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FabricationofZrO2/Nifunctionallygradedmaterialsby

underwater-shockcompaction

AkiraChiba★,andYasuhiroMorizono★

ZrOノNiFunctionallyGradedMaterials(FGM8)Werefabricatedbynewlydevelopedunderwater

shockcompactiontechnique.TheexperimentalA88emblyconsistsofthreepartsVi乱,anexplosive

container,awatertankandapowdercontainer.TheenergyorShockwaveincreaSe8bythe

convergenceofShockwaveduetothereductionorthecro88Sectionareaofwatertank.The

increasedshockpressureandlongerdurationofthepre88urePu18e8facilitatethecompaCtionof

difficul七･to･compaCtpowderstOneartheoreticaldensity.Thepre88ureObtainedwasestimated

tobe4GPA.The6･to1HayeredFGMswerefabricated.The1l･layeredFGM8WereSubjected

tocyclicdifferentialthermalloadingteatandwerefoundtowith8tandthethermalstre88

8uCCeSSfully.

1.lntroduOtion

Recentadvancesintechnologyrequire

structuralmaterialsthatcanbeusedinSevere

environments.AsSuperthermalprotective

materialsforfutureaerospacetransportation

system,sometypeoffunctionallygradedmaterial8

havebeenproposedduetoenduretheSudden

thermalshockloadingortogetgoodhigh

temperaturestrengthM･

FunctionalGradedMaterialsArecharacterized

asmaterialshavingcontinuouslyvarylngmaterial

propertyfromonesurfacetotheotherandare

preparedthroughseveralmethods8uCha8CVD,

P∀D,ionplating,plasmaspray)ng,sinteringand

self-propagatinghightemperaLure88yntheSi82I･

Thegradientchangesofcompositioncanreduce

oreliminate8peeificinterraceSbetweenconstituent

materialssuchasceramicsandmet.als.

Shockcompactionisawellknowntechniqueto

producebulkmaterialsfrompowdersWithout

detrimenttothebasicproperties0ftheparticipant

powders31･4'. However,itwashithertodifrlCultto

obtainsoundspecimenswithoutanycracksand/
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orcentralholebyu81nganaXlBymmetricexplosive

compACtiontechnique.

TheauthorshaveShockcompactedpowders

SuchasZrO2andSi,N.ceramicpowders,utilizing

underwater･8hockwavegeneratedbythe

detonationofexplo8iveSandbyusingthewateraS

apreSSuremedium.TheyhavereportedthatSOund

8peCimen8Canbefabricatedwithoutusingany

8interingadditives.TheadvantageOfshock

compACtiontechniqueiSthatthecompactwithfull

densitycanberabricatedwithinmicroseconds.

TheptlrpO8eOfthepresent8tudyistoestablish

amethodologytofabricateZrOz/NiFGMSbyuslng

theunderwater-Shockcompactiontechnique

mentionedaboveandtoinvestigatethe

microstructuresandthermo一mechanicalproperties

orZrOJNiFGMs.

2.Experimentalprocedure

2.lMateriaIs

Partiallystabili2iedZiirconiApowder(TZ･3Y)was

suppliedfromTbsohCo..TbkyoJapan.Thecontent

orY20 1inthepowderwas3.64(ma8S%)andthe

averageparticleSizewasabout0.311m.Nipowder

wasSuppliedFromNilacoCo.,Ltd.,Tokyo,Japan

andtheaverageparticlesizewasabout5llm.
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mgratio:γol.%,Unit:mm)Fig.1Schematicillustrationofunderwatershockcompactionassembl
yandstackingsituationfor11-layered

ZrO2/NiFGMs.2.2Underwater-shockcompaction

assemblyTheassemblyusedinpre畠entStudycons

istsofan explosivecontainer,awatertankandapo

wdercontainerasillustratedinFig.1.Wh en

1l･layeredZrO2/NiFGMswereproduced,themixedpowde

rswiththeZrO2:Niratios,viz.,9:I,8:2,7:

3,･･7:3,2:8,1:9,Werelooselypackedinthep

owdercontainer(Figure1).Hardsteelpowderon

thetopwasusedtopreventthe自CatteringofFG

MpowdersfromthepowdercontainerandSU

S304powderinthebottom wa白uSedformomentumtra

p.Allcontainersweremadeofmildstee】.The

intensityortheshockwaveoftheexplosivedeto

nationincreasesbytheconvergenceofshockwavedue

tothereductionofcrosssectionareaandtherefle

ctionortheshockwaves0mtheconicalwallorth

ewatertank.VaryingthemaSSandthedetonationvelo

cityoftheexplosiveandtheconicalangleofthew

atercontainercaneasilycontrol

themagnitudeofshockpressureandtheshockdu

ration.Theexplosiveusedinthepresentstudyw

asSEP(providedbyAsahiKaSeiCo.,IJTD.)andcons

istedmainlyofnitricesteranditsde

tonationvelocitywas6900m/8.Theshockcompact

edZr02monolithicmaterialandZrO･}/NiFGMwassintered

atvarioustemperatures 2.3Estimationofshockp

ressureTheShockvelocitya.tthepowderco

ntainerwasmeasuredbytheiongapmethodAndthe

shockpressurewascalculatedu自ingthee

quationbyColeRIandPennyAndDasgupta郎ex

pressingtherelationshipbetweentheshockpressur
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573K■bl673Kl2b1673J(JhFig.5RelationBhipbetweenhardnessand

sinteringconditio nsinZrO2monolithic

material.
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Relationshipbetween鉦acturetoughnessandsinteringconditionsinZrO2monolithicmaterial

.Fig.7Externalviewandopticalmicrogr叩hofcro888eCtionofZrO2/NiFGM cutparalleltothe

Shockcompactiondirection.CompactedState,therelativedensitywasabout temperature
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Fig.80pticalmicrographsofZrO2/NiFGMcompactinas-
compactedstate,(a)6･layeredFGM,and(b)I1･1ayered
FGM.

showedthesametendencyasrelativedensity.The

hardnessofthespecimenafter8interingat1673K

isabout1400Hv.whichisalmostthesameasthe

hardnessofthecommercialZrO2materials

(1300Hv).

Figure6Showstherelationshipbetweenthe

fracturetoughnessandsinteringconditions.The

fracturetoughnessorthecompactssinteredat

1673KisalmostsamevalueaStheZrO2materials

COmmereiallyavaihble.

Theoptimumsinteringconditiontogetsound

specimensinthepresentexperimentisroundto

be1673Kand2h.

3.2Microstructureandmechanicalproperties

ofZrO2/NiFGMs

Figure7Showstheexternalviewofthecross

sectionsofZrO2/NiFGMsectionedparalleltothe

shockcompactiondirection.Tht!thickneB80fthe

compactisreducedaboutoneha)foftheloosely

packedState.

Figure8showstheopticalmicrostructure80r6

layeredand1lllayeredFGMcompactsintheaS･

compacted statesrespectively.Upperpart

indicaLeSNisideandthebottompartisZrO2Side.

BothcompactswerefoundtobefreeofcrackSand

tears.'rheyarefoundtohaveundergone

continuouscompositionalchanges.

Figure9showstheopticalmicro8truCtureSOr

llOthcomp爪CtSafterthesinteringat1673Kfor2h.

SomecrEICksandtearsareobservedinthe

specimenor611ayeredcompactbutinthespecimen

or1Hflyeredcompactmicrocracksandtearsare

notseen.

Thermalstressformedbetweenthelayers

duringsinteringtreatmentismorethanthe
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Fig.
9OpticalmicrographsZrO2/NiFGMcompacts8interedat

1673KFor2h,(a)611ayeredFGMand,(b)IHayered

FGM.bondingstrengthin6･layeredcompact,andis

lessthanthebondingStrengthinIl･layered

compact.FigurelO 白howStheresultofEDXan

alysisofZrO2/NiFGM.FigureJ0(a)Showsthe

secondaryelectronimage.Figure10(b)an

d(C)showthecharacteristicX･rayImages0fZr

andNire8

PeCtive)y.ContinuousCOnCentrationchangei8ob

served.Figure118howsanX･raydi恥actionpatt

ernofthecompactwhosemixingratio(ZrO2:Ni)

is1:1andwasSinteredat1673Kfor2h.Peaks

ofNiandZrO2,Whichexistsastetragonalcrysta

l,areobserved.Traces0ranyreactionprodu

ctsbetweenNiandZrO2arenotSeen.Thisimpli

esthatsinteringdoesnotpro

duceanyreactionbetweenNiandZrOl2inthec

ompacts.FigureJ2showstherelationbetwee

nhardnessandNicontentinthea8･COmPaCtedan

dpost-sintered(1673Kat,2h)FGMs.Thehardnessof 88･COmPnCtedNiisobservedtobehigherth

anthatorthepoet･8interedcompact白andthis

isduetoerrectorworkhardeningintrodu

cedby8hockcompaction.Further,sinteringreduc

esthehardnessbythereleaseofthehardeningB

treSS.ThehardnessValuesofthesamplespo8t･S

interedaredirectlycorrelatedtotheZrO2COnt

entSandshowedhighervaluesthanas･compactedStat

es.Therelativedensityafterthepost-sin

teringshowsmorethan95%relativedensities(Fig

.13).Thecyclicdifferentialthermalloading

testWasperformedbyusinganinfraredrayfurnac

e.Inonecycle,the8urfaceofZrO2Bidewashea

tedto1273Kfor2min.andcooledinair.Ontheot

.herhflnd,thesurfaceofNiSidewascool

edwithwaternowfindmaintainedat573K,therefore

thetemperaturedifrererLCeWas700K.After30therma

lcycles,therewerenocracksandtearsin1llla

yeredZrOノNiFGMs(Fig.14).Thisresultindicatesth



electronima ge,(b)and(C)characteristicX-ray

imagesOrZrandNirespectively.倉su34ut′1 Diffractionangle,20/deg

reeFigl11Ⅹ-raydiffractionpatternofZrO2/Nicompact(ZrO2:Ni=1:I)sintered
at1673K
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detonationorexplo8ive8,Waterw88used88the

pre88ure･tran8mittingmedium.

(1)ZrO2/NiFGM wagfabricatedwithoutany

bindingadditives.Nocracks0rtearsWere

obBerVedinttleSpeCimen8.The叩eCimen

Bhowedcontinuouscompo8itionalvariation

Arterheattreatment..

(2)ZrO2/NiFGMwaspost･sinteredAt1673Kfor

2h.Sinteringtreatmentdoesnotproduceany

reactionbetweenNiandZrO2inthecompact8.

(3)Thecyc一icdifferentialthermal108dingtestW88

performed.Thetemperaturedifferencebetween

ZrO2SideandNisidewas700K.After30

LhermAIcycles,therewasnOCracksandtears

inthelllayeredFGM.Theresiduallherm81

8treB8intheZrOZ/NiFGM8Wasreducedby

thepresenceOrthecorrLpO8itiongradientlayers.
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