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ThediffusioniniridiumLrichIr－Nballoyshasbeenstudiedbysingle－Phaseinterdifhsionex・  
periments．The chemicaldi肋sion coefBcient has been measured n）r the prlmary ftc solid－  

SOlutionandtheLIl20rderedcompoundIr3Nbinthetemperature rangebetween1650and  
19500C，uSingIrmr－8NbandIr－26Nb／Ir－28Nbdi肌1Sioncouples，reSpeCtively（numbersindicate  

mol％）．Whilethechemicaldiff11Sioncoefncientinthesolid－SOlutionphaseisclosetotIletraCer  

SelfJdi帆ISioncoefncientofpureiridium，thedifhsioninthecompoundphaseisextremelyslow：  
thechemicaldi馳sioncoemcientis％oto兢00fthatinthesolidsolution．Thelowdifhsionrate  

inthecompoundmustbebeneficialn）rhigh－temPeraturePer払rmanceofrefractorys11Peralloys  
basedontheIr－Nbsystem．  

lngbasicinformationonthekineticpropertiesrequiredfor  

materialdesignofthetwo－Phasealloys．Partofthepresent  

workconcernlngtheL／12Phasewasreportedearlier・【チ］This  
PaPerPreSentS the whole setofdata，including thelatest  

experimentalresultsontheAIsolid－SOlutionphase．  

2．ExperimentaI  

2．丁軸ec血eJIS   

Coarse－grainedpolycrystals（grainsize＞0．1mm）and  

Slngle crystals ofpureiridium，Ir－8Nb，Ir－26Nb，andIr－  

28Nballoyswereused，Wherethenumbersdenotethecon－  

CentrationofNbinmol％．Thesamplerods，about5mmin  

diameterand20mminlength，WeregrOWnbyopticalfloat－  

1ng－ZOnemelting．Theexactcompositionsofthealloyswere  

determinedbyelectronprobemicroanalysis．   

Disksofabout3mminthicknessweresectionedbya  

SPark－erOSionwiresaw．Afterpolishingthesuffaces，eaCh  

Pairofdisks，eitherofIr／Ir－8NborofIr－26Nb／IrN28Nb，WaS  

diffusion－bondedbyannealingat14000r15000Cforlhin  

avacuumunderauniaxialcompressivestressof10MPa．  

EachpalrWaSthencutperpendicularlytothebondedinter－  

faceintofourpleCeS．Thediffusioncouplesthusprepared  

Werediffusionannealedinavacuummaintainedbelow5×  
10‾4pa．   

2．2〃ea5〟佗me〃短OfCo〃CeJl摘fわ〃伽触5  

Compositionversusdistancepronlesweremeasuredus－  

1ngaWaVelength－dispersiveelectronprobemicroanalyzer，  

Withanaccelerationvoltageof15kV，abeamcurrentoflO  

nAandaprobesizeofaboutltLm．TheintensitiesofIrMα  

and Nb LαCharacteristic x－rayS Were meaSuredby step－  
scanning across the bonded interface over a distance of 

aboutfivetotentimestheexpecteddiffusiondistance．The  

COmPOSitionateachpolntWaSCalculatedfromtheintensi－  

ties withthe standardZAFcorrection［5］uslngPOlished  
PleCeSOfpureiridiumandpureniobiumasrefbrencema－  

terials．Threeprofileswereobtainedandwereaveragedto  

reduce statisticalerrors．  

Keywords binaryinterdiffusion，Chemicaldiffusion，intermetalN  
liccompound，iridium－niobiumalloys，SOlid－SOlution  

1．］ntroduction  

Alloysbasedoniridium，rhodium，andplatinumareat－  

tractlnggrOWlnglntereStreCentlyasultrahigh－temPerature  

materials：theexpectedoperatlngtemPeratureS farexceed  

thoseofthecurrentnickel－basesuperalloys・［l］whilethe  
microstructure，meChanicalproperties，and their relation－  

shipshavebeenstudiedextensively，［2，3］muchworkisstill  
needed on the basic，thatis，thermodynamic andkinetic，  

PrOPerties，inparticularatomicdiffusion，WhichcontroIsthe  

Stabilityandperfbrmanceofmaterialsatelevatedtempera－  

tures．   

Aleadingcandidatefbrre良一aCtOrySuPera1loysofthenext  
generationisthetwo－Phase（Al＋L12）Ir－Nba1loys，［2，3］  
Whichisananalogofthenickeトbase7＋7′superalloys．In  

thepresentinvestlgation，theauthorshavestudiedthedif－  

fhsionintheconstituentphases：thechemicaldiffusionco－  
efficientintheAl［face－Centeredcubic（ftc）solid－SOlution］  

andintheLl20rderedcompoundhavebeenmeasuredby  
Slngle－phaseinterdiffusionexperiments，aimlngatPrOVid－  

ThisarticlewaspresentedattheMulticomponent－MultiphaseDiffu－  
SionSymposiuminHonorofMysoreA．Dayananda，Whichwasheld  

duringTMS2006，135thAnnualMeetingandExhibition，March12p  
16，2006，in San Antonio，TX．The symposium was organizedby  
YonghoSohnofUniversltyOfCentralFlorida，CarelynE．Campbellof  

NationalInstituteofStandardsandTechnology，RichardD．Sisson，Jr．，  
OfWorcesterPolytechnicInstitute，andJohnE．MorralofOhioState  

Universlty．  
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Eis11keBannai！NationalInstituteforMaterialsScience，Sengenl－2－  
1，Tsukuba305－0047，Japan．Contact e－mail：hiroshiMnumakura＠  

mtl．kyoto－u．aC．JP．  

638  JournalofPhaseEquilibriaandDiffusionVol．27No．62006   



1750to19500C，bythetwo  
PartOfTablel．The error  

methodsarelistedinthelower  

uchlargerthan  

meanvalues of  

rnargln 
uslngthevaluesofclandc21  

error－functionprofile．Ifthe  

thestandardfbrmofEql，th  

thosefbrthesolid－SOlutioncoul）les．butt  払1lows  
D丘omthetwomethodsfallwit  er’smarglnS．In  1StOappearaSa   
boththeAlandL12  海renceinthe  

tbecoupleis  

regressiontothedatapolntSinthereg10nWhere－1＜q＜  
＋1，Whichcorrespondstoabouttwicethediffdsiondistance．  

Thediffusiondista誓Ce，2守玩thusevaluatedfbrFig・1（b）is  
21．51±0．25t＾m，glVingthediffdsioncoefncientD＝（1．91  

±0．04）×10‾16m2s．1．Theprobabilityplotwaslinearnot  
Onlyfbrthis example，butalsofbrtheprofiles ofallthe  

OtherI〟Ir－8NbdiffdsioncouplesannealedatdifEtrenttem－  

molar volume between the two mem  

about O．25％，Whichis  

accountintheanalyses  

Smallan  not takeninto   

JournalofPhase  
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Fig．2（a）Theconcentrationpro蔦1einanIト26Nb／Ir－28Nbdiffusioncoupleannealedat18500Cfor288hand（b）itsprobabilityplot・The  

modeofpresentationisthesameasinFig・1・  

TablelDi ¶臨andchemicaldifhsi。n  
COefncientDintheAl（solid－SOlution）andLl2（ordered  
COmpOund）phasesofIr・Nballoysobtainedfrom  
I〟Ir－8Nb（0侶）andIト26Nbr［r－28Nb（26n8）di飢ISion  

COuplesannealedattemperatureT伽rtimet  
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10－15  
Temperature  

（r），。C  Time帆h  2ヽ玩，Pm  か，m2s－1  

W8   
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（4．32±0．19）×10‾17  

（4．17±0．19）×10‾17  

（8．50±0．47）×10‾17  

（9．01±0．31）×10‾17  

（1．92±0，07）×10鵬】6  

（1．91±0．04）×10…16  

（7，54±0．37）×10…16  

（7．叫±0．24）×10‾16  

（1．50±0．06）×10‾15  

（1．52±0．03）×10‾15  

672  20．44±0．45  

20．09±0．45  

312  19．54±0．54  

20．12±0．35  

168  21．55±0．39  

21．51±0．25  

96  32．29±0．79  

32．06±0．51  

64  37．17±0，75  

37．45±0．43  

10－17  

0．44  0．46  0．48  0．50  0．52  

］nversetemperature，T－1′10－3K－1  

Fig．3 Arrheniusplotsofthechemicaldiffusioncoefficientsof  
IトNballoysoftheAIsolid－SOlutionphaseandoftheL12COm－  
POundphaseevaluatedbylinearregressiontotheprobabilityplot  
Oftheinterdiffusion pro銭Ie．The dashedline shows the tracer  

self－diffusioncoefncientofpureiridium，［7】andthedottedlineis  
its extension．  

nonlinearfitting，andthustheiraccuraciesweredi抗cultto  

assess．Inthesamefigure，thetracerself－di魚1Sioncoefn－  

cientofpureiridiumasreportedintheliterature［7］isrepro－  
duced．Thediffusioncoe躇．cientsarefoundtoobeytheAr－  

rheniuslawandcanbeexpressedas：  

か＝糎p（一差）  （Eq3）  

WherekistheBoltzmannconstantandTistemperature・The  
Values ofthepreexponentialfactorDoandtheactivation  

（4．15±1．12）×10‾18  

（3．57±0．59）×10‾18  

（0．69±0．30）×10－17  

（1．01±0．33）×10‾17  

（2．01±0．52）×10‾17  

（2．48±0．38）×10‾17  

（2．94±1．02）×10‾17  

（3．23±0．76）×10‾17  

（4．79±1．37）×10－17  

（5．78±1．22）×10‾17  

1128  8．21±1．11  

7．61±0．63  

384  6．19±1．34  

7．47±1．22  

288  9．13±i．17  

10．14±0．78  

192  9．01±1．57  

9．45±1．11   

96  8．14±1．16  

8．94±0．94  

TheモWOValuesof2応andDarethoseobtainedbyn”ingtheerror  
functlOnPrOfile（firstline）andbylinearregressiontotheprobabilityplot  
（SeCOndline），reSPeCtively．  

丘omtheprobabilityplothavebeenadoptedhere，aSthose  

evaluated丘omthefittingoftheerrorfunctionpro員Iewere  
SenSitive to the choice ofthe range ofdataused for the  

JournalofPhaseEquilibriaandDiffusionVol・27No・62006   640  



BasicandAppliedResearch：Sectionl  

Table2 ThemeltingtemperatureTm，ArrhenuisparametersD。andQ，thedimlSioncoemcientatthemelting  
temperatureD（IL），andtheactivationenergynormalizedtothemeltingtemperatureQ戊7L．ofthetracer  
self・di肌1SionofiridiumandthechemicaldiffusionofIr－Nballoys  

Melting  

temperature（Tm），K  D。，m2s‾1  e，eV  か（㌔l），m2s‾1  e／たrm   Phase  

4．548  10‾12・87  19．40  

5．15±0，10  10‾12・52±0・44  22．19±0．43  

（5．14±0．16）  

10‾4・44  

10‾2・88±0・25  

（10‾291±042）  

10‾3・7±l・1  

Ir，Self（Al）  

ⅠトNb（Al）  

Ir3Nb（⊥12）  10‾13・9±2・0  23．5±2．0  5．49±0．48  

（10‾5・3±1・7）  （4．85±0．71）  

TheArrheniusparametersintheparenthesesarethoseobtainedby餌tingtheerrorfunctionprofiletomeasuredconcentrationprofiles・  
（a）ThesolidustemperatureofIr～4％Nb  

Plications：thealloysmayshowsuperiormicrostructuralsta－  

bilityandresistancetodiffusionalcreepdeformation・   

3．3CJlemfcaJβf机JSねnand打acerβf触5fo〃   

The chemicaldiffusion coefHcientin a binary solid－  
SOlutionalloylSrelatedtothetracerdiffusioncoe抗cientof  
COnStituentspecies，D㌢andD芽，bythe餌muladerivedby  

Darken［9］andlatermodinedbyMannlng：［10］  

β＝（β苧c2＋β蒼cl）◎∫  （Eq5）   

WhereDヂandciarethetracerdi肋sioncoefncientandthe  
mole丘action ofthe constituenti，reSPeCtively，◎is the  
thermodynamic factor，andSisthevacancy windfactor・  

Recenttheoreticalanalyses suggestthat，althoughnotex－  

actlybutpractically，thisrelation appliesalsoto ordered  
alloysoftheL／l2StruCture，aSWellassomeotherordered  

energyQhavebeendeterminedbylinearregressionandare  
listedin Table2，and those for the difEusion coefncients  
Obtained by the errorfunction fitting are alsolisted払r  

reference・Intheearlier，Preliminaryreportonthediffusion  

intheLJ12Ir3Nb，［4］theauthorsevaluatedthediffusionco－  
efficientonlyintermsoftheerror血nctionprofile，thatis，  

byれOnlinearntting，andreportedtheactivationparameters  

竺  

慧忘s意急言認諾讐号音莞亨・P芸亘≡f  
andQ＝5．49±0．48eV，areCOnSideredmorereliable・   

Fortheself－diffusioninpuremetals，emPiricalrulesare  

knowntoexist：［8］thetracerself－diffusioncoefficientatthe  
meltingtemperature㌦takesasimi1arvalueformetalsof  
thesameclass，andtheactivationenergylSrOughlypropor－  

tionaltothemeltingtemperaturewithaproportionalityco－  
efficientspecific toeachclass・Fortheparticularcaseof  
metalsoftheAIstructure，therulesareexpressedas：   

β（㌦）記Hr－2・26m2s叫1  
（Eq4a）   

e完18．4た㌔  （Eq4b）   

ThediffusionpropertiesofpureiridiumandtheIr－Nballoys  
arecomparedinthelasttwocolumnsofTable2inreftrence  
totheserelations．Theself－diffusionbehaviorofpureirid－  

iumconformswell，infact，tOtheempiricalrule・Thecom－  

ParisonforthechemicaldifEusioninthea1loysis，however，  

tentativebecausechemicaldiffusioncoefhcientswerenever  
withinthescopeoftherules・［81Moreover，Particularlyfbr  
intermetalliccompounds，Chemicaldiffusionmaynoteven  
obeytheArrheniuslaw・［6］Nevertheless，thiscomparison  
maybeusefultoseethetrendsindiffusioninthematerials  
Ofinterest・ThediffusivltyintheIr－Nbsolid－SOlutionalloys  

issimilarinmagnitudetopurefccmetals，buttheactivation  
energylSaPPreCiablyhigher，leadingtorapiddecreasein  
thediffusionratewithdecreaslngtemPerature・Thediffu－  
SionintheL，12COmPOundIr3Nbisslower（asalreadyevト  

dentinFig・3）atthemeltingtemperatureandslowsdown  
WithdecreaslngtemPeratureataSlmilarratetothecaseof  
the solid－SOlution phase．From a practicalviewpolnt，the  

SlowdifFusionintheIr－Nballoys，ParticularlyintheL／12  

Phase，muStbeagoodadvantageforhigh－temPeratureaP－  

Lll，12】   StruCtureS．  

OnthebasisofEq5，thechemicaldiffusionintheIトNb  

SOlid－SOlutionphaseisgovernedprlmarilybythediffusion  
OfNbinthealloybecauseoftherecIPrOCalarithmeticav－  
erage．SincethethermodynamicfactorapproachesunltyaS  
eitherclOrC2gOeStOZerO，thechemicaldiffusioncoeffi－  

Cientatsuchextremarepresentsthetracerdiffusioncoeffi－  
Cientofthesolutespecies，thatis，theimpurltydiffusion  

COe抗cient．To evaluatetheimpurlty diffusion coefncient  

鉦omchemicaldiffusiondata，itisusuallynecessarytocare－  

fu11yextrapolatethemeasuredvaluesofthechemicaldif－  
fusion coefficient to the dilutelimit．In thepresent case，  

however，SuChaprocedureisnotrequiredsincethechemト  
Caldiffusioncoefncientinthesolid－SOlutionphaseisvir－  
tuallyindependentofcomposition：thetracerdiffusionco－  
e抗cientofNbinpureiridiumissupposedtobeequaltothe  
chemicaldiffusioncoefncientfbrthe solid－SOlutionphase  
Obtainedinthisstudy，Whichisroughlyequaltothetracer  
self－diffusion coefhcient ofiridium．There are no tracer  

diffusivitydataforNbreportedintheliteraturewithwhich  
tocompare・Theonlydataavailablewithwhichtocompare  
arethedataonthetracerselトdiffusionofniobiumoftheA2  
［body－Centeredcubic（bcc）］structure，［7］whichisnotvery  
relevanttothecaseinpolnt．   

Accordingtoanongolngthermodynamicassessmentof  
theIr－Nbsystem，t13］thethermodynamicfactor◎inthe  

JournalofPhaseEquilibriaandDiffusionVol・27No・62006   
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Fig・4（a）Thechemicaldiffusioncoe抗cientsintheIr－NbsolidMSOlutionphaseandintheIr3Nbphase（presentwork），andthoseinthe  

NiNAIsolidsolutionphase［16］（at4％Al）andintheNi3AIphase‖2］（at25％Al），aSafunctionofinversetemperatureand（b）ofinverse  
homologoustemperature・Thedashedlinein（b）istheempiricaltracerself－diffusioncoefficientinpurefccmetals．  

SOlid－SOlutionphaseisestimatedtobeintherange丘omlto  
2．5，graduallyincreasingwithNbcontent（h・OmlatO％Nb  

to2．5at8％Nb），inthetemperaturerangeofthepresent  

diffusion data．Since the chemicaldifEusion coefncientre－  

mainsunchangedinthisrangeofcomposition，thisestima－  

tion of◎means that the tracer diffusion coe餓cients at O  

and8％Nb are related as D爵b（0）＝［0．08D差（0．08）＋  

0・92D爵b（0・08）］×2・5，Wherethenumbersinparentheses  
indicate the mole丘action of Nb to which the diffusion  
COefncientsreftr．（Theinnuenceofthevacancywindfactor  

Sisgenerallysmallandmaybeignoredexceptfordetailed  

analyses．）［m－121AsthecontributionofD差is small，this  
relationindicates that D品b decreases withincreaslng Nb  
COnCentration to compensate for the enhancement ofthe  

Chemicaldiffusionbythethermodynamicfactor．Howsuch  

lowerlngOfthetracerdiffusivlty，ifreal，OCCurSis anin－  

trlgulng PrOblem，Which should be clarifiedby more de－  

tailed studies．Short－range Order，Whichmustexistin the  

IrMNbsolid－SOlutionalloy，aPPearStObeoneofthepossible  

OrlglnS；itseffectontheatomicdiffusion，POSSiblythrough  

thevacancyconcentration，SeemSWOrthexaminlng．   

The efftct ofthe thermodynamic factorisin general  

more pronouncedin ordered alloys orintermetallic com－  

POunds：◎canbe muchlargerthanin the solid－SOlution  
Phaseandmay exhibitasharp maximum atthe stoichio－  

metriccompositioninchemicallystablecompounds・［14，151  
Inthethermodynamicassessment，［13］thethermodynamic  
factorinIr3Nbisindeedpredictedtobepeakedatthestoi－  

Chiometriccomposition，C＝0．25，Where◎reachesabout  

lOO・However，at hyperstoichiometric compositions（c＞  

0．25），◎decreases sharply with Nb content，andin the  

COmPOSitionrangeofthepresentexperiment，26to28％Nb，  

itcontinuestodecreasebutratherslowly，h・Om200r15．  

Theinfluence ofthe smallvariationin◎cannotbeidenti－  
nedinthepresentexperimentaldata，aSareSultofthelarge  
SCatter・Inanycase，aSSumlngthattheDarken－Mannlngre－  

lationholds，thetracerdiffusivitiesofIrandNbinIr3Nbare  

Predictedtobeevenanorderofmagnitudelowerthanthe  

alreadylowchemicaldiffusivlty．   

3．4Comp那加n面的肋eβ肋S加βe触vわr¢f〃細川他作  

InthescopeofdeveloplngnOVelhigh－temPeraturema－  
terials，COmparlngthediffusionbehaviorintheIr－Nballoys  

Withthatin theNi－Alalloysisinterestlng，aS WaS Partly  

donebrtheL120rderedphases，Ir3NbandNi3Al，inthepre－  

viouspaper．［4］Figure4（a）showsthechemicaldiffusion  
COefFicientsin theAland L／12Phasesin theIトNb sys－  
temobtainedinthepresentworkandthoseintheNトAI  
solid－SOlution（7）phase［16］（evaluatedat4％Al）andin  
theNi3Al（7′）phase［12］（evaluatedat25％Al）．Thediffu－  
SioncoefncientsoftheIr－Nballoyshavebeenmeasuredat  

farhighertemperatures，andextrapolatingthemtotherange  

Oftemperature ofthe datafortheNiMAlalloys glVeS the  

diffusivitiesmanyordersofmagnitudelowerthanthosein  

theNi－Ala1loys．   

Amoreconvenientandpossiblyinstructivecomparison  

is madein Fig．4（b），Wherethe diffusion coefncients are  

PlottedagalnSttheinversehomologoustemperature，Tn／T．  

Here，theemplrlCalformulaforthetracerself－diffusionco－  

efncientsinpurefccmetals，D＝10‾12・26exp（－18．4㌦／7）  
m2s－l，isalsoplotted，Whichmayserveasareference・The  
Arrheniusplotsofthechemicaldiffusioncoefncientsinthe  

NトAIsolid－SOlution and Ni3AIcompoundphases arelo－  
Catedaboveandbelowthisreference，reSPeCtively．Onthe  

Other hand，the chemicaldiffusivltyln theIr－Nb solid－  

SOlutionphaseisalreadylowerthanthereference，andthat  

intheIr3Nbcompoundfindsitselffartherbelow．Withthe  

Same CryStalstructure as Ni3Aland probably a similar  

mechanismofatommovements［17，18］operatlngatthecor－  
respondinghomologoustemperaturerange，howsuchstrik－  

1ngdifferenceinthediffusivitiescanoccurisanintrlgulng  

642  JournalofPhaseEquilibriaandDiffusionVol．27No．62006   
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problem．Toclarifyitsorlgln，1tisnecessarytostudythe  
thermodynamicpropertiesandkineticpropertiesofpolnt  
deftcts，thatis，theirequilibriumcon鋭gurations，COnCentra－  

tions，andmobilities．   

4，SummaryandConclusions   

ThechemicaldiffusioncoefncientsinIr－Nballoysofthe  
AIsolid－SOlutionandL／120rderedcompoundphaseshave  
beenmeasuredbyslngle－Phaseinterdiffusionexperiments・  
Thechemicaldiffusioncoe抗cientintheAIphase（h：OmO  
to8％Nb）isroughlyequaltothetracerself－diffusionco－  
efncientofpureiridium，Whilethechemicaldiffusionco－  
efncientintheL／12Phaseismuchsmaller，byafactorof坊o  
toシ主0・Fromapracticalviewpolnt，theslowdiffusioninthe  
compoundphaseisadvantageousforhigh－temPeratureaP－  
plicationsoftwo－PhasealloysbasedonIr－Nb・Fromafun－  
damentalviewpolnt，Ontheotherhand，tOunderstandthe  
orlglnSOfthelowdiffusivitiesandtoestablishthescientific  
basisformaterialdesign，itisdesirabletoinvestlgatethe  
basicpropertiesofpolntdeftctsinthesea1loyphasesin  
detail．  
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