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Ceramic composites at extremes of performance

D. C. Phillips

Materisls Development Division, Harwell Laborstory,
Oxfordshire, 0X11 ORA, United Kingdom.

ABSTRACT

" This paper is & brisf review of some of the factors vhich may limit the

performance of cersmic matrix fibre composites (CHMC), particularly the
sffects of tempersturs om properties. It ocutlises the present practical
1imits on their performance, snd curreat thoughts om the maxisum tesperatures
which are potentislly schievable. Cersmic matrix fibre composites are here
taken to includs glass and glass—ceramic metrices, as well as true ceramic
matrices, reinforced with cootinuous carbon and ceramic fibres; whisker
toughened cersmics; and cerbou @atrix systsss such as carbon-carbon
composites.

1. INTRODUCTION ~ THE REQUIREMENT

The main motivation for the development of high strength, high toughness CMC
has been the incrsasing requirement of the serospace industry for materials
capable of opsrating st high tesperaturss in aggrassive environments with
acceptable machanical properties. Tha ieportant proparties sought are:
short-term high straagth vith low varisbility; long-term strangth, including
resistance to creep and fatigus; toughness, including good damage tolarance
snd impact strength; resistancs to thermal shock and cycling; and resistance
to abrasion and chemical srosion. Thess proparties nsed to be retained far
scceptable lengths of time under operating conditions, datails of which will
depend upon the specific applicstions but include tempsratures wvhich can
gange from below smbient to very high, snd atwospheres of air, zarified air
end combusting fuel gases. For example, for sdvencad ajlitary aircraft gas
turbine engines, materisls sra sought vhich can survive operational cycles
which could include periods at tempsrstures im excess of 2000°C (Kirk 1988),
and for re-usable space vshicles re-entry tsspecraturss of 1500°C or higher
can occur (Barker ot al. 1948).

although other, non-ssrospace spplications for (MC srs emerging, vhich do not
raquire sxtrems temperaturs capability, such as dies and other forming tools,
medics] implants, and in land transport engines, the wain direction of
ressarch is towerda high temperature capability. It is therefors isportant
to asssss continucusly whet current ressarch is telling us about achisvable

goals.

183

o r rE————— o fr— b e

-2~ "




Phillips

2. CURRENTLY AVAILAPLE MATERIALS

All of the successful techniques for the sanufacturs of CMC curreatly requirs
procassing st high tespsratures and chemicsal compatibility and thermal
expansion mismatch betwesn fibres and matrix are therefors isportant. Im
principls, problems of high tempsrature reactions betwsen fibres and matrix
might bs allaviated by interfacial barriers but thermal expansion mismatch
Presants & wors savers problem. Decause stressss induced by thermal mismatch
as the composite cools can causs the composite to crack and fragment, the
fibres and matricas which can be combined successfully are limited. In
goneral a fibre with the same or a higher coefficient of thersal axpansiom
(CTE) than the matrix is preferred, mo that the matrix is placed iato
compression on cooling. Differsnces in thermal expansion sissatch in the
fibre's radial direction can be importent in s wore subtle way by affecting
the strength with which the matrix grips the fibre. This can control the
effective fibre-matrix bond strength and the resulting composite toughness
(Phillips 1974).

At the present time thare are thres differsnt generic types of CHC which are
furthest developed, charactarised by the methods used to incerporats fibres
or vhiskers into the matrix (Phillips 1987, 1988). These are: continuvous
fibre reinforced glass-ceramic and glass systems produced by a aclid-stats,
slurry impregnstion, route followed by hot—pressing (Sambell et al. 1974);
gas phase or liquid phess fnfiltrated fibre praforms (Naslain 1985, Naslain
and Langlais 1985); and hot-pressed whisker toughensd ceramice (Wei and
Becher 1985). Most of tha available information about the high tesperature
beshaviour of CHC has bsen obtained from thess.

Only a limited number of fibres and whiskers capable of oparating to
tempsraturss bayond 1000*C ars presently available. These includs carbom {or
graphite) fibres and fibres based on SiC and Al 0,. and whisksrs of 8iC and
BiqN,. The mechanical properties of these differsnt genaric' types of
material, the sdvantages and dissdvantages of the different fabrication
routss, and to sose sxtent tha applications of the materials, differ
(Phillips 1988).

Highest strangths are achieved by the hot—pressed glass and glass-cersmic
matrix systams. These can be fabricsted with lov metrix porosity and rule of
mixtures strangth to 60 volume X (Y/0) of fibre (Dawson et al. 1987). The
relatively low failure strain of the satrix can, however, result in sultiple
matrix microcracking st stresses well below the ultimate room tespersture
strength of the strongest of these systems (Phillips st al. 1972). Matrix
microcracking can, under soms circumstances, pracipitats failure, reduce the
maximus strength snd could slso affect fatigue behaviour.

The gas phase and liquid phase fabrication routes are used for materials
which include the trus ceramic matrix composites and carbon-carbon. Theas
alvays contsin wuch porosity, typically minimum valuas of around 10X are the
lowest practically schieveble. Porosity reduces composite strength and this,
coupled with the use of sultidirectionsl fibre preforms rssults in a lower
strength material.

The vhisker toughensd materisls sre the sasiest to menufacture, most clossly
ressmble monclithic ceramics, and have low porosity, but can only sccommodate
ralatively low volume fractions of reinforcement (¢ 3 ¥/0) and bepefit from
only a wodest transfar of vhisker strength into the composite.
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3. TEMPERATURE LIMITATIONS

4 good starting point for & discussion of the saximum achievabla tempersturs
capability of CMC is the sssessment by Hillig {1985) who has considerad the
necessary criteria which sust be satisfied for a composite to survive and
have useful properties undsr stress at high temparaturs in air. Melting (or
dissociation) temperaturs gives en sbaolute upper bound but other
considerstions reduce this substantially. Thase includs, a8 a minisum:
stability with respect to volatilisation; low internal ¢ snl reactivity;
Tetention of stiffness; and a creep rate for tha fibre < 10 uc'!. He
concluded that only an oxide matrix would have sufficient stability against
oxidation to act as s protective matrix or coating and that a non-oxide fibre
vould be necessary on grounds of stiffness and bonding. He also pointed cut
that & non-oxide matrix might be suitsble with an oxide coating to protect it

and that a further barrier betwean fibres and matrix may be necessary esven
for an oxide matrix.

Despite his resarvations, embodied in the thres lavs of high temperature
chemistry attributad to Searcy that: svearything rescts with everything at
high temperatures; averything rescts fastar at higher temperatures; and the
products msy be anything; Rillig compiled, calculated and infersd ancugh
thermochemical dats to conclude that thers are a nusber of oxides, carbides,
borides and nitrides, as well as carbon, which might function together to
tamperatures in the rangs 1700°C to 2100°C. Of the non-oxides only ecarbom,
Sisﬂz and 84C are currantly avsilable ss fibres or whiskers. He also
conaidered briefly the cresp stability of vhiskers grown with single screw
dimlocations and, from a considerstion of the work required to nucleats
dislocation loops, concluded that thers is little likelihood thet spontaneous
nuclestion of dislocations will occur and therafors thet the whisksrs will
have considersble resistance to cresp. A conclusion which can be drawn from
his survey is that %iC whisker reinforced 41,04 is one of the most promising
practical systems. The maxisum tespersture capabilities of the materials
considered by Hilligy are listed in Table 1 and this list is still the bast
widely available. Fleischer (1985) has aleo provided a useful compilation of
the relative high temperature cepsbilities of single phase saterials with
malting tesperatures betwvesz 2000°C and 4000°C.

Table i. Provisionsl meximum tesperaturs of nye (T,) of soma oxides and
non-oxides, after Hillig. T_ is eelting or dissociation tespsraturs

Oxides Non—Oxides
Material T T, . Haterial T T
) dh i ) &
'rhoz 3493 2296 TaC 4528 2980
Kfﬂz 3117 2020 ReC 4163 2915%
Uﬂa 3113 4050 NbG 3886 2363
Mg! y o098 1828 Cc 38258 2670
ZrOz 3037 2128 IxC 3803 2660
Ca0 2882 2015 REN 3660 2560
Be0 2843 1990 TiC 3530 2470
8r0 2727 1750 Hflz 352 23458
A1203 2327 1630 TaN 3360 1855
Cr 0, 2300 1610 Tad, 3310 2315
8iC 3100 2170%

* Calculated on basis of 0.7 T. as likely maximus tempsraturs
determined by creep.
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Thermodynamic calculations are ussful for carrying out an initial sssessmant
of the suitability of combining two materials into a composite (Knights
1988). Resactions batween the two components at high tempsrature can result
in material loss. The importance of this can bs asssszed by calculating
vapour pressures and Hillig has suggested, on the besis of practical
cxporicn;ug th;g for long-term use the vapour pressurs at sxposed surfaces
should be ¥ 107° bar but at internsl surfaces might be acceptabls up to

0.1 bar. An exsample of the type of equilibrius thermodynamic calculation
that can be carried out is {llustrated below (Xnights 1988). B8ilicon carbide
is one of the most oxidation resistent carbides but in air snvironments or
combustion gases soms protection might be raquired for a 5iC matrix above
about 1500-1600°C. If Al,04 is used as # protective coating a variety of
resctions will occur bensath the protective slumine film as shown in the
sxampls:

At 2000%
co(g) 6 x 1073
510(g) 6 x 10:;
A0, + SIC -+ i sx1073
51C(g) 5 x 10710
Al,0{g) 4 x 1073
Ali‘) 3 x 107
Total 2x 1072 bar

Thiz sxample shows that internal intersctions would limit the protection
systes to about 2000K on the 0.1 bar critericn. Higher tempersturs systems
would raquire use of more stable oxides or other protaction. Computer codes
are available for solving multi-phasa, sulti-component systems snd are well
proven (Knights 1988, Erikeon 1975). Thermodynamic calculations are
invalusble in most situations whare interaction with other phases, gassvus or
condensed, is possible. They can indicate the mest probable chemical
degredation mods, give limits to treatment or use tsmparatures and suggest
protactive intsrlaysrs betwean phases and external coatings - an invaluable
Precursor to mocre axpsnsive exparimental work. The thersodynamic data are
reedily available (Knights 1588, Chass et al. 1985, Kubaschewski snd Alcock
1979). There are pitfalls in applying the data in not considering some
little known gassous speciss or in not considering the correct equilibris.
Although thermodynamic calculations are useful et the scoping stage, they
only provids informarion about squilibrium states. For informstion about the
kinstice, and therefors for certainty sbout the importsnce of particular
Teactions, experiments or prior expertiss are nacessary. Lack of these dats
are currently a major problea.

The practical systems which currently exist use ( fibres, Al,0y fibres, BiC
fibres and $iC vhiskers. Of thess the C fibre and Al,0y fibra syatems appear
to approach the tesparsturs limits in Table 1 when the behaviour of the fibre
is the controlling factor: 2 2300°C for C and ~ 1300°C for Al,0y. Howsver
the 5{C fibre systems tend to have & wmich lover temperaturs capability
becauss of cresp of the fibres and fibre structursl changes, and the SiC
whisker reinforcad Al;0y systems do not appesr to have significant
improvements in creep bahaviour over unreinforced Alzo . Another i{mportant
factor which may limit the tampsrature capability of sfc fibre reinforced
glazss—ceramic balow the temparature capability of the matrix is the
occurrsnce of matrix micrecracking.

4. PROPERTIZE OF FIDRES

A wmore extansive review of ths performance of fibres ia given alsevhers in
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Cersmic composites at extramas of psrforsance

thess proceadings by Punsell, however, it is worth sumsarising hers soma key
facts.

DiCarlo (1985) hes published data for CVD 5iC fibres showing & dependence of
strength on test temperaturs and heat tresstment tempsrature at temparatures
2 1200°C. Rocm tesparature strangth wes reduced to a half by an exposure of
15 minutes at 1500*C in an inert atmosphers, apparently dus to
microstructurs! changes. The strength at temperature in oxygen after

15 minutes exposure vas reduced to a half at sbout 1100°C. Thess results are
better than those from Nicalon 54C fibras. Bunsell (1986) shoved that
significant creep of Nicslon BIC occurrsd above 1300°C,

Alumina fibres, such as the a-alusina DuPont FP fibre or the ¥-alusina
Sumitomo fibre, are slso restrictad to less than 1200°C because of cresp
(Bunsell 1986). Recently, DuPont has publicised s nev alumina~girconia
fibre, PRD-166, which is substantially stronger than FP slumina and has a
batter reteation of room temperaturs strength after exposure to high
temperaturs (Romine 1987). High temperaturs strength and creap properties
have not besn publishsd snd it can be speculsted that, {f the mechanism of
strangthening over the a-aluming fibres is the zirconia martsnsitic
transformation, tha higher rooms tewparature strength may not be retained to
high temperatures as the efficiency of the martensitic transformstion
toughening wechanism decrsases.

Substantial development work is under way, particularly in the USA, to
produce ceramic fibres of higher temperature capabilities (Msh st al. 1987).
Au interesting approach by Japaness scientists, utilising an intermediate
radiation processing stage, has resulted in a significact improvesant in
polycarbosilans based ceramic fibres (Okemura et al. 1988). Current
manufscturing processss involve s thermsl oxidation stage at ~ 180°C to
cross-link the thermoplastic polywer and prevent it melting during higher
temperature processing. By substituting irradiation cross~linking thay were
able to produce 5{C fibres with a« jow oxygen conteant. Fibres produced in the
standard vay lost 50% of their strength st sround 1300°C while the radiation
processed fibres could be taken to 1500°C, Fig. 1.

Despite current development work, it appears unlikaly that, in the near
future, substantial improvesents in tesperature capabilities will be obtained
for ceramic fibres and that creep or microatructural changes will restrict
long-term use to g 1400°C,

Carbon fibres can retain their short-term strangths to temperaturea in sxcess
of 2500°C provided they are protected from oxidatiocn (Fitzer ot al. 1984).
Thay also have good creap resistance (Strife snd Sheshan 1983). Currently
thersfore they are the only reinforcement commercially available which offer
the prospect of s temperaturs capability wuch above 1500°C.

5. COMPOSITE STRENGTH

A full discussion of CHC mechanical proparties would nesd to teke into
account the fibre distribution and the stress state and assess vhather the
Property is matrix or fibre dominated. For exanple & unidirectional
composite with a glass matrix under shear stress may be limited by tha
viscosity of the metrix s tesperaturs increasss, while a unidirsctionsl
cosposite under tensile stress may ba limited by the fibre behaviour. Such
#n extengive discussion is not possible hers and is restricted to
fibre-dominsted modes of behavicur.
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- 1. The affect of radiation processing on the high teapersture strength
$4C fibre (Okamura ot al. 1988),

Glass and glass-ceramic cosposites. The saximum temparsture capsbility

tarbon fibre reinforced glass and ill.l-c.rlIlCl in air is determined by
iation of the fibres at sround 400%C (Samball st sl. 1974, Prewo and Batt
). The matrix tends to provide only very limited protecticn for the

‘es and mathods of protecting the surfsce by gless have not been
:axgfully pursued. Matrix microcracking under stress would make such
‘ective mathods suspect. In an inert snvironmant strength 18 retained to
reratures st vhich the matrix cresps axcessively, spproximaiely 1000°C to
1°C for glass-ceramics.

rsximum teawperaturs capsbility of glass and glass-corenic matrix

osites reinforced with Nicalon SiC fibres is defined sither by the
srature at which fibras cresp or degrade, or the maximum tespasraturs at

h the satrix viscosity is sdaquataly high to maintain a low creaep rata.
higher temperature materisls are the glass-ceremic matrix systems and for
e the highsat temperatures achisveble defined by the matrix creep rate or
fibrh degradation temperatura ere very similar, at around 1200°C (Prewo

» Cooper snd Chyung 1987).
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Carsmic composites at extremes of performance

The presence of air doas not appear to have a very significant effect on the
saximun temperature capability of Nicslon SiC/glass~ceramic composites. It
can however affect the strength at lovar temperatures through & sechanism
ini{tiated by matrix microcracki - Optimisation of fabrication of composites
of Nicalon 8iC fibre in 1ithium aluminosilicate metrices (S1C/LAS) 1is not
straightforward and severs) differsat systems have besn producad, appsrantly
differing in hest trestment temparaturs und the specific composition of LAS.
Pravo has described the propertiss of thres systems designated SIC/LAS 1,
SiC/LAS 11 and BiIC/LAS II1 (Prawo 1986, 1988). System I has relatively low
strength compared with II and III snd fractures at a stress lover than the
matrix microcracking stress. This system retains its strength to the maxisus
temperature, Fig. 2. Systems II and III are stronger and displey matrix
microcracking. When tested in air they both exhibit a significant reduction
in strength to » stress level squivalent to the wmatrix microcracking strass
at around 800°C, Fig. 3, and this has been attributed to an embrittlement
effect. Tha strength and toughness of Nicalon §iC/LAS composites are
controlled by the production at the interface of & continuous carbon rich
layer, due to the wxcess of carbon in these Si{C fibres (Coopar and Chyung
1987). The combination of ¢ matrix microcrack and an oxidising atsosphere
&ppasar to esbrittls the fibres at thase interwediate temperaturas, although
there is soms regain of strength at higher temperatures. Details of the
mechanisms are not understood, nor the reason for the Tegain of strength as
temperaturs incraases, but this msy be dus to suppression of mstrix

sicrocracking as temperature incresses dus to incressed plasticity of the
matrix.

5.2 Ceramic matrix c sites. Fig. & shows the variation of short-term
strangth of 5iC/SiC and G/SIC composites with tespersturs (Heraud 19848).
Strength incresses with increasing temperatura, perhsps dus to reduction of
thermal streasses, and is again retained to the maximum capability of the
fibres. Unlike the glass-ceremic matrix composites, in this case the
decrasss in strength at intermediste tewparsture does not occur, presumably

dus to the differences betwean the fibre-matrix interfaces of thess diffarent
materials,

Fig. 3 shows dsta on a 8{C whisker toughened Al 0y systsm {Tiegs and Becher
1985), indicating that the whiskers have had onfy a relatively small effact
on the waxiwum temperature lisit.

5.3 Carbon-carbon ¢ ites. In inert stmospheres strength can be
maintained at very high temperatures by C-C composites with short-tara
Tetention of strangth to > 2500°C (Fitzer 1987) and good resistance to cresp
(Strife and Sheshan 1988). In oxidising atmospheres significant loss of
strength bagins at around 500°C, the exact temperaturs depending on the
datails of fabrication and degres of graphitisation (Goto et al. 1986). At
temparatures < 1200°C oxidation ig controlled by chemical rate effacts and
soms catalyric effacts; at higher temperatures (t (s controlled by diffusiion
of reactive species.

Conaiderabls ressarch {s being cerried out into oxidation protection (Buckley
1988, Btrife and Sheshan 1988). In practice the ®a jor problems are not just
high temperatures but alse thermal cycling which induces cracking and
spalling of protective barriers. Strife and Sheshan (1988) have recently
sumsarised the dats currently available to tha public on oxidstion
protection. Some features of a protective system are illustrated in

Fig. 6. The matrix may contain oxidation inhib{tors wuch as boron, silicen,
Sirconium and hafnium in the form of non—oxide ceramics. An outer coating s
required which will provide s barrier to invard diffusion of oxygen and
outward carbon 4iffusion. The barrisr suat also possess low volatility te
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prevent sxcessive srosion in high velocity gas streams, with good adherence
to the substrats. Bscause of ths tendency for the barrier to crack because

' of thermal mismatch snd temparature cycling en inner, glass-forming systea is

required with appropriate viscosity-temperature charscteristics to seal
microcracks in the outer barrier. At tesperatures up to 1800°C silicon basad
materials are most suitsble as barriers bacauss the kinetics of oxide growth
are substantislly lower thaa for sluminium, hafnium and zirconium based
caramica. & practical system currently in uss for applications such as the
space shuttle uses silicon curbide as the primary oxidation barrier for
¢arbon-carbon lesding edges and nose caps. This barrier develops microcracks
becauss of thermal sismatch betwasn the BiC end ths C-C. The cracks are
impregnated with tetrasthylorthosilicates (TEOS) by & process which leaves
the cracks ssaled with §10,. Other lovw tesperature glsss- forsers ara also
being developed to snhance the sesling capability of the TEOS aystem {Bucklay
1988). Systems such as this have shown oxidation resistance for hundreds of
hours of cycling betwsan room temperaturs snd 1370°C, and for up to 20 hours
under strass in high flow-rata burner rig tests at 1540°C (Strife and Sheehan
1988).

For protaction above 1800°C very different costing systems sre raquired
and development has not yst besn pursued succesafully to a state vhere
practical systems exist. Oxides such as Ir0,, HEO,, Y50, snd ThO; have
adequate thermal stability for long-term use but have ﬁigh oxygan
persesbilities. Silica has a lov oxygen diffusivity snd {s the best oxide
candidate as en oxygen barrisr but phase changes on cooling causs & volume
contraction snd resulting disruption. Iridius has been shown to give
axcellent protection at 2000°C-2100°C for short times but suffers from
axcassive srosiocn due to volatile oxide formation, lack of sdharsnce,
relatively high cosfficient of thermal sxpensiom, high cost and limited
availability.

Strife and Sheshan {1988) suggest a sultilayer costing system for > 1800°C
consisting of: a refractory oxids as outer layer for erosion protection; a
£i0, glass inner layar as oxygen barrier and seslant for cracks in the outer
leyer; a second layer of refractory oxide; followed by an inner layer of
refractory carbide to interface with the C-C substrate and provide a carbon
diffusion barrier, i.e. refractory oxide/ 5i0, glasa/refractory
oxjde/refractory carbids.

6. TATIGUE

For fatigus similar considerationa apply as for conventional polymer
composites but with the additional effects of mstrix wicrocracking end/or
anviropsental sttack. Matrix microcracking in particular bas been parceived
a8 & potsntial problem since the esrly devslopsent of glans and glass ceramic
satrix systems.

Phillips et al. (1972), Phillipe (1982) and Limger {1974) investigsted the
affects of cycling into the matrix microcrack region on carbon fibre
reinforced glasses and found no significant changes in strength after ) x
10'cycles, although there did appear to be sn increasing tendency to s
reduction in toughness at high cycles, snd an increass in the density and
penatration of matrix cracking.

Pravwo (1957} has made a more extansive study recently of unidirectional and
0°/90* composites of SiC/LAS, His tests at room tempersturs to 107 cycles
yielded similar conclusions to Phillips end Linger: fatigus into the
microcracked region did not result in a reduction in either fatigue strangth
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or residusl strangth. At higher temperaturas howaver significant changes did
occur and reflected the effects described earlier for static strangth. At
600°C and 300°C fatigue or stresa-rupturs testing abova the matrix
microcracking stress caussd composits fracturse with s noticesbly ssbrittled
fracturs mode. At 600°C effects wers particularly sevars. Although initial
static strengths wers high, fetigus or stress rupture tests sbove the matrix
microcracking stress resulted in fatigue strengths, stress rupture strengths
and residusl strengthas egual to the matrix sicrocracking stress: sesvers
composita degradation took place in air when metrix microcracking occurred.
At 900°C the atatic strengths wers such lower, fatigus strengths and stress
rupturs strengths wers similar to the matrix sjicrocraching strength:
residual strengths however wers much higher. It sppears that st 900°C the
mechanisms of degradation operating at 600°C was effectively stopped, but the
machanisma responsible for this behaviour are not yet understood.

7. IMPACT AND TOUGHNESS

Temperature cen have a sarked effect on the toughness of some CMC,
particularly those bssed on glass and glass—cerssic systema. These sffects
arise from differences in thersal mismstch and increasing plssticity of the
matrix.

Whers the fibre has a different coefficient of thermal expansion than the
matrix, the radial mismatch can affect the fibre-matrix bond stremgth. If
the fibre has & higher CTE than the sstrix, on cocling frow the fabricstiom
tamparature the fibre contracts away from the matrix in the radial
direction. This can result in a decrease in the strength with which the
matrix grips the fibre or even, in principle, the opening vp of a gap
batween fibre and matrix, and thus a reducticn in fibre-wmstrix bond
strength. This can cause en incresse in toughness through increases in
pill-out length snd debonding length and s reduction in shesr strength. At
low temperstures thermal sxpansion wissstch is at its greatest and can lead
to relativaly tough material (Phillips 1974). As tempsrature incressss the
mismatch decresses snd can lead to an increass in bonding and thus
increasing tendency to smbrittlement (Lub snd Evans 1985).

For systems wvhera fibre snd matrix are the same this effact does not occur
and Fig. 7 containing data showing the varistion of K;n with temperature
{Heraud 1988), indicates that the toughness of Si1C-5iC is unaffected by
tempsraturs.

Recant studies of the impact behaviour of model, laminated, glass and
glass-ceramic systems, indicated an unsxpected effect of delasination
(Phillips et sl. 1988a). Ian those sxperiments (0.90)2 laminates of carbon
fibre reinforced borosilicate glass ware subjected to !lplct- At Toom
temperaturs the specimens fractured in a fibrous manner with no significant
delamination. At higher temparatures thers vas & tendency for the spscimens
to delsminate on impsct. It is unclesr vhy this should occur as the thermsl
mismatch stresses which might prosote delsasination should decreass as
temperature rises,

Cne of the principal cbjectives in the development of cersmic matrix fibre
comsposites has been the ssarch for tough, high temperature matarials.
Consequently the toughness, damsge tolerance and impact resistancs of thess
materisls sre of particular importance. Ons aspect of impact, of great
practical sngineering significance, but which has besn largaly naglected, is
the behaviour of s material when impactesd vhile under stress. Fig. 8 shows
the resulte of such impact tests carried out on two different ceramic matrix
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Fig. 7. Fracture toughness (Kj.) of 8iC-5iC and C-8iC as a function of
temperaturs (Heraud 1988).

fibre composites. The data sare here displaysd ss an impsct map, in vhich
{impact enargy is plotted sgainst applied stress, the solid lines shoving the
locus of data pointa for total fracture. It can be sesn that impact
bshaviour is sensitively affected by applied strass. In additiom, there is a
transition in bshaviour as applied stress is incressed. At low applied
stressas the borosilicate glass composite is superior to tha LAS composite,
but as stress is increased the LAS systes becomes superior. This behaviour
vas reflactad in the morphology of fracture (Phillips et al. 1988b).

8. THE FUTURE

The explosion in research into the development and charscterisation of CMC
which occurred in the sarly 80's {5 now yislding dats which ars delinsating
the potentisl achisvemsnts of CMC and potentisl probless.

The msin limitation in the saximus temperaturs cspability of ceramic fibre
systest is set at sround 1400°C, the tespersturs limits of the fibres.
Carbon fibres offer wuch higher tempersture capability if the oxidation
problem can be solved.

It is interssting to speculate on the features of & truly high temperaturs
fibre. Fig. 9 illustrates soma possibla featurss. Such a fibre would ba
sapenaive but not iampossible since CVD techniquas arse now ragularly used to
tsilor the surface of fibres. For axssple AVCO merkst a number of different
types of SIC fibres, listed es 5CS-2, 5C5-6 and 5CS5-8, which have different
ratios of SL:C at their surfsces to suit differsat potentisl matrices
(Naslain and Langlais 1988},
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a,b).

interface, and interfacial reactions, of high tempsraturs Systems ars
important evan than for polymar matrix systems and are poorly
retood. The interaction of matrix sicrocracking with the interface and

Ingress of the gassous environment is clearly an {mportant topic of
arch,

1w search for & trus high temparsture systam, capable of operating st
0°C, it vould ba naive to seek am open-ended goal, such as "long time st
wrature®, It ia Necessary to focus upon a specific set of operating
wters: mean temperature/tise; maxisus tempsraturs/time; thermal eycling
‘amme; strass state; and snvironment, and to develop a system vhich can
this specific nesd. The shape of the component might be a eritical

it and the time at maximum temparature could define whether a thermsl

or could be useful. The final system for very high tempersture use

- involve thermsl barrier, oxidation barrisr, sacrificial zonas and

phaze fibres. The problems are grest but the potential rewvards are
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NIGH TEMPERATURE FIRRE COMPUSITES

D.C. Phillips
Haterials Development Nivision
Harwell Laboratory
Oxfordshire 0X11 ORA
UK

ABSTRACT

The present state of deveiopment, and some of the research
requirements, of fibre composites for use under stress in the temperature
range 150°C to 2000°C are reviewed briefly. Materials constdered include
composites with high temperature polymer, metal, glass, glass-ceramic,
ceramic and carbon matrices.

INTRODUCTION

The term High Temperature Fibre Compoaite (IITFC) means different
thinga to different people., To the polymer scientist it might mean a
composite which will operate bayond conventional epoxide resin systems,
perhapa 150°C and upwsrds. To the cersmicist it wight mean a composite
which will survive for a long time under stress at around 1200°C or higher.
To people dsveloping metal, glass or glasa-ceramic matrix composites it can
Wmean some temperatura capability batween theas extremas. Dovelopment of
composites with each of these matrices started in the 1960’s or earliaer,
but deapite this the present combination of market pu]l, from new and more
demanding applications seeking new or improved materials, and materials
push, from new and improved materfala secking advenced applications, make
NTFC one of the most rapidly developing, widely researched, technolegical
aress today. They offer the prospects of substasntial improvements over
conventional, homogeneous materials for some existing applications, and new

limits to materials usze in terms of high specific strength combined with
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‘temperatute capability, thus enabling radically new snginesring
development. The present, main problem for most systems is the development
of fabrication techniques - for the more maturs systems the development of
rapid, low-cost, production processes, whils for the newer, innovatory
materials, sti{ll at the labbratory scale, there are formidable basic
fabrication problems before the materials cen schieve properties which will
make them scceptabls for critical enginearing spplications. In all cases
there ia & dearth of easential dats for performence pradiction and design.

This paper reviews the present state of development of fibre
composites for load-bearing spplications at temperatures sbove 150°C with
the emphasis on the higher temperatures. The reasons for, and the problems
inherent in, devsloping HTFC to a stags where they can bs used for highly
stressed enginesring applications, differ betwssn the different classes of
saterisl. Consequently the following sections consider saparately polymer,
wetal, glass snd glass-ceramic, and ceramic including carbon matrices, and
finallj the prospects for ultre high tempersture (> 1400°C) composites. A
unifying theme iz provided by the similarity of the dependence of their
mechanical and physical propsrties on tha properties of the constituent
fibres and matrices through the basic principles developed for
conventional, roow temperature, fibre composites. This gives a sound basis
for initial predictions of properties. Systess based on short fibres,
woven fabrics and continuous, unidirectional fibres ars being developad for
all the different matrices and in reviewing the subject it is worth
remembaring that there are two main, rather different, reasons for
developing composites. In genersl, sbort fibre systeme are devsloped for
applications for which the metrix materisl is broadly suitable but has some
shortcomings which the incorporation of fibres can improve, for example by
increasing the stiffness or crsep resistance of wetals or increasing the
toughness of ceramics. Continuous fibrs aystems ire developed for
applications whers the high stiffness and strength of high performance
fibres are required and the matrix has the secondary role of providing a
load transfer wedium suitable for the temperature of the application.

Woven resinforcement systems fall somewhere batwesn these two extremes.

The generic types of high performance fibres and whiskers which are
currently available sre, in sscending order of temperaturs capability in
oxidising stmospherss, aramid, glass, carbon, boron and ceramics such as
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. 84¢C, SiaN‘ and 51203. The maximum temperatures of use depend on the stress

on the fibre and on the wey that the fibre strength degradation mechanisme
is sffected by the presence of a matrix during fabrication and in service.
Aramid fibres are unlikely candidates for applications requiring prolonged
exposure above 150°C. The highast temperaturs polymer matrices are capabls
of withatanding prolonged continucus exposure up to ~ 300°C. At the higher
temparatures in this rangs the accalerated attack of environmental water
vapour on glass fibres, which on Arrhenfus srguments is likely te double in
ssverity with every 10°K-20"K rise in temperature, rendars glass fibres
auspect. Carbon fibres are thus the most economical, safe reinforcement
for high temperaturs polymers, and the main limitation on thess composites
iz -the polymer matrix. Glass matrfces and the lower temperature metal
matrices, aluminium and wagnesium, with typicel maximum temperature
capablilities of ~ 500°C can be reinforced with carbon fibres to give usaful
properties to around 400°C-450°C, and with the higher tampsraturs fibres
for applications up to the limitation of the matrix. Glass-ceramics are
readily available with a tempersture capability to around 1000°C and thus
approsch the temperature limitation even of some ceramic fibres. Ceramic
matrices, vhich are here taken to include carbon, are capable of operating
well beyond the maximum temperature of currently available ceramic fibres,
which either thermally degrade, oxidise or creep excessively under load, in
the temperaturs range 1000°C-1200°C. Thus, currently, the limitation on
the maxiwum tempersture for use in oxidising environments iz the limited
temperature capability of existing fibrea. In non-oxidising stmoapheres
carbon fibre reinforced carbon and perhaps ceramic matricas potsntially
give useful properties well in excess of 1200°C, perhsps to 2000°C.

Although this paper is entitled High Temperature Fibre Cowposites, the
different composits aystems have properties other than high tesparaturs
capability vhich can mske one wors appropriate for a lower tewperature
application than snother saterial. For exsmple: gless and metal matrix
composites do not absorb moisture in air and thus desorb less volatilas
under vacuum, making them wore suiteble then polymer watrix composites for
sode space applications; metal matrix composites are reportsd to have
better tolerance to impact damage and better transverse strength then
spoxide matrix cowposites. Thus it is not nscessarily for its high
tewpersturs performance that a composite msy be salacted for a particuler
spplication. In tha succeading ssctions the advantages of the different
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composites, other than Just temperature capability, will be listed and the
teras High Temperature Fibre Composite is more accurately taken to mean not
Just high temperatury capability but also high temperature fabrication
route,

RIGH TEMPERATURE POLYMERS

The main, potential, sdvantages to be obtained from devaloping
composites based on high temperature polymer systems ars:

- The very high spacific strengths and stiffnesses which the low
densities of polymers (» 1 gl.cc-l) can yield.

- Eesier, lover temperature fabrication then wetal and glass matrix
systems.

- Lower cost, wore easily replacesble, tooling for their
fabrication than metal components,

The main interest is in continuous fibre aystems, either of laminated
unidirectional plies or made from woven fabrics. The highast, prolonged,
cparational temperatures are presantly achievable with polyimide resins at
~ 300°C or somewhat higher. Glass fibre saystems can have useful long-term
properties up to around 200°C but at higher temperatures carbon and the
lovar cost ceramic fibres are more suitable.

The main interest in high tempsrature {> 150°C} systems ia
concentrated in serospace where high specific proparties coupled with
elevated temperaturs capability cen comsand a high financial premium
{typically ~ £100/1b in aircreft engines for sxample) by enabling weight
ssving. Thie is well iliustrated by the recent publicising of the
development of an air duct for 4 Jst engine, designed to carry by-pass air
at 205°C, manufsctured out of ceramic snd carbon fibre reinforced
bismaleimide resin [1]. Compared with metal, the composite component is
claimed to have lower tooling end production costs, lower weight and better
fatigue resistance. Thare is also interest in the automctive industry for
engine and other under-bonnst applications slthough generally the
temparatures are not «s severe nor the economic driving force as strong
(typically < £3/1b). Despite this there are developments in valve trains,
con-rods, heater fans and other cowponents.
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There are severs! systema with potantielly good high temperature
propertiss. Polymers of interast includa, among the thermosetting resins:
high tempsraturs epoxids resins, such as those based on tstrafunctional
spoxides, phenolics, bismaleimides (BMI), polystyry! pyridine {PSP) and
polyimides; while thermoplastics include materinles such an polysther-
sulphone (PES), polyatheretherketons (PEEK) and telated systems 12,3},

Polyimides were the first high tempersture systems to achieve any
significant use and their development dates back to ths 1960's. Delmonte
provides a good reviev of developsents to 1980 [4}. A variety of polyimide
systems has been developed. Some of thege give the highest temperature
capability of available polymars but require carefully controlled,
prolonged curing schedules lasting up to 24 hours, and are relatively
brittls. Epomides, phenolice and bismaleimides offer sanier fabrication
but at the expanss of s lower temparature capsbility. Very spproximate
saximum temperatures of use ars [2]: polyimides 300°C, bismaleimides 250°%C,
phenolics 250°C and epoxides 180°C, but these temperatures are very
depandent on the stressing of the component and the tise under stress. A
significant problem is that as the temperature capability of thermosstting
resin syetems is incressed, thers is & tendency for incressed brittleness,
The main goals of high temperature thermosatting resin development are the
varsatility and eass of processability, of conventional apoxide resine,
with aimilar or better strain capability and toughness.

High tempsraturs thermoplastic aystess are attractive because they can
have much greatsr toughness and strsin capability then thermosets with
adequate temperature capsbility. Other adventages over thermossts include
sssier, more rapid final fabrication of the component from the pre-preg
and the potential to produce complex structures by filament winding or tape
laying processes, with fibras lying slong non-geodesic paths and along
re-entrant surfaces,

ICI have recently publiicimed (3,5) their developwent of PEEK-related
systems, Figure 1 shows the tempsrature dependance of some APC (Aromatic
Polymer Compoaites) systems. In particular APC (HTA) has a glans
transition temperature (Tg) of 160°C. Leach, Cogswell and Nield [5] have
pointed out that the maximus temperature capability of true thersoplastic
systems is limited by visconity-temperature relationships. Too high a
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A major problem in selecting polymer matrices for particular high
temperature applications is the lack of comparative high tewpersture dsta.
The glass transition and heat distortion temparatures provide a rough
guide, particularly for matrix dominated properties, and are easily
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important engineering properties such as fatigue and damsge tolarance.
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Figure 1. The affeact of temperature on the transverse stiffness (relative Research into the reinforcement of matals with cecamics has besn

to the room temperature vaiue) of unidirectional APC carbon

undervay since the sarly 60's, the smphavis then being on reinforcement of
fibre composites {5].

Ni superalloys, for aerosngins applicstions, to iwprove creep rupture [71.
Problems of fibre-matrix compatibility, and the developwent of alternative
snginsering wolutions to existing problems, diminished interest in metal
matrix composites (MMC) until the availability of boron fibres in the late
60's, which stimulsted asrospace interest, and the deveslopment of lower

viscoaity during the impregnation of fibres rasults in poor wetting, high
porosity and s poor composits. Common expsrisnce is that the minimum
practical processing temperatures for amorphous and partly crystalline
thermoplastics are respectively around 150°C end 200°C above Tg, and that
the maximue temperature at which most organic linkages becows unstable is
around 450°C. Conssquently, they regerd the maximum Tg of a useful
thermoplastic system for composites as around 210°C for & crystalline
ssterial and 260°C for an amorphous material. Common sxparisnce again
indicates that the maxiwum service temperature for a highly stressed
composits under conditions whers matrix dominated properties, such as
transverse tens{le or interlaminar sheer strengths, are important, is
sround Tg~30°C [3]. Thus the wmaxisum practical temperaturs capability of a
true thermoplastie system under these conditions is likely to be mround
230°C. Thers is some svidence that the presence of carbon fibres can
affect the morphology of crystallisation through strong fibre-matrix
interactions {6] and such effects might be exploitable to increass
effective service temperatures of thermoplastic systess: another
posgibility for improving the high temperaturs properties of these systews
after fabrication of the component is to cross-link the polymer, for
exampls by irradiating the component with ionising radiation such a

electron besms or gamma radiation, although this would probably add a .
substantial cost to systems which are already expensive. Currently interest is focussed primarily on aluminiue and magnesium

alloys for applications approaching 500°C, and titanium up to around

cost multi-filement silicon carbide and alumina fibres and whiskers in the
uid to late 1970's, which excited wider interest in lower—cost industries,
Although there remsins interest in vary expsnsive materials such as
sluminjum reinforced with boron fibres, and the large diemeter §iC
monofilament reinforcement, for advanced military aircraft and space
vehicles and structures, thers is a considersble drive to introduce lower
cost metal matrix cowmposites, based on lowsr cost fibres, into thoss and
lowar cost applications.

The advantages of MMC over compating materials vary, dop-ndllng upon
the application. Compared with unreinforced matals they can have: higher
specific strength, higher specific modulus, batter high tempersture creap
resiatence. Compared with polymer matrix composites they can heve: better
transverse strength, toughness and damage tolerance, resistance to
eanvironment {particularly radiation), negligible outgassing, high thermal
and slectrical conductivity, better thermal stability, and higher
thmperature capability.
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600°C-700°C. Boron reinforced aluminium has besn developed to the greatest
lavel of asaturity but is sxpensive, as is monofilament 81C MMC which is
slso vnder devalopwent. Lower cost applications are concentrating on 8iC
and 813N‘ vhisker reinforcements and SiC multi-filament tow fibres, such as
Nicalon and Tyranno fibres, snd alumina sulti-filament tow materials, such
a8 DuPont FP alumina.

There are potential applications for reinforcement in all the
different forms - vhisker, fabric and lasinated unidirectional plies.
Whisker reinforcements offer the potential of castable systems wvith
improved strength and stiffness allowing thinner sections and higher
perforsance. Fabric and short fibre preforms can be infiltrated by
pressurised, liquid metal, techniques such as squesze-cesting,
Unidirectional tapes of fibre reinforced metal can be consolidated into
wulti-directional laminates by proceases such as diffusion bonding and
braze bonding. The liquid metsl routes are currently regarded as the only
vays of economically msnufacturing components for low cost applicetions,
and the diffusion bonding type techniques are primarily of intersst for
high cost asrcepace applications.

The current status of development and sxiating applications are
described in references 8 to 10. The first major use of MMC way in the
Bpace Shuttle in which large numbers of boron-alusinium tubas, some of
vhich were up to almost 3 m long, were used. The most publicised, lowar
technology application of MMC has been alumina reinforced sluminium
ewployed as part of a Toyota diesel engina piston. Most existing
applications of MHC are of boron/aluminium as high coat aircrafe
¢components, but the nusber of lower cost applications ia increasing with
particular interest from the automotive industry for which MMC may be more
attractive than high temperature polymer systems on grounds of cost and
eass and rapidity of manufacture. Current end future applications
include [7]:

- Satellite and space structures (a.g. deployable antennas, soler

pPanel arrays, laser mirrors, X-ray telescopes).

- Adrcraft (e.g. spare, skins, undercarriage cowponents,
propellors, compressor blades),

- Misailes (e.g. skins, rocket motors, fing),
- Helicoptars (e.g. gear box housings, rotor hubs, skids).

9

- Inertial guidance platforms (replacemant of B alloys).

- Rlectronic hardwars {e.g. microwave guides, hesteinka, radar
antsnnsa),

- Reciprocating sngine components (s.g. pistons, conrode, drive
shafts).

- Tanks (e.g. armour, tracks, gun barrels).

- Light weight bridging components.

- Deep submersible hulls (e.g. torpedoes, mines, countermeasures).

- Sports squipwent (e.z. tennis racquets, skis, bicycle frames,
yacht masts).

A good, brief overview of high performance MMC is given by Trumper
st al. [7); Cornia at al. give & more detailed account of processing [11];
and Warren and Andarsson discuss the problems of fibre-matrix compatibility

‘with particular refarence to 5iC fibres [12). Although a wide varisty of

fabrication routes has been employed, only liquid wetal routas provide
composites which can compste aconomically with conventional materisls in
applications outsida asrcepace. Ceramic fibres ars very poorly wetted by
1liquid metals and for conventional casting techniques it is neceasary to
modify the fibre surfacs or slloy the metal specifically to iwprove
vetting. Infiltration can be improved by using higher pressure techniques
such as squeeze casting, The advantage of this technique is that it does
not require the fibres to be coated with graded coatings, an expensive
process, and enables hybrid fibra systems to be more sanily produced - this
can bs a considerable sdventage and Trumper ot al. show an exemple of a
hybrid leminate of layers of boron fibre and low cost alumina fibre in a
zinc matrix {7{. Bome examplss of cowponents produced by the UK MMC
Collaborative Programes are shown in Figure 2 [13].

Figure 3 shows some dats on the sffect of temperaturs on strength for
A nuabar of systems [7]). Compatibility of fibre and matrix, and
development of optimum fibre/matrix interfsce characteristics are key
topics for the development of optimum performance. Reaction between
fibre and matrix cen lead to a brittlae interface. Development of
cracks, at low atrains, at the interface perpendicular to the fibres can
produce catastrophic reductions in effective fibre strength, illustrated
in Figure & {14], Investigation and optimisation of the interface is an
important topic for future research, which will have important
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' consequences for fabrication. 4 good basic theoretical understanding of

creep and fatigue exists {15] but a better understanding of the effact
of prolonged exposure to temperature, with the resulting fibrea-matrix
reaction, on creep and fatigue processes is nesded.

GLARS AND GLASS-CERAMIC MATRICEB

Composites consisting of high strength, light weight fibres in glass
and glass—ceramic matrices were first developed in the late
1960's [16,17,18). & detailed review is given by reference 17. Early work
concentrated on cerbon fibres because of the limited availabflity and high
costs of ceramic fibres slthough a 81C Fibre reinforced glass-ceramic
system war also developed, using S8iC/tungsten substrate fibres [19]. The
mechanical properties of those carbon fibre and 84C fibre reinforced
glasses and glass—caramics ware excellent, and compared well with the high
performance, carbon Eibre/epoxide composites which wvere under development
ot the same time. The main disadvantage of the carbon fibre reinforced
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systems was their leck of resistance to oxidstion vhich prevented their use
above about 400°%C. The development of caramic fibres of potantially
acceptable costs in the wid to late 1970's, Particularly Nicalon 84cC,
increased interest in these materials particularly, initially, in the USA
vhere Prewo and hie cp-workers at United Technologiaes made aignificant
advances [20). Currently there fa ®uch research under way in the USA and
the UK, particularly into Sic reinforced glass—coeramics.

Short fibre, woven fibre and laminated unidirectional Ply composites
have been developad and currently the main interest is in the lamtnated
materials. The advantages of carbon fibre reinforced glasses and
slass-cersmics over polywer matrix Systems include: improved hydrothermal
responss and outgsssing, lowsr coefficient of thermal Sxpansion, better
redistion resistance and greater hardness. These Bake them attractive for
Space applications. They are also capable of operating to higher
temperstures than the high temperature polymers and there is a window of
oPPortunity for them betwesn 300°C and perhaps 450°C, although here they
have to compete with MMC. Silicon carbide end other ceramic fibre
reinforced glass-ceramics offer the potential of operating to at least
900°C and pechaps to 1100°C-1200°C. The main intersat in thess iy for high
temperature sngine components, whers the combination of high apecific

important.

Although o variaty of manufacturing routes heve been axplored, the
Bost successful is the slurry impregnation route 1llustrated in
Figure § {16,211, in which 8 tow of fibre is drawn through slursry of
glass or glass-ceramic powder in g solution of organic binder and
solvent. Thi, results in a handleable taps, consisting of fibrea
through which are ho-ogonaoully distributed powder beld in place by the
binder. The taps can be stacked in the required Ssquence, and hot
Prassed in & process vhich involves burning off the binder. This
requires temperatures and pressures up to around 1200°C and 6 MPa,
Selection of fabrication conditions to produce the best properties has
required identification of the correct temperatures and Pressures such
that & fully dense matrix is obtained with little damsge to the fibres.
In addition, in order to sveid cracking dye to therwal mismatch stresses
after manufacture, the cosfficients of therma! expansion (CIE) of fibres
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Figure 5. The slurry route for the production of glass matrix
composites [16,21).

4nd matrix sust be matched. Accordingly the most successful composites
have been produced with 1ow CTE borosilicate glass and glass-caramics.
Details of succensful hot pressing routes for carbon fibre systems have
been published and materials cean now be produced routinely. For SiC
fibre/glass-caramic aystems the sanufacturing details are less
straightforvard, particularly vhere a devitrification atage iz required,
and development work has been nacessary to achisve optimum fibre-matrix
bonding {32]. Fine detsils of the fabrication processes ars not generally
available.

The bond between fibres and astrix in thess systems is particularly
dmportant ss it can have a very marked sffact on the toughnhess and strength
of the composite. This is a topic which is very poorly undsrstood. In
carbon fibre composites the bond sppesrs to be predosinantly mechanical
keying and can be varied by appropriate choice of matrix CTE, as shown in
Table 1 (22,23]. 1In B4C fibre iystems some reaction between fibres and
matrix is reported and the systew is mors sensitive to changes in matrix
composition, slthough again changes in bonding can be obtained through
control of the CTE [(19]). In A1203 fibre syutems very strong bonding
between fibres and matrix occurs and results in a brittle composite,
Control of the fibre-matrix bond strength is an important area for futurs
research.
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Table 1

Effect of bond strength on the shear strength and t
of carbon fibre reinforced glass and glsss-ceramic |33

Relaxation (6‘1'5 Radial | 1lge WoF 2
Temperature | 107°% g1 Shrink MPa k Ju
°c 10 °n
Borosilicate Glass 520 3.5 0.9 59 3.1
: 7 3.6
Glass—ceramic 1000 2.0 2.4 3z A5
26 10.3

C fibre CTE a_ + ~ B x 1075 *¢~1

o, +~ 0

Flgufo 6 shows the variation of strength of an early carbon fibre
reinforced glass as a fonction of volume frection of fibres [24]. Highest
strengths tend to be obtained at Vf ~ 40X-50% as at higher volums fractions
porosity becoses a problem, resulting in lower strengths, Figure 7.

Routine achievement of high \l’f with low matrix porosity is an important
goal for highest wpecific strengths. Current 8iC reinforced borosilicate
glasess, containing 47 'Io of fibres, have flexural strengths of around
1300 MPa, failure strains » 1.5%, a work of fracturse ~ 50 kJ-z, a
candidate fracture toughness of 26 MPa Y'm, and & Weibull modulus of around

20. Thess proparties are retained to 500°C, the temperature at which the
wmetrix softans [25].

An important feature of these cowposites {s that the matrix has a
lowsr strain to feilore than the fibres. This can result in the matrix
wicrocracking, as the composite is stressed, et stresses well below the
ultimate strangth, Figure 8. The stresses at which matrix microcracking
occurs are higher than predictad frow a siwple isostrain wodel becauss the
presence of fibres suppreases microcracking {24). An sarly wode] of
Avaston, Cooper and Kelly (ACK theory) explained the suppreasion of
microcracking by considering the energy balance involved in creating a
crack [26]. This model snabled the derivation of a relationship bestween
the strain (or stress) for cracking and material parameters of the form
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Figure 8. Microcracking developed in a carbon fibre reinforced glass on
loading {24},

2
12¢ 1E v
o, - (—atf 17

. Ec D.2 V. r
wvhere :. is the strein ot microcracking; I. is fracturs snergy of matrix; t
is fibre-matrix shear strength; !c, E‘. !. ars moduli of composite, fibre
and matrix; r is fibre radius; and Vf. V. &re volume fraction of fibres and
Natrices. More racently Marshall, Cox and Evans [27), and McCartney [28])
have developed another approach to the problem which provides grester
insight into the processes i{nvolved in microcrack initiation and growth.
Their model predicts s flaw size/failure stress relationship of the form
shown in Figure 9. For flaw sizes greater than a critical size, the stress
at which matrix microcracking will occur ig independent of flaw size and
Spproximates to the ACK value. At lower flav sizes the stress increases as
flav sire decreanes. Thia wight have implications for future development.
For reasons which sre listed balow, matrix wicrocracking coyld be a
limiting factor in the operational use of brittle matrix systems. If flaw
size could be reducad below the limiting value defined in the figure, the
microcracking stress and strain might be substantially increased, There is

217

- snvironmental attack by using coatings. If the coating thickness controls
‘the intrinsic flaw sizs, thin coatings may be better than thick coatings

o

becsuse they will limit the maximum flav size.
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Figure 9. Equilibrium-stress/crack-size functions for a penny shaped
matrix crack in a composite snd in a wonolithic matrix l2r7].

The extent to which matrix microcracking may limit engineering
performance for these composftas is not yot understood. Matrix
microcracking does not appear to have any significant sffect on short-ters
strength, either static or fatigus [29]. There ars concerns, however.
During fatigue, matrix wmicrocracking may initiate a network of cracks
orthogonal to the original microcracks, by shear, as happens in polymer
composites. They might, thus, initiate fatigus failure. They alsc permit
easy paths for snvironmental attack on the fibres. Finally, thers is some
indication that they may initiate the premature failure of Nicalon
BiC/glass—ceramic composites when held under stress at temperature, by
permitting a wechanism of degradation of the fibres which vould not
otherwise occur, causing significant reductions in the strangth of the
composite at tempsratures as low as 900°C [30,32). The occurrence,
implication and suppression of matrix microcrecking is an important area
for future research.

Ons reason for the sttraction of these materials is their high
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twglnuu compared with monolithic ceramics, Toughness ie not a simple,
unique property, but is a class of properties all connected by the ides
that they are a messure of the smount of work that needs to be done to
fracturs the waterial. Compared with monolithic ceramics and glasses the
composites have mt:h greater works of fracturs, up to saveral tens kJ m 2
compardble with polymer matrix cowposites. Linear elsstic fracturs
mechanics is not applicable to thess materials and therefors numbers quoted
as tritical or candidats stress intensity factors are of little value,
hwiv-r the high damage tolerance which thess values of work of fracture
imply ie of valus for applications whers the components are at risk of
damsge in service, while under stress [31]. In this context more ressarch
iz needed into the sffects on residual strength of damage under both
unstressed and stressed conditiona. )

.- The strengths of carbon and ceramic fibre reinforced glasses and
glass—cetemics are meintsined, or may sven increase, with increasing
temparaturs, until temperaturss at which either the fibres begin to dlcgndo
‘or the matrix bacowes ductile. Cerboen fibre reinforced systems are
oxidised in air at around 400°C although in a non-oxidising stmosphare
they can be used to temperatures at which the matrix softens, typically
~ 500°C for a borosilicate glass or > 900°C for a glass—ceramic. 8iC
reinforced systems could, in principle, ba used to temperstures > 1000°C,
above wvhich temperature cresp of the fibres becomss a problem {33,34],
Howévar, a» alresdy mentioned, thers is an indication that the atrength of
KRicalon 8iC fibres in a glass-cersmic matrix can be degraded when under
stress at ~ 900°C [30,32]. These fibres are non~stoichiometric and
stoichiometric fibres might have better high temparature properties.

CERAMIC MATRTX COMPOSITES

Development of ceramic matrix composites (CMC) started in prehistory
wvith the use of a variety of natural fibres and other additives as
tempers [17,35,36]. SBignificent modern research into the development of
ceramic matrix composites started in the lets 50's with the work of
Tinklepaugh [37] and for & time there was an interest in the reinforcement
of ceramics with refractory metal wires. Their high density and
dissppointing lack of resistance to oxidation at high temparatures
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sed on carbon fibres and ceramic whiskers were investigated but the
-r;:blm of thersal wismatch between carbon fibres snd cerawic matrices,

y oxidetion of carbon fibres and the ralatively poor proparties of tha
vhisker systems, again prevented their exploitation, although the work

Y desonstratad that very high toughness values could be achieved and this

, ct;.od a8 & spur to later developwent {17). The development of improved and

epidly developing area of remsarch into high temperaturs composite
’élﬂt‘tilll. The main problem in the development of these matarisls is the
i~of chemfcal cowpatibility between fibres and matrix during processing. Kay
Hlt.ll for research include: understanding the high tempsrature chemistry of
potsntial systoms; devslopment of lower temperature fabrication processes;
"and development of procedures for improving fibre/matrix compatibility,
" such as the use of fibre coatings.
B
There are several recent overviews of the subject vhich provide a

useful background to current ressarch [17,18,38,39], although the rate of
;. development iw so rapid that they do not contain some of the vary recent

" sighificant advances, particularly to do with details of the davelopment of
whisker toughened materisls, and Chemical Vapour Deposited (CVD) and
At present there are several main types of
whisker reinforced ceramics;

v0ol-gel {mpregnated preforms.
CMC of particuler intersst including:
composites produced by GVD or liquid iwpregnation of fibre preforms; and
hot pressed continuous fibre systems.

The main disedvantage of ceramics is their low toughness which makes
then susceptible to demege by thersal and wechanical shock, and slso
intolerant to flaws introduced during wanufacturs or {n service, which in
tursn can lead to conniderable varjability in strength. Increasing the
toughness of a ceramic should reduce all of these problasws. Consequently
thers have been two, rather different, broad approaches to the development
of CMC. The initial aim was to produce a systes which would retain the

useful propsrtiss of a ceramic, together with substantially improved
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toughness, to high tempsratures: whisker and short fibre reinforced
ceramice fall into that category. The subsequent development of ceramic
fibres vith high strength and stiffness capable of operating to high
temperatures prompted the nesd for compatible high tesperature metrices
vhich could produce compostites vhich would ensble the fibres to realise
their full potential: the continuous fibre syatems fall into that
category.

Short Fibre and Whisker Reinforcement
———— ol O Fhl8ker Reinforcement

It is necessary to differentiate bstwesn short fibre snd whisker
reinforcement. The former typically consist of chopped fibres, s.g. 8iC,
C, having diameters 2 8 pm; the latter, e.g, sic, SISN‘. have dismeters
23 #m. This difference in size has a significant effect on mismatch
stresses and toughening sechanisms. Bhort fibre and whisker reinforced
systems are less tolerant to thersal mismatch betwsen fibres and matrix
than ars continuous, aligned fibre aystems, and only & relatively small
humbar of practical systems sre possibie (40]. Even where thermal cracking
doss not occur, the atrengths of random, short fibre composites sre usually
lower then those of the unreinforced matrix because of the combination of
otresa concentrations from the fibres and the residual thermal stresses,
although some degree of strengthening can be obtained by aligning the
fibres aven if this is only partial [17,40]. . Substantial incresses in
toughness, weasured as a work of fracture, can be obtained with short
fibres, Table 2. Although incresses in toughness obtained in this way can
be useful, particularly for improving resistance to thermal shock,
significant corresponding improvements in atrength appear to have been
obtained only in ome or two sSystems, consisting of hot pressed whisker
reinforced ceramics, Figures 10 and 11 show data for a B1iC whisker
reinforced ‘“203 (41]. A similar material ig sarksted by the Greenleaf
Corporation as a cutting tool and die material, for which its high lIcvnlu-
compared with unreinforced ceramic is seen as an advantage.

For ambient temperaturs applications whisker reinforced ceramics have
to compste with zirconia toughenad ceramics., 4 major sdvance in recent
yoars in ceramic science has been the development of zirconia toughened
tystems. High values of toughness can be obtained at aabient temperatures
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Table 2

Typical strength and toughness data for glasses, ceramics
and their composites (Z is zirconia)

Strength VWork of ch
HPa l-‘nct!n HPa v'm
Ja
Glass 100 -4 0.5
Alumina 500 &0 &
8ilicon Carbide 500 40 4
Bilicon Nitride 600 100 5
Fully Stabilised I, 180 2.4
Partially Stabiliged 2, 600-800 6~-8
Z. Toughened Ceramic 300-800 10
Tetragonal Z. Polyx. 1000-2500 1-12
Whisker Reinforced Bi4N, #00~300 6~-9
Bbhort Fibre Reinforced Glass 50-150 600-800 ?
Continuous Fibre Reinforced 3 .4
Ceramic/Glasass 700-1000 | 10°-10 10-20
m -
5 0| y
3 -
— / -
£
Ev -
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Figure 10. The flexural strength of SiC whisker reinforced slumina [41].
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Figurs 11. The fracture toughness of gic whisker reinforced sluming [41],

dua to o phase traneformation in the high Stressed sone near the tip of o
crack. Hovever, the driving foree for the phase transformation decreases
4% tomperature fncreases and toughness and strength tend to decresss
corrnpondin.ly. The toughness of whisker toughaned ceramics, exprasged as
a RIC value, {g comparable with thet of tirconia toughened ceramices at room
temperatury, Table 2 showa SO8e comperative valoes, 4y temperature ig

coramics at high temperatures. Claussen and Petzow [42] have suggestad
thet whisker and xirconia toughening =4y be combined and their results
indicete that there may be 4 useful synergistic sffect, Teble 3.

A good, qualitative understanding exists of toughening wechanisme {n
vhisker toughened corsmics and it 44 believed that the important mechanisme
re those which occur {n conventional Ceramics, crack pinning and
deflection [43); while 1n short £ibre Syatems it sppears that the dominane
machanisms grq similar to those in other Composites, fibre pull-out eng
debonding, Thi, is to be expected o8 the importance of pull-out,

debonding, atc., on theoretical grounds increase 48 fibre diameter
incresses,
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Table 3

1gistic effects in the use of 8iC whiskers to further
toughen zirconia toughened alumina (ZTA) [a7]

Matrix | Volume % ch Strength
Vhisker HPa v'n MPa
Al,0, 0 4.7 520
A1,0, 20 8.5 650
ZTA 0 6.2 1080
ZTA 20 13.2 700

L i Gas Phase and Liquid Fhess Iwpregnation

Another fwportant cless of CHC is those produced by the inflltration
of a fibre preform by gas or liquid to produce o matrix. This cen be
accomplished by gas phase Processing 3s), PYrolyeis of lquid
organometallic precurmors [38,44), and posaibly by sol-gel processes. A
sajor advantage of these fabrication Toutes is that they require lower
Processing tempsratures than hot—prlulng, and thus reduce problems of
chemicat compatibility betwssn fibre &nd matrix during Processing. 1In the
ga8 phase Processing route o 8ASscus precursor is uaed te deposit the
ceramic onto the heated ceramic fibre pre-form substrate, e.g. SIC from
Cﬂastclslﬂz. This process has been developed to 4 state of some maturity
and is used Commercislly. It enables complex structures of large size to
be produced but is a very slow process requiring days, or even weska for
large componants. The liquid organomstallic route uses o Precursor such as
polycarbosilane (to produce 81C) and mevaral 1-pngnation/pnolyli|
S4quences to achiave maximum impregnstion. Thase techniques yield meteorial
with a relatively high matrix porosity, o 20-30%X, and a conssquent
relatively low strength, of around a half the flexural strength thet would
be predicted from the rule of wixtures, Figure 7 showed an empirical
rilltiunlhip batween strength and porosity obtained for a hot pressad
composite material: the relationship SPPears to be similar for the CvD
Rsterials and may be o genaral relationship,
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Hot-pressed Continuous Fibre Systems

A variety of ceramic matrix composites have besn produced by hot-
pressing, end the slucry impragnation route described previously for
glasses and glass—coramica can bs used for producing pre-preg tape. The
advantage of hot-pressing is that a low porosity matrix can be achisved, to
provide highest mechanical properties, but at the expense of & high
temperature/pressure process which can only produce relatively amall
componsntas of simple shaps. The high tempsraturss required for hot-
Prezaing also present problems of fibre-matrix chemical reaction.

ULTRA AIGH TEMPERATURE COMPOSITES o
Currently the main temparature limitation on ceramic matrix componites
is dus to the lack of availabls fibres with good properties above
1000°C-1200°C. Above this temperaturs renge fibre degradation or creep of
existing caramic fibres becomes sxcessive. At Present only carbon fibres

provide s higher temperature capability but thess require the development
of oxidation barriers.

The technology of carbon/carbon composites is well developed and
complex structurss canm be manufactured routinely by infiltration of e fibre
praform through gas phase or liquid infiltration/pyrolysis
techniques [65,46). To date their high coat has restricted their use to
Serospace and special applications. In inert or reducing atmospherss
strength is retained to at least 1600°C, and can be higher at the higher
temperaturss then at low to-p.rnturoq, Figure 12 [47]. Their main
limitation s their susceptibility to oxidation in air at high
temperatures, unprotected composites having poor oxidation resistanca st
tenperatures as low as $00°C [48]. 1n current applicetions carbon/carbon
composites are subjected to high tempersturas in eir for only short timas,
®.3. engine brakes and rocket nozzles. Suparalloys for turbine blades are
usually protected from oxidation at high temperstures by denss layers of
A1203. 8102 or Cr203 and similar and other Processss ars being researched
for the protection of carbon/carbon. & particularly promising approach
appears to be the use of organometallics to deposit ceramic coatings into
the surface of the componite in s method skin to the 848 and liquid phase
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techniques described earlier for ths production of ceramic matrix
composites. For example Naslain and his co—workers [49,50] have depouit:d
84C and TiC using CH,S!CISIHZ and TICI‘ICH‘IH2 to produce composites wit
much reduced weight change in air at 1500°C-1600°C, although at higher
temperatures the resulting oxide laysrs ars not thsrmodynamically stsble in
contact with solid carbon and cerbides {48]).

Prospects for ultra high tesperatura composites, materiasls which can
*,
operats in air for long periods of time at temperstures sbove 1200°C arse

determined by the thres laws of high temparature chesistry attributed to
Searcy [51].

1. Everything reacts with everything at high tesperstures.
2. . Evarything reacts faster st higher temperaturass.
3. The products may be anything.

Hillig [51] has sspensed the prospects for developing high temperature
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coramic composite Systeams, and Fleischer [52] has considered high
temperature single systems, Hillig [51], in an slegant expogition,
conxidered the fecessary criteris which wust be satisfied for & composite
to survive and have useful propasrties undezr stress at high temperatures in
air. These are, as = winimum: stability with respect to vol-tilllltion;
low internal chemics}l reactivity; retention of stiffness; and s eresp rste
for the fibre < 1077 4471, Re further essumed that only an oxide matrix
would have sufficient stability against oxidation; a non-oxide fibre wounld
be hecessary on grounds of stiffness end bonding; and that the matrix would
Provide a ssssure of ox{dation Protection for the fibre. He slso pointed
vut thet & non-oxide matrix might be suitable with ap oxide coating to
Protect it; end that 8 further barrier between fibres and matrix may be
hecessary sven for en oxide matrix, Although there is a dearth of good
quality thermochemicyl data he wag able to compile sows, and calculate or
infer othars, and concluded that there are a number of oxides, carbides,
borides and nitrides, as well ag carbon, which might function togather to
temperatures in the range 1700°C to 2100%. of the non-oxides only carbon,
ll,H‘ and BiC are currantly available g fibres or whiskers. He almo
considered briefly the cresp stability of whiskers &rowvn with single screw
dislocations and, from o consideration of the vork required to nucleats
dislotation loope, concluded thet there in 1ittle likelihoad that
spontaneousg nuclestion of dislocations vill occur and thersfore thet the
whiskers will have considerable resistence to cresp. A conclusgon which
can ba drawn frog his survey, although not explicitly stated, is that §ic
whisker reinforced Alzo3 is one of the Bost promising practical syatems.

It 1s intaresting that such a materis} already exigts.

and Particularly on the effects of prolonged exXposurs to tesperature vhile
undar streas, ia currently a mejor pProblem in assessing their limite of
perforsance. However some interssting conclusions can be drawn by
calculating the Properties thet they might have, ideally, on the basis of
known performancae, Figures 13 and 14 ghow the specific strengths and
stiffnesses (o/p and E/p) of a nuaber of typical Syatems, of ¢, B, sic
Nicalon), AlzoJ {FP) fibres in Polymer, metal and ceramic matrices,
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*calenlnteq on the basis of 60 '/o of unidirectional fibres vith reasonable

assumptions about the retention of properties to high temperatures. The

‘temperaturs limitation {a based on use, under stress in air. Too much

significance should not be given to the absclute values but the trends are
4 useful indicator to future developments. Several points emerge. It can
ba seen that achisvable specific strengths and stiffnesses decreass
markadly az the temperaturs cepability is increased. Although high
specific propsrties are not the only useful criteris, an {mportant goal ia
to extend the performance of materials beyond the boundary indicated on the
figures. Glass and glass—ceramic matrix Systems are very competitive with
metal matrix systems. The relatively poor properties of the more
sconomical ceramic fibres and the relatively high density of ceramics
decreass the specific properties of their compomites to relatively low
levels, compared with the performance of high performance polymer systeas
at room tewpersture.
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The economic costs of ®ost, if not all, the materials which have been
discuszsed are high and their major poten
asrospace and specialined applications.

goal if the materials are to have wide us

context it is worth noting that the fab
and glass—caramic Batrix systems may be competitive with the higher
temperature polymer systems in the tesperature range 250’0-300’0, and have

a rticu .rl useful role ht“.ll 300 C and 500 C ag well
» as hin‘ u..ful

tisl uses ere currently in
Reduction of cost {s an sssential
¢ outaide sercspace. In this
rication and total coats of glass

Consideration of specific strengths and stiffnesses are useful in the
sarly stages of materials development and this has often provided the
initial driving force for composite development. However, as the
undcratlnding snd development of materials
user's perception of the advanta
high specific strengths and
sulti-directional fibre syst

pProceeds towards maturity, the
B*3 of a new materiael often change. The
stiffnesass of composites decrease as

ems srs developed and, as in the case of
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- quasi~isotropic high performance graphite/epoxy composites, ars reduced to
:v.luoa ¢closs to those of improved conventional materiale, such as the Li/Al
alloys. Howaver, with a better understanding of the performance of a

. matsrial, other properties ars often then perceived to give it an

"advantage ~ as for sexample, fatigue, damage tolsrance and sass of
fabrication. 1In the case of many of the high temperaturs composites
discussed hers, we ars still st the early stage of understanding their
advantages end dissdvantages. As ressarch and deavelopment proceeds we can

"’ expect changes in our pesrception of thelr Iimportant virtues.
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SILICON CARBIDE FIBRE REINFORCED NITRIDED
SILICON NITRIDE COMPOSITES

Robert Lundberg, Robert Pompe, Rogsr Carlasacn
Swedish Institute for Silicate Research
Box 5403
3-402 29 Géteborg
Sweden
ABSTRACT

Silicon carbide (Nicalon)}-fibre reinforced silicon nitride composites
were fabricated. Test bars were obtained by slip infiltration of fibre bund-
les with 54 and 313F4 powder and subsequently nitrided 1in nitrogen at
1350°C for three hours. Ko reaction wam seen between fibre snd matrix.
Bend tests showed a non-brittle fracturs with pull-cut and fibre debonding
resulting in an increassd fracture toughness. Fracture surfaces and polished

oroas-ssctions were investigated with SEN.

INTRODUCTION
High performance ceramics such as nsilicen nitride, eilicon carbide,
siroonia and slumins are materials with high resistance to wear, corroaion
and high temperatures. They have found applicatidns in heat engines, as cut-
ting tool tips and in the aerospmce industry. Ceramics are, however, brittle
saterials with low fracturs toughneas and probvabilistic f{racture strength
determined by an inherent flaw population. In order to increase the fracture
toughness and reliability of ceramica, fibre reinforcement has been success-
fully employed for sowe fibre/matrix systems. SiC (whisker) /A1203 {1], 8iC
(long fibre) / glase-ceramic (2] and SiC (long fibre) / SiC (chemical vapour

infiltration) (3] are materials where an increased fracture toughness and

reliability has led to a wider use of ceramics. Silicon nitride ia perhaps



