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ABSTRACT

Itisshownthatanadaptedpowdersinteringprocesscansuccessfullypreparea２４０％－３５５％poroustiＧ
taniumcompositeusing２０μm Tipowderandricehuskparticlesranginginsizebetween２５０μmand
６００μm．ThephaseconstituentsoftheporousTicompositesamplesweredeterminedbyXＧraydiffraction
(XRD)patternsinteredat１２５０°C．ThegenerationofsiliconintheformofaTiSi２solidsolution,injected
intothesubstrate,illustratesthesolidsolutionstrengtheningeffect．Theaveragegrainsizeofthetested
sampleandthegrainboundaryareaincreasealongwiththesiliconcontent．Thisindicatesthatsiliconis
dispersedwithinthegreencompactofTi．Asthedistancefromaholebecomesgreater,thenanohardness
increasesuntilitreachesamaximumhardnessof３５GPaatapproximately１５mm．Thismaybedueto
thesolidsolutionstrengtheningofSiO２．However,nanohardnessis３３GPaatadistanceofapproximateＧ
ly０５mmfromahole′sedge．Thecompressivestrengthismeasuredtobeintherangeof４４０－９３８MPa．
Thestrainreaches１４８％－１６６％ undercompressiontesting．Alargenumberofcleavagestepsappear
followingafracture．Theobservedfractureisabrittlefracture．PorousTicompositeswithabout３６％poＧ
rosityhavepromisingpotentialbiomaterialapplications,specificallyrelatedtoboneimplantsandbiologiＧ
calbearings．

１．Introduction
　Ricehusks(RHs)arearichandrenewablecrop
geneticresourcethoughgreatharmisdonetothe
environmentinChina′sruralareasasthevastmaＧ
jorityofRHsareincinerated．Onlyasmallnumber
ofRHsaretreatedasfeed．Therearecurrentlythree
majorproblemswithhowRHsareutilized．Thefirstis
alowutilizationrate; onlyabout２０％ ofRHsare
recycled．Thesecondisalowutilizationlevel; RHs
applicationsarelimitedtopowergenerationandthe
manufacturingoflow valueＧaddedindustrialprodＧ
uctssuchasindustrialwaterglass,activatedcarbon
andfeedadditives．ThethirdisaninefficientrecyＧ
clingmethodthatresultsinsecondarypollution．
　Poroustitanium materialsexhibitgoodmechaniＧ
calproperties,biocompatibilityandcorrosionresistＧ
ance[１,２] ．AsthesearefavorablepropertiesformediＧ
calapplications[３Ｇ６] , porousTiand Ticomposites
arewidelyusedasloadＧbearingimplantsforbone
tissueengineering[７] ．
　PorousTipreparationmethods,suchaspowder
metallurgysintering,diffusionbonding,slurryfoaＧ

ming sintering, freeze casting, polymer sponge
templateimpregnationsintering, gelcastingand
powderinjection molding, havebeenextensively
studied[８Ｇ１８] ．Thespaceholdermethodhasbeenan
areaofresearchofsignificantactivity, specifically
the useof KCL[１９] , NaCl[２０] , Carbamide[２１] and
NH４HCO３

[２２] asthespaceholder．
　Inthepresentstudy,theuseforpresentlywasted
ricehuskswasexplored．Namely, theuseofrice
husksinthepreparationofporousTicomposites．
Ricehusksarecomposedprimarilyofcarbon,oxyＧ
gen,hydrogenandsilicon,andhavealowimpurity
content．SiisamorphousandhasrelativelyhighreＧ
activitywhileCallowsforcarbonＧthermalreducＧ
tion．Thisprovidesfavorableconditionsforlow
temperaturepreparationofporousmaterials．
　Apowdermetallurgysinteringprocesswasused．
First, aseriesofpowdercompactionexperiments
werecarriedouttoinvestigatethecompressionbeＧ
haviorsofavarietyofTiandRHspowdermixtures
undercompressivestresses．Mixtureswithseveral
differentvolumefractionsofRHsweretested．EnＧ
suringdataallowedfortheanalysisofcompressionbeＧ

　　　　　　　　　JournalofIronandSteelResearch,International２４(２０１７)９７－１０２　　　　　　　　　　



haviors．Additionally, possiblecompression mechaＧ
nismsresponsiblefortheobservedcompressionbeＧ
haviorswereestablished．CriticalcompactingpresＧ
sures, whichresultedinthegeometricalchangeor
fragmentationofRHsspaceholdingparticlesinthe
titaniumscaffold, weredetermined．Theeffectsof
thesinteringtemperatureon phaseconstituents,
porecharacteristics, internal microstructuresand
mechanicalpropertiesofporousTicompositeswere
alsomeasured．

２．ExperimentalMaterialsandMethods

　TheRHsusedinthisexperimentweresourced
fromtheWuhanRiceMill．ThechemicalcomposiＧ
tionoftheseRHsisshowninTable１．

Table１
Chemicalcompositionofricehusksfrom WuhanRice
Mill(wt％)

Elementalanalysis Proximateanalysis

O C H N Volatile Carbon Ash H２O

５５５８ ３８５５ ５３２ ０５５ ６１２３ １４９６ １７０８ ６７３

　Firstly, RHswerecleanedfor３０mininadeionＧ
izedwaterandcitricacidsolution(１０vol％)toreＧ
moveorganiccompounds．TheRHswerethendried
inastovingchestat８０°C．ThedriedRHscanbe
seeninFig１(a)．Tipowder(２０μm,９９％ purity)
servedasarawmaterial．AscanningelectronmicroＧ
scopeimageoftitaniumpowderisshowninFig１(b)．

Fig１．　Cleanedanddriedricehusks(a)andscanningelectronmicroscopeimageofTipowder(b)．

ThechemicalcompositionofTipowderisshownin
Table２．
　RHsparticleswithdifferentsizeswereaddedas
spaceholdertotheTisamplesinordertoobtaindifＧ
ferentporositiesandporesizes．ToachievethesedifＧ
ferentsizes,driedRHsparticleswereplacedintoa
blender．Severalstandardsieveswereusedtosort
theblendedparticlesaccordingtotheirsize．RHs
particleswereclassifiedasR１ＧR３sampletypes, as
showninTable３．
　Topreparethesamples, RHswithaparticular
sizeweremixedwiththeTipowderataweightratio
of１∶５inaspecializedblenderfor２h．Ahydraulic
universaltestingmachinewithpressureof５００MPa

Table２
ChemicalcompositionofTipowder(wt％)

Ti O Si C Other
９９９ ０００６ ０００２ ０００２ ００３６

Table３
Sampletypeandparticlesize
Sampletype R１ R２ R３
Particlesize/μm ５５０－６００ ４００－４５０ ２５０－３００

andoneＧwaycompressionwasemployed．AcylindriＧ
calgreencompacttestsampleusingasteelmold
(ϕ１５mm×１０mm) wasthenprepared．Threetypes
ofgreencompactswereplacedintoavacuumsinteＧ
ringfurnace,andvacuumdegreewassetto１０－３ Pa．
Thevacuumsinteringfurnacewasheatedto７００°Cfrom
roomtemperatureataminimumrateof１０°Cmin－１．
Fullinsulationwasthenensuredfor２htoallowfor
thecarbonizationoftheRHs．Afterthat,thevacuＧ
umsinteringfurnacewasheatedto１２５０°CandinＧ
sulatedfor３htoallowforthethermalreactionbeＧ
tweentheTiandthecarbonizedRHs．Finally,the
sampleswerecooledatarateof１０°Cmin－１．The
resultingporousTicompositesservedastestsamples．
　Thephaseconstituentsoftheporoussamples
weredeterminedbyXＧraydiffraction (XRD) patＧ
ternsexposedbyan XＧraydiffractometer (model
７０００) withCuKαradiationandaNifilter．ThepowＧ
dersampleforXRDwaspreparedbysmearingathin
layerofpowderonaglassplate．Theglassplatehad
previouslybeencoatedwithparaffin waxtoallow
forgoodadhesion．TheXRDanalysiswascarriedout
atavoltageof４０kVand４０mA withindiffraction
anglesrangingfrom２０°to８０°atascanningspeedof
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