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Abstract: The impact of the interfacial contribution on overall properties increases with decreasing grain size of polycrystalline materials. It is well known that 
distribution and size of cluster defects are rather different in bulk than grain boundaries. In light of “bottom-up” approaches, a study at the atomic level 

determining the distribution of crystallographic defects could clarify their contribution to the macroscopic properties, and then differentiate materials for 

outstanding or precise applications. In this work, Positron Annihilation Spectroscopy (PAS) is used to characterize the distribution of defects within 8 mol% 

Y2O3-stabilized zirconia (8YSZ) structures prepared by sintering through three different thermal treatments, i.e. a conventional thermal cycle in air and N2/H2 
atmosphere, and a fast firing cycle in air, which lead to average grain sizes b260 nm.

1.Introduction

Thedescriptionofsizeeffectsandassociatedconductionmecha-

nismsisa mainobjectiveofresearch withinnano-ionics[1,2].

Althoughthemorphologicalcharacteristicsofpowdersandmaterials

preparedneedfurtheroptimization,thediscoveryofelectronic

conductivityandlargeoxygendiffusivityatlowtemperatures,when

thegrainsizeis withinthenanometricrangeintraditionalionic

conductors[3,4],openedupaveryexcitingprospectofstudyinside

thefield[5].

Inmaterialswithfinegrainsizethedensityofgrainboundariesis

extremelyhighandtransportalongthegrainboundaries might

becomedominant.Furthermore,insuchmaterialsthespacecharge

regionsadjacenttothegrainboundariesmightplayasignificantrole.

Infact, whengrainsizeapproaches widthofspacechargeregion

(Debyescreeninglength,λ),defectsdistributionsignificantlydiffers

fromtheonecharacteristicofregularbulkmaterials.Forsmallgrains,

localchargeneutralityisnotsatisfiedanywhere[4].

Otherwise,theconceptofgrainboundaryregionssupportingafast

ionictransport mechanismisstillpoorlyunderstood[4–8].The

explanationforenhancedconductionatboundariesisalsorelatedto

theformationofthespacechargeregionsadjacenttothecoreinthe

grainboundaries.Bulkionicdefectswithchargeliketothatofthe

boundarycorewillbedepletedwhilethosewithoppositechargewill

beaccumulatedinthespacechargeregion.Ifthebulkdefectwithhigh

mobilityisaccumulatedinthespacechargeregion,theoverall

conductivityofthesolidshouldincrease.So,resultsreportedinthe

literaturesuggestthatgrainboundariescanplayasignificantrolein

changingfromionictoelectronicconductivity[9].Forexample,

oxygenvacancydistributioninanano-structuredzirconiabased

materialdeterminesphenomenasuchasionicconductivity,electronic

conductivityand,moisture-induceddegradation[10,11]orprotonic

conduction,duetowaterincorporationinthezirconialattice[12,13].

Efficientmethodandmaterialstrategiesofdirectingorenhancingthe

space-chargeeffects,suchastheintroductionofinterfacesordoped

grainboundaries withsurfaceactivesecond-phaseparticles,have

beensuccessfullyproposed[1].

However,descriptionof macro-sizedeffectsoftheatomic

architecturedesignisstillchallenging.Itisevidentthatcontrolof

dimensionsonthenanoscalehasaprofoundinfluenceonperfor-

mance.Preparationofnanostructured materialshasbeen made

possiblethroughthedevelopmentofsynthesis,processingand

sinteringroutes,butdirectcharacterizationofpreparedstructures

hasstilltobeexplored.PositronAnnihilationSpectroscopy(PAS)was

usedtoinvestigatetheeffectsofsinteringconditionsonthe

microstructuralfeaturesoftheY2O3-stabilizedzirconiasamples

(YSZ).PASisanon-destructivesuccessfultechniqueusedtostudy

theoccurrence,natureandevolutionofdefectsinsolids[14,15],

particularlylatticepointdefects,whichcannotbedetectedbyother

techniques.PAStakesadvantageofthefactthatpositronsare

attractedtoatomic-sizeopen-volumes, wherepositivelycharged

atomicnucleiare missing[16],thatactastrappingcentersfor

positronsthatsubsequentlyannihilatewithelectronsinthatarea.Asa

resultoftrapping, measurablechangesinthepositronannihilation
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characteristicsareseenthatmaketheidentificationofvacancy-type

defectsstraightforward[17]. Whenanenergeticpositronfroma

radioactiveisotopesourceentersasolid,itlosesmostofitsenergyby

collisionswithelectronsandionswithinafewps,toreachalevelof

energyoftheorderofkBT(kBistheBoltzmannfactorandTisthe

temperatureofthesolid).Thenitdiffusesintothe materialfora

lengthL+ oftheorderof100nm[16](≈150nmaccordingtoRef.

[18])untilannihilatesbyinteractionwithanelectron,afteritsspecific

lifetimeinthecrystal,givingoffinformationabouttheannihilation

site.The wholediffusiondistanceisoftheorderof magnitudeof

100μmandtheinformationisintheformofgammarays,givingthe

positron–electronannihilationprimarilytwo511keVgammarays

travellinginoppositedirections(inthecenterofmassframe)[19].

Positronlifetime(PL)andcoincidenceDopplerbroadening(CDB)

modesofPASwereusedinthepresentwork.PLreflectsthelocal

electrondensityattheannihilationsiteandgivesinformationabout

thesizeofthepositrontrapsandtheirconcentration.TheCDB

measurementsoftheannihilationradiationprovidedataaboutthe

momentumdistributionofelectronstakingpartinthepositron–

electronannihilation.Theenergiesofthetwoemitted511keV

photonspresentablueshiftandaredshift(Dopplerbroadening)in

thelaboratoryframerelatedtothe momentumoftheelectron–

positronpairpriortopositronannihilation.Theenergyshiftofeachof

thetwophotonsisgivenby:

ΔE=pLc=2 ð1Þ

wherepListhelongitudinalmomentumshiftandcisthespeedoflight.

TheshiftsofthetwophotonsaremeasuredsimultaneouslyinCDB.

Sincethethermalizedpositronhasanalmostzeromomentum,and

eachelementhasitsowncharacteristicorbitalelectronmomentum

spectrum[19],thenameasureofDopplereffectoftheannihilation

radiationsuppliesinformationontheelectronicstructureofmaterials

andthechemicalsurroundingsoftheannihilationsites[18].

ThePAStechniquehasbeenusedpreviouslyforcharacterizing

ceramics[20–23]includingzirconia[18,19,24,25].Itturnedouttobe

animportanttoolofinvestigationofnanostructedYSZmaterials[18],

beingthestudyoftheinteractionofpositronswithpointdefectsand

grainboundariesinzirconiausefultogetadeeperinsightintothe

microstructureofsuchcomplicatedsystems.

WhenthetrivalentoxideY2O3,isaddedtoZrO2asstabilizer,lattice

defectslikeoxygenvacanciesandnegativelychargedsubstitutional

solutesarecreatedintheZrO2lattice.Thedefectreactioncanbe

written,usingtheKröger–Vinknotationforpointdefects[26],as:

Y2O3→
ZrO2

2Y′Zr+3O
X
O+V

••
O ð2Þ

V••OandY
′
Zrhaving,respectively, +2and−1chargerespecttothe

lattice,representthemaindefectsinbulkzirconia.However,because

ofcoulombicinteractionbetweenchargeddefects,alargeamountof

negativeoxygenvacanciesandvacancy-soluteatomcomplexesresult

inthelattice.Atlowtemperaturesonlyarelativelysmallfractionof

freeoxygenvacanciesarepresentasunassociated[19].Themajority

tendstobepresentasassociatedwithsubstitutionalyttrium,forming

Y′ZrV
••
O [27,28]complexesatlowyttriumconcentrationand more

complexassociates,suchasY′ZrV
••
OY
′
Zr,withahigheryttriumconcen-

tration[19].Duetotheirstrongpositivecharge,V••Oarenotlikelyto

attractpositrons,buttheassociateddefectsY′ZrV
••
OandY

′
ZrV

••
OY
′
Zrhavea

lowornopositivechargeandsocaninteractwithpositrons.Other

possibledefects withanegativecharge,suchasV′′′′Zr occurinlow

concentrations[19].

Innanocrystallinematerialsgrainboundariesanddefectsassoci-

ated withthemhaveasignificantroleinPositronAnnihilation

Spectroscopy.Infact,beingthepositrondiffusionlengthL+
comparabletothemeangrainsize,positronsthermalizedinsidethe

grainscaneasilyreachgrainboundariesduringtheirlifetimebytheir

diffusionmotion,thusprobingthoseregionsandbecomingtrapped

there.Itisknownthatgrainboundariesincompactednanocrystalline

powdershaveahighlydefectivestructure withahighdensityof

open-volumedefects[29]. Hence,onecanexpectthatpositrons

becometrappedandannihilateintheseopen-volumesites[18].In

ionic materialsthegrainboundarycoreischaracterizedbyafairly

strongpositivechargewithaconcomitantnegativelychargedspace-

chargeregionthatcompensatesthepositivepotential.InYSZthe

latterregionisprovedtobecharacterizedbylowoxygenvacancy

concentrationandacorrespondinglyhighyttrium-ionconcentration

[19],thusbeingalikelytrappingregionforpositrons.Thepositive

grainboundarycorerepelspositron,butthesizeofthepotential

barrier(afewtenthsofeV)doesnotpreventpositronsfromgetting

trappedinmuchdeeperpositronpotentialwellsatthespacecharge

zoneofthegrainboundaries[10,18,30].

2.Experimental

2.1.Preparationandcrystallographic/morphologiccharacterizationof

YSZpowdersandcompacts

ThefollowingcommerciallyavailablecubicZrO2stabilizedwith

8mol%Y2O3 nanocrystallinepowders(8YSZ, Nanostructured &

Amorphous Materials,Inc.,USA) wasusedasstarting material,

witha meanparticlesizeof60nmandthefollowingchemical

analysis(wt.%):Y2O3(13.3),HfO2(2–3),Al2O3(0.01),Fe2O3(0.01),

SiO2(0.02)andNa2O(0.01).

Thespecificsurfaceareaofthepowdersanddensity were

measuredbyonepointN2adsorption(monosorb,Quantachrome,

USA)andHe-multipicnometer(Quantachrome,USA),respectively.

Theerrorsofthosetechniquesare±5%and±10%,respectively.The

particlesizedistributionandthezetapotentialofnanoparticleswere

determinedbydynamiclightscatteringandlaserDopplervelocime-

try,respectively(ZetasizerNanoZS,MalvernS,UK).Inordertocarry

outparticlesizedistributionandzetapotentialmeasurements,basic

aqueoussuspensions(pH=9)of8YSZpowderswithsolidcontentsof

10−3gl−1wereprepared.

Thegreencompactswereobtainedbycoldisostaticpressing(CIP)

ofpowdersat200MPa.Inordertoselecttheoptimumtemperature

rangetoobtainsintered8YSZsampleswithhighporosity,dynamic

sinteringexperiments wereperformedonprismaticsamples

(6mm×4mm×4mm)usingapush-roddilatometer(Netzsch,

Germany)inairorunderflowingatmosphereofN2/10vol.%H2.

Testswererecordedattemperaturesupto1450°Catheatingand

coolingratesof5°Cmin−1.Twohoursdwellthermaltreatmentat

1250°C,using5°Cmin−1 asheatingandcoolingrates, was

performedinN2/H2(8YSZ-N2/H2)andair(8YSZ-Air)atmospheres.

Afastfiringcycle(FF)[31]inairwasalsoconsidered(8YSZ-FF).TheFF

cyclewascomposedofafastheatingrampof20°Cmin−1uptoa

temperatureof1250°Cfollowedbya20hourdwellat1150°Caftera

coolingrampof15°Cmin−1.FFwasperformedinatubularfurnace

withflowingatmosphere(SevernFurnacesLimited,UK)whichusesa

Eurothermprogrammer. Whenit wasnecessarythesintering

atmospherewaspurgedpriortoheatingbyapplyingvacuumtothe

sealedtubeandfillingitwiththedesiredgas.Duringthethermalcycle

thegasflow was maintained.Allthegases wereofhighpurity

standards.

Phaseidentificationoftheas-receivedpowdersandsintered

samples wascarriedoutbyXRD withadiffractometer(D5000,

Siemens, Germany)usingaCuKα radiationcollectedatroom

temperatureoverarangeof20°≤2θ≤80°atastepscanrateof2°s−1.

TheresultswereprocessedusingtheASTM-Files37–1484,48–0224and

82–1246for monoclinic,tetragonalandcubicphases,respectively.

Furthermore,phaseidentification wasalsoperformedbyRaman

Spectroscopyusingthe514.5nmexcitationlinefromanArionlaser

(SpectraPhysics163-M42-010)inbackscatteringgeometryona



RENISHAWinViaspectrometer.Laserpowerof25mWwasused,and

spectrawerecollectedoveraneffectiverangeof100–700cm−1.

Theapparentdensityofsinteredsampleswasdeterminedbythe

Archimedes methodin water.Therelativedensity wascalculated

usingthetheoreticaldensityoftheYSZ(5.90gcm−3,ASTM82-1246).

Densitiesofthesolidskeletonsweredeterminedbyheliumpycno-

metry.PorosityofthesampleswasmeasuredusingaHg-porosimeter

(Poromaster,PM-338,QuantachromeInstruments,USA).

Themicrostructureofthesinteredsampleswasobservedbyfield

emissionscanningelectron microscopy(FE-SEM,Hitachi,S-4700,

Japan)onpolishedandthermallyetchedsurfaces.Thermaletchingat

1150°Cfor1hwasused.Averagegrainsizesofthemicrostructures

weredeterminedonFE-SEM micrographsbythelinearintercept

approach(averagegrainsize=1.56averageinterceptlength)[32].

2.2.PASapparatusanddataacquisitionprocess

PLandCDBtechniquesofpositronspectroscopywereappliedin

ordertocharacterizethemicrostructureofzirconiasamples.Allthe

experiments wereperformedatroomtemperatureusingaNa22

positronsourceof~10μCisealedbetweentwokaptonfoils(10μm

thick).Foreachmeasurement,thepositronsourcewassandwiched

betweentwoidenticalsamples.PositronsemittedfromNa22sources

haveenergiesupto0.54MeV,givingatypicalimplantationdepthof

thepositronsintoYSZmaterialsof≈130μm.

ThePLsetupwasacommercialfast-fastORTECsystemequipped

withtwoNE111plasticscintillatordetectorsplacedfacetofaceand

eachincontactwiththepairofsamplesenclosingthepositronsource.

Thedetectorsrevealγradiationcorrespondingbothtothepositron

emissionandtotheannihilationsignals.Thepulsesfromthedetector

wereusedasthestartandstopofatimetoamplitudeconverter

(TAC),whichmeasuresthetimeintervalbetweenthetwosignalsand

generatesapulseofintensityproportionaltotheintervalandthento

thepositronlifetime.Thecorrespondingdigitalpulseswereanalyzed

byamultichannelanalyzer(MCA),whichdisplayedtheminagraph

representingthechannelscorrespondingtofixedtimeintervalson

thexaxis,andthenumberofannihilationeventscorrespondingto

thechannelsontheyaxis.Thisisthelifetimespectrumwhichis

characterizedbyanexponentialdecayingpartgivenbytheconvo-

lutionofseveralcomponents,eachof whichrelatedtoapositron

annihilationstateandthentoacharacteristicpositronlifetime.The

lifetimespectra wereanalyzedanddecomposedintoindividual

discretecomponentsusingthePOSITRONFIT[33]program,after

subtractionofthesourcecomponentanddeconvolutionofthe

experimentalresolutionfunctionapproximatedasa Gaussian.

Reducedχ2 ofdataanalysis wasneverhigherthan1.2.Each

cumulativespectrumhadatleast106counts.Intheconditionofthe

presentexperiment,thetimeresolutionofthesystem(fullwidthat

halfmaximumoftheresolutionfunction)was278ps.

CDBexperimentswereperformedusinganapparatuswithtwoHP

Gedetectorsintimingcoincidence,placedfacetofaceandseparated

40cmfromeachother.Thepairofsamples,enclosingthepositron

source, waspositionedjustatthehalf-waypointbetweenthe

detectors.EachdetectorwasconnectedtoanORTEC-572amplifier

whichgainwasadjustedtohaveexactlythesamecalibrationfactor

forbothdetectors(81.1eVchannel−1).Signalsfromtheamplifiers

werefedintoatwo-dimensional multichannelanalyzer(2D-MCA)

adjustedtofocusthepeakof511keVatthecenterofa512×512

matrix.ThecumulativeCDBspectrahad~107countsinthestrip

centeredonthe matrixdiagonalthatfulfilledthecondition2m0c−

1.6keVbE1+E2b2m0c
2+1.6keV;whereE1andE2denotetheenergy

oftheannihilatinggamma-raypairs,m0istheelectronrestmass,and

cisthelightspeed.ToaccentuatethedifferencebetweentheCDB

spectra,andtovisualizethedefecteffectontheintensityofthepeaks,

thespectrawerenormalized,dividingthecountsatagivenenergyby

thatcorrespondingtoahighpurityZrsampleandtotheYSZsingle

crystal.Previously,theareasundertheCDBspectrawerenormalized

tounityandsmoothed.

Well-annealedhigh-purityZrandcubicYSZsinglecrystalwere

usedinthepresetworkasreferencespecimensfortheCDBspectra

analysis.ThesampleswerealsoexaminedbyPL measurementsfor

completenessandclarity.

3.Resultsanddiscussion

Thespecificsurfaceareaanddensityoftheas-receivedpowderare

17.8m2g−1and5.69gcm−3,respectively.ScanningElectronMicros-

copy(SEM) morphologyofasreceivedpowdersshowed100μm

agglomeratesofatomizedpowderformedbysphericalshaped8YSZ

nano-particlesofaround50nmprimaryparticlesize[34].Assuming

monodispersed andsphericalparticles,anaveragediameter was

calculatedusingtheadsorptionmodelfromthenitrogenadsorption

isotherm(dBET)leadingtoparticleswithanaveragesizeof60nm.The

BETapproximationfitSEMobservations.Particlesizedistribution

aftersonicationtreatment[34]showsamonomodalsizedistribution

curve withanarrowparticlepopulationinthenanometricrange

(b100nm),being84nmtheaverageparticlesize.Therefore,supplied

nanopowderswereweaklyagglomeratedbecauseitwaspossibleto

disperseparticlesdowntoanaveragesizeclosetotheprimary

particlesizebyapplyingalowenergytobreakthem.

Dynamicsinteringstudiesperformedoncompactsof8YSZ,

obtainedbyisostaticpressing,underbothairandN2/H2atmosphere

forcompactsareplottedonFig.1.ThecurveforaYSZsub-

micrometricparticle compactinairisalsoplottedforcomparative

purposes[35].Fornanometricpowdersitcanbeobservedthat

sinteringstartsat1050°Cunderbothairandreductiveatmosphere.

The maximumshrinkagerateofthesesamplestakesplacearound

1250°C,beingachievedslightlyearlierinair.Densificationfinishes

around1500°Cand1450°Cwithafinalshrinkageof20%inairand

23%fortheN2/H2treatment.Inthecaseofsub-micrometricparticle

compacts,thesinteringprocessstartsatalowertemperaturethan

nanometricones,butitprogressslowerwithandfinishesatlower

temperatures.Temperatures wereextractedfromthederivative

curveswhichcanbereachedassupplementarydataintheelectronic

version.Thefinalshrinkagerecordedinairforcompact madeof

submicrometricpowdersissimilartothatofthesample madeof

nanostructuredpowdersandtreatedunderN2/H2.Finallyathermal

treatmentat1250°Cduring2hwasselectedtosinterbulkpiecesof

nano-powdersinair(8YSZ-Air)andreductive(8YSZ-N2/H2)condi-

tions.Complementarily,afastfiringthermalcyclewasdesignedwith

atoptemperatureof1250°Cselectedtocompareresultsdone

throughconventionalcycles,whilethedwelltemperaturehasbeen

Fig.1.Dynamicsinteringcurvesrecordedfor8YSZcompactsofnanopowdersinairand

underreductiveconditions,andsubmicrometricparticlesinair.ΔL/L0:linearshrinkage,

vs.temperature.



selectedfollowingpreviousworksintheliterature[6,31,36]andthe

temperatureofneckformationinairof8YSZnanoparticlesfittedat

thedynamicsinteringstudy(1050°CinFig.1).

Apparentdensityandporosityofthesinteredcompacts(8YSZ-Air,

8YSZ-N2/H2and8YSZ-FF)arecollectedinTable1,whileFig.2shows

porousdiameterdistributionsmeasuredby Hgporosimetry.The

valuesoftheapparentdensitymeasuredbyArchimedesmethodin

H2Owerealwayswithinthevariabilitylimitsofthosecalculatedfrom

Hgporosimetryresults.ResultsinTable1andFig.2showthatthermal

treatmentsledtospecimens withahighlevelofopenporosity,

ranging24%–39%, whileclosedporositycanbeneglected(b0.1%).

Porositydecreasesin8YSZ-N2/H2 and8YSZ-FFcompacts,both

specimensbeingdenserthanthatsinteredinairthrougha

conventionalthermalcycle(8YSZ-Air).Betweennon-conventional

cycles,porosityishigherin8YSZ-FFbothinvolumeandsizethanin

8YSZ-N2/H2.ApparentdensitydeterminedbyArchimedesmethodled

tohighervaluesofdensityfor8YSZ-FF,verifyingthepresenceoflarge

poresthatcanbefilledbywater,inagreementwithplotinFig.2.

Then,porosimetryprovedtobeanaccuratetechniquetodetermine

densityinnanostructured8YSZcompacts,determiningporecoales-

cenceinthecaseofthefastfiringtreatment.Compactdensitiesfit

sinteringstudies,suggestingthatreductiveandfastfiringthermal

treatmentspromotethe8YSZstructuredensification.Thesizeofpores

inallsamplesiswithinthenanometricrange,althoughthehighlevel

ofporosity.

SEMmicrographsinFig.3(a)and(b)showafreshfractureofthe

8YSZ-Airspecimen,atlowandhigh magnificationrespectively.

Fractureimageatlowmagnificationremembersthecharacteristic

morphologyofatomizedpowders, whileadetailofthisimage

(Fig.3(b))revealsthetransgranularfractureofadensestructureof

zirconiacomposedbygrainsaround250nminsize.Fracture

behaviorreleasestheapparentdensitydependenceofthesintered

compactsonas-receivedpowder morphology, whichcanbethe

causeofthehighvolumeofopenporosityofisostaticpressed

sampleswhateverwasthethermaltreatment.Ameticulouslookat

the microstructureathigher magnificationsalsohighlightssmall

interconnectedvoids whichalsocontributetothelowapparent

densityof8YSZ-Aircompactsmeasuredinwater(Table1).

Fig.4showsFE-SEMmicrographsofthethermallyetchedpolished

surfacesof8YSZsamplessinteredinair(8YSZ-Air,Fig.4(a)and(b))

andinN2/H2atmosphere(8YSZ-N2/H2,Fig.4(c)and(d)) witha

conventionalcycleandinairthroughthefastfiringtreatment(8YSZ-

FF,Fig.4(e)and(f)).Theaveragegrainsizeofthesesintered

compactsis256,128and167nm,respectively.Itcanbeobservedthat

the8YSZ-N2/H2compactshowsanaveragegrainsizesmallerthanthe

8YSZ-Airsample.Infact,theconventionalsinteringcycleinairleads

toaporousnetworkwithin8YSZnanostructurewhichisnotpresent

atthe8YSZ-N2/H2and8YSZ-FF microstructures,verifyingahigher

densificationlevelunderthereductiveandfastfiringthermalcycles.

Microstructuresagreewithshrinkagedynamictestsanddensity

studies.8YSZcompactshasafasterbutlowercontractioninairthanin

N2/H2,resultinginahighervolumeofporosityinair,butasimilar

poresizeatthe microstructure.Otherwise,thefastfiringprocess

promotesdensificationdecreasingtheporosityvolumeandincreas-

ingtheporesizeduetoasizecoalescenceeffectthroughthelower

dwelltemperature(1150°C)[6,36].

Fig.5showstheX-RayDiffraction(XRD)spectrarecordedforthe

8YSZ-Airand8YSZ-N2/H2samples.Thespectrumoftheas-received

powder wasalsoplottedforcomparativepurposes.Thelatter

spectrumrevealsthepresenceof monoclinic,tetragonalandcubic

phasesattheas-receivednano-particles,whiletheXRDpatternofthe

samplesinteredinairrevealsthepresenceofthe monoclinicand

cubicphasesinthe8YSZ-Aircompact.Finally,theXRDspectrum

correspondingtothe8YSZ-N2/H2compactshowsthepresenceofboth

tetragonalandcubicphasesandaremarkableabsenceofthe

monoclinicphase.

Table1

Densityandporosityvaluesofthe8YSZcompactssinteredat1250°Cfor2h(8YSZ-Air)

andatfastfiringconditionsinair(8YSZ-FF)andat1250°Cfor2hunderN2/H2
atmosphere(8YSZ-N2/H2).ρH2O:determinedbyimmersioninwater;ρHe:determined

byheliumpycnometry.

Thermaltreatment 8YSZ-Air 8YSZ-FF 8YSZ-N2/H2

Apparentdensitya:ρHe [g·cm−3] 5.85±0.05 5.86±0.05 5.86±0.05

[%] N99 N99 N99

Apparentdensityb:ρH2O [g·cm−3] 4.1±0.3 5.4±0.3 4.8±0.4

[%] 70±2 91±2 82±2

Totalporosityc [%] 39.3±0.1 32.2±0.1 23.8±0.1

Averageporoussizec [nm] 45 65 40

aHepicnometry;bArchimedesmethodinH2O;
cHgporosimetry.

Fig.2.Poresdistributionin8YSZcompacts.

Fig.3.Generalview(a)andadetail(b)ofthefracturesurfaceof8YSZ-Air.



Inthecaseof8YSZpowdersFT-Ramanspectroscopyisatechnique

moresensitivethanXRDnotonlyforestablishingthemajorphasebut

alsotoassessthepresenceofminorphases.TheRamanspectraofthe

8YSZ-Airand8YSZ-N2/H2aredepictedinFig.6.Thecharacteristic

bandofcubiczirconiaphaseat607cm−1canbeobservedinboth

samples.Inaddition,bothsamplesshowthecharacteristicbands

correspondingtotetragonalphasezirconia,butcharacteristicbandsof

monocliniczirconiaphaseareonlyidentifiedinpowderstreatedin

air,determiningdefinitelytheabsenceofthemonoclinicphaseatthe

8YSZcompactssinteredunderreductiveatmosphere.Hencewecan

considerthatduringthesinteringtreatmentunderN2/H2atmosphere

themonoclinic-tetragonalphasetransitiontookplace.

Inadditiontovacanciesproducedbysubstitutionofzirconium

cationsforyttriumtrivalentcations,newdefectscanbeintroducedby

sinteringinreducingatmosphere[37–39].Infact,theconcentrationof

Fig.4.Polishedsurfacesofthe8YSZsamplessinteredat1250°Cfor2hinair(a,b)andinN2/H2atmosphere(c,d),andthroughafastfiringcycle(e,f)inair,beingthermallyetched

at1150°C/1hinairandunderreducingconditions,respectively.

Fig.5.XRDpatternsof8YSZasreceivedpowdersandcompactssinteredat1250°Cfor

2hinairandunderN2/H2atmosphere.



oxygenvacanciesandelectronsarelinkedtooxygenpartialpressure

duringthermaltreatment[37,40].Stabilizationstudiesofthezirconia

phasesbythepresenceofoxygenvacancies[41]couldexplainthe

absenceofmonoclinicphaseaswellasthefullstabilizationoftetragonal

andcubicphasesshownbyRamanspectroscopyfor8YSZ-N2/H2
specimens.

Otherwise,sampledarkeninginreducingatmospherewasasso-

ciatedtothepresenceofoxygenvacancies[42–44]and/orthe

segregationsofironimpuritiesatthegrainboundaries[40].

Segregationofsecondphasesiscommonlyassociatedtoanincrease

ofbond-lengthatthecrystalstructuresinthegrain-boundary

neighborhoodleadingtoahighgrainboundaryseparation[45].

Therefore,nanostructureof8YSZ-N2/H2 compacts,observedin

Fig.4(c)and(d),couldbetheconsequenceoftheincreaseof

vacanciesand/orsecondphasesegregationinthegrainboundary.

8YSZ-darkeningandtheabsenceof monoclinicphasebeingthe

remarkableevidenceofthisphenomenon.

Positronlifetimespectraof8YSZcompactswerestudied.Annihi-

lationcurveswereresolvedinto3componentseachcharacterized

byapositronlifetime(τ1,τ2,τ3)withacertainintensity(I1,I2,I3;

∑ iIi=1)andtheresultsaresummarizedin Table2.Resultsof

measurementson well-annealedhighpurityZrand8YSZsingle

crystalswerealsoreported,showingthatthesespecimensexhibita

singlelifetimecomponent.Inallcasesthelonglifetimecomponent

(1bτb3ns withintensity≤1.5%) wasassignedtoannihilationof

positronsinortho-positroniumstateinfreevolumeinthestructure

butitwasnotassignedtoaparticulartypeofvoidsbecauseofitsweak

intensity.Neglectingthislongcomponent, weonlyconsideredand

discussedtheshortlifetimecomponentsτ1andτ2.Applyingthesimple

two-statetrappingmodelthebulkpositronlifetimesτB=(∑ iIi/τi)
−1

werededucedandreported.Besides,theaveragepositronlifetime

definedbyτav=∑ iIiτiwasevaluatedsinceitisastatisticallyaccurate

singleparametertodescribealifetimespectrum[17],andchanges

below1psarereliablyobserved[17].AvalueofτavNτB(free-positron

lifetimeinthebulk)isthedirectmanifestationofpositrontrappingin

vacancy-typedefects[17].Inthepresentcaseitisanevidenceofthe

presenceofstructuralvacanciesinthethree8YSZsinteredsamples.

Thesinglelifetimecomponentof≈184psmeasuredforthesingle

crystalwasattributedtoannihilationinsidethegrainandrelatedto

structuraldefects.Inanalogywiththesinglecrystal,oneexpectthat

nanocrystallineceramicscontainarelativelyhighdensityofstructural

defects[18]andthattheycontributetoPLspectrumbyacomponent

withlifetimeof≈184ps.Thiscomponentandonewithahighervalue

duetotrappingofpositronstodefectsrelatedtograinboundaries,

couldhardlybedistinguishediftheirlifetimesarecloselyspaced(the

separationoftwodifferentlifetimesissuccessfulonlyiftheratioof

theirvaluesisN1.5[17]).Inthiscasecontributionsfromthe

annihilationinsidethegrainsandthatatgrainboundaries were

revealedasasinglecomponent:thelifetimeτ1measuredfor8YSZ

samples,N184ps(seeTable2).

Thehighvalueoftheintensityofthiscomponent(I1)indicates

thattheinsideofthegrainsandtheirspacechargeregionshaveahigh

defectdensity,sothatpositrons mainlybecometrappedand

annihilatethere.Indeed,as mentionedabove,vacancy-typedefects

inthenegativelychargedregionofgrainboundariesofsuch

nanocrystallinematerialsarelikelytrappingcentersforpositrons.

Itcanbenotedthatthesample8YSZ-N2/H2presentsavalueofτ1
slightlylowerthanthatof8YSZ-Airand8YSZ-FF.Itcanbeconsidered

anunexpectedresult,sinceasmallergrainsizeshouldleadtoa

greatercontributionoftheannihilationatthespacechargeregion,

andthen,toahigherlifetimevalueduetoahigherfractionofpositron

reachingthegrainboundaryandtheincreaseoftheinterface-to-bulk

fraction[4]. Actually,thedecreaseinτ1 valuein8YSZ-N2/H2
specimenscanbefirstlyattributedtotheabsenceof monoclinic

phaseafterreducingtreatment(Fig.6).Asthisisrelatedtoavariation

oftheelectronstate,itdeterminesahigherelectrondensityinc-and

t-phasesthanin m-phase[4,25,46]. Moreover,theeffectsofN2/H2
atmosphereoverthedistributionandtheincreaseofdefectsshould

bealsoconsidered.Insteadtheanionicvacanciesformation,unfavor-

ableatsuchlowtemperatureas1250°C,theelectronconcentration

canincreaseinordersofmagnitudeunderreducingconditions[37],

resulting,inourcase,inahigherprobabilityofpositronannihilation

insidethesmallergrains.Consequently, wecouldhypothesizea

greaterpresenceofdefectsalongthestructure,wherepositronscould

betrappedenhancingtheirannihilationinsidethegrainsratherthan

atthespacechargeregion.Accordingtothestudyof Maier[4]on

concentrationofdefectsinnanostructured materials,theimpactof

interfacesandparticularlyoftheirspacingonconductivity,wecan

speculatethatthefoundlifetimevaluesarerelatedtothedependence

ofchargeconcentrationongrainsize.Inref.[4]it wasstatedthe

occurrenceof“trivial”sizeeffects,in whichtheincreasedoverall

effectsolelyreliesonincreasedproportionofinterfaces,andof“true”

sizeeffects,inwhichalsothelocalpropertiesarechanged,thatoccurs

whenthegrainsize,L,iscomparablewiththeDebyelengthλ(L≤4λ).

Wecansupposethatthedecreaseofgrainsizeduetothereductive

thermaltreatmentislikelytodeterminethespacechargeoverlapso

thatnoelectroneutralbulkisleft,thusincreasingannihilationof

positronsintheinteriorofthegrainandshorteningtheirlifetime.The

different mechanismsofannihilationin8YSZ-N2/H2samplesare

reflectedalsoinalowervalueoftheaveragelifetime(seetableof

results),althoughwithinthelimitsoftheerror.

Fig.6.Ramanspectraof8YSZcompactssinteredat1250°Cfor2hinairandunderN2/H2
atmosphere.

Table2

Lifetimevaluesmeasuredfortestedcompacts.τavandτBwerecalculatedapplyingthesimpletwo-statetrappingmodelanderrorswerecalculatedtakingintoaccountonlythe

errorsonlifetimevalues.

Material τ1[ps] I1[%] τ2[ps] I2[%] τ3[ns] I3[%] τav[ps] τB[ps]
a

Zr 164.4±0.4 99.55±0.05 1.3±0.2 0.45±0.05

Singlecrystal 184.4±0.6 99.52±0.06 1.4±0.2 0.48±0.06

8YSZ-Air 191±3 95±2 500±100 4±2 1±2 0.2±0.6 203±7 196±4

8YSZ-FF 192±2 97.3±0.4 800±300 1.8±0.4 3±2 0.9±0.5 203±7 195±2

8YSZ-N2/H2 188±2 95.3±0.8 600±100 3.2±0.6 2.3±0.6 1.5±0.3 201±5 192±2

aDeducedapplyingthesimpletwo-statetrappingmodel.



Thesecondcomponent(τ2,beingitsintensityI2),canbeattributed

topositronannihilationinvacancyclustersornano-voidsthatcanbe

effectivetrappingcentersforpositrons[19],asexpectedinsuch

porousceramics(N20%).Onlyalowportionofpositronscrossthe

grainboundaryandaretrappedbypores(verylowI2),despitethe

highporosityofthenanostructure.Ithastoberecalledthatthe

lifetimesmeasuredforpositronstrappedinacertaindefecttypeare

sensitivetothedefectsize,whiletherespectiveintensitiesprovide

informationaboutthedefectconcentration[18].Lifetimevaluesand

intensityofthissecondcomponentfit withtheapparentdensity

measuredbyArchimedes methodinH2OandHgporosimetry(see

Table1),reflectingchangesinsizeanddistributionofporesasaresult

ofthethermaltreatments.Infact,aspreviouslyobserved,these

promotethedensificationandthedisappearanceofnanopores,

particularlyaccompaniedbyporeclusteringinthefastfiringprocess.

Thislatertreatmentproducesacoalescenceofopen-volumedefects

resultingina widersizedistributionofpores(correspondingto

maximum τ2valueandrelatederror)andareducedconcentration

(minimumI2).

CDBspectraareshowninFigs.7and8.Thespectra were

normalizedandtowellannealzirconium(Fig.7)andtoasingle

crystaloffullystabilizedzirconia(Fig.8).Thespectrumofthesingle

crystalandZr wereacquiredasareferenceandreportedfor

comparison.

IngeneraltwopartsofaCDBspectrumcanbedistinguished:the

low-momentum(≤6×10−3m0c)regionthatisrelatedtoannihilation

withvalenceelectronsandrevealstherelativeconcentrationof

defects,andtheoneofhigher-momentumduetocoreelectrons[18].

Inthepresentspectra,thesignalinthelow-momentumregionis

relatedtopositronannihilationinnanopores,whilethepeakcentered

at≈20×10−3m0cinthehigh-momentumregionischaracteristicof

annihilationswithvalenceelectronsofoxygenionsinthelattice[19].

InthisregionthedifferencebetweentheratiocurvesforpureZrand

ZrO2samplesobservedinFig.8suggeststhatthepredominant

annihilationsitesinthebulkareas(coreelectrons)ofthesintered

samplesarenearoxygen,notzirconium[19].Itisconfirmedbythe

resultsofnormalizationofthecurvestopureZr,whichshowthe

characteristicpeakofannihilationswithoxygeninthelattice[19].

InFig.8itcanbeobservedthattheCDBspectraofthethree8YSZ

samplesandthesinglecrystalfitasamegeneraltrend.TheCDB

spectrumofthesamplesinteredinair(8YSZ-Air)hashigherlow-

momentumintensitythanthatofsamplessinteredinreducing

atmosphere(8YSZ-N2/H2)andthroughthefastfiringcycle(8YSZ-FF).

Theintensitiesinthelowmomentum-regionandtheirchangesare

theconsequenceofdensificationandthedisappearanceofnanovoids

relatedtothethermaltreatments.Thefactthatthecurvesapproach

thatobtainedforthesinglecrystalisduetothelowfractionof

positronsannihilatingatpores.CDBspectraverifythehighdefect

densityinthewholestructureasobservedbefore.

Summarizing,PASstudiesrevealedanextremelyhighintensityof

thefirstlifetimecomponent,I1,asaconsequenceofanelevateddefect

concentration withinthenanostructureofallthesamples.CDB

normalizedspectraof8YSZ-FFand8YSZ-N2/H2compactsaresimilar

tothoseofthesinglecrystal,evenconsideringtheincreaseofdensity

ofgrainboundariesinthenanostructure.Infact,thefirstlifetime

component,τ1,inthesmallestnanostructuretested(8YSZ-N2/H2)is

closertothatofthesinglecrystal,duetotheincreaseoftheelectron

densitypromotedbytheconditionsofthesinteringtreatment.PAS

resultsagreewithstudiessupportingelectronicconductionandthe

absenceofthestructureelectroneutralityatthenanoscaleinsucha

kindofionicmaterials.

4.Conclusions

PASresults(ofPLandCDBanalysis) wererelatedtothe

morphologicalandcrystallographiccharacteristicsof8YSZmaterials,

andwellknowntheoriesofsolidstateionicmaterials,suchasspace

chargeregiondistributioninnanostructures.Thecharacterizationof

prepared8YSZmaterialsledtodifferencesondefectdistributionin

nano-rangedstructureswithanaveragegrainsizeb260nm.

Defectdistributionalongthesinteredstructurechangeddepend-

ingonthethermaltreatment.Fastfiringcycleandreducing

atmospheregavecrystallographicvariationsandadefectre-distribu-

tionatgrainboundaries.Longsinteringcycleproducedaveragegrain

sizesof167nmandaneffectofporecoarsening.However,sintering

underreducingatmospherepromoteddensificationandgrainsize

retentiondownto126nm,andsimultaneouslyanincreaseofthe

electronicdensityalongthestructure.In8YSZ-N2/H2,concentrationof

defectsincreased,thedefectsbeingconfinedinasmallgrain.Thefinal

resultwastheaugmentofdefectivityinthewholestructure(bulkand

grainboundaries).

Finally,PASwasvalidatedasapowerfultechniquetodescribethe

structureorderingattheatomiclevel,andthenitcancomplementthe

characterizationofconductivesolidsatthenanoscale.

Supplementarymaterialsrelatedtothisarticlecanbefoundonline

atdoi:10.1016/j.ssi.2011.03.007.
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