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Micmstructuresat/aroundInterf：Qcebetween

PlasmaSprayCoatedHydroxyapatiteandTiAlloy＊

＊＊＊＊

SengoKobayashi**,KotaroKitashita…,KiyomichiNakai.*aI1dNoriyukiKuwano

Microstructuresoftheinterfacebetweenplasmaspraycoatedhydroxyapatite(HAp)andTi-alloysubstrate

havebeeninvestigatedmainlybymeansoflransmissionelectronmicroscopy、Theresultsobtainedareas

fbllows；InterfaceofHAp/Ti-alloyiswindingatanintervalofaboutlOOumandthicknessofHApcoatingis

about50um・HApcoatingexhibitsahighcrystallinity・Al203abrasivesremaininbothHApcoatingandTi-alloy

substratearoundtheinterface,Amorphousphasewasnotobservedattheinterface,ThegrainsizeofTi-alloyin

thevicinityoftheinte曲ceisaboutlOtolOOnmindiameteEwhilethatfarfromtheinterfaceisabout3IAmin

diametemMiniaturizationofTi-alloygramaroundtheinterflcewasoccurredbyplasmaspraying・Thereisno

specificcrystallographicalorientationr巳lationshipbetweenHApandTi-alloyattheinterface,indicatingbonding

oftheinterflceisessentiallymechanicalonesuchasananchoreffbct．
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Intmduction

Titaniumandtitaniumalloysarewellknownasbiocompatiblematerialsduetotheirnontoxicandlow

eIasticmodulus・However,sinceTiandTi-alloywillbeencapsulatedbyafibroustissueinthebodyうtheycannot

directlyconnectwithlivingbones・Ｔｈｉｓｗｉｌｌｃａｕｓｅｓｏｍｅｐｒｏｂｌｅｍｓｓｕｃｈａｓ丘ettingwearresultingin

inflammationwhenthesealloysareusedasbonesubstitutesorbonerepairingmaterials・Hydroxyapatite(HAp）

coatingonthem,therefbre,hasbeendeveloped,becauseHApcoatingpromoteslhedi1℃ctbondingtolivingbone

intheearlystageafterimplantation､The1℃a1℃manymethodsfbrHApcoating,ｅ､g､,plasmaspraying[1-13]，

RF-sputtering[14-16]andchemicalmethod[17].Sinceaplasmasprayingisattractivefbrahighproductivity§

manybiocompatibleHAp/Ti-alloymaterialsinthemarketplacehavebeenproducedbythismetho｡、

Thereｉｓ，howeveEaproblemthatHＡｐｃｏａｔｉｎｇｂｙｐｌａｓｍａｓｐｍｙｉｎｇｉｓｅａｓｙtopeel-offfiPomTi-aⅡoy

substrateafterimplantation・ＩｔｉｓｗｅｌｌｋｎｏｗｎｔｈａｔｃｏｈｅｓｉｖｅｏｆＨＡｐcoatingisconsiderablyaffectedbythe

fbrmationofamorphousphaseespeciallyattheHAp/riinterface[18]､Amorphousphasesare6Fequentlyfbrmed

bytheplasmasprayingsincemolten-,orpartlymolten-particlesofcoatingmaterialwithhightemperatureand

velocityimpingethesubstrateandarempidlyquenchedafterplasmaspraying・Thereislittlestudyonthe

microstructuresinthevicinityofinterfacebetweenHApandTi-alloyespeciallybymeansoftransmission

electronmicroscopy(TEM).ItisimportanttoanalyzetheinterfacestructuresofHAp/Ti-alloytounderstanda

peel-offpropertyofHApcoating､Inthepresentstudy,therefbre,themicrostructuresat/aroundtheinterfaceof

HAp/Ti-alloyareanalyzedmainlybymeaｎｓｏｆＴＥＭ．

Experimentalprocedures

Acylindericalshapeofdentalimplant,whichconsistsofTi-alloywithplasmasprayedHApcoatingonits

surface,waspurchasednPomSulzerCalcitekＣＯ､Ltd･Thecylinderwascutinroundslices・Microslructureswere
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examinedbyoptical，scanningelectronandtmnsmissionelechPonmicroscopies，Thespecimensfbroptical

microscopywerepolishedandetchedinthe2.5％ＨF+2.5％ＨＮＯ３+95％H20reagent・ThinfbilsfbrTEMwere

prepaIEdbymeansofafbcusedionbeam(FIB)HmkCHI-FB2000Kequipmentlandexaminedinananalytical

JEM2000EXmicroscopeoperatingat200kV:X-raydi缶actometrywasalsodonetoidentifytheircrystal

s廿ucturesofHApandTialloybThecylinderwassplitintwofbrthespecimeｎｏｆＸ－ｒａｙｄｉ缶zlctometryX-my

di缶actionsweretaken廿ombothHApandTY-alloybusingRigakuMinifIexdi缶actometenaｔ３０ｋＶａｎｄｌ５ｍＡ．

ReSults

ThechemicalcompositionoftheTi-alloysubstrateislistediｎ通ｂｌｅｌ・TheTi-alloyisaTi-6Al-4Valloy

containingOJ9wt％ＦｅａｎｄＯ・l54wt％oxygen,Figuresｌ(a)ａｎｄ(b)showtheX-Iaydif逓ctometIyresultsof

Ti-alloysubslrateandHApcoating,respectively,Ti-alloyhasahexagonalclosedpacked(hcp)structuredenoted

by'ia-Ti伽withsolidtriangles､Ontheotherhand,coatinglayerisHAp(solidsquareS)whosecrystallinityis

thoughttobehighsincethepeaksofHApinFig.’(b)areveIyshaIp､FaintpeaksofAl203(solidcircles)were

alsodetectedinFig.’(b).Al203detectedinlhestudyisthoughttobeanabrasiveofblastlreatment､Figurc2(a）

showsanopticalmicrographofTi-alloysubstrate・ＡｎａｖｅｍｇｅｄｉａｍｅｔｅｒｏｆｇｒａｉｎｓｉｎＴｉ－ａlloyisabout311m，

FiguIc2(b)showsascanningelectronmicrogXaphofcross-sectionoftheHAp/Ti-alloyinterface・T11einterflceis

windingatanintervalofaboutlOOUm・ThicknessofHAp-coatinglayerisabout50llm・Thecoatingisdenseand

nocrackfbrmationbothintheHApcoatingandalongtheinterflceofHAp/Ti-alloybTEMmicrographofthe

microstrucmreat/aroundHAp/Ti-alloyinterfaceisshowninFig､３．Thenumbeｒｓ①～⑯inthefigure

corTespondtoanalyzedareasofcomposition,andthevalueSobtainedaretabulatedintheinsertedtable(at％)．

PrObesizefbrthecompositionanalysisisaboutlOOnmindiametermleregions①～③,⑥～⑧,⑪,⑭ａｎｄ

⑮exhibithighcontentofAl､Ontheotherhand,bothCaandParerichintheregionsof⑩,⑫,⑬ａｎｄ⑯、

Theregions④,⑤ａｎｄ⑨containsTimainlybTnkingintoaccountoftheresultofX-raydi缶actometrybthree

phasesoｆＡｌ２０３，HApandTi-alloyexistasindicatedｂｙａＩＴｏｗｓｉｎｔｈｅｆｉｇｕＩｅ・Itshouldbementionedthat

amorphousphasedoesnotexistbetweenHApcoatingandTi-alloysubstrate､Figures4(a)to(f)showthebright

fieldimage,thedarkfleldimagestakenwith（0111)HAp，（1011)α・Tiand（1012)Al2o3，theselectedarea
di缶actionpattemandthekeydiagramof(e),respectively､ＨＡｐｉｎＦｉｇ､４(b)showingsimplenet-pattemonthe

di缶actionpattem(f)islangegrain,ontheotherhand,substrateofTi-alloyconsistsoffinegrainsdistributing

randomlybThedi缶actionpattemtaken廿omtheTi-alloygrainsbecomesrmgasshownin(f).Therefbre,thereis

nocIystallo厚aphicalrelationshipbetweenHApandTi-alloybAl203hashighdislocationdensityandcanbe

clearlyindexedasa-Al203asshowninFigs､4(｡)and(0.ItshouldbementionedthatgmainsizeofTY-alloyinthe

vicinityofHAp/Ti-alloyinterflceisquitesmall,beingaboutseveraltensnanomete鴎ｗｈｉｌｅｔｈａｔｆｈｒ廿omthe

interflceisseveralmicrometersinsize、MiniaturizationofTi-alloygrainsinthevicinityoftheinterfaceis

inducedbyplasmaspraying・MicrostructuralchangeoftheTi-alloysubsnPateisshowninFig､５.Theinterflceof

HAp/Ti-alloyexistsinthｅｂｏｔｔｏｍｏｆＦｉｇ、５．TheT1-alloygrainsusuallycontainlatticedefectssuchas

dislocationsandlathboundaries､CircleswithalphabetinFig,sindicatetheselecteda1℃asfbrtakingdif萱action

pattem,andtheresultsobtainedareshowninFigs､５(a)to(d).Astheselectedareaisawayfromtheinterface,a

ringdif造actionpattembecomesaspottedpattemThismeansgrainsizeofTi-alloyincreaseswithincreasingthe

distancefiPomtheinterface・ThegrainsizeofTi-alloyintheareaof④,whereitisabout4Umaway廿omthe

interface，isaboutseveralhundredsnanometeEandisstillmuchsmalｌｅｒｔｈａｎｔｈａｔｉｎｔｈｅ１℃gion

thermally-unaffもctedbyspraycoatingofTi-alloy．
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DisCussion

MiniaturizationofTi-an0ygrains･

Ti-alloysubstrateconsistsofthe“phaseandthegrainsizeisconsiderablysmallerat/aroundthe

HAp/ri-alloyinterfacethanthatintheregionthemlally-una錠cted・Itisrevealedthatthediameterofgmininthe

vicinityofinterfaceisaboutseveraltensnanometenbutisabout3Ilmｉｎｔｈｅｕｎａ碇ctedregion・Suchthe

miniaturizationofTi-alloygrainmightbeinducedbyheatingｄｕｅｔｏｔｈｅｉｍｐｉｎｇｅｍｅｎｔｏｆｍｏｌｔｅｎＨＡｐanda

subsequentrapidquenching・Ａｔｔｈｅｐｏｉｎｔｏｆｉｍｐｉｎｇｅｍｅｎｔｏｆｔｈｅｍｏltenparticleswithhightemperatureand

velocityonthesubslrate,theirkineticenergytransfbrmsintothermalanddefbrmationeneIgy､Whenmolten

particlesimpingethesubstrate,whichisamassiveheatsink,theysupplytheirheattothesurflceofsubstrate，

coolIapidlyandthensolidiM19]､Itissaidthatintenseheatingtakesplaceinthesubsh･ateandthethicknessof

theheat-affbctedzoneattainsseveraltensofmicrons[19]．

TherearethreepossiblereasonsfbrrealizingsuchtheminiaturizationofTi-alloygrain;(i)rapidquenchingof

liquidphase,（ii)recIystallization･ofa-phase,（iii)rapidquenchingofβ-phaseaccompanyingl3-toa-phase

martensitictransfbrmation（i）Itiswellknownthatmicroweldingsometimesoccursattheinterfaceduring

plasmaspraying[19]､ThinlayeronsurfaceofTi-auoysubstratemightbemelted､However,miniaturizationof

Tigrainsoccurｒｅｄｅｖｅｎａｓｆａｒａｓ４ＵｍａｗａｙｆｉＦｏｍｔｈｅｉnterface,itisdifficulttothinkalltheregion,wherethe

miniaturizationoccurred,wasmelted・Iftheregionsof4I1mfromtheinte虚cewerefilllymelted,theinterface

betweenHApcoatingandTi-alloysubstrateshouldbemughe砿MiniaturizationofTi-alloygrainsisnotdueto

therapidquenchofliquidphase.(ii)Aftergritblastingpriortoplasmaspraying,subsmtesurfｾlcelayershavea

considerabledislocationdensity［19]・Inthecaseoftheinterflcebeingheatedabove唾crystallization

temperature，veIyfinerecrystallizeda-phaseｇｍｉｎｓｗｏｕｌｄｆｂｒｍ、RecIystallizedgrainsmusthavelittlelattice

defbcts・Thereis,howeve喝thegrainsofa-phasearoundtheinterfacecontainhighdensityofdislocationsand

lath-likestructures･Thus,theminiaturizationofgrainsmightnotbeoccurredbytherecrystallizationofa-phase．

(iii）Iftheinterfacewasheatedaboveβ-transustemperature,ｖｅｒｙｆｉｎｅβ-phasenucleatedonthedense

dislocationsfbrmedbyblasttreatment・Subsequentcoolingwasquiterapidduetothelargeheatsinkofmassive

Ti-alloysubstrate､ＴｈｅIapidquenchingwouldthenresulti、martensitictransfbrmationfiPomβ-toa-phase

withoutgrowingthegrainsize,ItcanbeconcludedthattheminiaturizationofTi-alloygrainsiscausedbythe

quenchingoffinep-phasegrainsaccompanyingβ-toa-phasemartensitictmnsfbrmation．

RemainingofAl203abrasives、

SurfacerougheningofsubstratebyblastingwithAl203abrasivesiscommonlyusedtoachievethemechanical

anchorageofmoltenparticlesintothesubstrate､SinceAl203abrasivesarehardandbrittle,けagmentsofAl203

abrasivesarefiFequentlyembeddedinthesubstrate[2,41Thereisnointermediatephasebetweenembedded

Al203abrasivesandTi-alloyindicatingnoreactionsoccurredduringplasmaspraying・ItcanbesaidthatAlzO3

abrasivesareembeddedmechanicallyinthesubstrate・InthepresentstudyうfiPagmentsofAl203abrasivesexist

notonlyinthesubstratebutalsointhecoatinglaye眼SomeofAl203abrasives,therefbre,ｃｏｍｅｓｂａｃｋ廿omthe

substrate・Al203abrasiveisprobablyinvolvedwithmoltenHApparticlesduringimpingement・Itshouldbenoted

thatnoreactionscouldalsobedetectedbetweenAl203abrasiveandHApcoating､AlthoughtheeffbctofAl203

abmsivesisnotclearonthepropertiesofcoating,itseemsnottodegradethecoatingpropertyconsidemblyif

theyarenotexposedtoextemalenvironment､Iftherewerecracksconnectingbetweenextemalenvironmentand

Al203abrasivesthroughthecoatinglayeEaluminumionsfiromAl2０３abrasiveswouldbercleasedintotheliving

bodybcausingabadefYbctthatanexcessofaluminumincontactwithbonecouldinhibittheosteogenicactivity

oftheosteoblastcells[20]､Therefbre,remainingAl203abrasivesshouldbereducedaspossible．
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5.Conclusion

Althoughthercisnoamorphousphasefbrmationattheinterflce,therBisnospecificorientationrclationship

betweenHApandTY-alloysubstrate､ThebondingmechanismbetweentheplasmasprayHApcoatingandthe

TY-alloysubstrateisfimdamentallymechanicalanchoringoftheHAptotheunevennesssurftlceofTi-alloy

sUbstrate､Therefbre,cohesiveofHApcoatingsisthoughttobestillpoo肥匝TbincreasecohesionofHApcoating，

chemicalbondingshouldbebuiltattheinterfhce．
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