjc Tran Two Dimensional Conjugated Carbon Bon

The improvement of electrical conductivity of graphitized carbon
fibers as the structure becomes more nearly like graphite suggests two
things: 1) the mechanisms of a—-axis comductivity of graphite can serve as a
model for conduction in the fiber; the fiber will differ in the lack of
three dimensional order and in increased defect sites; and, 2) the chemical
dopants which enhance electrical conduction in graphite will also work in

the fibers., The published work on carbon fibers confirms both hypotheses.
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The properties associated with electromic transport in carbon
fibers are not unique to that geometry. Various pyrocarbons, chars and
cokes have also been examined as a function of heat treatment temperature.
Conductivity, Hall coefficient, thermoelectric power, and magnetoresistance
measurements and their temperature dependences have all been studied. A
general review of this information has recently been published by Spain. (3)

In 1971 Mrozowski proposed a heuristic model for the carbon
density of states to explain carbon electrical properties as a function of
heat treatment temperature. (39) The model is schematically illustrated in
Figure 8. The carbon 2pn electrons in benzene form bonding/antibonding
orbitals separated by 3.6 eV. As the two dimensional hexagonal network
grows, these orbitals begin to form into the top and bottom of the valence
and conduction bands, respectively. In a perfect network the valence band
would be full, the conduction band empty and the Fermi level at midgap.
However, the edge sites and other localized defects trap electrons. This
extracts the electrons from the delocalized band structure and causes the
Fermi level to dip into the valence band. At this point the carbom is a
hole semimetal but the mobility is substantially lower than in graphite due
to scattering by the numerous defect/boundary sites. As the planes grow in
extent, and assume three dimensional ordering, the two bands migrate toward
each other until they overlap slightly (40 meV). The number of defects
decreases and the Fermi level migrates into the overlap region. This model
has evolved somewhat in the past ten years but remains substantially intact.
Bright has tested its present form against fiber transport measurements and
achieved good agreement with reasonable physical values of five fitting
parameters. (40)

It is likely that this picture, which presumes a free electron
like behavior in the pn bands, is not totally correct. Localized states at
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the band edges due to the presence of disorder in the two dimensional
network are predicted by band theories. Localized states would lead to
conduction by hopping mechanisms; there is evidence to support this
mechanism in carbom and in carbon fibers. (3,29,41-43),

Band structure calculations on a two dimensional hexagonal network
show that the valence and conduction band edges just touch at the Fermi
level. (2,3) 1In crystalline graphite the interaction between planes,
although weak, causes the two bands to overlap slightly (40 meV). The
result is that graphite is a semimetal with a low concentration of holes and
electrons (~10-4/C atom) but with very large mobilities (p~1 m3/V sec)
because of small effective masses (m/mo~.06 - .004) and reasonable
scattering times. The result is good electrical conductivity ¢ = n_ep -

o ep, = 2x10¢ Q-1 m-2,

Chemical doping of the carbon—either by substitution of boron for
carbon in the hexagonal ring, by intercalation, or by attachment to an edge
site-provides an effective mechanism to change the number of available
charge carriers. (44,45) The measurement of charge transfer in doped
graphite has been inferred from a number of techniques. Most of the
techniques are nnable to directly probe the electron density local to the
carbon nuclei. (2) Further, the techniques do not lend themselves to probing
small heterogeneous materials such as carbon fibers. As one part of the NRL
program we have explored the use of Auger spectroscopy to examine the
density of states local to carbon in graphite and graphitized fibers. Aunger
is unique in that it not only directly examines the local demsity of states
(as does X-ray emission spectroscopy) but it also can provide spatial
resolution of less than a micron. That work (46) showed Aunger to be

sensitive to the charge transfer, but the quantitative extraction of charge
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transfer was masked by screening. Work on the theory of screening in
graphite is in progress so that ultimately the charge transfer can be
extracted from the data.

Band structure calculations for some simple intercalated three
dimensional graphites have been carried out inm detail. (2) A rigid band
approximation appears to work reasonably well for phenomenological work.
Within a rigid band model for the density of states the chemical dopant
simply contributes to (domor - Li, K, Cs, etc) or extracts from (acceptor -
AsF,, Br,, HNO,, etc) the conduction/valence band, respectively. This moves
the Fermi level into a region of larger density of states (electroms for
donor species, holes for acceptor) and electrical conductivity o increases
as the number of available carriers n increases. The charged dopant is also
presumed to contribute an additional scattering mechanism, decreasing the
net scattering time t and thereby lowering the mobility p:

.1._2(; 1 1 1

1 + & L
'} e T phonon-elec * T defect t dopant <t elec-elec

)
Doping changes the carrier density more significantly than scattering time
until large dopant concentrations are reached. This is thought to be the
explanation for the peak in o vs. intercalant molarity observed in Figure
1.(47)

The transport properties of a material are largely determined
through the carrier concentrations n and mobilities p. A number of studies
of PAN, (26,48,49) mesophase pitch (50), and benzene decomposition fibers
(30) have examined the temperature depemdences of conductivity o,
magnetoresistance Ap/p and/or thermoelectric power S in an attempt to
determine the physical mechanisms dominating the transport. It is clear
that defect and boundaries play a larger role in fiber than in crystalline
graphite, but no study has definitively identified the physical mechanisms

limiting fiber electron transport.
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Mrozowski (39) recognized that doping of carbons could be a
powerful tool for introducing large changes in carrier properties by small
chemical perturbations. Endo et al. (30) have shown this for Br, residue
compounds of their benzene decomposition fibers. We have demonstrated
similar effects for Br, and ICl residue compounds in TP 4104B and GY-70
fibers (see Fig. 9). (A residue compound is used here to mean a sample
intercalated under conditions leading to first or second stage intercalated
graphite, the intercalant pressure is then removed by some prescription and
the sample exposed to air.) Not only does doping improve the conductivity
but it also changes the sign of the low temperature thermal coefficient of
resistance, In both cases in Figure 9 maximum Br, or ICl residue is
present. It may be possible to prepare samples with lesser Br, or ICl; this
would be a significant tool in the investigation of fiber transport and in
the role of dopants.

D. Fiber Mechanical Properties

As seen in Tuble 1, the tensile strength and Youwhg’'s modulus for
the a-plane of graphite are large compared to metals; Figure 2 demonstrates
the even more impressive values when normalized by density. These
properties are related to the very strong C-C bonds formed in the sp32
hexagonal network. The fact that the electrical properties derive from the
pﬂ electrons and the mechanical properties from the sp3 electrons gives one
hope that chemical schemes found to selectively alter the conductivity may
not dramatically change the strength,.

Carbon fiber strength and stiffness are expected to depend on the
formation of extended two dimensional planes aligned parallel to the fiber

axis, Studies of Young'’s modulus E in fibers confirm that expectation.
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Figure 9. The relative change in resistance versus temperature for

TP-4104B (a mesophase pitch precursor) and GY70 (a PAN

precursor) fiber with and without intercalants.
compounds with Br, and ICl1 (designated by subscript R) were
prepared by fully intercalating the fiber and pumping off any

volatile material, Note the change to a positive TCR in the

residue compounds.
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(10,16,19,28,50,51) It was shown earlier that the a-plane coherence length
La (Figure 4), the c-axis orientation (Figure 5), and the tensile modulus
and strength (Figure 7) all tend to improve with heat treatment temperature
and applied stress. In Figure 10 the direct correlation of E with c-—axis
orientation is illustrated for a variety of carbon based fibers.

The peaking and slight decrease in tensile strength above
HIT~1500°C in Figure 7 is thought to be due to increased sensitivity to
flaws. (28) As the tensile modulus becomes larger, the fibers behave
increasingly as brittle materials. Stress becomes concentrated about
structural flaws which act as nucleation centers for crack inmitiation. Once
a crack is initiated failure is catastrophic.

If the introduction of an intercalant or dopant into the carbon
fibers results simply in charge transfer or bonding via the P, electrons,
then one would anticipate little change in the tensile modulus. However,
swelling due to the physical insertion of the dopants may have some effect
on modulus by modifying the alignment of the ’'‘crystallite’’ c-axes. This
swelling might be expected to have a larger effect on the tensile strength
than on the modulus of the fiber, since differential expansion between more
graphitized and lesser graphitized regions should exacerbate flaws.

Changes in mechanical properties due to the treatment of fibers
with chemicals known to augment conductivity in graphite cannot be
unambiguously identified by reference to the literature. The chemistry is
often complex, with chemical etching possible as well as intercalation.
There are no comprehensive studies to isolate these two effects and each of
the few available stodies uses a different combination of fiber/chemical

reagent,
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YOUNG'S MODULUS (GPa)
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Figure 10, The Young's modulus E as a function of carbon layer oriemntation
parallel to the fiber axis as measured by the full width half
maximum angular spread of the 002 X-ray diffraction peak. The
data are:—— ., Fourdeax, Perret and Ruland, Ref. 19, this line
represents the modulus (corrected for porosity) of rayon, PAN
and pitch based fibers; —-— Hawthorne, Ref. 16, petroleum
pitch, lignin coal and phenol formaldehyde based fibers; .....,
Bright, Ref. 50, mesophase pitch based fibers; __ ___ __, Bacon
Ref. 10, rayon based fibers; __ , Bacon, Ref. 10, PAN based

fibers.
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Hart and Pritchard (52) report comsiderable increases in modulus
after oxidation of PAN fibers by NO, and air. They attribote the increase
to etching away of the less graphitic materials. Kalnin (53) reports a
study of a T-300 PAN fiber treated by strong intercalating acids (HNO,/
H,S0,/H,0); depending on the acid composition he finds either little change
or reduced tensile modulus and electrical conductivity. Again no evidence
for intercalation was cited; the changes are attributed to internal
oxidation of intercrystalline grain boundaries. Warmer, et al. (54) report
that PAN fibers (in particular, GY-70 and T-300) exposed to Br, and ICl and
then pumped to remove all but a small amount, show no change in tensile
strength, modulus or electrical conductivity. However, they do observe
increased plasticization in the presence of the Br,. Goldberg and Kalmin
(55) report similar plasticization of highly graphitized PAN when
intercalated with AsF,, SbF, and HNO,. Deitz (56) also reports work on six
Br, doped and pumped PAN fibers; he finds ~50% increase in temsile modulus
for the two most highly graphitized of six PAN fibers. None of the five
studies cites any evidence to show the reagent actually intercalated.

Vogel (32) reports a study of a rayon based Union Carbide fiber
T-75 (Table 3, #2); it was exposed to fuming HNO, under conditions known to
intercalate graphite, but no diffraction evidence is shown for fiber
intercalation., The conductivity increases by am order of magnitude, the
modulus increases by 70%, and the temsile strength decreases by 20%. This
contrasts with the study of Kalmin (53) who saw conductivity and strength
decrease in his work with HNO,/H,SO,/H,0. The difference is likely to be in
chemical etching which is accelerated by the presence of water. Kalnin

suggests the etching may preferentially attack the ’’'amorphous’’ carbon and
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*'crystallite’’ boundaries. Kwizera, et al. (24) report that the Young’s
modulus of GY-70 and TP 4104B fibers is not degraded as a result of
intercalation by FeCl,, AICl, and alkali metals. Diffraction studies
confirmed intercalation, Herinckx, et al. (31) report work on X
intercalated rayon fibers which also shows little to no change in the
Young’'s modulus. Tensile strengths are not reported in either work;
Herinckx et al. attempted the measurement but failed due to bending at the
point of fiber loading. Gillespie et al. (29) have reported that the
tensile strength of lesser graphitized fibers (T-300, VS0022, AS, HMS) is
lowered somewhat (10-50%) and highly graphitized fibers (TP 4104B, GY-70)
substantially (~X10) by intercalation with K followed by exposure to FeCl,.

Endo, Koyawa and Inagaki (30) have examined the modulus and
tensile strength of fibers prepared by benzene decomposition and
intercalated by Br, and HNO,. For air exposed fibers they found the tensile
strength decreased by ~25% and 35% for Br, and HNO, intercalation,
respectively. The tensile modulus decreased by 10% at most. For HNO,-
exposed fibers, X-ray diffraction confirmed a high stage of intercalation.
They also noted that the tensile strength varied inversely with fiber
diameter.

With the exception of Kalnin's (53) work, the results of chemical
treatment by reagents known to intercalate graphite show that Young's
modulus is either unchanged or increases. The increase is attributed to
improved alignment of crystallite ¢ axis perpendicular to fiber axis,

The effect on tensile strength is likely to be detrimental but quantifi-
cation is uncertain due to the difficulty of making the measurement.

For the use of graphitized carbon fibers in power transmission the

tensile modulus E is an important property. On the basis of evidence to
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date, heat treatment or chemical modification to enhance electrical
conductivity is likely to improve, or at least not alter, the modulus.
Tensile strength (TS) is another matter. Actually the problem with fiber

application to power transmission lies not in the tensile strength itself,

The strength of the highly graphitized intercalated fiber, while not as good

as lesser graphitized carbon, compares very favorably with other structural

materials (see Tables 1, 2 and Figure 2). The problem lies in the fragility

of the fiber to bending; they are difficult to handle without breaking.
Since the presently known techmiques to improve fiber conduction
(HTT and chemical modification) have been shown to reduce the tenmsile
strength, the fragility problem is serious. Several possibilities exist
which might reduce the difficulties, First, fiber fragility is manifested
in its inability to bend. One way to improve performance is to reduce the
fiber diameter d. The radius of curvature R at which the fiber breaks is

related to d by:

g - {QE
(TS)

Second, it has been observed by several groups, (11,28,30) that smaller

diameter fibers have increased tensile stremgths. This may be related to

fiber structure. It is postulated that the outer shell of the fiber is more

graphitized and carries most of the load, Smallexr diameters may augment the

proportions of graphitized carbon and may reduce the probability of flaws.
Third, the susceptibility to failure of the highly graphitized fibers has
been shown to be dependent on flaws. As ever shorter fiber segments are
tested, the tensile strength has been shown to approach 1% of the tensile
modulus, even for heat treatment temperatures at 3000°C., This observation

demonstrates flaw sensitivity; the shorter the segment, the lower the
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probability of a flaw. Manufacturing techniques and surface treatment have
been developed to achieve the present state—of-the-art; they can be improved
further to reduce the incidence of critical flaws.

Finally, onme might imbed the fiber in a tough matrix material.
Diefendorf (5) has pointed out that this process is not a panacea because
the fiber modulus is so much greater than that of available polymers.
However, it is possible that a high strength matrix composite will hold
broken fibers sufficiently close to retain good conductivity. It is also
possible that a composite utilizing electrically conductive polymers, such
as polyacetylene which responds to the same dopants as the fibers, may be

utilized