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Introduction 

High modulus fibers are used mainly as fi
brous reinf~rcement in resins, metals, or ceramics 
:o provide strength and stiffness. It is instruc
tive to consider what factors led to the develop
m~nt of c01aposites. Structural designs are as 
likely to be limited by the stiffness as the 
s~rength of the conscructio.i material. Hence 
engineers have always desired stiffer, strong;r, 
less dense and lover cost structural materials. 
There are a number of materials in the upper center 
yart of the periodic table, such as boron carbon 
silicon carbide and alumin,, which all ha~e signif
icantly higher ~odulus/veight ratios than the com
mon engineering metals. Theoretically, the high 
modulus would result in high strength if the ma
terial were perfecl. Unfortunately, most of the 
high modulus 1r..aterials are covalently b~nded and 
are brittle. Small flaws can produce catastrophic 
failure at drastically reduced stresses. (The 
flavs may be introduced during manufacture or dur
ing service.) Except in some unusual protected 
enviroaments, primary structural elements can not 
be made from materials which fail catastrophically. 
::om;iosite ma•erials of~er the potential of using 
these brittle 11:aterials in structures which will 
not fail catastrophically. The brittle materials 
are made into fiber fo?"ll to give redundancy and 
elaced into a matrix. The iutrill serves to trans
fer stress into and out of the fibers. The matrix 
and m~trix/fiber interface must also serve co stop 
cracks which originate in the fibers from propa
gating _tr re ugh the so! id. Hence, a localized i111-
pact may ~reak a few fibers, but the crack can be 
stopped by ;;. ductile matrix or fiber/matrix debond. 
Even ceramic fiber/ceramic matrix composite& can 
be m.ade which are relatively tough. The use of 
composite& 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 re!nforce in one direction. 
While fibers can be orientated in three orthogonal 
directions, composites offer the greatest potential 
if f 1bers are oriented predominantly uniaxially or 
biaxially. Fortunately, many structures are loaded 
mainly in one direction. 

Compa•~aon of high modulus fibers must neces
sarily com?are their performance in COllposites. 
The tasw is made more difficult by the diverse ap
>l1cation1, particularly if non-.. bient teaperature 
uses are considered. This paper vill be separated 
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into tvo parts: first~y. the requirements for fi-
bers which are to be used in resin, metal or ce- I 
ramie matrix composites will be defined. Secondly, 
present fiber performances will be compared to eact 
other and the desired composite requirements. 

Composite Requirements 

The desired properties for fibers are often 
ranked quite differently for resin, metal and ce
r1111ic matrix composites. Also, since metal and ce
ramic satrix composites CO!llllor.ly are expos.td to 
elevated temperature, (if only .for processing), the 
high temperature rharacteristics of the fibers aust 
also be considered. 

Resin Matrix Composite Reinforce.enc 

Fibers fo• resin matrix applications vould have 
the highest modulus, lowest density, and highest 
tensile, compressive, and interf~cial bond strength 
between resin and fiber, while still failing in ~ 
non-catastrophic aode. Non-catastrophic failure 
requires a balance between the values of the tensile 
strength of the fiber 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 flaw sensitive and 
generally have a lower trno;ile st-:-ength. Too low an 
interf acial bond strength will produce poorer c01a
posi te shear and tensile strengths, but the com;>os
ite will be less flaw sensitive. The exact value af 
the ratio of fiber tensile strength to interfacial 
bond strength should be selected, for the particular 
application. Hence, for high damaie tolerance, s 
slightly lower interfacial bond strength might be 
desi~able. Other factors affect the fracture be
havior. For example, higher fiber modulus, lov fi
uer s~rength, higher volU1De fraction, brittle aa
trix, lov test temperature, and high loading rate 
will all produce a more brittle fracture. Except 
for a few applications, fibers are produced with 
only one surface treatment vhich is optilllull for 
many applications. Practically, the shear strength 
of a COlllposite must exceed 35HH/a2 (5,000 p•i) to 
have any practical applicalion. This requireaent 
forces the strain-to-failure for a fiber to be at 
least 0. 5% for any structural applicittion for tvo 
reasons. Firstly, strains in structures often reach 
0.2% (a caaaon fatigue lia1t strain in metals), and 
local strains, as under rivets, are likely to be 
several ti.mes higher. Secondly, this lov strain-to
failure corresponds to lov fiber strength, and a 
brittle composite vould result if the sh•~r atreugtb 
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:s ma:ntained at a minimum of ~SMN/m2. Obviously, 
:or ~ore crit:cal structural applications the 
strain-to-failure should be several times higher. 
3oeing, for example, ·JOuld not use a fiber with 
:ess :han a 2.0 ?ercent strain-to-failure with 3 

:00~1m2 c:-ir.psite ~hear strength for ;irim:try 
stru.:tural applications such as th~ wing box. 

7hen:ia: expansion coefficient i~ also an 
i=portant property for reinforcing fibers. In 
~any cases. the then:ial expansion of a composite 
·.·11: ~e lower than the structure :o which it is 
~ttached. Careful design must be used or binding 
and warping will result with 3 temperature change. 
However, the negative thermal expansion coefficient 
oi some fibers can be used to produce a zero ther
~al expansi00 coefficient, provided the fiber mod
~lus 1s sufficiently high. fioallf, stress rupture 
is important for sustained load applications. 

One secondary consideration is the form of 
the r.einforcement. Generally, continuous fiber in 
the form of tow with zero or a half to one tpi 
:•nst is desirable. Fine diameter (<1511) is desir
able to ~inimize stresses which arise from fiber 
high curvatures in parts. (Howe·1er, a large cumber 
oi fine fibers is harder to handle during fabrica
tion than fewer latge diameter (>10011) filament.) 
Another consideration is electrical properties. 
For radar dom.es, or printed circuit boards for 
example, an insulating fiber is required. However, 
~or elect1omagnetic shielaing, or static dis
charge, a conductive fiber is required. Although 
either insulating or conductive fibers may be used 
in corrosion resistant composites, ~onductiv~ fi
Jers :nay cause corrosion of altached metal parts. 
rinaiiy, other ~rupecties su~h as thermal =~nduc
tivity or coefficient of friction iuay be important 
for cer~ain applica,ions. 

~etal Matrix Re.nforcemen: 

The mechanical re~uirements for reinforc~
zents for high temperature applications results in 
~any of the same chemical elements and compounds 
~ei~g selected zs presently used in resin matrix 
composites. Materials with high modulus and high 
strength generaliy have high melting points, and 
good high temperature properties. (Exceptions 
lr~ the high modulus organic fibers.) Hence, most 
fibers developed for usl' with resin matrices would 
appear to be good candidates for reinf orceir.ent iu 
high temperature composites. 

Hi~h temperature stress rupture and creep 
resistance are the properties of general concern 
in most high temperature structural r:iaterial ap
?lications. The refractoriness (i.e., melting 
temperature) of the fiber is often a good :indica
tion of these properties because thennally activat
ed sli;i ~nd creep become dominant at 0.5 of the 
:11etrin~ ,·emperature for simple crystal systems. 
Oxid.ttion resistance m•~at also be thuroughly con
sidered in fiber ~election because of the uncer
tainty of filament exposure to the envirooment or 
the possibt•lty of oxygen diffusion through the 

matrix. These problems are particularly acute if 
the fiber also has a fine dia!lleter such as the 
graphite f:laments. Fiber diameter vill also ef
fect the choice of processing techniques and sub
sequent forming operatiJnS that can be used. Fine 
diameter (!511m or less) multi-tow filaments such 
as FP-alumina and graphite are more conveniently 
processed by liquid infiltration while filament 
over lGO mi.:rons in diameter can be processed using 
powder metallurgy t2chniques. 

Tite density of the fiber, ~swell as the ma
terial property of interest, ""1!.l deten·i ne the 
poten~ial specific properties of the composite. 
From this consideration ceramic anci carbon fibers 
could of fer a greater potential as reinforcements 
in raecal matrix composites ii not pricluded by 
stability and other limitations. nte over-riding 
consider·ti0n in selecting a metal matrix for com
posites is its chP.mical and physical compatibility 
with the reinforci~g fiber. 

A major requirement for the reinforcements is 
that they be compatible wit'.1 their environment. 
Ideally, the reinforcement would be oxidation re
sistant and cOlllpatibJ.e vith all potential matrices. 
Only the oxides are truly oxidation resistant, but 
soml' compounds have adequate oxidation resistance 
if they form an adherent glassy coating. 

Compatibility with matrices is also required. 
Numerous fiber and matrix combinations have been 
proposed as potential high temperature composites 
based on their unique mechanical, physical and 
chemical properties. The record of successful 
development of 5uch composites has !>een disappoint
ingly low because of che:aical or physical incompat
ibility between fiber and matrix. 

Chemical compatibility must be of two types. 
One is sufficient intera~ ion between the fiber 
and the matrix to assure strong bends 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 ioterdiffusion and re~c

tion. The dilemma faced in composite development 
is that the ccnditions which result ;_n both types 
of comvatibility are mutually exclusive. Useful 
composites car. be produced only if a successful 
compromise be:ween bonding and disintegration can 
be established. Tvo principal techniques used to 
achieve this result are applying a protective coat
ing to the filament, an4 adding constituents to 
the matrix that restrict interaction. 

The carbides, nitrides, and borides all react 
vith 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 sill.con carbide is also attrac
tive foe lower temperatures. Coating, however, is 
not an ideal solution to compatibility problems 
because of cwo critical considerations. The first 
is the obvious ecoaomic penalty incurred by the 
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addi~1on of the coating step during C'-Aposite fab
rication. St?cond is the criticality of optimua 
coating thickness. Too thick a coating can result 
ln sources o'. brittle failure while too thin a 
coating result~ in insutficient protection. 

~ech;,i.1cal compatibility of the fib-·: vith 
•h~ metal:ic-matrix requires consideration of the 
the!""lllal e~pansio~ ~roperties of the fiber, espe
ciallv if c'cllcal thermal excursions are expected 
in se~vict.' E.xact matching of tber.al expansion 
properties of fiber and matrix is neither practical 
nor absolutely always necessary. llowever, the 
particular operating conditions and the performance 
requ!rement will determine the criticality of this 
variable. For example, a 11U1croei.mensionally stable 
large structure can be achieved ir. a graphite-cop
per composite, but vhen the surf.ce quality aust 
meet optical standards the theraal aisaatcb be
tween fiber and ~atrix precludes th~s .. terial 
for use. 

Finally, corrosion cou~les aay be generated 
between- electrically conductive fibers and the 
matrix. In turtine applications the thermal con
ductivin of the fiber as well as the .. trix can 
be utili~ed for heat dissipation and therefore 
must be considered ·.then designing cooled compo
nents. In this case metal fibers are preferable 
to ceramic fibers. Conversely, cer1!191c fibers 
could be more advantageous for applic~tions where 
heat retention or insulation is desired. 

Finally, compatibility is not the only c~n
sideration. For metal matrices, no single ~trix 
alley -~li be cptiml.% for all desired prope•ties 
and the development of suitable aaterials invari
abl v involves compromises for one or JM>re of the 
sig~ificant properties. The question that reaains 
to be settled is whether sufficient properties can 
be retained after such a trade-off to render ehe 
allov useful and econo~ical for co.posite appli
cat i~n. \Jhile lower melting point -tals, such as 
aluminum, can form useful composites with certain 
fibers, it is not apparent that suitable systems 
exist for higher melting point .. t1ices. 

Ceramic Matrix Composite Reinforcements 

Brittle materials, while often having superior 
high temperature properties, are liaited by inade
quate fracture toughness at near aabient teapera
ture. The problem then is to increase fractur~ 
tou~hness while not sacrificing strength. In ce
ramic matrix composites the eapbasis is on toughen
ing at lover temperature, <lOOO"C, so that they may 
survive heating or cooling. This is in con{,fast to 
metal matrix composites where the eaphasis is on 
improving high temperature behavior. 

The general principles for toughening ceramic 
composites are similar to th~•• for other types of 
composi~es: (1) to increase the local driving 
forces necessary to propagate craclta to failure; 
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(2) to locally increa1e the amount of -chanical 
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 11echanisas by which the6e princi~les are 
realized in ceraaic .. trix composites may be the 
same or very different fros. other COlllposites. The 
differences in aechanis.a manifest th..aelves in 
two important ways. First, in IM>St other compc~
ite systems, applying the first two principles 
above would generally increase the strength of the 
body. llowever, in ceraaic coa:posites this is not 
necessarily the case. In SOiie, tuughening may he 
obtained at t.he sacrifice of some strengt.h rath•?r 
than increasing it, due to the introduction of 
larger effective flaws and/or lower Youngs moduli. 
In other ceraaic composites, strength may either 
be unaffected or aay be increased. AD importaPt 
difference betveen cer-ic and other composite1. 
is the temperature regi- in which toughening :.s 
emphasized. 

While cer .. ics can be tough~ned by incorpora
ting fibers haviag a higher Youngs llOdulus thar. 
the ceramic l'Atrix, e.g. as illustrated by the 
work on use of cer .. ic fibers in glass or crystal
lized glass matrices, its applicability to cer&11-
ics is auch aore 11.Aited. The limitation arises 
becautie of Youngs aoduli of most matrices and fi
bers of interest are similar and the descriptive 
terms matrix and reinforce.enc lo•e muc~ of their 
meaning except geometrically. 

Some benefits accrue at higher tempe~ature, 
if fibers have a higher aodulus and/or a lover 
rate of decrease of their aodulus vith temperature. 
Hence, some modulus transfer o! load may also 
occur at tei.peratures reasonably in excess of 
lOOO"C. In addition to improved toughess at :uabi
ent temperatures, cer•ic matrix coaposites "lll 
require a coabination of properties to accoim:iodate 
particular high temperature applications including: 
creep rupture strength, oxidation/hot corrosion 
resistance, and good -chanical and thermal fatigue 
clu~racteristics. The challenge is to design a ce
ramic co•posite vith a balance of properties supe
rior to competitive aateria).s. The development of 
composites faces additional problems which include 
chemical and mechanical compatibility between aa
trix and reinforca.ent, and 3nisotropy of prope~
ties. Chemical instabilities, such as interdif
fusion at elevated teaperatures, may degrade the 
properties of the reinforceaents or interfa~e. yet 
some reaction may ~e required to provide adequate 
stress transfer between the reinforcement matrix 
interface. The compatibility proble111S of rein
forcements vith ceramic aatrices can be severe. 
The oxides begin '~ react with the elements, car
bides, nitrides, and boride1 in :he temperature 
range of interest, but would be attractive combina
tions for lower temperature use. The nitrides and 
the element carbon are also iurginal in the desired 
temperature range. The various carbides, nitrld11, 
anj borides appear to be mutually compatible from a 
reactivity view in the lower end of the temperature 
r~nge of interest. 

High temperature atmosph~ric oxidation can be 



• ?ro~iem Yith ceramic aacrix composites. Carbon 
:Lber:carbon matrix coaposiees, while having good 
~ccnan1cal propertie,, llUSt be completely protec
:ea :'rom ,,xiJizing g.~ses. The problem is parci;:
·~~a~lv difficult as the anisotropy of :he coapos-
1te \local or global) malt.rs application of protec
:1~e surface coatings very difficult. Tite coef
f1cie~t of thermal expansion can not be matched to 
:~e d1iferent coefficients of thermal eipansion of 
a carbon/carbon composite in its different direc
tions. Although various designs similar to those 
used in early glass to metal seals ~.ay minimize 
:roblems, the surface coating is usually in ten
sion at ambient temperature and can act as a crack 
Ln1t:a:or co the whole c'Jlllposite. H.icrocracking 
of :he protective coatings are c011111on. At temper
atures above the application temperature of the 
coatine, the cnating will be in compression and 
~av ?r~sent an efrective barrier, even though ai
crocra~ked, to oxid<:ion for short tiae~. 'Ole 
leading edges of the space s~uttle rely on this 
behavior. 

An important consideration of brittle rein
forcement/brittle matrix systems is residual 
stresses arising from mismatch in coefficient of 
theni:ai expansion upon fabrication or use. (In 
aad1tion, stresses generated frOlll processing may 
aLso 'e high.) These stresses can provide benefi
cial prestresses for applications, but generally 
chev result in deleterious internal stresses. 
:ncerestingly, S011\etimes these stresses are so 
high that extensive microcracking occur~ within 
the composite and this can produce a tough aate
r1a>. Carbon fiber/carbon matrix coaposites are a 
good example. 
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rn summary, c~rbon, ~xid•s, carbides, ni
•rides, and borides all appear attractive for ce
'amic matrix composite applic~tions. Several ter
nary oxides (mullite) p~ovide iaproved creep re
s15tance and could be desirable for reinforcements. 
A ~otential important advanLage of develo~ing 
oxide ceramic matrix composites would be the in
herent oxidation resistance. In general, the dis
tinction betYeen matrix and reinforcement in ce
ramic systems is less well defined. nte .. jor 
reason for using coaposite technology in ceramic 
s;scems is co improve toughness. 

Reinforceuaent Fibers 

Fibers ar'.! available for a fair range of u
terials over a wide range of dia.etera. However, 
it should be realized that all fibers that •ight 
be desired are not presencly available in appro
priat~ diameters. Generally, 90lle processes pro
duce fine diameter (<25u•) only, vhil• others can 
oniy produce large di-ter fibers economically. 
Similarly, •a11e processes are aufficiently'."eraa
tile to produce almost any of the desired materi
als, Yhile others are specific to one. fine di
ameter fibers ate desirable for: 1) high st~ength, 
2) large s'Jrface area for bolM:.ing, and 3) th• 
.ability to be bent in a sharp radius of curvr.ture. 
Fine diameter fibers .10 appear to be desirable, 

and even required, for cerilJCic matrix coaposites. 

Fiber/matrix coapatibility studies for high 
temperature coa.posites appear cc indicate that 
relatively large amounts of reactian will usually 
occur in many potential 5ys,ems. 'Ole iaplication 
is tha~ large diaaeter fibers YOuld be required for 
these systl:l!lS whet~er diffusion barriers are used 
or not. The result is that the fiber reinforcement 
should have a minimum diameter of 15u. and ~refer
ably larger for a.any composite systems. However, 
present processes designed co produce fine diameter 
fibers at lov cost aay not ~e attractive for many 
of the high temperature composites, since the pro
cesses are not easily modified to produce large 
diameters. Processes which produce larg~ diameter 
tibers, such as chesical vapo~ deposition, are very 
versatile but unfortunately expensive. 

Fiber Processes 

Generally, reinforcement fibers must have very 
high strength to be useful. since limited volume 
fractions and plying of uniaxial iayers drop the 
potential strength rapidly. While high strength 
reinforcement could be single crystalline, the high 
strength is usually ~btained by a very fine or 
elongated grain aicrostru~ture. The proble~ is to 
!ind and develop processes which \fill produce tne 
very fine grain sizes desired. 

Glass Melt Spinning 

In the sense that a glass is the limit of a 
fine grained aicrostructure, glass draying is a 
useful process when systems with suitable viscos
ities exist (Figure i). ~ilica is the basis for 
high strength glass fibers, although the composi
tion is usually modified by the additions of boron, 
aluminu:a, magnesium calciUlll oxides. Generally, the 
modulus of glass fibers iB ~•inly determined by the 
silicate netYork, although S type glasses have a 
higher specific modulus than E glass because of a 
slightly highec modulus and lower density (Table !) . 
Higher moduli have been obtained by adding berylium 
oxide to the glass, but the improvement is partial
ly negated by a higher density. In any case, the 
toxicity and cost of beryiium glasses have gener
ated little interest in the sllghtly higher modulus. 
l1o9t elements and binary compounds vith high modu
lus have lov viscos:ty and would require extre•ely 
high quench rates to produce a glassy structure. 
Even vith the very complex crystal structure of 
boron, only very limited success has been achieved 
i~ obtaining short lengths of boron tilaaent f roa 
quenching a melt. Hydrodynamic instabilities fro• 
lov viscosity and crystallization beth cauaed prob
leas vitb boron. "Hore complex melts, particularly 
eutectics, •ight allow some useful ayacems to be 
discovered, but it should be realized that •elt 
containment aay be difficult. Furthermore, devit
rification of the 1lasaes may limit usage. Mo 
suitable ayste.8 to give high moduli ,1a1••• th~t 
aight be melt apinnable have been identified. 

The other proce•••• that produce fine grained 
high str~ngth fibers all are carried out well be-
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;_,,_ the r<:crys.:allization temperature. 

Chemical Vapor Deposition 

Chemical vapor deposition is the formation 
~: d sclid by the decomposition or reduction of 
one er more gaseous molecules upon a heated sub-
s: :a~e. Fine grained materials aay be fot.ed at 
;ne-third or less of the melting point of the aa
:er~a~ ior simple crystal structu•es and somewhat 
r.1gher ior more complex crystal structures. The 
crvstailite size also depends on the rate of dep
os~tion and back etching, and the surface mobility. 
For fibe~ production, the deposition geoaetry 
shown in Figure 2 is typical. Tungsten or carbon 
filament is run through a chamber vhere the fil•
mer.t is resistance and RF heated and suitable 
gases decompose on the heated vire. Although the 
linear deposition rate is quite high by plating 
process standards, the contact tiae required to 
deposit the necessary coating 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 fo1 the reactors 
and gas handling is quite high. Hence, the fila
ment tends to be quite expensive. Hovever, CVD 
can be used to deposit almost any type of large 
diameter fiber or coating. A proble11 arises froa 
the kinetic nature of the depositiou process. 
Compounds may be deposited off stoichiometry or 
even with second phases, and the coaposition aay 
varv •ithin the fiber. lo/bile these variations aay 
giv~ improved room tempera~uce properties, high 
temperature properties may be severely degraded or 
vice-versa. (A.~ exai:1?le is SiC deposited vi.en ex
Cl'SS silicon.) CVD is used t.t present tc produce 
boron and silicon carbide filament (Table I). 

Precursor Pol)'llleric Fiber Decompcsition 

Carbon, silicon carbide and aluaina fibers 
can b,. made by ca~eful pyrolysis of a "polymeric 
or gel pr~cursor fiber. The use of a polymeric 
precursor allo~s the fiber to be spun usilli the 
procedures, modified as required, of the synthetic 
fiber industry. The result is generally a bundle 
of fine diameter fibets vhich upon a controiled 
heat-treatment decompose to the -~.-oduct fiber. . 
n-.e most well known examples are the carbcn. fibers 
whose processes are shovn in Figure 3. Kost car
bon fiber is produced from a spec~J polyacryloni
tr1ie (PAN) copolymer fiber. Io this proces~. the 
PAI; is stret~hed to align the polymer chains par
allel to the fiber axi•, and these linear back
bones are conver:ed into ribbons of continuous 
hexagonal rings of carbor and nitrogen by an oxi
dation. These ribbons have a sufficiently ~1'h 
glass transition teaperature that part of the 
orientation is retained after a carbonization cy
cle to lOOO'C. Host of elements other than carbon 
are re~oved in the ~~rbonization cycle, While 
the orientation of these ribb?ns ate generally 
parallel to the fiber axis, this al111111ent can be 
ii;;proved by heu-•rucing cc highe!" t-pcraturea 
which improves the modulus of the fiber. Recent 
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iaprcvements in lover aodulus PAN precursor carbon 
fibers proaise two percent tensile strain to fail
ure by year's end. Unfortunately, similar improve
ments in tensile strength have not been llSde in 
the high modulus PAN precursor fibers. 

The second major process for producing carbon 
fibers uses liquid crystalline fractions of coal 
1:ar or petroleU111 pitch as pte.:ursors. The sheet
like aroaatic hydrocarbons arP. easily oriented 
parallel to fiber axis upon melt spinning of these 
liquid crystalline aaterials. The pitch fibe1s are 
made infusible by a thenM>setting oxidation step 
and then carbonized. Ju~t as the ribbons in PA.~ 

can be more perfectly aligned through hi~ner te~
perature heat-treatments, these sheets undergo re
arrangement to fora a aore aligned and higher mod
ulus fiber. Fiber properties for both precursors 
are reported in Table I. 

Silicon carbide fiber has been developed by 
Yajia.i an& Nippon Carbon Co. in Japan (Fig. 4). 
1.$ the polyaer has a Si/C ratio of one-half, e~cess 
carbon is present in the fiber and this often leads 
to variable properties. The values are shown in 
Table I. Dov Cheaical is developing SiC fiber ir. 
the U.S. The preliainary 11echanical properties ar~ 
reported to be about equal to Yajima's better 
values. 

Although some vork vas performed in the 1960's 
in the U.S. to aake inorganic fibers via a poly
meric route, only aluaii:a fiber has reached a pro
duction s~age. Tbe properties fo1 these fibers 
are reported in Table I. (Hore complete proper-
ties are detailed in another paper.) lolhil~ the 
strengtii is only of the order of 200,000 PSI at 
room temperature, it .. tntains most of its short 
ti•e tensile strength to 1000°C. However, a~ high 
t-peratures required for turbine service appli
cations, alumina ...auld not have the creep resis
tance necessary. Alsu, coapatibility problem~ 
liait its use in high teaperature 11etal matrices, 
but it is attractive for lc-ver temperature use. 
It also may be qf interest in ceramic mat:ix 
systnas. 

Boat Conversion 

In one embodlllent of this process, a precursor 
fiber is converted by reaction with a gas phase 
species to form th~ nev fiber (Fig. 5). Carbo
rundUll C:O.pany (Division of SORIO) hac aade both 
boron and silicon r.arbide filament by reactin~ a 
rayon precursor carbon fiber vith boron or silicoc 
chlorides at elevated temperature. In the case o~ 
b~ron carbide, the rooa temperature 110dulus vas 
410 GPA ~~~,1~6 PSI), vhile the strength vas 1.2 
GPA (l80xl03 PSI). Obviously, this process coulj 
be used to produce other carbide fibers, or coar
in1s on carbon fibers if desired vith relative 
ease. 

In an extension of this conce:n, Carl>orundUlll 
has converted 8203 glass fiber to either boron 
nitride or boron carbide fiber. 'The result inf, 
boron nitride fiber gen~rally has about a 27 GPA 



·•xiOo ?SI) modulus and 0.34 GPA (50xl03 PSI) 
strength whicr is too low for most reinforcemen~ 
applications. Strain annealing this fiber at hign 
temperature increases the mechanical properties to 
those shown in Table ! . J:ndividua I abgrs have 
tested as high as 480-550 CPA (70-80xl0 PS!) in 
modulus and 2.4 GPA (J50xl03 PSI) in strer.gth. A 
big advantage of boron nitride filament is its ex
~ellent dielectric properties. However, its be
aavior in :netal matrices is very si11ilar lo high 
modulus carbon fibers, e.g. it is ha•d tu wet, and 
is reactive. 

A process somewhat different in concept is the 
use of a rayon fiber to absorb IM!tallic nitrate 
salt and then to carefully pyrolyse to a salt laden 
carbon fiber. ThE carbon is then oxidized and the 
remaining oxide carefully sintered. Several oxide 
fibers were pre?ared by Union Carbide Corporation 
in this manner, the most notable being stabilized 
zirconia. Fiber strengths vere in the 0.7-1.4 GPA 
(100-ZOOxlOJ PSI) range. Although mainly used for 
insula~ion, some ceramic matrix composites vere 
made from these fibevs, and the strengths were as 
high as 0.35 GPA (50xl03 PSI). Unfortunately, the 
fibers are no longer available comaercially. 

Organic Fibers 
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The ultrahigh modulus of graphite results 
from the strong sp2 bonding in the basal plane. 
High modulus organic fibers are possible if a por
t ion of the multifused aroauatic r~ngs in graphtte 
can be incorporated into a polym4:0r. Highly ori
ented ~arapolyphenylene or polyacene ladder poly
mers provide attractive specific moduli. The pro
blem is how to get tnese intractable polyme•s into 
a highly oriented fiber fol"lll. A 111ajor breakthrough 
came with the development of KevlarCR) araaid fi
ber (Fig. 6a). The enhanced solubility due to good 
solvents and the amide linkage in polyphenylene
terephthalamide (PPT) allowed fornation of an 
easily oriented liquid crystalline poly.er solu
tion. This solution could be spun into a highly 
oriented fiber, whose properties could be further 
enhanced by a high te~perature crystallization 
heat-treatment. Properties are listed in Table I. 
(A more detailed description of the fiber is pre
sented in an accoapanying paper.) Ila •ight be ex
pected from a rigid rod polymer structure with 
relatively low bonding betveen adjacent polymer 
molecules, these rods aight be expected to buckle 
at relatively low c.:.ipresslve stresses. Also, the 
offset which is introd~ced by the aaide linkage 
produces a slightly kinked structure along th.e 
rod (Fig. 6a). This might be expected to further 
reduce the load required for buclr.Hng as well as 
decrease the modulus. A truly straight rigid rod 
?Olymer such as polybenzothiazole (PIT) aight be 
expected to provide a higher aodulus whicn it does 
(Fig. 6b/Table 1). However, the comipressive 
failure load is the saae as for PPT, although the 
failure ~echani~m is quite different. 

Linear chain type polymers would also give 
high modulus if. the chains were fully extended 

parallel to tbe fiber. ax!.s. For example, fully 
extended polyethylrne has a theoretical modulus or 
250 GPA with a density slightly less than unity. 
Values of modulus as high as about 1/3 the theo
retical ha.ve been observed experimentally, which 
is about the same as aluminum. Compressive 
strength of fully extended polyethylene ~arallel 
to the fiber axis ha•1e not been measured experi
~ntally, but can be estimated fr0111 _the elastic 
constants to be abo•!• 18 m>A. This low value 
whic~ can be ~~cted for a flexible chain in 
comptession would limit the structural use of fully 
excended polyethylene severely, as would the low 
mE.lting point of the polymer. Other linear chain 
polJllerS with higher c~in-to-chain interaction 
would improve comipressive and transverse proper
tie3. but would be harder to process. No fibers 
have been reported for these other pol-,.ers. 

\lhiskers 

After G&lt and Herring's discovery of high 
strength tin whiskers, 111Uch research on whisker 
growth and properties WdS performed in the SO's 
and 60's. Many problems exist in growing whiskers 
in large quantity with good quality at an econom
ically viable price. Because of this, interest in 
whisker technology has wanned, except for SILAG 
and TottAI SiC whiskers which &re made from rice 
hulls or siailar by-products. ni.e main application 
of these whiskers has beec. to aluminum and other 
low-melting metallic matrices with relatively go~d 
results. SiC wbis~ers would be too reactive for 
higher melting metallic matrices, except with pro
hibitativelv thick (relatively) pT"ltective coat
ings. However, the appll.cation of these wh!.skers 
to ceraaic syateas, ~ven just for mo~el systems, 
appears attractive. The fine dimensions of the 
whiskers could allow for additional toughening 
aechani ... to apply. 

C:O.parison of Fibers 

Hanv of the fibers described in the previous 
1ectiona

0 

are experimtntal fibers whi~h are not 
produced in quantity. Comparison pf fibers which 
a~e P"iaaril) used far resin utr1ces will be lia
ited to gl•ss, lavlarCR) 49, carbon &nd boron. 
Similarly, only boron,,..~liaon carbide, and alumina 
fibers <till be cot1par9d with respect to application 
to metal .. triz cOll~ites. 

lesia ~trix Composites 

The properties of co•posites depend not only 
on fiber and .. tri:lt prope=ties and the interf acial 
b.>nd be~vecn th~. but en the f•brication and test 
techniques .. vell. Further.ore, mechanical te1t 
data are usu.ally obtained fro• relatively small 
well ••de test speci•ens. For composites that are 
not flaw sensitive. the test results froa small 
specimens aa.y adequ~tely describe larger scale 
hardvare. Hovever., for 110re brtttll co•po1ite1, 
the ap~licatioa of saa.11 ~p•cillen test deta to a 
large struct~re vill overesti .. te the str•n&th of 
the 1tructur•, for the 1tructure i1 110re likely to 
have 1trength reducing flaws. The property data 

• 



is fol" small test specimf'ns and only for uniaxial 
laminateJ (Table 11). For the newe~ carbon fibers, 
the tensile strength 01 the composite is incr~ased 
although not as much as might be expected from the 
fiber strength. Similarly, it is not appa:--ent 
whether the improved composite strengths observed 
in test specimens will be carried over to struc
tures. Although the composite tensile strength for 
these newer carbon fiber is higher, no increase in 
compressive strength has been observed. It may be 
that the fiber it5elf is failing internally just as 
Ke~lar<R) an( the higher modulus carbC'n fibers do. 
(Th,• very h; gh modulus pitch fibers vi th very high 
alignment cf the graphite basal planes parallel to 
the fiber axis fail at less than 1/2 the value of 
the tensile strength in compr.,ssion.) 

Perusal of Tabl~ II show·; that boron and high 
modulus carbon fiber are mJst desirable for high 
stiffness applications. Boron filament also bas 
good tensile and compressive strength properties. 
The major er disadvantages of boron filament are 
cost, machining and limited allowable laminate 
curvature. Lo•.1er modulus carbon fibers have "bal
anced properties" and modcra-:e iTpact ·strength. 
Cost is also moderate. Kevl.u(R has good tensile 
strength, moderate stiffness, is tough, but is rel
atively poor in co=ipression. Cost is moderate. 
For specific ~trength (strength/density) applica-
r ~ons, Kevlar<R) and the new carbor. fibers are 
attractive. Glass is hard to beat for pure 
strength limited applicatio"s because of low cost, 
strength and toughness. Finally, very high modulus 
carbon fibers have a sufficiently negative coeffi
cient of thermal expansio'l that a zero theilllC\l ex
pansion coefficient laminate c3n be produced. 
(Kevlar also has a negative thermal expansion co
efficient but its modulus is too low to produce a 
zero thermal expansion coefficient.) Obviously, 
devending 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 
c0111posites, especially becau.oe oi 'the lack of b13h 
temperature da•a. Data are shown ~ere for the re
infvrcement of alU111inua at r0011 temperature (Table 
II.) (More complete data is presented in another 
paper.) All fibers give a good increase to the 
stif fnes• and stren1th of aluminum parallel to th• 
fiber axis. Good transverse properties are ob
served with boron and alumina fiber, but not with 
carbon. Also, corrosion in the aluminum/graphite 
aiay be a problem in some enviro-enta. 

Conclu•ions 

A wide range of fibers is available and 11are 
will be developed in the near future. The widely 
varving properties of th• fibers and differing 
req~~rement• for applications ••ans that ao one 
fiber will completely dominate the others, at 
least in the near future. E'ch fiber with its 
1·nique charac teri"st ics ten:!• to be opti.m\111 for 
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particular uses. 
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Fig • .1.: 

Fig. 2: 

GLASS FIBER SP.,..ING 

Glass fiber process. Holten glass is 
spun at high spe~ds into fiber which is 
rapidly quenched. The fiber surface is 
protected by a size and processed into 
suitable textile forms. 

Chemical vap>r depo11tion of fil ... nt. 
A conductive substra:e i• ~aased throush 
a cylindricd ch-ber where reactive 
gases depos~lt the desired .. terial on 
the heated 1ubstrate. 



Fig. 3: ~rbon fiber processes. Pitch or poly
ac~ylonitrile are spun into oriented fi
bers, are thermoset, a~d carbonized ~o 
carbon fibers. The 110dulus of the carbon 
fibers is increased by subaequent h .. ting 
to a high teaperature, and :he surface of 
the fiber is etched for iaproved bonding 
to the resin aatrix. 

CH, Cl 
's( 
"' ' CM, Cl 

1~ 

fCH, Ht. I I 
Cl ) - Si-C 

SIC Fibef ~ ~ n 

Fig. 4: Silicon carbide fiber proceas. Dichloro
dilllethylailane is polymerized and tlwu 
thet'lll&lly treated to f ot"lll a polycarbo-
1ilane polymer vhich can be 1pun ~nto a 
fiber. Th• polycarboailanw ia then py
roly1ed to a silicon carbida fiber. 
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TAIL! I: Fiber 

Kodulu.a 
CPA HSI 

CU.SS 
E-HTS 69 10 
S-2 82.7 12 

CVD FI LAHE!IT 
Silicon Carbide 

tungsten aubatrate 418 61 
carbon substrate 418 61 

Boron 397 58 

CAUON FIBER 

PAN Precursor 
Lov Hodulua 

(AS,T-300,XA,CELION, etc.) 220-24C 32-35 
Higl! Hodulua 

(HMS) 330-350 48-n 

Fig. 5: Boron nitride fil .. ent. Boric oxide fi
ber it apun into a fiber, converted to 
the nitride by heating in ammonia, and 
atratched at high teaperature to produce 
high mJdulua boron nitride fiber. 

PPT 

P~ -0- ~o c ' c 
'N 

I 
H 

PBT 

Fig. 6: High llOdulua organic fibers. PPT: poly
phenyleneterephthalaaide. PIT: polybeiuo
thi~.iole. 

Properties 

Scrag th Strain Density 
CPA lSI % p/c.c. 

3.5 510 3.5 2.55 
4.5 660 4.S 2.4 

3.1 450 .8 J.) 
3.9 575 .9 ).l 
3.4 500 .9 2.6 

).0-3.3 435-480 1.3-1.4 l. 75 

2.3-2.6 335-375 0.7 l.91 

-1 
I 

• 
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T'!PICAL NDJ GRADES 

' Union Carbide 
T-300A 
T-700 

, T-800 
T-40 

Hercules 
AS4 
AS6 
IK6 

PITCH PRECURSOR 
Union Carbide 

P-55S 
P-75S 
P-lOOS 
P-120S 

INORGANIC FIBER 
Silicon CaTbide 
Aluaina 

duPont (FP) 
Suait01D0 

Boron Nitride 

ORGANIC FIBER 
Kevlar (R) 49 (PPT) 

PBT 

TABLE Il: 

RESIN MATRIX 

O". Ten1ile Modulus (CPA) 
0° Tensile Strength (CPA) 

90° Tensile Modulua {GPA) 
90° Tensile Strength (CPA) 
o• C0111pre1sive Modulus (CPA) 
0° C01apres1ive Strength (CPA) 
Short Beaa Shear Strength (GPA) 
Density (gm/c.c.) 
Impact Strengt~ (ft. lb.) 
TheTlll.ll Coefficiint of Expanaion 

x 10 i•c 

ALUMINUM HAT1llX 

I o• Tenrile Modulus (CPA) 
o• Tensile Str~natb (CPA) 

90° Ten1ile Modulus (CPA) 
90° Tensile Strenatb (CPA) 
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TABLE I: Fiber Propeniea (Cont'd.) 

Modulus 
CPA KSI 

230 33 
230 33 
267 39 
294 43 

233 34 
246 36 
288 42 

380 5~ 
500 75 
685 100 
822 uo 

200 29 

340-375 50-55 
210 31 
310 45 

124 18 
304 44 

!IJ.!ical Fiber Reinforced 

Strength 
CPA ltSI 

3.6 520 
4.5 660 
5.3 780 
4.2 620 

3.6 520 
4.1 600 
4.: 620 

2.1 300 
2.1 300 
2.2 325 
2.7 400 

2.7 400 

1. 7 2SO 
1.8 260 
2.1 300 

3.6 525 
2.7 400 

Strain 
% 

2.0 

l.5 
1.65 
1.6 

Density 
p/c.r.... 

.5 2.02 

.4 

.3 

.3 

1.3 2.8 

.4 3. 7 

.8 3.2 

.8 2.1 

:?.5 1.44 
.9 

C:0.2!!Site Properties 

AS, T-300 HHS l!VUR(R) E-GLASS S-2 GLASS IOIOM CELIOll nn 
CAlllOll 

C4lJml 

.. 1 54 210 150 210 76 
1.15 1.31 1.73 1.6 1.12 1.38 

25 23 6.9 8.5 5.5 
.046 .06 .041 .037 0.) 

4/ 54 28 lSO 210 .,~ 

• 54 .69 3.1 . 1.6 .99 .276 
.105 .090 .103 .131 .072 .04-.08 

2.111 2.13 2.0 l.55 1.6 1.311 
280 40 100 30 150 

3 4 -2 -6 

Suaita.c>: duPont (FP) Nippon Carbon Boron 
A120) Al703 SiC 

~~ 200 100-110 140 230 
.6 .8 . 7 LS 

106 180 
.09 .OI .02 .28 
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