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국 문 록

기화학증착법을 이용하여 Si-HA가 증착된

Ti-30Nb-xTa합 의 표면특성

김 은 실

지도교수:최한철,공학/치의학박사

기술공학과 ( 응용공학 공)

조선 학교 학원

본 논문에서는, 기화학증착법을 이용하여 Si-HA가 증착된 Ti-30Nb-xTa합

의 표면특성을 연구하기 하여 Ta의 함량을 조 하여 3 15wt.%가 되도록

아크용해법을 이용하여 Ti-30Nb-xTa삼원계을 제조하 다.균질화 처리를 해

1000℃에서 12시간 동안 열처리 한 후 냉하여 디스크 형태로 시편을 사용하

다. 기화학증착법을 이용하여 2.5mM Ca(NO3)2·4H2O +1.4mM NH4H2PO4 +

0.1mM Na2SiO3·9H2O 해질 용액에서 Si-HA를 석출 하 고,이때 85℃의 해

질 온도에서 실시하 다. 기화학증착법은 일반 인 3상의 기화학셀을 이용하

으며,cyclicvoltammetry(CV)방법으로 실행하 다.

본 모든 시편의 표면은 FE-SEM,EDX,OM,XRD, ATR-FTIR등으로 분석

하 다.생체 합성을 평가하기 하여 Si-HA 증착된 Ti-30Nb-xTa합 표면의

각을 측정하여 다음과 같은 결과를 얻었다.

1.Ti-30Nb-xTa합 은 Ta함량이 증가할수록 결정입의 크기가 증가하 으며

X-선 회 분석 결과 합 에서 Ta함량이 증가할수록 더 높은 β 상 피크를

나타내었고 α″ +β상에서 β상으로 변하 다.

2.Ti-30Nb-xTa합 에서 Si-HA는 침상구조에서 먼 석출이 되어 모양 구

조에서 막 모양과 꽃모양의 구조로 변하 다. 한 Si-HA는 싸이클이 증가함

에 따라 막 모양으로 변하 다.

3.Si-HA가 증착된 Ti-30Nb-xTa합 의 EDS 결과로부터 O,Ca,P,Si,Ti,
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Nb, Ta의 원소가 검출되었으며,TF-XRD 결과,HA가 형성되었다. 한

ATR-FTIR분석결과,Si-HA에서 SiO4
4-
이온이 형성되었다.

4. 각 측정으로부터,Si-HA를 30싸이클 동안 증착된 Ti-30Nb-xTa합 은

처리하지 않은 합 과 Si-HA를 10싸이클 동안 처리한 표면 보다 낮은

각을 보 다.

결론 으로,Si-HA는 싸이클 횟수에 따라 표면에 형태가 변하 고,낮은 각

을 보임으로써 Si-HA가 생체 합성을 개선시킬 수 있을 것으로 생각 된다.
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Ⅰ.INTRODUCTION

Titanium (Ti)and Ti-6Al-4V ELIalloy (an α/β-type alloy),have been

regardedassuitablestructuralbiomaterialsandarecurrentlywidelyusedfor

replacingfailedhardtissues,suchasartificialhip,shoulderandkneejoints,and

dentalimplantsduetotheirexcellentspecificstrength,corrosionresistance,and

biocompatibility[1].However,theuseoftheTi-6Al-4V alloyinmedicineis

thenasubjectofcontroversybecausealuminium ionsreleasedaresuspectedto

beassociatedwithlongterm healthproblemslikeneurologicalpathologiesand

vanadium oxide,V2O5,isalsoknowntobecytotoxic[2].Recently β-typeTi

alloys have attracted attention for new biomedical shape memory and

superelastic materials.The β-type Tialloys are promising candidates for

serving asbio-implantmaterialsofhuman hard tissues(such asboneand

teeth), because they have superior biocompatibility, excellent corrosion

resistance,lowerYoung'smodulus,higherspecificstrengthandgreaterworking

propertiesin comparison with othermetallicimplantmaterialsbeing in use

nowadays[3,4].TheselectionsofTaandNbasalloyingadditionstoTiare

considered to the strongest β-stabilizers, effectively decreasing Young's

modulusofTialloys[5,6].

Surfacemodificationisgenerallyessentialtoimprovethechemicalbonding

betweenTiimplantandbonetissues[7,8].Amongthevariousattemptswhich

have been made to improve the osseointegration, hydroxyapatite

[Ca10(PO4)6(OH)2,HA]coatingonTiimplantshaveshowngoodfixationtothe

hostbone and increased bone ingrowth to the implant[9].Whereas,the

synthesized HA isa purephasethatiswellestablished bonereplacement

materialinorthopaedicsanddentistry[10].Amongthevariousionsubstitutions

(Na,Mg,Zn,Sr,andSi)thatoccurattrace(<1wt.%)levelsinnaturalbone

[11],siliconplaysanimportantroleinbonemineralizationandformationandis

thereforeused in awidevariety ofmedicalimplantsand bonegrafts[12].
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According to the literature silicon substituted hydroxyapatite (Si-HA)is a

highlypromisingmaterialinthefieldofbioactivebonesubstitutesandbone

tissueengineering[13].Nowadays,Si-HA haverecentlybeendepositedthrough

coating techniques such as plasma spray [14],biomimetic [15],magnetron

co-sputtering [16],sol-gel[17]and electron beam physicalvapordeposition

(EB-PVD)[18].However,thereisafew researchonSi-HA coatingdeposited

byelectrochemicaldeposition.

Therefore,in this study,surface characteristics of Si-HA film coated

Ti-30Nb-xTaalloysbyelectrochemicaldepositionhavebeeninvestigatedusing

FE-SEM,EDS,XRD,ATR-FTIR,andwettabilitytest.
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Ⅱ.BACKGROUND

2.1.StructureandpropertiesofTi[19,20]

Tiappearsontheatomicnumberof22,afourth-row transitionmetalwith

anatomicweightof47.88.Attemperaturesupto882℃,pureTiexistsasa

hexagonalclose-packesatomicstructure(α phase).Abovethattemperature,the

structureisbody-centeredcubic(β phase).Themetalhasahighmeltingpoint

(1665℃).ThephysicalpropertiesofTiarelistedinTable1.Theatomicunit

cellsofthehexagonalclosepacked(hcp)α-Tiandthebody-centeredcubic

(bcc)β-TiareschematicallyshowninFig.1withtheirmostdenselypacked

planesanddirectionshighlighted.Theexistenceofthetwodifferentcrystal

structures and the corresponding allotropic transformation temperature is of

centralimportancesincetheyarethebasisforthelargevarietyofproperties

achievedbyTialloys.
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Table1.SummaryofphysicalpropertiesofpureTi

Fig.1.Crystalstructureofhcpα andbccβ phase[20].
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2.1.1MechanicalpropertiesTialloys[21,22]

ThemechanicalpropertiesofTialloyarehardness,tensilestrength,elastic

modulusandelongation.ThestrengthoftheTialloysisveryclosetothatof

316LSS,anditsdensityis55% lessthansteel,hence,whencomparedby

specificstrength(strengthperdensity),thetitanium alloysoutperform anyother

implant material.Commercially pure (CP) Timaterials and some of its

importantalloysemployedinthefieldofbiomedicaldevicesalongwiththeir

mechanicalpropertiesarelistedinTable2.Ti-basedalloysthathaveahigh

coefficientoffriction can lead to formation ofweardebris thatresultin

inflammatoryreactioncausingpainandlooseningofimplantsduetoosteolysis.

Owingtotheabove-mentionedlimitationsofthefirstgenerationmaterialslisted

in Table2,theserviceperiodoftheimplantsmadeoutofthem hasbeen

restrictedto10–15years.Thishasinterestedbiomedicalresearcherstodevelop

an optimized prosthesis that mimics human bone.This has led to the

developmentoflow modulusbetatitanium alloysthatconsistofcompatible

alloyingadditionsandhavemodulusclosertothatofbonewhichisdiscussed

indetailinalatersection.Thelow elasticmodulusalloysthatarecurrently

underresearchwithgreatinterestaregiveninTable2.Themechanical,wear

and corrosion resistance of a material are largely determined by its

microstructure.Tialloysareprivilegedinasensethatawidespectrum of

microstructures is possible depending upon alloy chemistry and

thermomechanicalprocessing.
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Table2.MechanicalpropertiesofbiomedicalTialloys[21]
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2.1.2β-Tialloy[21,23-27]

β-TialloysarethemostversatileclassofTialloys.Theyofferthehighest

strength to weight ratios and very attractive combinations of strength,

toughness,and fatigue resistance at large cross sections.Some of the

disadvantagescomparedto α + β alloysareincreaseddensity,arathersmall

processingwindow,andhighercost(Table3).Further,Nb,Zr,Mo,andTaare

themostsuitablealloyingelementsthatcanbeaddedtodecreasetheelastic

modulusofβ-Tiwithoutcompromisingthestrength.Ithasbeenexhibitedthat

additionofthesealloyingelementsuptocertainweightpercentagedecreases

theelasticmodulus,beyondwhichincreaseinelasticmodulusisnotedwhichis

duetoω phaseformationandprecipitationofaonaging.Itisalsointeresting

tonotethattheseelementsfallintothecategoryofnon-toxicelements,which

makethem moresuitableforimplantapplications.Basedontheseconsiderations

thebiomedicalTialloysdevelopedrecentlyconsistmainlyofTi,Nb,Taand

Zr.Themechanicalpropertiesofβ-TialloyareshowninTable4.
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Table3.Advantagesanddisadvantagesofβ-Tialloys[23]

Table4.Mechanicalpropertiesofβ-Tialloys[21]
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2.2.Surfacetreatmentforimplantmaterials[25]

Thesurfaceofanimplantneedsmodificationtooptimizethepropertiesofthe

implantandtomaximizeitsbioactivitywheninterfacingwithnaturaltissue.

Thebiologicalcharacteristicsofimplantscanbeenhancedbyaddingmaterial

with desired properties,changing the composition or removing unwanted

materialfrom the implantsurface.These methods are known as surface

treatments or modifications, and can be classified into four categories:

mechanical,physical,chemicalandbiochemicalsurfacemodifications.Machining,

grinding,polishingandblastingaremechanicalsurfacemodifications.Physical

surface treatments include thermalspraying,physicalvapourdeposition,ion

implantation and deposition,and glow dischargeplasma treatment.Chemical

surface modifications include chemicaltreatment (acid,hydrogen peroxide,

alkaline),anodicoxidation,thesol–gelprocessandchemicalvapourdeposition.

A numberoftechniqueshavebeenspecificallyintroducedforTianditsalloys,

such as silanized titania,photochemistry,self-assembled monolayers,protein

resistanceandproteinimmobilization.

2.2.1Electrochemicalmethods

Electrochemicalmethodsareincreasingly being usedforthepreparationof

thinfilmsandcoatings.Theelectrochemicalmethodshasattractedconsiderable

attention recently,becauseofits low temperatureand cost,the controlof

coating thicknessandchemicalcomposition,andtheabilitytocoatirregular

morphology surface.Itisbased on an electrodereaction induced pH jump

effect.Whenacurrentpassesthroughanelectrolyticcell,electronsareinjected

into thesolution through cathodicreactions,and drawn outthrough anodic

reactions.Thenatureofthereactionsdependsontheelectrodepotentialandthe

solutionconditions.Atthecathode,somecommonreactionsare:
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2H
+
+2e→ H2↑ (dischargeofproton)

2H2O+2e→ 2OH
-
+H2↑ (reductionofmolecularwater)

O2(aq)+2H2O+4e→ 4OH
-
(reductionofdissolvedoxygen)

Allthese reactions can increase the pH ofthe solution adjacentto the

cathode,becauseofeitherconsuming acidorgenerating base.In asolution

containing Ca
2+

and phosphate species, the local pH jump drives

hydrogenphosphateanionstodissociateand,when thepH reachesacritical

point,causescalcium phosphatetocrystallizeonthecathodetoform acoating.

2.3.Siliconsubstitutedhydroxyapatite

2.3.1Hydroxyapatite[26-28]

Hydroxyapatite[HA;Ca10(PO4)6(OH)2]isthemoststable,themostdenseand

themostinsolubleoftheCaPs.From achemicalandstructuralpointofview it

isthematerialmostsimilartothemineralcomponentofbonesandteeth.HA

canbeeasilypreparedinaqueoussolution.Apatites,aswellasotherCaPs,can

alsobeobtainedastheresultofthetransformationofmoresoluble,metastable

phosphatesinawetenvironment.ThemainmethodsofpreparationofCaPsare

summarizedinTable5.

Thehexagonalstructurecontainstwodifferentcationsites,Ca(Ⅰ)andCa

(Ⅱ), but only one phosphate environment (Ca(I), Ca(Ⅱ) are used for

stoichiometric apatite;M(I),M(Ⅱ)are the generalsymbols forsubstituted

apatites.The structurecan be roughly described as a phosphate assembly

crossed by parallel channels filled by OH
-
ions and parallel to the

crystallographicc-axis(Fig.5).ThechannelwallsareformedofCa(Ⅱ)atoms

arranged in staggered triangular arrays.Ca(Ⅰ) atoms have a different

environmentandarepositionedincolumnsparalleltotheOH
-
channels.Aunit



- 11 -

cellaccommodatesaformulaunitCa10(PO4)6(OH)2.Amongthe10cations,the

4Ca(I)saretightly bondedto6oxygensandlessstrongly totheother3

oxygens(meanCa(I)-O distance0.255nm),whereasthe6Ca(Ⅱ)atomsare

surroundedby7oxygens(meanCa(Ⅱ)-O distance0.245nm).Ca(I)atomsare

strictly aligned in columns and any smallchange in the metal-oxygen

interactionsaffectstheentirelattice.However,theCa(Ⅱ)atomsbelongingto

consecutivelayersarestaggered,allowingrandom localmisplacementswithout

compromisingthewholestructure.Asaconsequence,cationssmallerthanCa

or also low concentrations of slightly larger cations are preferably

accommodatedinsiteCa(I)wherestrongerinteractionsarepresent,whilelarger

cationsshouldbeaccommodatedinpositionCa(Ⅱ),evenathighconcentrations.

WhenaconductingsurfaceiscathodicallypolarizedinCaandPcontaining

solutions,differenttypesofcalcium phosphatedepositionscouldoccurdepending

onthepH condition.BrushitetypedepositisexpectedinarelativelylowerpH

conditionfollowingthereaction:

Ca2++HPO4
2− → CaHPO4 (1)

When the hydroxyl concentration increases, the acid phosphates are

completelyconvertedtophosphatesbyreaction(2):

HPO4
2− +OH-→ PO4

3-+H2O (2)

WhenThereactions(1)and(2)arebasicallychemicalreactions.From these

reactions,itcan be observed thatformation ofthe sufficientquantity of

hydroxylsionsisnecessaryfordepositionofHA accordingtothereaction(3):

10Ca
2+
+6PO4

3-
+2OH

-
→ Ca10(PO4)6(OH)2 (3)    
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Table5.Propertiesofthebiologicallyrelevantphosphates[26]

Fig.2.A view oftheHA structurealongthec-axis[26].
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2.3.2SiliconinBody[29,30]

Siisknowntobeessentialasatraceelementinbiologicalprocesses.In

particular,ithasbeenreportedtohaveaspecificmetabolicroleconnectedto

bonegrowth.Asaconsequence,Si-substitutedHA haveattractedtheinterest

ofmanyscientistsbecauseSiincorporationisconsideredtobeapromisingway

toimprovethebioactivityofHA-basedbiomaterials.Thestudiesonmaterial

synthesizedviaanaqueousprecipitationreactionarelimitedtoSi-substituted

HA (Si-HA),whereasmostresultshavebeenderivedfrom theproductsof

sinteringofapatitesprecipitatedatlow temperature.TheamountofSiwhich

canbeincorporatedintoHA seemstobelimitedtoamaximum of5wt.%,

and amountsaround 1wt.% havebeen suggested tobeenough toelicit

importantbioactiveimprovements.

Siplays a very importantrole atthe microstructurallevelsince itis

responsibleoftheincreaseoftheamorphousphaseaswellasofthereduction

oftheHA meancrystallitesize(i.e.themean sizeofcoherently scattering

domains).Sisubstitutioninfluencesthematerialsurfacebygeneratingamore

electronegative surface,by creating a finer microstructure,and then by

increasing solubility.The increased bioactivity of Si-substituted HA with

respecttoHA couldberelatedtotheincreasednumberofdefects,inparticular

thoseinvolvinggrainboundaries,thathavebeensuggestedtobethestarting

pointofinvivodissolution.
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2.3.3Siliconsubstitutedhydroxyapatite[31-34]

RecentSynthetichydroxyapatiteissimilartodentalandbonemineralhas

goodbioactivityandbiocompatibilityinbiomedicalapplications.Thesynthesis

and characterization ofSisubstituted HA (Si-HA) and Sisubstituted α

-tricalcium phosphate(Si-α-TCP)hasbeenthefocusofmanyresearchefforts.

Both Si-HA and Si-TCP based materialsexhibitenhanced boneapposition,

bonein-growthandcell-mediateddegradationincomparisontostoichiometric

HA controls.Thesynthesis ofSi-HA and Si-α-TCP has focused on wet

chemicalmethodswhereSiisintroducedasachemicalcarriersuchastetra

ethylorpropylortho-silicate(TEOSorTPOS),SiⅣ acetate(Si(COOCH3)4),or

assomeform ofnano-particulatesilicaduringtheprecipitationorfiringofan

amorphousCaPornanocrystallineHA.

AlthoughthefirstadditiveusedassiliconsourceinelectrolytesisSiO3
2-
,

siliconionsmaybeincorporatedintoHA intheform SiO4
4-
ratherthanSiO3

2-
.

AtpHvalueof6,theSiO3
2-mayhavereactionsinaqueoussolutionasfollows:

H2O+SiO3
2-
→ H2SiO4

2-
(1)

H2SiO4
2-
→ H

+
+HSiO4

3-
(2)

HSiO4
3-
→ H

+
+SiO4

4-
(3)

When a voltage is applied,cathodic reactions (4)–(7)occurduring the

depositionprocess:

2H
+
+2e

-
→ H2 (4)

2H2O+2e
-
→ H2+2OH

-
(5)

H2PO4
-
+OH

-
→ H2O+HPO4

2-
(6)
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HPO4
2-
+OH

-
→ H2O+PO4

3-
(7)

Reactions(1)–(3)transform SiO3
2-
to SiO4

4-
in solution.Reactions(4)–(5)

yieldOH
-
ionswhichincreasethepHandthedegreeofsupersaturationrelative

toHA atthevicinityoftitanium substrate.Reactions(6)–(7)yieldPO4
3-
ions.

As a result,Si-HA crystals are deposited on Tisubstrates through the

followingreaction:

10Ca
2+
+(6-χ)PO4

3-
+χSiO4

4-
+(2-χ)OH

-
(8)

→ Ca10(PO4)6-χ(SiO4)χ(OH)2-χ

In thepreparation reaction,SiO4
4-
issupposed to substitutePO4

3-
in the

lattice,asshowninFig.6.Accordingly,aportionofhydroxylgroupwouldbe

losttoretainchargebalancewithinthemolecule,thusresultinginvacancyat

thepositionofthehydroxylgroup.

Below alimitingSiconcentration,single-phaseSisubstitutedformsofHA

andα-TCPsharethesamecrystallographicspacegroupsastheirstoichiometric

counterparts,withcharacteristicchangestolatticeparametersoccurringwithSi

substitution.ThespacegroupsandlatticeparametersofHA,Si-HA,α-TCP

andSi-α-TCParesummarizedinTable6.
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Fig.3.Schematicpresentationofthecelllatticecomparisonbetween

pureHA andSi-HA [31].

Table6.Spacegroupsandlatticeparametersofthebiologically

relevantphosphates[32]
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Ⅲ.MATERIALSANDMETHODS

3.1.PreparationofTi-30Nb-xTaalloys

TheTi-30Nb-xTa(x=0,3,and15wt.%)ternaryalloyswereprepared

from Ti(Grade4,G&STitanium,USA),NbandTa(99.95%,KurtJ.Lesker

Co.,USA),using controlled addition ofTa.TheTi-30Nb-xTaingotswere

fabricatedbyusinganarc-meltingvacuum furnace(SVT,KOREA),withover

10successivetimesofmeltingforindividualspecimenstoimprovethechemical

homogeneity.SpongeTiwasinitiallymeltedinthechambertoserveasan

oxygen scavengertominimizetheresidualoxygen levelbeforemelting the

preparedalloy.TheingotsofTi-30Nb-xTaalloywereobtainedintheform of

rodwithaboutlengthof60mm anddiameterof10mm,andingotswere

approximately 20g in weight.TheTi-30Nb-xTa ingotsweresubsequently

furtherhomogenizedinavacuum furnace(ModelMSTF-1650,MSEng,Korea)

for12hat1000℃ inanAratmosphere,followedbyquenchingin0℃ water.

Individualspecimenshaving2.5mm thicknessand10mm diameterwerecut

from theingot,using adiamond saw (Accutom-5,Struers,Denmark).The

slicedsamplesweremechanicallyabradedwithSiC andthenpolishedto1㎛

using by Al2O3 suspension,and then ultrasonically cleaned in acetone and

distilledwaterandfinallydriedinair.
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3.2.Analysis ofsurfacecharacteristics forTi-30Nb-xTa

alloys

Toinvestigatethemicrostructure,theternarytitanium alloyswerechemically

etchedinKeller'ssolution(20mLH2O +5mLHCl+3mLHNO3 +2mL

HF),followedby observation withan opticalmicroscope(OM,OlumpusBX

60MF,Japan) and field-emission scanning electron microscope (FE-SEM,

Hitachi4800,Japan).ThemicrostructuralphasesintheTi–30Nb–xTaalloys

wereidentified with theaid ofan X-ray diffractometer(XRD,X'PertPro,

Philips,The Netherlands),utilizing Cu Kαradiation.The XRD peaks were

identifiedusingtheJCPDS (JointCommitteeonPowerDiffractionStandards)

diffractiondataforelementstandards.



- 19 -

3.3.Si-HA depositedTi-30Nb-xTaalloys

WhentheelectrochemicaldepositionofSi-HA wascarriedoutTi-30Nb-xTa

alloys surface withoutanodization treatment,the resultantcoating was not

uniform.Electrochemicaldeposition ofSi-HA was conducted at85 ℃ in

modifiedsimulatedbodyfluid(M-SBF).Theelectrolytewascomposed2.5mM

Ca(NO3)2·4H2O + 1.4 mM NH4H2PO4 + 0.1 mM Na2SiO3·9H2O. Cyclic

voltammetry(CV)studieswerecarriedoutapplyinginelectrolytesinorderto

determine the parameters forelectrochemicaldeposition and understand the

electrochemistryofthedeposition.CVwascarriedoutat85℃ usingtheabove

describedthreeelectrodeconfigurationbyscanningthepotentialbetween0Vto

-1.5V at100mV/sfor10cyclesand30cyclesusingpotentiostat/galvanostat

(EG&GCo.,2273,USA).ThepulsingcycleisschematicallyillustratedinFig.7.

Also,theelectrodepositionconditionofSi-HA depositedsurfacearesummarized

inTable7.

The surface morphology and chemicalcomposition was observed with a

FE-SEM and energy dispersiveX-ray spectroscopy (EDS,OxfordISIS 310,

England).Thecrystalphaseofthedepositwasexaminedusingathinfilm

X-ray diffractometer(TF-XRD,X’PertPro,Philips,Netherlands).TF-XRD

analysisisdoneusingaXRD withCuKα incidentradiation.Attenuatedtotal

reflection fouriertransform infrared (ATR-FTIR,FT/IR-4100,Jasco,Japan)

spectroscopyalsowasperformedtodetermineSi-HA stoichiometrydeviations.
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Fig. 4. Process of monitoring voltage versus cycles during the

formationofSi-HA deposition.

Table7.TheconditionofSi-HA deposition
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3.4. Surface wettability test of Si-HA deposited

Ti-30Nb-xTaalloys

Surface wettability testwas performed on the polished surface,Si-HA

deposited surface using a watercontactangle goniometer(Kruss DSA100,

Germany)insessiledropmodewith5㎕ drops.
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Ⅳ.RESULTSANDDISCUSSION

4.1.MicrostructuresofTi-30Nb-xTaalloys

Figure8showsthemicrostructuresoftheTi-30Nb-xTaalloyswithdifferent

Tacontentsof0,3,and15wt.%,respectively.Fig.8(a)to(c)show the

resultsofOM,and(d)to(f)show theresultsofFE-SEM foreachgroup.In

Fig.8(d),themartensiticphase(α″)intheequiaxed β-phasestructureis

designatedbythearrow,andgoingto(b)and(c),itcanbeseenthatthe

martensiticstructuregraduallydisappearedwithincreasingTacontent.Also,the

grain size increased as the Ta contentincreased.These results can be

explainedbyaslightincreaseinvolumefractionoftheβ phase,whereasthe

amountofα″ martensiticphasedecreasedwithincreasingTacontent.Also,

theseresultsshow thatTacandecreasethemartensiticstarttransformation

temperaturetobelow room temperaturefortheTi-30Nb-15Taalloy system

[35-38].

Figure9showstheXRD patternsofthehomogenizedTi-30Nb-xTaalloys.

TheXRD peakswereidentifiedusingtheJCPDS diffractiondataforelement

standards.MostpeaksofTi-30Nb-xTaalloysystem correspondedtotheα″

martensiticphaseandbccβ phase.Inthecaseof(a)theTi-30Nballoy,the

XRD patternshowshigherintensityoftheβ-phase(110)peakatthe2-theta

diffractionanglenear38.5degreesandlowerintensityoftheβ-phase(200)

peaknear55.5degrees.TheTi-30Nbsurfacealsoshowssmallpeaksfrom the

α″ phaseforthe(110),(020),(021),(130),(113),and(202)atomicplanes.For

theadditionof3wt.% Tatothealloycomposition,theXRDpatternin(b)for

Ti-30Nb-3Ta issimilarto (a)forTi-30Nb,butthe α″ peakshad lower

intensitythanfor(a),especiallytheα″ (110)peaknear34degreeswhichhas

nearlydisappeared.WhentheTacontentwasincreasedto15wt.%,asshown

in(c)fortheTi-30Nb-15Taalloy,mostoftheXRD peakswerefrom theβ
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-phase,withreducedintensityoftheα″ peaks.Theintensityofthe(200)β

-phasepeakwashigherforthefortheTi-30Nb-15Taalloythanforthe(a)

Ti-30Nband(b)Ti-30Nb-3Taalloys.TheXRD resultsinFig.9,showinga

decrease in intensity of the martensite α″ phase peaks with increased

dominanceofthe β-phasepeaksastheTa contentincreases,areentirely

matchedwiththemicrostructuresrevealedbyOM andFE-SEM showninFig.

8.Thepresentresultsconfirm thatthe3wt.% and15wt.% Taadditionsto

theTi-30Nballoydecreasetheamountofmartensiticstructureandincreasethe

amountoftransformationtoβ phaseinTi-30Nb-xTaalloysystem.Thelower

elasticmodulusofTi-30Nb-15Taalloythuscorrespondstoasmallportionof

α″ phaseandlargeportionofβ phaseinthemicrostructurethatcannotinduce

martensitictransformation[37-39].
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Fig.5.Micrographsobtainedwithopticalmicroscope(a,b,andc)and

FE-SEM (d, e, and f) showing microstructures of heat-treated

Ti-30Nb-xTaalloys:Ti-30Nb(a:x50,d:x2000),Ti-30Nb-3Ta(b:x50,

e:x2000),Ti-30Nb-15Ta(c:x50,f:x2000)
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Fig.6.XRD patternsforthehomogenizedTi-30Nb-xTaalloys:

(a)Ti-30Nb,(b)Ti-30Nb-3Ta,(c)Ti-30Nb-15Ta
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4.2.MorphologyofSi-HA depositedTi-30Nb-xTaalloys

Figure 10 and 11 shows FE-SEM micrographs ofthe Si-HA deposited

Ti-30Nb-xTaalloysfor10and30cyclesbyelectrochemicaldeposition.Fig.10

(a)to(f)showsthelow magnificationofSi-HA depositedTi-30Nb-xTaalloys

surface,andFig.11(a)to(f)showsthehighmagnificationofSi-HA deposited

Ti-30Nb-xTaalloyssurface.IncaseofFig.10and11(a),(b),and(c),shows

themorphologyofSi-HA depositedTi-30Nb,Ti-30Nb-3Ta,andTi-30Nb-15Ta

alloyssurfacesfor10cycles,respectively.TheimagesofFig.10and11(d),

(e),and(f)showsthemorphologyofSi-HA depositedTi-30Nb,Ti-30Nb-3Ta,

andTi-30Nb-15Taalloyssurfacesfor30cycles,respectively.Fig.11(a),(b),

and(c)showedtheplate-likestructuresintherangeoflow depositioncycles.

Ontheotherhand,Fig.11(d),(e),and(f)showedtheflower-likeandrod-like

morphologiesofSi-HA deposited Ti-30Nb,Ti-30Nb-3TaandTi-30Nb-15Ta

alloysfor30cycles,respectively.Itisassumedthatnucleationandgrowthof

Si-HA dependonmorphologyofsubstrateandmicrostructureofalloy.Inthe

caseofabulksurfaceofTi-6Al-4Valloy,HA nucleationcanmoreeasilyoccur

atβ phasesitesthanatα phasesites,andHA nucleithatform atβ phase

sites grow rapidly and spread with diminishing surface energy,eventually

havingtheplate-likeHA morphology[40].From pre-researchedreport[40],HA

shapeonbulksurfaceshowedthekeenplate-likedepositscomparedtoSi-HA

deposit.Therefore,Si-HA intheTi-30Nb-xTaalloywasfirstlyprecipitatedand

grownalongtheneedle-likestructure(martensiticstructure)asshowninFig.

8.And then Si-HA morphology waschanged todullplate-likeshapewith

depositioncycles.Thereisnotsignificantlydifferentmorphologyaccordingto

alloyingelements.ThemorphologyofSi-HA onthebulksurfacewaschanged

withdependingonthedepositioncycles.AsshowninFig.11(d),(e),and(f),

theplate-likestructureswerechangedtomixedrod-likeshapesandflower-like

shape in Ti-30Nb-xTa alloy surface,and then finally changed to rod-like

structurewithincreasingelectrochemicaldepositioncyclesupto30cycles.It
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waspreviouslyreportedthatthecrystalwiththelongitudedirectionof[002],

andthesix surfacesoftherod-likestructuresare(100)[41-43].Therefore,

particlesizewasnucleatedandgrownwithbroadendirectionthanoneway

direction asdeposition cyclesincreased.Also,theresultsindicated thatthe

amountsandmorphologyofdepositsweremajorinfluencedbytheelectrolyte

concentrationandcurrentdensity[44,45].
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Fig.7.FE-SEM imagesofSi-HA depositedTi-30Nb-xTaalloysatlow

magnification:(a)Ti–30Nballoyfor10cycle,(b)Ti–30Nb-3Taalloy

for10cycle,(c)Ti–30Nb–15Taalloyfor10cycle,(d)Ti-30Nballoy

for30cycle,(e)Ti-30Nb-3Ta alloy for30cycle,(f)Ti-30Nb-15Ta

alloyfor30cycle
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Fig.8.FE-SEM imagesofSi-HA depositedTi-30Nb-xTaalloysathigh

magnification:(a)Ti–30Nballoyfor10cycle,(b)Ti–30Nb-3Taalloy

for10cycle,(c)Ti–30Nb–15Taalloyfor10cycle,(d)Ti-30Nballoy

for30cycle,(e)Ti-30Nb-3Ta alloy for30cycle,(f)Ti-30Nb-15Ta

alloyfor30cycle
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4.3.SurfacepropertiesofSi-HA deposited Ti-30Nb-xTa

alloys

Figure12showstheEDS resultsforthechemicalcompositionanalysesof

Si-HA depositedTi-30Nb-xTaalloysfor10and30cycles.TheEDSresultof

Si-HA depositedTi-30NballoywithdepositioncyclesarepresentedinFig.12

(a)and(b),andtheEDS resultofSi-HA depositedTi-30Nb-3Taalloywith

depositioncyclesarepresentedinFig.12(c)and(d).Inaddition,theimagesof

Fig.12 (e)and (f)shows the Si-HA deposited Ti-30Nb-15Ta alloy with

depositioncycles.From theEDSresults,Si-HA depositedTi-30Nb-xTaalloys

consistedofO,Si,Ca,andPinallcoatedsamples.Theseresultsindicatedthat

the coatings were successfully deposited Ti-30Nb-xTa alloys.The present

resultssuggestthatthechemicalcompositionofSi-HA coatingconfirmedthe

new bonetissueandtheTisubstrate[46].

Figure 13 shows the TF-XRD results ofSi-HA on the Ti-30Nb (a),

Ti-30Nb-3Ta(b)andTi-30Nb-15Ta(c)alloys.EachpeaksmatchestheHA

andβ-Tipeak.ThepeaksoftheHA wereshowedrangingfrom 20̊ to45̊ for

2theta.ThefourstrongintensityofHA peaksareshowed25.9,31.7,32.1,and

32.8̊ 2thetadominatesthediffractionpeaks.IncaseofTi-30Nb-15Ta(c)alloy,

theHA peaksweredisappeared,whereastheintensityoftheHA and β-Ti

peakpredominantlyincreased.ItwasalsofoundthattheHA peakatthe2

thetadegreeofaround25.9,exhibitinganorientationtotheс-axisdirectionof

theHAcrystal[47,48].

Figure14,15,and16showstheATR-FTIR resultsforSi-HA deposited

Ti-30Nb-xTaalloysforvariousdepositioncycles(10and30cycles)obtained

by electrochemicaldeposition.TheATR-FTIR wasused to investigatethe

effectoftheSisubstitution on thephosphateand hydroxylbandsofHA

structure.AsshowninFig.14,15and16,aweakOH bandat3570cm
-1
was

obscuredbyabroadbandbetween3200and3600cm
-1
,whichischaracteristic

ofmoistureinthesample[11,49-50].Intensebandsat1031and1025cm-1can
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beobserved,whichcorrespondtoP-Ostretchingband,asshowninFig.14,15,

and16.Asdepositioncyclesincreased,theP-O stretchingbandsshiftsfrom

1114cm
-1
to1025cm

-1
.ThisresultindicatedthattheSiwasmostnotable

influenceon theSi-HA deposition.Thebands at2387 cm-1 correspond to

Si-HA and HA spectra [49,50],however,the bands in Si-HA coating

disappearedwhenthesamplewasheatedat800℃ for6h[51].Ourresult

suggeststhatthechargedifferenceresultingfrom thesubstitutionofSiO4
4-
for

PO4
3-inHA,iscompensatedbylossofOH-,whichislimitedbythenumberof

OHionsthatcanbeextractedfrom theHAstructure[52].
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Fig.9.EDS analysis of Si-HA deposited Ti-30Nb-xTa alloys: (a)

Ti-30Nb alloy for 10 cycles,(b)Ti-30Nb alloy for 30 cycles,(c)

Ti-30Nb-3Taalloyfor10cycles,(d)Ti-30Nb-3Taalloyfor30cycles,

(e)Ti-30Nb-15Taalloy for10cycles,(f)Ti-30Nb-15Taalloy for30

cycles
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Fig.10.TF-XRD peaksofSi-HA depositedTi-30Nb-xTaalloys:

(a)Ti-30Nballoy,(b)Ti-30Nb-3Taalloy,(c)Ti-30Nb-15Taalloy
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Fig.11.ATR-FTIR spectraofSi-HA deposited Ti-30Nb alloysfor10

and30cycles:(a)10cycle,(b)30cycle
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Fig.12.ATR-FTIR spectraofSi-HA depositedTi-30Nb-3Taalloysfor

10and30cycles:(a)10cycle,(b)30cycle
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Fig.13.ATR-FTIR spectraofSi-HA depositedTi-30Nb-15Taalloysfor

10and30cycles:(a)10cycle,(b)30cycle
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4.4.Wettability ofSi-HA deposited Ti-30Nb-xTa alloys

withdepositioncycles

Figure 17 shows the contactangle values ofTi-30Nb-xTa alloys with

differentsurfacetreatments.Fig.17(a)to(c)showsthecontactanglevalues

ofSi-HA depositedTi-30Nballoywithdepositioncycles,whereasFig.17(d)

to(f)showsthecontactanglevaluesofSi-HA depositedTi-30Nb-3Taalloy

with deposition cycles.Ti-30Nb-15Ta alloy [Fig.17 (g)to (i)]showsthe

contactanglevaluesofSi-HA depositionwithdepositioncycles.AstheTa

contentincreasedfrom 3wt.% to15wt.%,thecontactanglesvalueofthe

polishedsurfaceshowedintheorderofaround55̊,58̊,and50̊,respectively.In

Fig.17 (b),(e),and (h),the contact angles value of Si-HA deposited

Ti-30Nb-xTa alloys for 10 cycle are observed around 32̊,36̊,and 34̊,

respectively.Si-HA depositedTi-30Nb-xTaalloysfor30cyclevalue,suchas

around 26̊,24̊,and 26̊,werepresented in Fig.17 (c),(f),and (i).The

correspondingcontactanglevalueareshowninTable8.Theresultsindicated

thatthecontactanglesdecreaseintheorderofpolished,10cycles,and30

cycleswithsignificantlylowervaluesofaround55̊ to26̊.From thewettability

testresultsinFig.17,itisevidentthattheSi-HA depositedTi-30Nb-xTa

alloysfor30cycle[Fig.17(c),(f),and(i)]lowercontactanglevaluescompared

tothepolishedTi-30Nb-xTaalloysandSi-HA depositedTi-30Nb-xTaalloys

for10cycle.Generally,theSi-HA depositedTi-30Nb-xTaalloysshowedgood

wettabilitycomparedtothepolishedTialloysubstrate.ItisindicatedthatSi

playsanactiveroleinthecellattachmentandproliferation[53].Theseinvitro

studiesshowedthatthemodificationofthesurfacewettabilityandenhancedthe

earlystageproteinexpressionontheSi-HA surface[54].
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Fig.14.The contactangle values ofSi-HA deposited Ti-30Nb-xTa

alloyswithdifferenttreatments:(a)polishedTi-30Nballoy,(b)Si-HA

deposited Ti-30Nb alloy for10cycles,(c)Si-HA deposited Ti-30Nb

alloy for 30 cycles,(d) polished Ti-30Nb-3Ta alloys,(e) Si-HA

deposited Ti-30Nb-3Ta alloy for 10 cycles, (f) Si-HA deposited

Ti-30Nb-3Taalloyfor30cycles,(g)polishedTi-30Nb-15Taalloys,(h)

Si-HA depositedTi-30Nb-15Taalloyfor10cycles,(i)Si-HA deposited

Ti-30Nb-15Taalloyfor30cycles
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Table8.ContactanglevalueofSi-HA depositedTi-30Nb-xTaalloys
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Ⅴ.CONCLUSIONS

In this study,surfacecharacteristicsofSi-HA film coated Ti-30Nb-xTa

alloysbyelectrochemicaldepositionhavebeenresearched.TheTi-30Nb-xTa

ingots were fabricated by using a vacuum arc melting furnace. The

Ti-30Nb-xTaingotswerehomogenizedinavacuum furnacefor12hat1000

℃ inaAratmosphere,followedbyquenchingin0℃ water.Silicon-substituted

hydroxyapatite (Si-HA)coatings were prepared on Ti-30Nb-xTa alloys by

electrochemicaldepositiontechniqueinelectrolytescontainingCa2+,PO4
3-,and

SiO3
2-
ions.ThesurfacecharacteristicsofSi-HA depositedTi-30Nb-xTaalloys

hasbeenresearchedbyFE-SEM,EDS,XRD,FTIR,andwettabilitytest.

Theresultswereasfollows;

1.MicrostructuralexaminationrevealedthatthegrainsizeoftheTi-30Nb–

xTaalloysincreasedastheTacontentincreased.FortheTi–30Nballoy

withoutTa,XRD revealed α″ martensitephasepeakswithstrongpeaks

ofβ phase,whereasforthetwoTi–30Nb–xTaalloysanincreaseinTa

contentcausedthemicrostructuretochangefrom α″ +β phasetosolely

β phase.

2.Si-HA intheTi-30Nb-xTaalloywasfirstlyprecipitatedandgrownalong

theneedle-likestructure(martensiticstructure).Theplate-likestructures

werechangedtomixedrod-likeandflower-likeshapes,andthenfinally

changed to rod-likestructure.The morphology ofSi-HA on thebulk

surfacewaschangedwithdependingonthedepositioncycles.

3.From theEDSresults,Si-HA depositedbyelectrochemicaldepositionon

theTi-30Nb-xTaalloyssurfacehadachemicalcompositionconsistedofO,

Ca,P,Si,Ti,Nb,andTa.ThephaseofSi-HA depositedTi-30Nb-xTa

alloyswereidentified to beSi-HA structureselongated paralleltothe

c-axisdirection.From ATR-FTIRspectra,Siexistedintheform ofSiO4
4-
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groupsinSi-HA coating.

4.ThecontactanglesofSi-HA depositedTi-30Nb-xTaalloysfor30cycles

had the lower than those of others and good wettability for

biocompatibility.

Inconclusion,thereisevidencethatthemorphologyofSi-HA onthebulk

surfacewaschangedwithdependingonthedepositioncycles.Si-HA deposited

Ti-30Nb-xTaalloysfor30cyclesurfaceshowsahydrophilicbehavior.These

findingssuggestthatSi-HAisanimprovedbioactivityforbiomaterials.
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