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Abstract

Thepaper summarizes the findings of a series of studies of SiC whisker-reinforced

alumina composites emphasizing the properties of these oonlgx_sitesand the influence of

composition and microstructure. First, both the steady-Mate toughness and the R-curve

response increase with whisker content and diameter. The room temperature flexure

strength of aluminas with different grain sizes also increases with whisker content.

Furthermore, the resistance to slow crack growth under both monotonic and cyclic

loading is substa.Jtiallyimproved by whisker reinforcement in oomparison to that of

alumina and other ceramics. The thermal conductivity and electrical resistivity exhibit a

substantial increase and decrease, respectively, with whisker Ioadings above 10 vol.%.

The thermal expansion coefficientsdecrease in a systematic fashion with increase in

whisker content. However, the expansion coefficients are greater in the direction parallel

to the hot pressing axis as compared to the perpendicular direction due to internal

stresses and the preferred orientation of whiskers. The changes in mechanical and

thermal properties due to SiC whisker additions result in substantial improvement in

thermal shock resistance for samples of various sizes. At elevated temperatures, tests in

air show that improvements in strength and resistance to strength degradation are

associated with SiC whisker reinforcement. The limiting factors in elevated temperature

mechanical response of the composite at 1200°C and above are related to surface

oxidation-reactiGnprocesses and creep. On the other hand, the creep resistance of the

composite is far greater than alumina witha similar fine grain sizeat temperatures2

1200°C. Furthermore by increasing the grain size of the alumina matrix, the creep

resistance of the oomposite can be substantially increased. In essence, SiC whisker-
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reinforcedaluminaconT_sitesprovideanexampleofasystemwhosepropertiescanbe

tailoredthroughcontrolof themicrostructureandcomposition.

Introduction

The brittlenatureand low fracturetoughnessfoundwith mostceramics

have ledthe ceramicscommunityto seekdifferentapproachesto

improvingoverallmechanicalperformance. The introductionof

continuousfibers, whiskers,plateletsor elongatedgrains offersone
approachto increasethe toughnessof variousceramics. The

tougheningmechanismsinvolveformationof a zone behindthe cracktip
inwhichthe reinforcingphase bridgesthe crackand is subsequently

pulledoutof the matrix. The manner(i.e., magnitudeand rate) inwhich

tougheningeffectsdevelopas a smallcrackgrowscan influencethe

degree to whichthe resistancesto fracture,thermalshock,impact

damage, and slowcrackgrowthare improved. In orderto assessthis, it

is usefulto looknotonlyat the fracturetoughnessand R-curve(rising
fracture resistancewithcrackextension)behavior,but alsoto determine

a varietyof mechanicalpropertiesfor the same compositesystem.

Earlierstudiesshowedthat the incorporationof strongmicroscopic
whiskersintoa ceramicmatrixcan resultin a three- to four-foldincrease

in steady-state(long,>_.1000 I_m,cracks)fracture toughness.1-3 Certain

whiskercriteriacan be usedto optimizethe tougheningcontribution. For

instance,increasesin the whiskerdiameterare beneficialin promoting
frictionalbridgingand pulloutprocesses. Similareffectsare seen in

siliconnitrideceramicswhere elongatedp-phasegrains can also bridge

cracks4,s and increasesin diameterof these largerelongatedgrains

enhance the tougheningeffect.s,7 Reinforcementmorphologyalso
playsa role. Smooth,straightwhiskersare a moreeffective



reinforcement. In alumina containing20 vol% SiC whiskersa steady-

' statetoughnessof - 8.5 MPa_/mwas achievedwith smooth~ 0.7 I_m

diameterwhiskersversus~ 6.5 MPa_/mfor - 1.5 _m diameterwhiskers

with a very rough,corrugatedsurfacemorphology.8 This can be a result

of increasedwhiskerstrengthby minimizingstressconcentrationsthat

reducewhiskers'strength. A smoothinterfaceassociatedwith such

whiskersalso circumventsmechanicalinterlockingof the interface. Asa

result,bothinterracialdebondingand pulloutshouldbe enhanced.

Toughening Response: Whisker Reinforcement

Aswe shall see,crackbridgingprocessesevolveduringcrackgrowth.

This leadsto an increase in toughnesswith increase in crack length.9,lo

Immediatelybehindthe cracl_tip, a bridgingstressassociatedwithelastic

stretchingof the whiskerdevelops. Boththe bridgingstressandthe

correspondinginterracialshear stressincreaserapidlywith increasing

distancefromthe cracktip. Whenthe interfacialshear stressbecomes

sufficientlyhigh, interracialdebondingoccurs,and frictionalbridging
commenceswhenthe debondedwhiskerremainsin contactwiththe

matrix. Contactbetweenthe debondedwhiskerand matrixwillbe

promotedwhenthe matrixhasthe largerthermalexpansioncoefficientor
when the whiskeris inclinedto the crackplane. The frictionalbridging

stressin the partiallydebondedwhiskernowincreasesat a somewhat

slowerrate (i.e., than that for an elasticallybridgingwhisker)due to load

transferto the matrix. Thus, a frictionalbridgingwhiskerfracturesfurther

behindthe cracktipand is accompaniedby pulloutwhenthe pointof

fracture is not inthe planeof the maincrack.

The stress intensityfactor associatedwith bridging processesalong a
line crack, K, is:11,12
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K = Ko + x0.50

where Ko isthe intrinsictoughness ofthe matrix,Dbz isthe bridgingzone

length, x is the distance behind the crack tip, and P is the bridging stress

profile. At this point, a simple, yet accurate, relationship between the

crack opening at position × behind the crack tip:13

2(1-Vc2) Ko [D_z - (Dbz - x)2]0"5

u= (_:Dbz)0.5Ec (2)

where Ec is the Young's modulus and vc is the Poisson's ratio of the

composite will be used in establishing the definitions for the bridging

stress profiles and zone lengths for each bridging mechanisms. Here,
the results for frictional and pullout processes are only summarized; a

detailed description is given elsewhere,lo

The frictional bridging stress as a function of the crack opening
displacement is"

Pfb = 2f dw(l_f)E m (3)

and is dependent upon the whisker diameter (dw), Young's modulus (Ew)

and content (f), the frictional shear resistance of the debonded interface

('_),and the Young's modulus of the composite, Ec and matrix, Em. The

interfacial shear stress is a product of the interracial coefficient of friction

and radial stress imposed on the interface due to mismatch in thermal

expansion between matrix and whisker (compressive for SiC whiskers in

alumina) and will decrease with increase in whisker content.14
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With increase in the crack opening displacement, the pullout bridging

stress for a pullout length of Ipodecreases as:

Ipo- 2u)
Ppo= 4 f _ dw (4)

as the embedded whisker end is extracted. The total bridging stresses

for each processobviouslywill increasewithwhiskercontent.

The overall tougheningeffect due to whisker bridging is contingent upon

the determinationsof the sizesof both frictionaland pulloutbridging

zones. One can startby consideringthe mechanicsfor uniaxially-aligned
whiskersnormalto the cracksurfaceand thenaccountfor the fact that

whiskersare biaxially-aligned.When whiskersare not normalto the

cracksurface,theirresistanceto fractureis reduced(i.e., their "effective"

strengthis reduced)due to bendingstressesat the cracksurface. For

biaxially-alignedwhiskers,the average fracturestrength is ~ 60% of the
uniaxial strength, (_s.i5 The frictional bridgingzone length, Dfb, is:

L ]'Dfb= O.O02x 2il(I-_vc2)KoZf)Ern°2_Ew (5)

where _.representsthe fraction of whiskers that form effective bridges.

Then pulloutlengthand crackopeningdisplacement,2u, can be equated

to determinethe size of the pulloutbridgingzone, Dpo:

I ]'dw _(I-},.f)Em as (6)
Dpo= 0. 0056x 2(1- Vc2)¢Ko

where 13is the fraction of the debonded whisker lengththat is actually

pulled out. It is immediately apparent that whisker diameter and strength,



as well as the thermal expansionmismatchwith the matrix that controls_,

can be usedto varythe size of the pulloutzone. Furthermore,whisker

lengths(and distributionof lengths)willbe a factor; thisconditionis

modifiedas whiskerfracturecan occurat any pointalongthe debonded

length.

Based on the above discussions,it shouldbe possibleto tailor the R-

curveresponseof a specificmatrixreinforcedwithwhiskersof a given

compound,e.g., SiC, by manipulatingwhiskerproperties,characteristics,

and whiskercontent. First,frictionalbridgingwill lead to a rapid increase

in fracture resistance,KR, forsmallcrackextensions. The corresponding

rate of increasein KR shouldalso risesubstantiallywithwhiskercontent.

Secondly,for largecrackextensionswhere pulloutdominates,the R-

curve risesmoreslowlywithcrackextension,but willbe shiftedupwards
with increase inwhiskercontent. Finally,increasesinwhiskerdiameter

shouldshiftthe R-curve upwardwhile extendingthe frictionalbridging

zone size. As a resultof frictionalbridging,the compositewiththe larger
diameterwhiskerwillexhibita strongerR-curveeffectwhenthe crack

extendsup to 200 I_min length. However,increasesin whiskerdiameter

have negligibleeffectson the rate of increasein fracture toughness

where pulloutdominates. In fact, the measuredR-curvesfor SiC

whisker-reinforcedfine grainedaluminasare consistentwiththese

predictions,Figure1. These observationssuggest a numberof factors

(e.g., whiskercontent,strength,diameterand length,thermalexpansion

mismatchstress,or interfacialdebondingstress)that willmodifyboth

howquicklythe fracturetoughnesswillincreaseas a crack extendsand

the magnitudeof increasedtoughness. One shouldnot,then, expect that

all combinationsof whiskersand matrixmaterialswillprovidethe same

effects. Atthe s;.,metime,there issome latitudein selectingcompositions

that mightproveuseful in tailoringotherproperties(e.g., thermal

properties,hardness).
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Figure 1. The fracture toughness/resistance, KR,of SiC whisker-
reinforced fine grained alumina increases with crack extension due to the
evolution of crack bridging processes. This R-curve response increases
with increase in whisker content (a) and with whisker diameter (b).
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Finally, it was notedearlierthat one can use additionalapproachesin
combinationwithwhisker-reinforcementto alter the toughnessof the

alumina-basedcomposites. For instance,the alumina-matrixgrain size

can be a factorin the level of toughnessachieved.16"1sThisgrain size
effect is well documentedin aluminaand othernoncubicceramics,

where anisotropyintroduceslocal residualstressesand microcracking,

and is attributedto crackbridgingby matrixgrains. Subsequently,itwas

shownthat toughnessof SiC whisker-reinforcedaluminascan be raised

an additional20 to 60% by increasingaluminagrain size.1¢

Mechanical and Other Properties of Whisker-Reinforced
Aluminas

Whisker-reinforcedaluminas can also exhibit substantial improvements

in fracture strength19, strength distributions (higher Weibull modulus),20

and resistance to thermal shock21and slow crack growth under

static,19,22and cyclic23,24 loading conditions as compared to
unreinforced aluminas. Some of these improvements in mechanical

properties are shown in Table I.

Room TemperatureFractureStrength

The room temperature fracture strengths of hot pressed whisker-

reinforced aluminas with fairly coarse surface finishes (i.e., 180 grit

diamond resinoid bonded grinding wheel) are quite impressive. In fine

grained alumina composites, strengths of ~ 700 to nearly 900 MPa are
obtained for whisker Ioadings of >_20 vol. %, Figure 2. A very interesting

feature is the strengthening effects achieved in large grained alumina

composites where strengths of up to 600 MPa have been attained.

Recall that in unreinforced aluminas large grain sizes are used to gain

increases in steady-state toughness, but, as shown here, this results in

greatly reduced strengths. As noted earlier, when whisker-reinforced,

these large grained aluminas exhibit greater toughness than the

composites with finer grained alumina.
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Table I. MechanicalPerformanceof ReinforcedandUnreinforcedAlumina

HotPressed Alumina(G=1.5 pro)-20 Vol % SiCWhiskers

Temperature 22°C 1000°C 1200°C

FlexureStrength,MPaa 800 775 550

FractureToughness,MPa_/m 8.3 8.1 10

HotPressed Alumina(G = 1.5pro)

Temperature 22°C

Flexure Strength,MPaa 550

FractureToughness,MPa_/m 2.8

CyclicFatigueResponse(Tension-Tensionwithamin = 0.1_max)b

HotPressed Alumina(Grainsize=1.5IJJ'n)-20 VoP/oSiCWhiskers

MaximumStress,MPa 435 330 +367c +396 +414

% of FractureStrength 100 75 84 91 95

Cycles 1 1.1x105 +4x104 +3x104 +6x102

Failed No Failure NF NF Failed

SinteredAlumina(Grainsize= 5 IJ_)

MaximumStress,MPa 318 249 221 207 211

% of FractureStrength 100 78 69 65 66

Cclesto failure 1 500 4x103 3x104 7x105

Slow Crack Growth Under Static an_ Cyclic Loa_ino

The retention of strength as a result of damage/crack growth is another

important consideration. The slow growth of cracks that eventually leads

required for fast fracture (i.e., see times to failure for cyclic loading of

alumina Table 1); often applied stresses of only > 50% of the fast fracture

a Surfacespreparedwith180 gritdiamondresinoidbondedsurfacegrindingwheelwith
the grindingdirectionparallelto the lengthofthe four pointflexurebar.
b K. C. Liu, ref.25; tension-tensiontestingat roomtemperatureof alumina-25wt. % SiC
whiskercompositefabricatedbyCercom,Vista,CA.
c Stresscycledunder theseconditionsfor numberof cyclesshown;no failure. Testing
continuedafterchangingthe maximumstress.
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Figure 2. Flexure strengthsincrease
withwhiskercontenteven in larger
grainsized aluminas.

strengthare sufficientto resultintime-dependentfailures. The chemical

activityof reactivespecies(e.g., water) and temperatureat the crack tip

are controllingfactors. Thereforeincreasesin relativehumidityat room

temperaturewouldpromotecrackgrowthat even lowerstress levels.

Whenthe startingflaw size is the same, this is equivalentto statingthat

slowcrackgrowthwillbe initiatedat appliedstress intensitiesmorethan

one-halfthe fracturetoughnessvalue. Foran aluminaceramicwitha

fracturetoughnessof 4.5 MPa_/m,crackgrowthshouldoccurat applied

stressintensities_>2.5 MPa_/m,Figure3. One of the beneficialeffectsof
SiC whiskerreinforcementof aluminais the fact that stressintensityto

initiateslowcrackgrowth(~ 7 MPa_/m)is a factorof two to three times

greater than that requiredin unreinforcedalumina,Figure 3.19,23 Not

only willwhisker-reinforcedaluminaswithstandhigherstressesand

avoid fast fracture,buttime-dependentfailureswillbe avoidedeven
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Figure 3. Whisker-reinforcementraises
• resistanceto slow crackgrowth,under

bothstaticand cyclicloading. For
composites,closedsymbols-28vol%
whiskers;opensymbols-20vol%
whiskers•

when exposedto quitehighstresslevels. This is reflectedin Table I by

the absence of failuresin the compositeeven when subjectedto peak

cycle stress< 90% of the fast fracturestrength•This isquire impressive

for any classof materials. However,alternatingopeningand closingof

the crack undercyclicloadingcan degrade the whiskerand reducethe

effectivenessof the crackbridgingprocesses.The resultsfor tension-

tension cyclicfatiguedo revealthat cyclicloadingpromotesslowcrack

growthto a degree as comparedto staticloadingconditions,Figure3.

However,even undercyclicloadingconditions,the reinforcedalumina is

far lesssusceptibleto slowcrackgrowththan the unreinforcedalumina

subjectedonlyto staticloadingconditions.

Thermal and ElectricalProoerties

The thermal expansion behaviorof compositescan be a critical issue in

designof componentswhereone seeks to minimizeexpansion-
contractionmismatchor maintainspecificclearancesbetween
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componentssubjectedto temperaturevariations. In addition,tailoring

the thermalexpansioncoefficientsmay be an importantconsiderationin

optimizingresistanceto stressesgeneratedduringheating-cooling

cyclesor imposedby otherthermalgradients. In composites,the

expansioncoefficientswillbe a productof the expansioncoefficientof

each phaseandthe volumefraction of each phase present (e.g., rule-of-
r,-=xtures).26 The responseis compoundedwhen longitudinalaxe_ of

the reinforcingfibersor whiskersare orientedwithinthe body.

Modelsof linear thermalexpansioncoefficients(a) of composites

containinguni-axiallyalignedfibersindicatethat o_values willd_end

upon orientationwith respectto fiber axes.26"28 This is due to internal

stressesbroughton by mismatchin linearthermalexpansioncoefficients
and elasticpropertiesbetweenfiberand matrix. These internalstresses

are a functionof (1) reinforcementcontent26,28"30,(2) aspect ratioof

reinforcements27,31, and (3) degree of preferredorientationof the
reinforcementaxis.31 The elasticstrains,associatedwith internal

stressescouplewiththe expansion/contractionsgeneratedduring

heatingand coolingof the composite. These combinedstrainsdictate

the expansioncoefficientsof the composites. Furthermore,the axial

internalstressinthe whisker(andas a result, inthe matrix)isgreater

than that normalto the whiskeraxisas a resultof the axi-symmetric

geometryofthe whisker. This leadsto an anisotropyinthe expansion
coefficientsof compositeswithalignedfibers.25

The thermal expansionbehaviorsuggestedby analyses basedon the
abovediscussionis, in fact, observedin the SiC whisker-reinforced

aluminas. First,the lowerthermalexpansioncoefficientof SiC, as

comparedto alumina, leadsto a decreasein the linearthermal

expansioncoefficientsof the compositeswith increasein SiC whisker

content,Figure4. The internalstresses,due to the lowthermal

expansioncoefficientof SiC versusalumina, introducedin the post

densificationcoolingcycle placethe whiskersin compressionand the
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matrixin tension. Asa resultof thisand the preferredorientationof the

whiskers,the expansioncoefficientof the compositein the direction

parallelto the hotpressingaxis (HPA) shouldbe greaterthan that

perpendicularto HPA for eachcompositiondue to the fact thatthe
longitudinalaxisof the whiskerslies,moreor less, in a planenormalto

HPA. This is, indeed,observedin the SiC whisker-reinforcedalumina,

Figure4.
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Figure 4. The thermalexpansion
coefficients(_) decrease withwhisker
content. Alignmentof the whiskersduring
hot pressingresultsin an orientation
dependenceof 0¢.

As a resultof its muchgreater thermalandelectricalconductivityas

comparedto alumina,the additionof SiC whiskerswill also raise thermal

conductivityand lowerelectricalresistivityof alumina-basedcomposites.

However, neitherpropertywillexhibita simplerule-of-mixtureslaw

dependenton whiskercontent. When the conductingphase (e.g. SiC)

contentexceedsthe percolationlimit(i.e., inthe rangeof 10 to 20 vol% of

this phase), muchmore substantialchangesinthese propertiescan be

expected.32 Abovethis whiskerloading,interconnectedhighly

13



conductivewhiskerpathsare established. Such behavioris observedin

the measuredelectricalresistivity20and thermalconductivities33 of the

SiC whisker-reinforcedaluminaswhere rapidchangesin electrical

resistivityand thermalconductivityare observedas the whiskercontentis

decreasedbelow20 vol.%, Figure5. Enhancingthe degree of preferred

orientationof whiskerscouldresultin establishinga differencein the

whiskercontentto exceedthe percolationlimitfor measurementsparallel

versusperpendicularto the pressingaxis. This mightallowone to select

a compositionthat leadsto a muchhigherelectricaland thermal

conductivityin the planenormalto the hotpressingaxisversusinthe
directionof the HPA.
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Figure 5. Boththe electrical(p) and thermal(K:)
conductionchange significantlywith increase in
whiskercontentsabove 10 vol.% relatedto the
formationof interconnectedSiC whiskerpaths.

Thermal Shock Resistance

Crackgrowthdue to stressesgenerated by either fixed thermal gradients

or rapidheatingor coolingcan lead to eithera lossinstrengthor time
dependentfailuresjustas with mechanicalstresses.34One of the more
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populartest techniquesto evaluatethermalstress/shockresistanceis the

down-quenchtest involvingmeasurementof strengthretainedafter the
sample is quenchedfroman elevatedtemperature,T, intoa bath heldat
a fixed,but lower,temperature,TB. Lossof strengthafter quenchingis

assumedto be a resultof crackgrowthinitiatedwhenthe thermaltensile

stress,OT,equalsthe material'sunshockedfracturestrengthCo.34c'e

The magnitudeof the thermalstressis dependentnotonlyon the
magnitudeof the temperaturedrop (i.e., aT = T-TB) buta!soon various

materialproperties(e.g., o_,the linearthermalexpansioncoefficient;E,

the Young'smodulus;k, the thermalconductivity;v,the Poisson'sratio),

the characteristic(or shortest)heattransfer lengtha of the specimen(i.e.,

hereinequal to the thicknesst of the flexurebar), as wellas the surface

heattransfercoefficienth of the specificquenchingmedia.

The critical temperaturechange, _To,that producesa tensilestress

resultingin a loss in fracture strengthafter quenchingis defined as:34c'e

ATe= [ ao(1-v) / a E ] _ (ah/k) (7)

wherethe lastterm,_ (ah/k), reflectsthe roleof heattransferin

establishingthe temperaturegradientinthe sample. Fora circularrod,

this term can be approximatedas:34b,35

f (k/t h ) ~ 1.5 + 4.67(k/th ) -0.5 exp (-51k/th ) (8)

wheret is the diameterof the rod. Note that whenthe k/thterm is small,
&Tobecomesindependentsamplesize (e.g., Eq'n8 reducesto a

constant(~ 1.5). However,for largek/thvalues,ATc exhibitsan inverse

dependenceon the minimumsampledimension(e.g., the thicknessof

the test samplehere). Fora givenmaterial,this impliesthat the critical
AT value shouldfirstdecreaseand thentransitionto becomemoreor

less independentof size as the thicknessof the testspecimenincreases.
Boththe ATe valuesandthe criticalsamplethicknessabove whichATe is
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independentof thicknesswillbe functionsof the thermaland mechanical

propertiesof the material.

Basedon increasesobservedin thermal conductivity,fracturestrength,

and toughnessanddecrease in thermalexpansion,the SiC whisker-

reinforcedaluminasshouldexhibitgreater thermalshockresistancethan
the unreinforcedalumina. Measurementsof ATovaluesbased on

strengthlossesafter quenchingsamplesinto boilingwater bathsconfirm

the greater thermalshockresistanceof the compositeas comparedto
unreinforcedalumina.,_ Alsoas predicted,the ATovalues are

dependentuponthicknesst of the flexure bar in boththe compositeand

the aluminaceramic,Figure6. At smallsamplethicknesses,there is a

1400
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Figure6. The thermalshockresistanceis susbstantiallyincreased
by whisker-reinforcement.Even sectionsthat are multiple
millimetersthickdo notundergostrengthlossesafter quenching
fromseveral hundreddegreescentigradeinto a boilingwater,

rapid decrease in ATovalues with increase in sample thickness followed

by a transition to a region where ATobecomes essentially independent of

sample size. As expected, the composite exhibits greater resistance to
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thermalshockat muchlargersamplesizes. Finally,the compositealso

exhibitsexcellentresistanceto repeated thermalshockcycles;3sathis

may notbe surprisingin view of its excellentresistanceto mechanical

fatigue. The abilityto tailorthermalproperties(e.g., Figures4 and 5)

combinedwith the excellentmechanicalpropertiesof whiskerreinforced

ceramicsobviouslyprovidean opportunityfor developingthermalshock
resistantstructuralceramics.

ElevatedTemDeratureMechanicalProperties

Previousstudiesshowthat the highflexurestrengths(650 to 800 MPa) at

roomtemperatureare retainedto quitehightemperatures(e.g., 1000° to

1100°C in air) in SiC whisker-reinforcedfine grained (< 5 I_m)

alumina.37 Above 1100°C, the strengthsdecrease with increasein test

temperature. Similarly,the fracturetoughnessof thissame composite

remainsconstantfor temperaturesup to -1100°C in air;above 1100°C,

the measuredtoughnessincreases. Each of these changesabove

1100°C is due to the contributionsof creep deformationprimarily

associatedwithgrainboundaryslidingas a resultof the fine grainsize of
the aluminamatrix.

Tests involvingslowcrackgrowthand surface reactionsin air at elevated

temperature revealedthat alumina-20vol% SiC whiskercomposites

have remarkableresistanceto strengthdegradation. Attest

temperaturesof 800, 1000, and 1100°C, the fracturestrengthswere

virtuallyunaffectedafter exposingthe compositesto appliedflexure

stressesequivalentto two-thirdsthe fast fracturestrengthsfor timesof up

to 1000 h.37 Delayed failuretestsat 1000 and 1100°C resultedin no

failuresin samplesexposedto stresses_<75% of the fast fracture

strengthsfor timesup to 14 weeks.22 Onlywhen the appliedstresswas

> 75% of the fast fracturestrengthat 1000 and 1100°C, was slowcrack

growth inducedfailureobserved. Attemperaturesof 1200°C and above,

the fine grainedaluminacompositesexhibitedtime dependentfailure

overan appliedstressrangeof 40 to 100% of the fast fracturestrength.
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At appliedstresslevels< 75% of the fast fracturestrength,failedsamples
exhibitpermanentdeformationindicativeof creep-relatedfailure. These
observationsare indicativeof the beneficialeffects of whisker

reinforcementon the elevated temperatureof mechanicalproperties.

As seen above, degradationof mechancialpropertiesat elevated

temperaturesis associatedwiththe onsetof creep. Thus studiesof the

role of microstructureand compositionon creep processeswouldprove

useful in improvingthe elevatedtemperaturemechanicalperformanceof

these composites. Studiesdo showthat creep ratesof fine grained
aluminaare greatly reducedby incorporatingSiC whiskers;at 1200

(Figure7) and 1300°C the creep ratesare twoordersof magnitudeless

10"s= i, ,,,,i- J =,
I_ 1200°C' Air - J_ :l

_4 Pt. Flexur_f"

10"7L AI=O3 ._

v-,(_ _ G .. 1.5 I_m ,_
r 10"8_; .. 1.5 _Lm 10 V/O jt _ q

o.L..,o.JZ:,
10"1°_

30 100 300

Applied Stress, MPa

Figure7. Creep ratesat elevated
temperaturesare greatly reduced
withthe additionof whiskers. Matrix
grainsize can also be increased
to obtainfurthercreep resistance.

than those of the unreinforcedaluminas.38 Microscopystudies indicate

that grain boundaryslidingin the fine grainedmatrixis the primary mode

of creep inthese materials. A majorcontributionto reducedcreep in
reinforcedaluminais a resultof grainboundary pinningof the grain
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boundariesthat resultsbothfrom whiskerspenetratingacrossgrain

boundariesand those that lie in the grain boundaryplanes.

However,creep resistanceof SiC whiskerreinforcedalumina

compositesin air can alsobe degradedwhen whiskercontentis raised

to 30 vol%or greater.39 Thisis a resultof bothincreasedcavitation

associatedwith whiskersand enhancedsurface oxidationand glass

formation. Atthe same time,the use of certaindensificationaids (e.g.,

yttria)that interactwiththe oxidationof SiC whiskersand form

amorphousphasesare also foundto increasecreep rates.39 On the

otherhand, increasingthe matrixgrainsize can resultin greatercreep

resistancein the composite.40 Attentionto the formulationand designof

the compositeprovidean approachto increasingthe resistanceto creep
andextendthe life of compositesat elevatedtemperatures.

Conclusions

The successfulapplicationof whisker-reinforcementto improvethe

mechanicalreliabilityof ceramicsdemandsthat attentionbe paidto the

influencesof whiskercharacteristics,matrixmicrostructure,and chemical

composition.Progressin the area of reinforcedceramicsis providinga

wqalthof newinsightsintothe tougheningof ceramicsystems. The
theoreticaldescriptionsof the tougheningresponsein whisker-reinforced

ceramicsprovidedetailson how to designtoughermaterialsand

directionswhere more insightis needed,e.g., interfacialproperty-

structurerelationships.In addition,modelsfor whiskerreinforcement

pointto a need to developtechniquesto synthesizewhiskerswhere size

and strengthcan be altered in a controlledmanner.

As describedherein,significantimprovementsin the fracturestrength
and its statisticaldistributioncan be achieved in whisker-reinforced

aluminas. These reinforcedmaterialsalso exhibitfracture strengthsthat

are much more resistantto subsequentdegradationby crackgrowthdue
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to thermalshock,and subcriticaland cyclicfatigueas comparedto

u_reinforcedceramics. At elevatedtemperatures, thesesystemsoffer

considerablepotentialas theycan exhibitexcellentstrengthretention

and creep resistance. Attentionmustalso be givento changesin phase

contentresultingfrom exposureto variousenvironmentsat elevated

temperatures. For examplein whisker-reinforcedalumina, increasingthe

whiskercontentmay be attractivefor enhancingthe fracturetoughness

butcan resultin degradationof creep performancedue to the promotion

of oxidationand creep rates. Clearly,tailoringcompositionsand

microstructuresof thesecompositesoffers an avenue to developing

advancedhightemperature_eramicsandceramicsfor variousstructural

applications.
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