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htheautomotiveindustry，POrOuSaluminumisexpectedtobeusedasanewfunctionalmaterialbecauseofitslightweight，highenergy  
absorptlOnandhighsound－ins111atlngPrOperty．Recendy，aneWprOCeSSlngrOutefbrfabricatingtheporousaluminumprecwsor，Whichutilizes  

friclionstirprocessing（FSP），hasbeendeveloped．Itisexpectedthat，byapplyingtheFSProuteprecursormethod，thecost－ef托ctivefabricatioI1  

0fporousalumi皿umWithhighproductivitycanberealized・Inthisstudy，tWOdifferenttypesofAlO50porousaluminumwerefabricatedfrom  

twodifferentsizesofprecursorbytheFSProuteprectu’sormethod．Thetwotypesofporousaluminumfabricatedusingsmallandlarge  

PreCurSOrSarehereaf（erreferredto“FSP－SporolISaluminum”and“FSP－LporousalumirLum”，reSPeCtively．TheporestruCtureSOfFSP－S  

POrOuSaluminum，FSP－Lporousaluminumandalsocommercial1yavai1ableporousaluminum（ALPORAS，fabricatedbyShinkoWireCo．，  

Ltd．）werenondestruCtivelyobservedbyX－rayCOmP111edtomography（Ⅹ－rayCT）．FromthenondestruCtiveobservationofporestruCtureS，itwas  

Shownthatalargenumberofporesofsmal1erareaandvolumeweredistributedinporousaluminumfabrica（edbytheFSProuteprecursor  
methodcomparedwiththeporesinALPORAS．However，therewaslitdedifftrenceinthecircularityofporesbetweenporousaluminum  

fhbricatedbytheFSProuteandALPORAS，andtherewaslittledependenceoftheporestruCtureOntheprecursorsizeforporousalminum  
fabricatedbytheFSProute・ThisresultindicatesthepotentialoftheFSProuteforfabricatinglargerporousalumin11mSamples・  
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Recently，a neW PrOCeSSlng rOute fbr fabricating the  
PreCurSOr，Whichutilizesfiictionstirprocessing（FSP），has  

been deve10Ped・10，11）Itisexpectedthat，byapplyingthe  
FSProuteprecursormethod，the cost－e鮎ctive fhbrication  

ofporousaluminumwithhighproductivitycanberealized．10）  
However，aquantitativeevaluationoftheporestruCtureOf  
POrOuSaluminumfabricatedbytheFSProute，Whicha飴cts  

thepropertiesofporousaluminum，hasnotbeencamiedout  
inpreviousstudies・12，13）Also，Onlyporousaluminumsamples  
thatweretoosma11tobesubjectedtocompressiontests14）  
werefabricatedinthepreviousstudies．12，13）  

In this study，tWO di飴rent sizes of AlO50 porous  

aluminum were fabricatedfrom two different sizes（Smai1  
andlarge）ofprecursorbytheFSProuteprecursormethod，  

Whichwehereafterrefbrtoas‘‘FSP－Sporousaluminum’’  

and“FSP－L porousaiminum”，reSPeCtively．The pore  

StruCtureS Of FSP－S porous aluminum，FSP－L porous  

aluminum andalso commercially available porousalmi－  
num（ALPORAS，fabricated by Shinko Wire Co．，Ltd．，  

by directfoaming ofmelts withblowing agents3））were  
nondestruCtivelyobservedbyX－rayCOmPutedtomography  
（X－rayCT）．Thefbl10Wingthreeissueswereinvestigated・  

First，theporestructures（areaandcirculadtyofpores）were  

investlgated by the analysIS Of two－dimensionalcross－  

SeCtionalX－ray CTimages．Next，the volumes ofpores  

Wereinvestlgatedthree－dimensional1y by stacking two－  
dimensionalcross－SeCtionalX－rayCTimagesuslnglmage－  
processlng SOftware．Finally，the dependence ofthe pore  
StruCture（area，Circularityandvolumeofpores）ofFSP－S  

POrOuS alminum and FSP－L porousaluminum on the   

1．htroductiom   

Intheautomotiveindustry，POrOuSaluminumisexpected  
tobeusedasanewfunctionalmaterialbecauseofitsmany  
advantages such as weight reduction enablinglowfuel  
COnSumPt10n，highcrash energy absorpt10n PrOperties hr  
increased safety，andhigh sound absorption reducingthe  
acousticemissions血・OmCarSandimprovlngtheircomfort・1，2）   

Various types of processes have been developed for  
fabricatlngpOrOuSalminumincludingtheALPORASproc－  
ess，3）theLotus－tyPePrOCeSS2）aJldtheprectlrSOrmethod・4－11）  

Aprecursormethodhashighpotentialforobtaininghigh－  
porosity andhigh－quality（i．e．，aumiformPOre Size distri－  

bution with highly sphericaipores）closed－Cellporous  

alminum．Intheprecursormethod，aluminumalloy（asa  

Startingmaterial）andablowingagentpowderare丘rstmiⅩed．  

ThisfbamablemiⅩtureiscal1edthe“precursor”．Next，the  

PreCurSOrisheat－treatedtodecomposetheblowing agent  
POWderandtoreleasegases．Finally，thesegasesexpandthe  
SOftenedaluminumalloytofbrmPOrOuSaluminum．Thereare  
SeVeralroutes fbr fabricating the precursor，SuCh asthe  
powdermetallurgicalroute，4，5）theARBprocessroute6・7）and  
the compressive torsion processlng rOute・8，9）However，  
Variousfactorspreventtheirpracticalapplication，1）suchas  
theuseofexpensivealuminumalloypowderforthestartlng  
material and the need fbr many time－COnSummg and  
COmPlicatedfabricationprocesses，  
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precursor size wasinveshgated・Fromthese results，the  
feasibilityoffhbricatlnglargerPOrOuSaluminumsamplesby  
theFSProute，OnWhichcompressiontestscanbeperformed，  
was alsoexamined．   

2．ExperimentalProcedure   

2．1FSPprocedure   
FigurelshowsaschematicillustrationoftheFSProute  

usedinthisstudy，Commerciallyavai1ablepurealuminum  
AlO50platesof3mmand3・5mminthicknesswereusedfor  
thefabricationofFSP－SporousaluminumandFSP－Lporous  
aluminum，reSPeCtively・Twoaluminumplateswerestacked  
with the blowing agent powder and stabilization agent 
powderdistributedbetweenthem・FSPwascamiedoutuslng  
ansHH204－720FSWmachine（HitachiSetsubiEngineering  

Co．，Ltd．）．TheFSPtoolhasacolumnarShapewithascrew  
probe・The diameter ofthe tooIshoulderis17mm，the  
diameterOfthetoolprobeis6mmanditslengthis5mm・  
SKH51high－SPeedtooIsteelwasusedasthetoolmaterial・  
ThetraversingspeedofthetooIwasl00mm／minandati1t  
angleof30wasusedthroughouttheexperiments・   

Titanium（H）hydride（TiH2，＜45甚m）powderandalmina  
（α－A1203，～1トLm）powderwereusedastheblowingagent  
andstabilizationagent，reSPeCtively・Thestabilizationagent  
wasusedtostal）ilizetheporestruCtureandtopreventthe  
releaseofgases録omporous aluminumbyimprovlngltS  
viscosity duringthefbamlngPrOCeSS・Thepowders were  
placedalongthepathoftheFSPtool，aSShowninFig・1（a）・  
Theamountsusedwerelmass％TiH2and5mass％A1203，  

relativetothemassofalminumwiththedimensionsofthe  
areaOVerWhichTiH2andA1203Weredistributedandthe  
lengthofthetooIprobe・MultipassFSP15，16）wasappliedto  
thoroughlymixTiH2andA1203bytraversingthesameFSP  
reg10nmOrethanonceandtoobtainalargerareaOfprecursor  
bytraversingdifftrentreglOnS・  

2．1．1FSPprocedureofFSP－Sporousaluminum   
TheprocedureofmultipassFSPappliedtofabricateFSP－S  

porous aluminum was as follows・First，aS Shownin  
Figs．1（c）and（d），FSPwascamiedouttwiceintheregion  
whereTiH2andAl203WerePlacedbyshif【ingtheFSPtool  
by approximately the diameter Ofthe tooIprobeinthe  
directionperpendiculartotheFSPdirection・Next，aSShown  
inFig．1（e），thetraversingdirectionwasreversedandthe  
nextFSPwascarriedouttwiceinexactlythesamereglOnaS  
before．Final1y，aSShowninFigs・1（f）and（g），thefour濾ove－  
memionedFSPs（asshowninFigs．1（C）－（e））werecamiedout  
onceagain・ThetoolrotatlngratedmingthetraverslngOf  
thetooIwaslOOOrpmthroughoutthefhbricationofeach  
precursorofFSP－Sporousaluminum・Precursorsof6mm  
thickness，15mmwidthand15mmlengthweremachined  
fromthereg10nStirredbyFSP・  

2．1．2 FSPprocedureofFSP－Lporousalumintlm   
TheprocedureofmultipassFSPappliedtofabricateFSP－L  

porousaluminum was as fbllows・First，aS Shownin  
Fig．1（c′），FSPwas camiedoutfourtimesintheregion  
whereTiH2andA1203WerePlacedbyshiftingtheFSPtool  
by approximatelythe diameter Ofthe tooIprobeinthe  
directionperpendiculartotheFSPdirectionR〉reaChFSP・  
Second，aSShowninFig．1（d′），thetraversingdirectionwas  

二 

仁－㌢ 

－■ 

才  
Fig・一 SchematicillustrationofthemanufactunngprocessofprecuTSOrSOf   

FSP－Sporousdu血血皿and下SP－Lporousalu血numbyFSP・  

reversedandFSPwascarriedoutfourtimesinexactlythe  
sameregionasbefore・Third，aSShowninFig▲1（e′），theplate  
wastumedover，andTiH2andAl203pOWderswereplaced  
onthereversesideoftheFSPsurfacealongthepathofthe  
FSPtool．Finally，aSShowninFigs．1（f）and（g′），thesame  
FSPproceduresasthoseshowninFigs・1（c′）and（d′）were  
carriedoutonceagalntOObtainathickerprecursor・Thetool  
rotatlngrateduringthetraverslngOfthetooIwas2200rpm  
throughoutthefabricationofeachprecursorofFSP－Lporous  
aluminum．Inapreviousstudy，WeCOn負rmedthattherewas   
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FSP－L  ALPORAS  

⊃50  

FSP－S  

20mm   

Fig．2Two－dimensionalcross－SeCtionalX－rayCTimagesof（a）FSP－LporousalmirLum，O，）FSP－Sporousalmi皿mand（C）juPORAS   
samples．（dト（f）Two－dimensionalbinarizedcross－SeCtionalX－rayCTimagesof（hesamplesitl（aHc）・reSPeC丘vely・（gHi）Three－   
dimensionalvolumeimagescorrespondingtothesamplesin（aト（c），reSpeCtively・  

wherepiisthedensityoftheprecursorbefbreheatingandpf  
isthedensityofthefoamedaluminum・Thedensitieswere  
evaluatedbyArchimedes，pnnciple・   
Thecircularityeoftheporeswascalculatedas  

e＝4刀A／エ2，  （2）  

whereAistheporeareaandListheporeperimeter・Avalue  
ofcircularityclosertolindicatesamorecircularPOre・   

ヱ．4 Ⅹ－rayCTinspection   

Theporesinthefoamedaluminumwereobservednon－  
destruCtivelybyX－rayCTusinganSMX－225CTmicrofocus  
X－ray CT system（SHMZU Corporation）at room  
temperature・TheX－raySOurCeWaStungSten・Acone－tyPe  
CT，Which has athree－dimensionalimage construCtion  
system，WaSemPloyed・Inthissystem，aSinglerotationof  
thespecimenwassu餓cienttoobtainathree－dimensiorlal  
voltlmeimage，WhichconsistsofasetofX－rayCTimages  
withaslicepitchequaltothelengthofonepixelintheX－ray  
CTimage・The resolution ofthe X－ray CTimage was  
512×512，andthelengthofonepixelwas71・4一皿，100・Opm  
and78，4pm forFSP－S porousaluminum，FSP－L porous  
aluminumandALPORAS，reSPeCtively．Theheightresolu－  
tionin each case was about450．The X－ray CTimages  
displayed16－bitgray－SCaledata・TheX－raytubevoltageand  
currentwere80kVand30uA，reSPeCtively・FSP－Sporo11S  
aluminumandFSP－Lporousaluminum，includingtheirskin，  
wereobservedastheyfoamed・ALPORAS sampleswere  
machinedtodimensionsof25mmx25mm×10mmbefore  
observation．To bbtainthe pore struCtureS，anapPrOPnate   

1ittledifFbrenceintheporosityandporestruCtureObtained  
atatoolrotatingrateoflOOOTPmbytraversingthetoolfbur  
times，aSShowninFigs．1（C）－（g），andthoseobtainedata  
toolrotatlngrateOf2200rpmbytraversingthetooltwice，  
asshowninFigs．1（c／Hd′），inthecaseofAlO50porous  
alminum．13）Accordingtothisresult，alargerprecursorcan  
bemadewithasimi1arFSPtimetothatrequiredforasmaller  
precursorbyincreasingthetoolrotatlngrate・Precursorsof  
FSP－LporousaluminumoflO・5Ⅱ皿thickness，25mmwidth  
and25mm1engthweremachinedfromthereglOnStirredby  
FSP．   

ユ．ヱ FoamlmgprOCednre   

TheprecurSOrSWereheat－treatedinapreheatedelectric  
furnaCetOinducefoaming．Theholdingtemperature（equal  
tothepreheatedtemperature）wasdeteminedbyreftrence  
toourpreviousstudy13）andwas触edatlOO3Kdming  
theheating process・TheholdingtimeforFSP－S porous  
aluminumwasfixedatlOmin，alsoinaccordancewithour  
previousstudy，13）whereasthatfbrFSP－Lporousaluminum  
wasvariedfrom14to15min．ThesamPlewasthencooledto  
roomtemperatureunderambientconditions・Sixprecursor  
samples of FSP－S porous aluminumand two precursor  
samplesofFSP－Lporousalminumwerefoamed・   

乙3 EvalⅦatiol10rpOreStrⅦCt11reS   

Theporosityp（％）ofFSP－SporousaluminumandFSP－L  
porousaluminum，includingtheskin，WaSCalculatedas  

（1）  ク＝（βi－揮）／AXlOO，  
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Volumeofpores，V／mm8   

Fig．5 Relationship between volume of pores V and frequency of   
Observationinthree－dimensionalX－rayCTvollユmeimages・  

Figures2（a）－（C）show cross－SeCtionalX－ray CTimages  

Ofsamples ofFSP－Sporous aluminum（Fig．2（a）），FSP－L  
POrOuSaluminum（Fig．2（b））and ALPORAS（Fig・2（C））・  

GrayreglOnSindicatethealuminumalloyandblackregions  
indicatepores．Figures2（d）－（f）showbinarizedandreversed  

black and white cross－SeCtionalX－ray CTimages ofthe  

SamPlesshowninFigs．2（a）－（C），reSpeCtively．Blackregions  

indicatethe aluminum a1loy and white reglOnSindicate  
pores．Figures2（gト（i）showthethree－dimensionalvolume  
images corresponding tothe samPlesinFigs・2（a）一（C），  

respectively．   
Figure3showstherelationshipbetweentheareaofpores  

A and thefrequency of observationin two－dimensional  
binarized cross－SeCtionalX－ray CTimages such as those  

ShowninFigs．2（d）－（f）．Thetotalnu血berofporesevaluated  

was335丘omsixsamplesofFSP－Sporousaluminum，134  
fromtwosarnplesofFSP－Lporousalminumand487from  
elevensamplesofALPORAS・ForFSP－Sporousaluminum，  

the触quencyofporeswitharealessthan3mm2wasmore  
than50％，andthe魚・equenCyraPidlydecreasedwithincreas－  
1ngpOrearea．ThistendencywasalsoobservedforFSP－L  
POrOuSaluminum．Incontrast，forALPORAStheh’equenCy  

ofporeswasapproximately25％fbrareasofト3mm2，3－  
6mm2and6－9mm2，thengradual1ydecreasedwithincreas－  
1ngPOrearea・   

Figure4showstherelationshipbetweenthecircularityOf  
POreS andthefrequency ofobservationinthetwo－dim  
sionalbinarized cross－SeCtionalX－ray CTimages．The  
numbers ofpores evaluated werethe same aSthose fbr  
Fig．3．ThefrequencywasmaximumatacircularityofO・8－  
0．9andasimilarftequencydistributionwasobtainedforall  
threetypesofporousaluminum・However，forFSP－Lporous  
aluminum，thefrequenciesoflowvaluesofcircularitysuch  
asO．ト0．2andO3－0．4were slightlyhigher．ExamPles of  
SuChporesareindicatedbyblackarrowsinFig・2（e），and  
theyweregeneratedbecauseoftheexcessiveheatlngtime，  
Whichinducedthe movement and coalescence of pores，  
CauSlngthegenerationofelongatedpores、Furtherstudiesare  
CleadynecessarytooptlmizethefbamlngCOnditions・   
Figure5showstherelationshipbetween thevolume of  

POreS Vandthefrequencyofobservationinthree－dimen－   

㌔㌔㌔㌔ 
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Areaofpores，A／mm2   

Fig・3 RelationshipbetweenareaofporesAandfrequencyofobservation  

intwo－dimensionalbinarizedcross－SeCtionalX－rayCTimages．  
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Circularityofpores，e   

Fig・4 Relationship between circl11arity of pores and丘equency of   
Observationin two－dimensional binarized cross・SeCtionalⅩ－ray CT  

images．  

thresholdwassettodistinguishthealumiJlumandthepores，  
and binarized X－ray CTimages were established．Pores  
withareas oflessthanlmm2were excllユdedbecausethe  
resolution of the X－ray CTimages did notallowtheir  
accurateevaluation．   

By stacking the cross－SeCtionalX－ray CTimages，  
three－dimensionalvolumeimages were obtained uslng  
VOXELCON 2008image－PrOCeSSing software（Quint  
Coq）Oration）．Toobtainthevolumesofporesinthethree－  
dimensionalimages，anapPrOPriate threshold was set to  
distinguishthealuminumandthepores，andanisosurface  
wasestablished、Poreswithvolumesoflessthanlmm3were  
excludedowingtotheresolutionoftheX－rayCTimages▲   

3．ResulbandDiscⅦSSion  

ThemeanporositiesofFSP－SporousaluminumandFSP－  
Lporous aluminumwere78．4％and78・7％，reSPeCtively・  
TheporosityofAIJPORASwasapproximately90％・3）The  
difference between these values was due to the existence 

OrnOneXistenceofaskin．  
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（3）Therewaslittle sizedependenceoftheporestruCture  
Ofporousaluminum fabricated bythe FSP route on the  

PreCurSOr Size．This resultindicates the possibility of  

fabricatlnglarger porousaluminum samples by the FSP  

route．  

（4）TherewaslittledifEtrencebetweenthetrendsobserved  
鮎r pore structures uslng tWO－dimensionalcross－SeCtional  

X－rayCTimagesandthoseobtainedfromthree－dimensional  
X－ray CT volumeimages・This resultindicatesthat two－  

dimensionalcross－SeCtionalobservationis satisfactory for  

evaluatingtheporestruCtureSinporousaluminum．   
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SionalvolumeimagessuchasthoseshowninFigs・2（gト（i）．  
Thenumbersofporesevaluatedwere1599fromsixsamPles  
Of FSP－S porous aluminum，586from two samPles of  
FSP－Lporous aluminum and820蝕■Om eleven samplesof  

ALPORAS．ForFSP－SporousaluminumandFSP－Lporous  
aluminum，apPrOXimately60％ofporeshadavolumeofless  
than5mm3，thefrequencydecreasedwithincreaslngVOlume，  
andhardlyanyPOreShadavolumeexceeding30mm3・In  
COntraSt，forALPORAS，aPPrOXimately25％ofporeshad  
avolumeoflessthan5mm3，andthefrequencyBradual1y  
decreased withincreaslng POre VOlume．The mean pore  
volumeswere6．56mm3，8．38mm3and17．87mm3forFSP－S  
porousaluminum，FSP－LporousaluminumandALPORAS，  
respectively・Thus，itwas shownthattheporesinporou？  
aluminumobtainedbytheFSProutehadasmal1ervolume  
with a narrower distribution than thosein ALPORAS．  

Thistendencywasalsoobservedfbrporeareainthe【wo－  

dimensionalcross－SeCtionalX－rayCTimages，andhasalso  
beenreportedintheliterature．17）Althoughmoreporescan  
be evaluated愈■01n eaCllpOrOuS alⅧm五川m Sample uslng  

the three－dimensionalvolumeimages compared withthe  
two－dimensionalcross－SeCtionalimages，the above result  
indicatesthat two－dimensionalcross－SeCtionalobservation  

WaSSatisfactoryforcompanngtheporestruCtureSinporous  
aluminumobtainedbytheFSProuteandthoseinALPORAS  
in血sstudy．   

Fromtheseresults，itwasconsideredthattherewaslimited  

dependence of the pore structures in porous aluminum 
fabricatedbytheFSProuteontheprecursorsize・Thus，the  
ねbrication oflarger samples ofporousaluminumwith a  
Smallporevolumedistributedwithinanarrowrangeandat  
leastlOporesfbreachside，14）whichcanbesubjectedto  
COmPreSSion tests，is expected to bepossible bythe FSP  
route．  

4．ConcltlSions  

Closed－CellAlO50porous aluminum was fal）ricated by  
the FSP route precursor method・Inthis study，the pore  
StruCtureS Of fabricated porousaluminum（FSP－S porous  

aluminumandFSP－Lporousaluminllm）andcommercial1y  

availableporousaluminum（ALPORAS）werenondestruC－  
tively observed by X－ray CTinspections，and the area，  
Circularity and volume of pores were compared．The  
experimentalresultsledtothehllowlngCOnClusions．  
（1）Alargenumberofporesofsmallerareaandvolumewere  
distributedinporousaluminumfabricatedbytheFSProute  
COmParedwiththoseinALPORAS．  
（2）There waslittle differencein the circularity ofpores  

betweerlPOrOuSaluminumfabricatedbytheFSProuteand  
thoseinALPORAS．  




