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Introduction

High modulus fibers are used mainly as fi-
brous reinforcement in resins, metals, or ceramics
o provide strength and stiffness. It is instruc-
tive to consider what factors led to the develop-
sent of composites. Structural designs are as
likely te be limited by the stiffness as the
strength of the construction material. Hence,
engineers have always desired stiffer, stronger,
less dense and lower cost structural materials.
There are a number of wmaterials in the upper center
part of the periodic table, such as boron, carbon,
silicon carbide and alumina, which all have signif-
icantly higher zodulus/weight ratios than the com-
zon engineering wmetals. Theoretically, the high
modulus would result in high scrength if the ma-
terial were perfect. Unfortunately, most of the
high modulus waterials are covalently bonded and
are brittle. Swmall f)aws can produce catastrophic
failure at drastically reduced stresses. (The
flawvs may be introduced during manufacture or dur-
ing service.) Except in some unusual protected
enviroaments, primary structural elements can not
bve made from materials which fail catastrophically.
Composite maierials offer the potential of using
these brittle materials in structures which will
not fail catastrophically. The brittle materials
are made into fiber form to give redundancy and
rlaced into a matrix. The matrix serves to trans-
fer stress into and out of the fibers. The matrix
and matrix/fiber interface must also serve to stop
cracks which originate in the fibers from propa-
gating thrcugh the solid. Hence, a localized im-
pact may treak a few fibers, but the crack can be
stopped by & ductile matrix or fiber/matrix deboand.
tven ceramic f{iber/ceramic matrix composites can
be made which are relatively tough. The use of
composites to attain non-catastropic failure with
brittle materials has penalties. The volume frac-
tion of reinforcing fibers is generally 0.65 or
less, and fibers only relnforce in one direction.
While fibers can be orientated in three orthogocval
directions, composites offer the greatest potential
if fibers are oriented predominantly uniaxially or
biaxially. Fortunately, many structures are loaded
mainly in one direction.

Cowpai Zson of high modulus fibers must neces-
sarily com;are their performance in composites.
The task is made more difficult by the diverse ap-
rlications, particularly if non-ambient temperature
uses are considered. This paper will be separated
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into rvo parts: firstly, the requirements for fi-
bers which are to be used in resin, metal or ce-
ramic matrix composites will be defined. Secondly,
present fiber performances will be compared to eack
other and the desired composite requirements.

Cowposite Requirements

The desired properties for fibers are often
ranked quite differently for resin, metal and ce-
ramic matrix composites. Also, since metal and ce-
ramic matrix composites commorly are exposed to
elevated temperature, {if only .for processing), the
high temperature characteristics of the fibers must
also be considered.

Resin Matrix Composite Reinforcement

Fibers for resin mstrix applications would have
the highest modulus, lowest density, and highest
tensile, compressive, and interfzcial boud streogth
between resin and fiber, vhile still failing in 12
non-catastrophic mode. Non-catastrcphic failure
requires a balance between the values of the tensile
strength of the f{ber and the interfacial bond
strength. Too high an interfacial bond strength for
a given fiber tensile strength will produce a more
brittle composite which will be flav sensitive and
generally have a2 lower tensile stTenmgth. Too lov an
interfacial bond streagth will produce poorer com-
posite shear and tensile streagths, but the compos-
ite will be less flawv sensitive. The exact value of
the ratic of fiber tensile strength to interfacial
btond strength should be selected for the particular
application. Hence, for high damage tolerance, a
slightly lower interfacial bond strength might be
desirable. Other factors affect the fracture pe-
havior. For example, higher fiber modulus, low fi-
ber sirengcth, higher volume fraction, brittle ma-
trix, low test tewperature, and high loading rate
will all produce s more brittle fracture. Except
for a few applications, fibers are produced with
only one surface treatwent which is optimua for
many applications. Practically, the shear strength
of a composite must exceed 3IS5MN/mf (5,000 psi) to
have any practical applicaiion. This requirement
forces the strain-to-failure for a fiber to be at
least 0.5 for any structural application for two
reasons. Firstly, strains in structures often reach
0.2% (a common fatigue limit strain in metals), and
local strains, as under rivets, are likely to be
several times higher. Secondly, this low strain-to-
failure corresponds to low fiber strength, and a
brittle composite would result if the shear strength




15 maictained at a sinimum of 25MN/ul, Obviously,
iar more critical structural applications the
strain~to-failure should be several times higher.
3oeing, for example, would not use a fiber with
less than 3 2.0 percent strain-to-failure with 3
1J0MN/m~ ¢omposite shear streangth for primary
structural applications such as the wing box.

Therma. expansion coefficient iy also an
izportant property for reinforcing fibers. In
nany cases. the thermal expansion of a composite
<11l be lower than the scructure o which it is
itracned. Careful design must be used or binding
and warping will result wich a temperature change.
However, the negative thermal expansion coefficient
af some fibers can be used to produce a zerc ther-
aal expaansinn coefficient, provided the fiber mod-
slus 1s sufficiently high. Finally, stress rupture
is important for sustained load applications.

One secondary consideration is the form of
the reinforcement. GCenerally, continuous fiber in
the form of tow with zero or a half to one tpi
twist 1s desirable. Fine diamecer (<15u) is desir-
able to ainimize stresses which arise from fiber
high curvatures in parts. (However, a large rumber
of fine fibers is harder to handle during fabrica-
tion than fewer laige diameter (>100u) filameat.)
Another consideration is electrical properties.
for radar domes, or printed circuit boards for
example, an insulating fiber is required. However,
for electiomagnetic shielaing, or static dis-
charge, a conductive fiber is required. Although
erther insulating or conduciive fibers may be used
in corrosicn resistant composites, conductive fi-
bYers may cause corrosion of attached metal parts.
finaliy, ocner properties suth as therwal coaduc-
tivity or coetficient of friction way be important
for certain applications.

Metal Matrix Re:nforcemen:

The mechanical requirements for reinforce-
znents for high temperature applications resulcs in
nany of the same chemical elements and compounds
seing selected a2s presently used in resin matrix
composites. Materials with high modulus and high
strength generaliy have high melting points, aad
good high temperature properties. (Exceptions
are the high modulus organic fibers.) Hence, most
fibers developed for use with resin matrices would
appear to be good candidates for reinforcement iu
High cemperature composites.

High temperature stress rupture and creep
resistance are the properties of general concern
in most high temperature structurzl material ap-
plications. The refractoriness (i.e., melting
temperature) of the fiber is often a good ‘indica-
tion of these properties because thermally activai-
ed slip and creep become dominant at 0.5 of the
neiting vemperature for simple crystal systems.
Oxidation resistance must also be thuroughly con-
sidered in fiber selection because of the uncer-
tainty of filament exposure to the environment or
the possibtiilcy of oxygen diffusion through the
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mactrix. These problems are particularly acute {if
the fiber also has a fine diameter such as the
graphite filaments. Fiber diameter will also ef-
fect the choice of processing techniques and sub-
sequent forming operations that can be used. Fine
diameter (25um or less) multi-tow filaments such

as FP-alumina and graphite are more conveniently
processed by liquid infiltration while filament
over 100 microans in diameter cau be processed using
powder metallurgy t2chniques.

The density of the fiber, zs well as the ma-
terial property of interest, will detervine the
potenciai specific properties of the composite.
From this consideration ceramic and carbon fibers
could offer a greater potential as reinforcements
in metal matrix composites if not pr2cluded by
stability and other limitations. The over-riding
consider-tinn in selecting a metal matrix for com-
posites is its chemical and physical compatibility
with the reinforcing fiber.

A major requirement for the reinforcements is
that they be compatible with their eavironment.
Ideally, the reinforcement would be oxidation re-
sistant and compatible with all potential matrices.
Only the oxides are truly oxidation resistaant, but
sowe compounds have adequate oxidation resiscance
if they form an adherent glassy coating.

Compatibility with matrices is also required.
Numerous fiber arnd macrix combinations have been
proposed as potential high temperature composites
based on their unique mechaoical, physical and
chemical properties. The record of successful
development of such composites has been disappoint-
ingly low because of chemical or physical incompac-
ibilicy between fiber and matrix.

Chemical compatibility must be of twec types.
One is sufficient interac ion between the fiber
and che matrix to assure strong bcnds necessary
for off-axis strength of continuous reinforced
composites or for stress transfer between rein-
forced composites. The other is the ability of
the matrix and fiber to co-exist without mutually
induced disintegration by interdiffusion and recc-
tion. The dilemma faced in composite development
is that the ccnditions which result in both types
of compatibility are mutually exclusive. Useful
composites can be produced only if a successful
compromise bezween bonding and disintegration can
be established. Two principal techniques used to
achieve this result are applying a protective coat-
ing to the filament, and adding coastituents to
the matrix that restrict interaction,

The carbides, nitrides, and borides all react
with most potential metal matrices, and the ques-
tion of importance is how fast. The most kinet-
ically stable are the carbides of niobium and
hafnium, although silicon carbide is also attrac-
tive for lower temperatures. Coating, however, is
not an ideal solution to compatibilicy problems
because of two critical considerations. The first
i{s the ovbvious economic penalty incurred by the




adéition of the coating step during composite fab-
rication. Second is the criticality of optimum
coating thickness. Too thick a coating caa result
in sources of brittle failure while too thin a
coaring results in insufficient protection.

Mechanlcal compatibility of the fibe. with
the metallic-matrix requires consideration of the
thermal expansion properties of the fiber, espe-
cially if cyclical thermal excursions are expected
in service. EIxact matching of thermal expansion
properties of fiber and matrix is neither practical
nor absolutely always necessary. However, the
particular operating conditions and the performance
requirement will determine the criticality of this
variable. For example, a macrodimensionally stable
large structure can be achieved ir. a graphite-cop-
per copposite, but when the surface quality must
meet optical standards the thermal mismatch be-
tween fiber and matrix precludes this material
for use.

Finally, corrosion couples may be generated
between electrically conductive fibers and the
matrix. In turtine applications the thermal con-
ductivity of the fiber as well as the matrix can
be utilized for heat dissipation and therefore
must be considered when designing cooled compo-
nents. In this case metal fibers are preferable
to ceramic fibers. Conversely, ceramic fibers
could be more advantageous for applications where
heat recention or insulation is desired.

Finally, compatibility is not the only con-
sideration. For metal matrices, no single matrix
alley wili be cptimur for all desired properties
and the development of suitzble materials invari-
ablv involves compromises for onme or more of the
significant properties. The question that remains
to be sertled is whether sufficient properties can
be retained after such a trade-off to render the
allov useful and econorical for composite appli-
cation. While lower melting point metals, such as
zluminum, can form useful composites with certain
fibers, it is not apparent that suitable systems
exist for higher melting point matrices.

Ceramic Matrix Composite Reinforcements

Brittle materials, while often having superior
high tewperature properties, sre limited by inade-
qudte fracture toughness at near ambient tempera-
ture. The problem then is to increase fracture
toughness while not sacrificing strength. In ce-
ramic matrix composites the emphasis is on toughen-
ing at lower temperature, <l1000°C, so that they may
survive heating or cooling. This is in congrast to
metal matrix composites where the emphasis is on
improving high temperature behavior.

The general principles for toughening ceramic
composites are similar to thnse for other types of
composites: (1) to increase the local driving
forces necessary to propagate cracks to failure;

(2) to locally incresse the amount of mechanical
energy consumed per unit area of propagation of any
crack; or (3) to decrease the local strain by crack-

ing which reduces the stress concentration., How—
ever, the mechanisas by wvhich these principles are
realized in ceramic matrix composites mav be the
same or very different frox other cowmposites. The
differences in mechanisms manifest themselves in
tvo important ways. First, in most other compos-
ite systems, applying the first two principles
above would generally increase the srrength of the
body. llowever, in ceramic composites this is not
necessarily the case. In scowe, toughening may be
obtained at the sacrifice of some strength rather
than increasing it, due to the introduction of
larger effective flaws and/or lower Youngs moduli.
In other ceramic composites, strength may either
be unaffected or may be increased. An importarc
difference between cersmic and other composites

is the temperature regime in which toughening s
emphasized.

While ceramics can be toughened by incorpora-
ting fibers haviag a higher Youngs sodulus thar
the ceramic mnatrix, e.g. as {llustrated by the
work on use of ceramic fibers in glass or crystal-
lized glass mactrices, its applicability to ceram-
ics is much more limited. The limitation arises
because of Youngs moduli of wost matrices and f{i-
bers of interest are similar and the descriptive
terms matrix and reinforcement lo<e much of their
meaning except geometrically.

Some benefits accrue at higher temperature,
if fibers have a higher modulus and/or a lower
rate of decrease of their modulus with temperature.
Hence, some modulus transfer of load may also
occur at temperatures reasonably in excess of
1000°C. In addition to improved toughess at ambi-
ent temperatures, ceramic matrix composites 'v1ll
require a combination of properties to accommodate
particular high temperature applications including:
creep vupture strength, oxidation/hot corrosion
resistance, and good mechanical and thermal facigue
characteristics. The challenge is to design a ce-
ramic composite with a balance of properties supe-
rior to competitive materials. The development of
composites faces additional problems which include
chemical and mechanical compatibility btetween ma-
trix and reinforcement, and anisotropy of proper-
ties. Chemical instabilities, such as interdif-
fusion at elevated temperatures, may degrade the
properties of the reinforcements or interface, vet
some reaction may be required to provide adequate
stress transfer between the reinforcement matrix
interface. The compatibility problems of rein-
forcements with ceramic matrices can be severe.
The oxides begin ¢oc react with the elements, car-
bides, nitrides, and borides in cthe temperature
rarge of interest, but would be attractive combina-
tions for lower temperature use. The nitrides and
the element carbon are also marginal in the desired
temperature range. The various carbides, nitrides,
ani borides appear to be mutually compatible from &
reactivity viev in the lower end of the temperature
range of interest.

High tewmperature atmospheric oxidation can be




a prodiem with ceramic watrix composites. Carbon
iiber:carbon matrix composites, while having good
aechanical properties, must be completely protec-
ce¢ ‘rom oxidizing gases. The problem is partic-
uiarlvy difficult as the anisotropy of :che cowpos-
ite ilocal or global) makes application of protec-
zive surface coatings very difficult. The coef-
ficieat of thermal expansion can not be matched to
the diiferent coefficients of thermal expansion of
a carbon/carbon composite in its different direc-
tions. Although various designs similar to those
used in early glass to metal seals may minimize
sroblems, the surface coating is usually in ten-
sion at ambient temperature and can act as a crack
irit:ator to the whole composite. Microcracking
of the protective coatings are common. At temper-
atures above the application temperature of the
coating, the crating will be in compression and
may present an eftective barrier, even though ai-
crocra~ked, to oxidszion for short times. The
leading edges of the space shuttle rely on this
behavior.

An important consideration of brittle rein-
forcement/brittle matrix systems is residual
stresses arising from mismatch in coefficient of
therzai expansion upon fabrication or use. (In
addition, stresses generated from processing may
also be high.} These stresses can provide benefi-
cial prestresses for applications, but geoerally
thev result in deleterious internal stresses.
lnterestingly, somecimes these stresses are so
nigh that extensive microcracking occurs within
the composite and this can produce a tough mate-
ri1ai. Carbon fiber/carbon matrix composites are a
good example.

In summary, carbon, rxides, carbides, ni-
:rides, and borides all appear attractive for ce-
ramic matrix composite applicacions. Several ter-
anary oxides (mullite) provide improved creep re-

s1stance and could be desirable for reinforcements.

A potential tmportant advantLage of developing
oxide ceramic matrix composites would be the in-
herent oxidation resistance. In general, the dis-
ziaction between matrix and reinforcement in ce-
ramic systems is less well defined. The major
reason for using composite technology in ceramic
systems is to improve toughness.

Reinforcement Fibers

Fibers ar: available for a fair range of ma-
terials over a wide range of diameters. However,
it should be realized that all fibers chatr might
be desired are not presently available in appro-
priat. diameters. Generally, some processes pro-
duce fine diameter (<25um) only, while others can
only produce large diameter fibers ecomomically.
Similarly, some processes are sufficiently Versa-
tile to produce almost any of the desired materi-
als, vhile others are specific to one. Fine di-
ameter fibers ate desirable for: 1) high strength,
2) large surface area for bonling, and 3) the
ability to be beat in a sharp radius of curvsture.
Fine diameter fibers {o appear to be desirable,
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and even required, for ceraxic matrix cowmposites.

Fiber/matrix compatibility studies for high
temperature composites appear tc indicate that
relatively large amounts of reacticn wili usually
occur in many poteatial sys.ems. The implication
is that large diameter fibers would be required for
these systems whether diffusion barriers are used
or not. The rasult is that the fiber reinforcement
should have a2 minimum diameter of l5u, and prefer-
ably larger for many composite systems. Howvever,
present processes designed co produce fine diamecer
fibers at low cost may not te attractive for many
of the high temperature composites, since the pro-
cesses are not easily modified to produce large
diameters. Processes which produce larzz diameter
fibers, such as chemical vapor deposition, are very
versatile but unfortunately expeasive.

Fiber Processes

Ceneraliy, reinforcement fibers must have very
high strength to be useful. since limited volume
fractions and plying of uniaxial layers drop the
potential stremgth rapidly. While high strength
reinforcement could be single crystalline, the high
strength i usually obtained by a very fine or
elongated grain microstructure. The problew is to
find and develop processes vhich will produce the
very fine grain sizes desired.

Glass Melt Spinning

In the sense that a glass is the limit of a
fine grained microstructure, glass draving is a
useful process when systems with suitable visccs-
ities exist (Figure i). Silica is the basis for
high strength glass fibers, aithough the composi-
tion {s usually modified by the additions of boron,
aluninum, magnesium calciur oxides. Generally, the
modulus of glass fibers is mainly determined by the
silicate netverk, although S type glasses have a
higher specific modulus than E glass because of a
slightly higher modulus and lower density (Table I).
Higher moduli have been obtained by adding berylium
oxide to the giass, but the improvement is parcial-
ly negated by a higher density. In any case, the
toxicity and cost of berylium glasses have gener-
ated little interest in the slightly higher modulus.
Most elements and binary compounds with high modu-
lus have low viscos.ty and would require extremeiy
high quench rates to produce a glassy structure.
Evea with the very complex crystal structure of
boron, only very limited success has been achieved
i3 obtaining short lengths of boron tilament from
quenching a melt. Hydrodynamic instabilities from
low viscosity and crystallization both caused prob-
lems with boron. "More complex melts, particularly
eutectics, might sllow some useful systems to be
discovered, but it should be reslized that melt
containment may be difficult. Furcthermore, devit-
rification of the glasses may limic usage. No
suitable systems to give high moduli glasses that
sight be melt spinnable have been identified.

The other processas that produce fine grained
high strength fibers all are carried out well be-




o= the recryscallization temperature.

Chemical Vapor Deposition

Chemical vapor deposition is the formation
2¢ & sclid by the decomposition or reduction of
cne or more gaseous molecules upon 2 heated sub-
stzate. Fine grained materials may be forwed at
cne-third or less of the melting point of the ma-
teria. for simple crystal structures and somewhat
righer for more complex crystal structures. The
crvstaiiite size also depends on the rate of dep-
osition and back etching, and the surface wmobility.
For fiber production, the deposition geometry
shown in Figure 2 is typical. Tungsten or carbon
filament is run through a chawber where the fila-
ment 1s resistance and RF heated and suitable
gases decompose on the heated wire. Although the
linear deposition rate is quite high by plating
process standards, the contact time required to
deposit the necessary costing thickness is tens of
seconds or more. Hence, for any appreciable pro-
duction rate, many reactors must be run in paral-
lel. The cost for the substrate and deposition
gases, and the capital equipment for the reactors
and gas handling is quite high. Hence, the fila-
ment tends to be quite expensive. However, CVD
can be used to deposit almost any type of large
diameter fiber or coating. A problem arises from
the kinetic nature of the deposition process.
Compounds may be deposited off stoichiometry or
even with second phases, and the composition may
vary within the fiber. While these variations may
give improved room tempera-ure properties, high
temperature properties may be severely degraded or
vice-versa. (An example is SiC deposited with ex-
cess silicon.) CVD is used ¢t present tc produce
boroc and silicon carbide filament (Table 1).

Precursor Polymeric Fiber Decomposition

Carbon, silicon carbide and alumina fibers
can be made by careful pyrolysis of a ‘polymeric
or gel precursor fiber. The use of a polymeric
precursor allows the fiber to be spun using the
procedures, modified as required, of the synthetic
fiber industry. The result i{s generally a bundle
of fine diameter fibers which upon a controiled
heat-treatment decompose to the product fiber.
The most well known examples are the carbou fibers
whose processes are shown in Figure 3. Most car-
bon fiber is produced from a special! polyacryloni-
trile (PAN) copolymer fiber. In this proces., the
PAN is stret:hed to align the polymer chains par-
allel to the fiber axis, and these linear back-
bones are conver:ied into ribbons of continuous
hexagonal rings of carbor and nitrogen by an oxi-
dation. These ribbons have a sufficiently high
glass transition temperature that part of the
orientation is retained after a carbonization cy-
cle to 1000°C. Most of elements other than carbon
are removed in the lorbonization cycle, While
the orientation of these ribbons are generally
parallel to the fiber axis, this alignment can be
izvproved by heat-ireating tc higher temperatures
which improves the modulus of the fiber. Recent

imprcvements in lower modulus PAN precursor carbon
fibers promise two percent tensile strain to fail-
ure by year's end. Uunfortunately, similsr improve-
ments in tensile strength have not been made in

zhe high modulus PAN precursor fibers.

The second major process for producing carbon
fibers uses liquid crystalline fractions of coal
tar or petroleum pitch as precursors. The sheet-
like aromatic hydrocarbons are easily oriented
parallel to fiber axis upon melt spinning of these
liquid crystalline materials. The pitch fibers are
made infusible by a thermosercing oxidation step
and then carbonized. Just as the ribbons in PAN
can be more perfectly aligned through higner tem-
perature heat-treatments, these sheets undergo re-
arrangement to form a more aligned and bigher mod-
ulus fiber. Fiber properties for both precursors
are reported in Table I.

Silicon carbide fiber has been developed by
Yajima and Nippon Carbon Co. in Japan (Fig. 4).
As the polymer has a Si/C ratio of one-half, excess
carbon is present in the fiber and this often leads
to variable properties. The values are shown in
Table 1. Dow Chemical is developing SiC fiber in
the U.S. The preliminary mechanical properties are
reported to be about equal to Yajima's better
values.

Alcthough some work was performed in the 1960's
in the U.S. to make inorganic fibers via a poly-
meric route, only alumica fiber has reached a pro-
duction stage. The properties for these fibers
are reported in Table I. (More complete proper-
ties are detailed in another paper.) While the
strengtir is ovly of the order of 200,000 PSI at
room temperature, it maintains mwost of its short
time tensile strength to 1000°C. However, s- high
temperatures required for turbine service appli-
cations, alumina would not have the creep resis-
tance necessary. Also, compatibility problems
limic its use in high temperature metal matrices,
but it i{s attractive for lcwer temperature use.

It also may be qf interest in ceramic mat:ix
systems.

Host Conversion

In one embodiment of this process, a precursor
fiber is converted by resction with a gas phase
species to form the new fiber (Fig. 5). Carbo-
rundum Company (Division of SOHIO) hae made both
boron and silicon carbide filament by reacting a
rayon precursor carbon fiber with boron or silicor
chlorides at elevated temperature. In the case of
boron carbide, the room temperature modulus was
410 GPA {605106 PSI), while the strength vas 1.2
GCPA (180x10° PSI). Obviously, this process couli
be used to produce other carbide fibers, or coat-
ings on carbon fibers if desired with relative
ease.

lu an extension of this concent, Carborundum
has converted B)03 glass fiber to either boron
nitride or boron carbide fiber. The resulting,
boron nitride fiber gen~rally has about & 27 iSPA




.+x10% 3SI) modulus and 0.34 GPA (50x103 PSI)
strength whick is too low for most reinforcemenz
applications. Strain annealing this fiber at hign
temperatuyre increases the mechanical properties to
those shown in Table I. Individua)l Ilbgrs have
tested as high as 480-550 CPA (70-80x10" PSI) in
modulus and 2.4 GPA (350x103 PSI) in strength. A
b1g advantage of boron nitride filament is its ex-
cellent dielectric propercies. However, its be-
aavior in metal matrices is very sipilar to high
modulus carbon fibers, e.g. it is ha-d to wer, and
is reactive.

A process somewvhat different in concept is the
use of a rayon fiber to absorb metallic nitrate
salt and thea to carefully pyrolyse to a salt laden
carbon fiber. The carbon is then oxidized and the
cremaining oxide carefully sintered. Several oxide
fibers were prepared by Union Carbide Corporation
in this manner, the most notable being stabilized
zirconia. Fiber strengths vere in the 0.7-1.4 GPA
(100-200x103 PS1) range. Although mainly used for
insularion, some ceramic matrix composites were
made from these fibevs, and the strengths were as
high as 0.35 GPA (50x103 PSI). Unfortunately, the
fibers are no longer available commercially.

Organic Fibers

The ultrahigh modulus of graphite results
from the strong spz bonding in the basal plane.
High modulus organic fibers are possible if a por-
tion of the multifused aromatic rings in graphite
can be incorporated into a polymer. Highly ori-
ented parapolyphenylene or polyacene ladder poly-
mers provide attractive specific moduli. The pro-
bles is how to get tnese intractable polymers into
a highly oriencted fiber form. A naior breakthrough
came with the development of Kevlar(R) aramid £i-
ber (Fig. 6a). The enhanced solubility due te good
solvents aud the amide linkage in polyphenylene-
terephchalamide (PPT) allowed formation of an
2asily oriented liquid crystalline polymer solu-
tion. This solution could be spun into a highly
oriented fiber, whose properties could be furcher
enhanced by a high temperature crystallization
heat-treatment. Propercies are listed in Table I,
(A aore detailed description of the fiber is pre-
sented in an accompanying paper.) As mighc be ex-
pected from a rigid rod polymer structure with
relatively lov bonding between adjscent polymer
molecules, these rods might be expected to buckle
at relatively low compressive stresses. Also, the
offset which is introduced by the amide linkage
produces a slightly kinked structure along the
rod (Fig. 6a). This might be expected to further
reduce the load required for buckling as well as
decrease the modulus. A truly straight rigid rod
polymer such as polybenzothiazole (PBT) might be
expecced to provide a higher modulus which it does
(Fig. 6b/Table 1). However, the compressive
failure load is the same as for PPT, although the
failure rechanizm {s quite different.

Linear chain type polymers would also give
high @odulus 1if the chains wvere fully extended

parallel cto the fiber axis. For example, fully
extended polyethylene has a theoretical modulus of
250 GPA with s density slightly less than unity.
Vzlues of modulus as high as about 1/3 the theo-
retical have been observed experimentally, which
is about the same as aluminum. Compressive
strength of fully extended polyethylene parallel
to the fiber axie have not been measured experi-
mencally, but can be estimated from the elastic
constants to be abou:{ 18 MPA. This low value
which can be exrzcted for a flexible chain in
comptession would limit the structural use of fully
extended polyethylene severely, as would the low
melting point of the polymer. Other linear chain
polywmers with higher chain-to-chain interaction
would improve compressive and transverse proper-
ties, but would be harder to process. No fibers
have been reported for these other polymers.

Whiskers

After Galt and Herring's discovery of high
strength tin whiskers, much research on whisker
growth and properties was performed in the 50's
and 60's. Many problems exist in growing whiskers
in large quantity with good quality at an econoam-
ically viable price. Because of this, interest in
wvhisker technology has wanned, except for SILAG
and TORAI SiC vhiskers which are made from rice
hulls or similar by-products. The main application
of these whiskers has beeu to aluminum and other
low-melting metallic matrices with relstively good
results, SiC whiszers would be too reactive for
higher melting metallic matrices, except with pro-
hibitativelv thick (relatively) pratective coat-
ings. However, the appljcation of these whiskers
to ceramic systems, sven just for molel systems,
appears attractive. The fine dimensions of the
wvhiskers could allow for additional toughening
mechanisms to apply.

Comparison of Fibers

Many of the fibers described in the previous
sections are experimencal fibers which are not
produced in quantity. Comparison pf fibers which
aie primarily used fcr resin matrices will be lim-
ited to glass, Keviar(R) 49, carbon znd boron.
Similarly, only boron,_giligon carbide, and alumina
fibers will be compargd with respect to application
to metal satrix compqeites.

Resia Matrix Composites

The properties of composites depend not only
on fiber and mstrix prope-ties and the incerfacial
bund between them, but cn the fabrication and test
techniques as well. Furthermore, mechanical test
dats are usually obtained from relatively small
vell made test specimens. For composites that are
not flaw sensitive. the test results from small
specimens may adequately describe larger scale
hardware. However, for more brittl: composites,
the spplicacion of small cpecimen test data to a
large structure will overestimate the strength of \
the structure, for the structure is more likely to
have strength reducing flaws. The property data




is for small test specimens and only for uniaxial
laminates (Table 11). For the newe- carben fibers,
the tensile strength ot the composite is incrrased
although not as much as might be expected from the
fiber strength. Similarly, it is not appavent
whether the improved composite strengths observed
1n test specimens will be carried over to struc-
tures. Although the composite tensile strength for
these newer carbon fiber is higher, no increase in
ccupressive stremgth has been observed. It may be
that the fiber itself is failing internally just as
Kevlar(R) anc che higher modulus carben fibers do.
(The very high modulus pitch fibers with very high
alignment cf the graphite baszl planes parallel to
the fiber axis fail at less than 1/2 the value of
the tensile strength in compression.)

Perusal of Table II shows; that boron and high
modulus carbon fiber are mdst desirable for high
stiffness applications. Boron filament also has
good tensile and compressive scremgth properties.
Thne major or disadvantages of boron filament are
cost, machining and limited allowable laminate
curvature. Lowver modulus carbon fibers have "bal-
anced properties" and moderate LTpact-sttength.
Cost is also moderate. Kevl.ar(R has good tensile
strength, moderate stiffness, is tough, but is rel-
atively poor in coapression, Cost is wmoderate.
for specific ?trength (strength/density) applica-—-
rions, Kevlar R) and the new carbor. fibers are
attractive. Glass is hard to beat for pure
strength limited applications because of low cost,
strength and toughness. Finally, very high modulus
carbon fibers have a sufficiently negative coeffi-
cient of thermal expansion that a zero thermal ex-
pansion coefficient laminate can be produced.
(Kevlar also has a negative thermal expansion co-
efficient butr its modulus is too low to prcduce a
zero thermal expansion coefficient.) Obviously,
depending on the relative importance of the design
and cost requirements, a different high modulus
fiber would be selected.

Metal Matrix Composites

The data is more fragmentary for metal matrix
composites, especially because of the lack of high
temperature daca. Data are shown here for the re-
inforcement of aluminum at room temperature (Table
11.) (More complete data is presented in another
paper.) All fibers give a good increase to the
stiffness and strength of aluminum parallel to the
fiber axis. Good transverse properties are ob-
served with boron and alumina fiber, but not with
carbon. Also, corrosion in the sluminum/graphite
may be a problem in some environments.

Conclusions

A wide range of fibers is available and more
will be developed in the near future. The widely
varving properties of the fibers and differing
requ.rements for spplicstions means that no one
fiber will completely dominste the others, at
least in the near future. Each fiber with its
vnique characteristics tends to be optimum for

particular uses.
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GLASS FIBER SPINNING
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Fig. 1: Glass fiber process. Molten glass is
spun at high specds into fiber which is
rapidly quenched. The fiber surface is
protected by a size and processed into
suitable textile forms.
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Fig. 2: Chemical vapor deposition of filsment.
A conductive substrace is galsed through
8 cylindricel chamber vhere reactive
gises deposit the desired ssterial on
the heated substrate.
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Carbon fiber processes. Pitch or poly-
acrylonitrile are spun into oriented fi-
bers, are thermoset, a22d carbonized to
carbon fibers. The modulus of the carbon
fibers is increased by subsequent heating
to a high temperature, and the surface of
the fiber is etched for improved bonding
to the resin matrix.
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Silicon carbide fiber process. Dichloro-
dimethylsilane {s polymerized and them
thermally treated to form a polycarbo-
silane polymer wvhich can be spun ‘ato &
fiber. The polycarbosilane is thean py-
rolysed to a silicon carbide fiber.
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Fig. S: Boron nitride filament. Boric oxide fi-
ber is spun into a fiber, converted to
the nitride by hesting in amsonia, and
stretched at high temperature to produce
high modulus boron nitride fiber.
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Fig. 6: PPT: poly-

PBT: polybenzo-

TABLE I: Fiber Properties
Modulus Streagth Strain Density
GPA MSI GPA kST b4 gm/c.c.
GLASS
E-HTS 69 10 3.5 510 3.5 2.5%
$-2 82.17 12 4.5 660 4.5 2.4
CVD FILAMENT
Silicon Carbide
tungsten substrate 418 61 3.1 450 .8 33
carbon substrate 418 61 3.9 578 .9 3.1
Boron 397 58 3.4 500 .9 2.6
CARBON FIBER
PAN Precursor
Low Modulus
(AS,T-300,XA,CELION, etc.) 220-24C 32-35 3.0-3.3 4)5-480 1.3-1.4 1.75
Higk Modulus
(HMS) 330-350 48-51 2.3-2.6 335-375 0.7 1.91




TABLE 1: Fiber Properties (Cont'd.)
Hodulus Strength Strain Density
GPA MS1 GPA KS1 2 g/c.c.
TYPICAL NEW GRADES
Union Carbide
T-300A 230 33 3.6 520
1-700 230 33 4.5 660
T-800 267 39 5.3 780 2.0
T-40 294 43 4.2 620
Hercules
AS4 233 34 3.6 520 1.5
AS6 246 36 4.1 600 1.65
M6 288 42 4.2 620 1.6
P1TCH PRECURSOR
Union Carbide
P-55S 380 55 2.1 300 .5 2.02
P-758 500 75 2.1 300 N2
P-100s 685 100 2.2 325 .3
P-120S 822 120 2.7 400 3
INORGANIC FIBER
Silicon Carbide 200 29 2.7 400 1.3 2.8
Aluymina
duPont (FP) 340-375 50-55 1.7 250 .4 37
Suaitomo 210 31 1.8 260 .8 3.2
Boron Nitride 310 45 2.1 300 .8 2.1
ORGANIC FIBER
Keviar (R) 49 (PPT) 124 18 3.6 525 2.5 1.44
PBT 304 44 2.7 400 .9
TABLE I1: Typical Fiber Reinforced Composite Properties
AS, T-300 1S (R)
RESIN MATRIX E~-GLASS $-2 GLASS BORON CELION TYPE CARBON KEVLAR
CARBON
0° Tensile Modulus (GPA) «7 S& 210 150 210 76
0° Tensile Strength (GPA) 1.15 1.31 1.73 1.6 1.12 1.38
90° Tensile Modulus (GPA) 25 23 6.9 8.5 5.5
90° Tensile Strength (GPA) .046 .06 041 .037 0.3
0° Compressive Modulus (GPA) &) Sk 28 150 210 €
0° Compressive Strength (GPA) .54 .69 3.1. 1.6 .99 .276
Short Beam Shear Strength (GPA) .105 .090 .103 .131 .072 04-.08
Density (gm/c.c.) 2.18 2.13 2.0 1.55 1.6 1.38
lmpact Strengch (ft. lb.) 280 40 100 30 150
Thermal Coefficient of Expansion 3 4 -2 -6
x 10° 1°C
Sumitomo: duPont (FP) Nippon
ALUMINUM MATRIX A1203 A150, sic Carbon Boron
0° Tenrile Modulus (GPA) 152 200 100-110 140 230
0° Teusile Strungth (CPA) i { .6 .8 7 1.5
90* Tensile Modulus (GPA) 106 180
90° Tensile Strength (GPA) .09 .08 .02 .28
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