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AbstractAbstract 

ThisThis isis thethe finalfinal reportreport ofof aa three-year,three-year, LaboratoryLaboratory DirectedDirected ResearchResearch andand 
DevelopmentDevelopment (LDRD)(LDRD) projectproject atat LosLos Alamos NationalNational LaboratoryLaboratory (LANL).(LANL). 
TheThe goalgoal ofof thethe projectproject waswas toto developdevelop methodologiesmethodologies inin whichwhich toto definedefine andand 

Alarnos 

improveimprove thethe propertiesproperties ofof NbCrz soso thatthat thethe highhigh temperaturetemperature structuralstructuralNbCrz 
applicationsapplications ofof alloysalloys basedbased uponupon thisthis wouldwould notnot bebe limitedlimited byby thethe low­

bnhtle WeWe accomplishedaccomplished thisthis tasktask 
low-

temperaturetemperature brittle behaviorbehavior ofof thethe intermetallic.intermetallic. 
byby (1)(1) understandingunderstanding thethe defectdefect structurestructure andand deformationdeformation mechanismsmechanisms inin 
LavesLaves phases,phases, (2)(2) electronicelectronic andand geometricgeometric contributionscontributions toto phasephase stabilitystability 
andand alloyingalloying behavior,behavior, andand (3)(3) novelnovel processingprocessing ofof dualdual phasephase (Laves/bcc) 
structures.structures. AsAs aa resultresult alloysalloys withwith propertiesproperties thatthat inin manymany casescases surpasssurpass 
superalloyssuperalloys werewere developed.developed. ForFor example,example, wewe havehave tailoredtailored alloyalloy designdesign 
strategiesstrategies andand processingprocessing routesroutes inin aa metalmetal alloyalloy toto achieveachieve ambientambient 
temperaturetemperature ultimateultimate strengthsstrengths ofof 2.352.35 GPaGPa asas wellwell asas ultimateultimate strengthsstrengths ofof 

1000”C. ThisThis resultsresults inin oneone ofof thethe strongeststrongest metalmetal alloysalloys thatthat 

(Laves/bee) 

1.51.5 GPaGPa atat 1000°e.� 
currentlycurrently exist,exist, whilewhile stillstill havinghaving deformabilitydeformability atat roomroom temperature.temperature.� 

BackgroundBackground andand ResearchResearch ObjectivesObjectives 

ApplicationsApplications ofof IntermetallicIntermetallic PhasesPhases 

InIn thethe pastpast thirtythirty years,years, intermetallicintermetallic phasesphases havehave experiencedexperienced growinggrowing marketsmarkets inin 

materialmaterial applicationsapplications duedue toto theirtheir uniqueunique properties.properties. ForFor example,example, thethe hardnesshardness andand 

strength,strength, specialspecial magneticmagnetic properties,properties, chemicalchemical resistance,resistance, andand semiconductingsemiconducting propertiesproperties 

areare justjust aa fewfew propertiesproperties inin whichwhich intermetallicsintermetallics havehave foundfound applications.applications. However,However, thethe 

mostmost abundantabundant classclass ofof intermetallics,intermetallics, thethe LavesLaves phasesphases (over(over 360360 defineddefined binarybinary phases),phases), 

areare thethe leastleast utilizedutilized ofof thethe intermetallics.intermetallics. Historically,Historically, LavesLaves phasesphases havehave beenbeen perceivedperceived 

asas aa "pest" toto thethe steelsteel andand superalloysuperalloy industriesindustries duedue toto graingrain boundaryboundary embrittlementembrittlement“pest” 

problemsproblems associatedassociated withwith thethe complexcomplex structuredstructured LavesLaves phasephase precipitates.precipitates. ForFor thisthis reason,reason, 

LavesLaves phasesphases werewere typicallytypically avoided,avoided, untiluntil itit waswas discovereddiscovered thatthat LavesLaves phasephase precipitates,precipitates, 

thoma@lanl. gov*Principal*Principal Investigator,Investigator, e-mail:e-mail: thoma@lanl.gov 
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distributeddistributed inin thethe matrixmatrix ofof ferotic steelssteels (as(as opposedopposed toto graingrain boundaries),boundaries), yieldedyielded 

remarkableremarkable wearwear resistantresistant properties.properties. AdditionalAdditional applicationsapplications ofof LavesLaves phases,phases, albeitalbeit stillstill 

limited,limited, havehave beenbeen inin hydrogenhydrogen storage,storage, magnetoelasticmagnetoelastic transducers,transducers, andand superconductivity.superconductivity. 

ferritic 

Recently,Recently, intermetallic phasesphases havehave receivedreceived considerableconsiderable attentionattention asas structuralstructural 

materials.materials. TheThe highhigh hardnesshardness andand strengthstrength ofof thethe materialsmaterials provideprovide improvementsimprovements inin manymany 

engineeringengineering applications.applications. InIn particular,particular, sincesince manymany intermetallicintermetallic phasesphases havehave higherhigher meltingmelting 

temperaturestemperatures thanthan thethe respectiverespective elementalelemental constituentsconstituents (due(due toto highhigh heatsheats ofof formation),formation), 

interrnetallic 

highhigh temperaturetemperature structuralstructural applicationsapplications areare particularlyparticularly engagingengaging (e.g., jetjet engineengine 

applications).applications). AA keykey limitationlimitation toto thethe utilizationutilization ofof intermetallicsintermetallics isis thethe lowlow temperaturetemperature 

brittleness.brittleness. Typically,Typically, highhigh strengthstrength impliesimplies strongstrong interatomicinteratomic bonding,bonding, andand uponupon crackcrack 

initiation,initiation, failurefailure isis catastrophic.catastrophic. AsAs aa result,result, intermetallicsintermetallics areare susceptiblesusceptible toto failurefailure beforebefore 

thethe actualactual highhigh temperaturetemperature utilizationutilization isis achieved.achieved. 

AsAs withwith thethe generalgeneral historicalhistorical developmentdevelopment ofof intermetallicintermetallic phases,phases, LavesLaves phasesphases 

havehave laggedlagged inin developmentdevelopment forfor highhigh temperaturetemperature structuralstructural applications.applications. TheThe majormajor 

limitationlimitation ofof LavesLaves phasesphases hashas beenbeen thethe lacklack ofof ductilityductility andand toughnesstoughness inin thethe monolithicmonolithic 

intermetallicintermetallic atat lowlow temperatures.temperatures. However,However, dualdual phasephase alloysalloys ofof aa LavesLaves phasephase andand bccbcc 

phasephase havehave shownshown remarkableremarkable compositecomposite structurestructure toughness.toughness. InIn fact,fact, somesome recentrecent 

3070. ForFor thisthis reason,reason, overover thethe pastpast 

(e. g., 

Laves/bccLaves/bcc phasephase alloysalloys havehave beenbeen cold-rolledcold-rolled upup toto 30%. 

fivefive yearsyears manymany companiescompanies andand institutionsinstitutions inin thethe UnitedUnited StatesStates andand abroadabroad havehave startedstarted toto 

exploreexplore LavesLaves phasesphases forfor highhigh temperaturetemperature structuralstructural applications.applications. AlthoughAlthough dualdual phasephase 

alloysalloys areare beingbeing pursued,pursued, considerableconsiderable workwork onon thethe monolithicmonolithic intermetallicintermetallic isis requiredrequired toto 

understandunderstand andand thenthen optimizeoptimize thethe mechanicalmechanical properties.properties. 

LavesLaves PhasesPhases asas HighHigh TemperatureTemperature StructuralStructural MaterialsMaterials 

LavesLaves phasesphases areare orderedordered intermetallicintermetallic compoundscompounds withwith thethe approximateapproximate formulaformula 

ABz. polytypes:
ABz. TheThe compoundscompounds crystallizecrystallize inin primarilyprimarily oneone ofof threethree crystalcrystal structurestructure polytypes: C14C14� 

polytypes 12,24,(hexagonal),(hexagonal), C15(fcc),C15(fcc), andand C36(hexagonal).C36(hexagonal). Respectively,Respectively, thethe polytypes havehave 12, 24, andand 

2424 atomsatoms perper unitunit cell,cell, andand thethe structuresstructures varyvary onlyonly inin thethe stackingstacking sequencesequence ofof atomatom planesplanes 

(similar(similar toto disordereddisordered fccfcc andand hcphcp metals).metals). 

TheThe LavesLaves phasesphases areare anan attractiveattractive classclass ofof intermetallicsintermetallics forfor highhigh temperaturetemperature 

structuralstructural applications.applications. (>0. 85)InIn general,general, LavesLaves phasesphases retainretain theirtheir highhigh strengthstrength (>0.85) atat halfhalf 

ofof thethe homologoushomologous meltingmelting temperature,temperature, whichwhich isis thethe highesthighest ofof allall intermetallics.intermetallics. TheseThese 

phasesphases alsoalso havehave highhigh meltingmelting temperatures,temperatures, excellentexcellent creepcreep properties,properties, lowlow densities,densities, andand 

goodgood oxidationoxidation resistance.resistance. 

NbCr2AmongAmong thethe LavesLaves phases,phases, NbCrz showsshows thethe mostmost promisepromise asas aa highhigh temperaturetemperature 

NbCrz 1730”C,material.material. TheThe NbCrz LavesLaves phasephase hashas aa meltingmelting temperaturetemperature ofof 1730°C, appreciableappreciable creepcreep 

resistance,resistance, highhigh strength,strength, aa densitydensity ofof 7.77. 7g/cm3,gfcm3
, excellentexcellent oxidationoxidation resistanceresistance belowbelow 

22� 
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I100°C, andand aa relativelyrelatively largelarge rangerange ofof binarybinary solubility (up(up toto -9-9 atomicatomic percent).percent). InIn1100”C, volubility 

addition,addition, thethe lowlow temperaturetemperature phasephase isis thethe CI5 orderedordered fccfcc phasephase (which(which offersoffers moremore slipslipC 15 

systemssystems thanthan otherother polytypes), andand thethe congruentcongruent intermeta1lic formsforms aa eutecticeutectic withwith bothboth 

chromiumchromium andand niobiumniobium solidsolid solutions.solutions. TheThe eutecticeutectic transformationstransformations areare anan inin situsitu 

processingprocessing methodologymethodology toto obtainobtain thethe Laves/bccLaves/bcc dualdual phasephase alloys.alloys. 

polytypes), intermetallic 

Lo w NbCrz Laves PhasesPhasesOptimizationOptimization ofof Low TemperatureTemperature PropertiesProperties inin thethe NbCr2 Lav es 

ToTo impactimpact thethe developmentdevelopment ofof thethe NbCr2 LavesLaves phasesphases asas aa highhigh temperaturetemperature 

structuralstructural material,material, twotwo materialmaterial propertiesproperties needneed toto bebe improved:improved: ductilityductility andand toughnesstoughness atat 

lowlow temperatures.temperatures. AA completecomplete understandingunderstanding ofof thethe deformationdeformation mechanismsmechanisms andand optimaloptimal 

low-temperaturelow-temperature mechanicalmechanical propertiesproperties forfor NbCrzNbCr2 hashas notnot beenbeen achieved.achieved. Furthermore,Furthermore, thethe 

knowledgeknowledge ofof electronicelectronic structurestructure propertiesproperties andand interatomicinteratomic bondingbonding isis limited.limited. AccessAccess toto 

thisthis datadata throughthrough theoreticaltheoretical calculationscalculations providesprovides informationinformation onon thethe mechanicalmechanical propertiesproperties 

NbCrz 

thatthat isis difficultdifficult toto obtainobtain throughthrough experiments.experiments. TheseThese areasareas were thethe focusfocus ofof thisthis study.study. 

TheThe objectivesobjectives ofof thisthis projectproject were:were: (1)(1) toto determinedetermine completelycompletely thethe mechanicalmechanical 

NbCrz byby highhigh qualityquality 

w ere 

properties,properties, deformationdeformation modes,modes, andand deformationdeformation mechanismmechanism ofof NbCr2 

TEMprocessing,processing, mechanicalmechanical testing,testing, andand SEMSEM andand 1EM characterizations;characterizations; (2)(2) toto understandunderstand thethe 

electronicelectronic structure,structure, interatomicinteratomic bonding,bonding, defectdefect structures,structures, mechanicalmechanical behaviorbehavior andand 

deformationdeformation mechanismsmechanisms byby thethe combinationcombination ofof first-principlesfirst-principles totaltotal energyenergy andand electronicelectronic 

structurestructure calculationscalculations andand atomistic simulations;simulations; andand (3)(3) toto developdevelop alloyingalloying schemesschemes inin 

orderorder toto optimizeoptimize thethe low-temperaturelow-temperature mechanicalmechanical propertiesproperties ofof NbCrz-basedNbCrz-based alloys.alloys. 

atornistic 

LANL’sImportanceImportance toto LANL's ScienceScience andand TechnologyTechnology BaseBase andand NationalNational R&DR&D NeedsNeeds 

NbCrzDetailedDetailed experimentalexperimental investigationsinvestigations ofof thethe mechanicalmechanical propertiesproperties ofof NbCrz willwill 

moremore completelycompletely characterizecharacterize thethe mechanicalmechanical behavior,behavior, deformationdeformation modes,modes, andand 

C15deformationdeformation mechanismsmechanisms inin thethe CI5 LavesLaves phase.phase. ThisThis willwill provideprovide aa moremore generalgeneral 

understandingunderstanding forfor mechanicalmechanical behaviorbehavior ofof LavesLaves phasesphases andand similarsimilar complexcomplex intermetallics.intermetallics. 

TotalTotal energyenergy andand electronicelectronic structurestructure calculations,calculations, inin additionaddition toto atomisticatomistic modeling,modeling, willwill 

NbCrzprovideprovide informationinformation thatthat moremore completelycompletely describesdescribes thethe propertiesproperties ofof NbCrz andand LavesLaves 

NbCrz,phasesphases inin general.general. WithWith aa detaileddetailed understandingunderstanding ofof NbCrz, alloyingalloying propertiesproperties cancan bebe 

evaluatedevaluated toto optimizeoptimize thethe monolithicmonolithic intermetallic.intermetallic. InIn general,general, aa detaileddetailed understandingunderstanding andand 

improvementimprovement ofof thethe lowlow temperaturetemperature propertiesproperties willwill permitpermit aa moremore generalizedgeneralized applicationapplication 

ofof thethe abundantabundant LavesLaves phases,phases, whichwhich areare perceivedperceived toto bebe tootoo brittlebrittle forfor manymany materialmaterial 

applications.applications. 

NbCr2 NbCrz-basedNbCrz-basedOurOur studystudy ofof NbCrz LavesLaves phasesphases hashas significantsignificant technicaltechnical impacts.impacts. 

alloysalloys havehave beenbeen chosenchosen asas potentialpotential high-temperaturehigh-temperature structuralstructural materialsmaterials byby aa numbernumber ofof 

e. g.,institutionsinstitutions inin thethe UnitedUnited States;States; e.g., MartinMartin Marietta,Marietta, GeneralGeneral Electric,Electric, UnitedUnited 
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Technologies,Technologies, SouthwestSouthwest ResearchResearch Institute,Institute, NIST,NIST, LadishLadish Corp,Corp, andand ORNL.ORNL. InIn addition,addition, 

researchersresearchers inin GermanyGermany andand JapanJapan areare alsoalso exploringexploring thisthis material.material. However,However, theirtheir currentcurrent 

effortsefforts areare notnot large.large. 

FromFrom aa LANLLANL perspective,perspective, inin additionaddition toto energyenergy applicationsapplications ofof LavesLaves phases,phases, 

developmentdevelopment ofof capabilitiescapabilities forfor alloyalloy designdesign isis ofof primaryprimary importance.importance. SuchSuch capabilitiescapabilities 

(both(both theoreticaltheoretical andand experimental)experimental) areare neededneeded toto addressaddress alloyingalloying phenomenaphenomena inin materialsmaterials 

forfor programmaticprogrammatic needs.needs. OurOur effortsefforts inin thisthis LDRDLDRD projectproject havehave beenbeen instrumentalinstrumental inin 

establishingestablishing thethe AlloyAlloy DesignDesign andand DevelopmentDevelopment TeamTeam inin thethe MetallurgyMetallurgy GroupGroup ofof thethe 

MaterialsMaterials ScienceScience andand TechnologyTechnology DivisionDivision atat LANL.LANL. 

ScientificScientific ApproachApproach andand AccomplishmentsAccomplishments 

SinceSince LavesLaves phasesphases areare thethe largestlargest classclass ofof intermetallics, enormousenormous alloyingalloying 

opportunitiesopportunities areare availableavailable toto tailortailor properties.properties. ToTo targettarget aa specificspecific property,property, effectiveeffective 

alloyingalloying schemesschemes needneed toto bebe developeddeveloped toto couplecouple withwith thethe desireddesired propertyproperty responseresponse (in(in thisthis 

case,case, deformability).deformability). Historically,Historically, disordereddisordered alloyalloy designdesign strategiesstrategies werewere developeddeveloped 

throughthrough geometricgeometric considerationsconsiderations andand electronicelectronic structure.structure. However,However, thesethese methodologiesmethodologies 

areare notnot commoncommon forfor orderedordered structures,structures, andand neededneeded toto bebe elaborated.elaborated. 

TheThe crystalcrystal structurestructure forfor thethe C15C15 LavesLaves phasephase isis shownshown inin FigureFigure 1.1. TheThe unitunit cellcell 

ABz compound.compound. TheThe A-AA-A andand B-BB-B bondingbonding isis 

interrnetallics, 

hashas 2424 atomsatoms perper unitunit cellcell inin thethe nominallynominally AB2 

apparentapparent inin thethe figure,figure, andand thethe like-atomlike-atom bondingbonding dictatesdictates thethe nearestnearest neighborneighbor bondbond 

distances.distances. UsingUsing thisthis hardball-typehardball-type model,model, geometricgeometric rulesrules ofof sizesize contractioncontraction cancan bebe 

developed.developed. ForFor example,example, thethe metallicmetallic atomatom sizesize (D)(D) andand thethe intermetallicintermetallic atomatom sizesize (d)(d) cancan 

(S=(D­bebe determineddetermined fromfrom thethe latticelattice parameter.parameter. TheThe normalizednormalized atomatom sizesize contractioncontraction (S=(D­

AB2 SA+2S~d)/D)d)/D) cancan bebe utilizedutilized inin thethe relationshiprelationship forfor thethe AB2 structurestructure SA+2SB andand cancan bebe plottedplotted 

volubilityagainstagainst thethe occurrenceoccurrence ofof solubility inin thethe 360360 binarybinary LavesLaves phases,phases, illustratingillustrating thatthat 

volubilitysolubility occursoccurs whenwhen thethe normalizednormalized latticelattice contractioncontraction isis betweenbetween 0-15%0-15% (Figure(Figure 2).2). 

Therefore,Therefore, binarybinary oror ternaryternary alloyingalloying requiresrequires adherenceadherence toto thisthis geometricgeometric argumentargument [1].[1]. 

TheThe geometricgeometric argumentsarguments areare aa necessarynecessary butbut notnot sufficientsufficient argumentargument forfor thethe 

volubility.occurrenceoccurrence ofof solubility. TheThe electronicelectronic structurestructure mustmust bebe considered.considered. First-principlesFirst-principles 

calculationscalculations werewere utilizedutilized toto constructconstruct densitydensity ofof statesstates determinations.determinations. AA schematicschematic 

representationrepresentation ofof thethe FermiFermi levellevel energyenergy withwith respectrespect toto thethe densitydensity ofof statesstates forfor aa fewfew earlyearly 

transitiontransition elementelement LavesLaves phasesphases areare shownshown inin FigureFigure 3.3. FromFrom thethe extensiveextensive workwork requiredrequired 

toto calculatecalculate thisthis figure,figure, oneone featurefeature isis apparent:apparent: rigidrigid bandband approximationsapproximations appearappear toto bebe 

relevantrelevant forfor interpretinginterpreting alloyingalloying [2-6].[2-6]. 

ByBy developingdeveloping aa geometricgeometric andand electronicelectronic basisbasis forfor interpretinginterpreting alloying,alloying, thethe finalfinal 

investigationinvestigation ofof LavesLaves phasesphases alloyingalloying waswas thethe interpretationinterpretation ofof thethe substitutionalsubstitutional defectdefect 
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mechanism.mechanism. AA varietyvariety ofof LavesLaves phasesphases werewere investigated,investigated, allall leadingleading toto thethe samesame 

determination:determination: anti-siteanti-site occupationoccupation isis thethe onlyonly observableobservable defectdefect mechanismmechanism [7-15].[7-15]. 

TheThe propertyproperty toto bebe tailored,tailored, deformability,deformability, waswas investigatedinvestigated withwith thethe developeddeveloped 

alloyingalloying strategies.strategies. WeWe determineddetermined thatthat deformationdeformation inin LavesLaves phasesphases occursoccurs byby 

synchroshear.synchroshear. ThisThis mechanismmechanism requiresrequires aa cooperativecooperative movementmovement ofof planesplanes ofof atomsatoms asas 

shownshown inin FigureFigure 4.4. DeformationDeformation occursoccurs inin thethe ac~ stackingstacking sequence.sequence. Therefore,Therefore, toto 

impartimpart deformabilitydeformability toto thethe material,material, thisthis stackingstacking layerlayer requiresrequires substitutionsubstitution ofof aa smallersmaller AA 

acf! 

atomatom ontoonto thethe AA sub-lattice.sub-lattice. ForFor NbCrz, thethe geometricgeometric argumentsarguments describeddescribed earlierearlier onlyonly 

permitpermit titanium,titanium, vanadium,vanadium, oror molybdenummolybdenum asas potentialpotential alloyingalloying elementselements [1,8,16].[1,8,16]. 

NbCr2, 

TitaniumTitanium andand vanadiumvanadium alloyalloy additionsadditions toto thethe basebase NbCrzintermetallicintermetallic werewere 

investigated.investigated. TheThe experimentalexperimental ternaryternary diagramdiagram constructionconstruction waswas required,required, andand isothermalisothermal 

sectionssections areare shownshown inin FigureFigure 5.5. FromFrom thethe experimentalexperimental investigations,investigations, significantsignificant ternaryternary 

NbCrz 

solubility couldcould bebe achievedachieved withwith bothboth elements.elements. However,However, titaniumtitanium appearsappears toto substitutesubstitute 

forfor Nb,Nb, andand VV substitutessubstitutes forfor Cr.Cr. TheseThese resultsresults werewere confirmedconfirmed withwith ALCHEMIALCHEMI andand x-rayx-ray 

diffractiondiffraction studies.studies. AlthoughAlthough expandedexpanded phasephase fieldsfields werewere expectedexpected (based(based uponupon geometricgeometric 

arguments),arguments), thethe electronicelectronic structuresstructures defineddefined thethe subtletiessubtleties ofof thethe alloyingalloying behavior.behavior. 

volubility 

Specifically,Specifically, thethe valencevalence contributioncontribution ofof VV toto NbCrz requiresrequires aa loweringlowering ofof thethe FermiFermi levellevel 

energy.energy. TheThe FermiFermi levellevel energyenergy residesresides onon thethe densitydensity ofof statesstates atat aa locationlocation withwith partialpartial 

fillingfilling ofof anti-bondinganti-bonding states,states, andand VV substitutionsubstitution forfor CrCr lowerslowers thethe energyenergy asas opposedopposed toto 

substitutingsubstituting forfor Nb.Nb. SimilarSimilar argumentsarguments cancan bebe usedused forfor TiTi substitutionsubstitution ontoonto NbNb sitessites 

[8,11,14,15].[8,11,14,15]. 

BasedBased uponupon thethe argumentsarguments presented,presented, TiTi shouldshould bebe thethe alloyalloy additionaddition thatthat enhancesenhances 

NbCr2 

NbCrz.deformabilitydeformability inin NbCrz. HardnessHardness indentationsindentations teststests werewere usedused toto testtest thethe hypotheses.hypotheses. TheThe 

harnesseshardnesses forfor thethe Nb(Cr,V)zNb(Cr,V)z alloysalloys areare shownshown asas aa functionfunction ofof temperaturetemperature inin FigureFigure 6.6. 

TheThe brittlebrittle toto ductileductile transitiontransition temperaturetemperature increasesincreases withwith increasingincreasing vanadiumvanadium content,content, 

illustratingillustrating thatthat thethe VV additionsadditions decreasedecrease thethe deformabilitydeformability ofof thethe monolithicmonolithic phase.phase. ThisThis isis 

consistentconsistent withwith aa largerlarger BB atomatom substitutingsubstituting forfor thethe CrCr atom,atom, thereforetherefore lockinglocking thethe 

(Nb,Ti)Crzsynchroshearsynchroshear mechanism.mechanism. However,However, thethe hardnesshardness andand toughnesstoughness ofof (Nb,Ti)Crz illustratesillustrates 

aa reversereverse trendtrend (Figure(Figure 7).7). WithWith thethe smallersmaller TiTi substitutingsubstituting forfor Nb,Nb, synchroshearsynchroshear isis lessless 

constrained,constrained, andand thethe toughnesstoughness increasesincreases withwith TiTi additionsadditions [8,16].[8,16]. 

SinceSince alloyingalloying strategiesstrategies werewere developeddeveloped andand coupledcoupled withwith determinationdetermination ofof thethe 

methodologymethodology forfor deformability,deformability, thethe finalfinal aspectaspect ofof achievingachieving aa viableviable engineeringengineering alloyalloy waswas 

designingdesigning aa dualdual phasephase alloy.alloy. DespiteDespite improvementsimprovements inin thethe deformabilitydeformability ofof thethe monolithicmonolithic 

intermetallic,intermetallic, thethe materialmaterial waswas stillstill tootoo brittlebrittle for,for, asas anan example,example, aa turbineturbine blade.blade. 

Nb-Cr-Ti volubilityTherefore,Therefore, basedbased uponupon thethe Nb-Cr-Ti phasephase diagram,diagram, anan alloyalloy withwith maximummaximum solubility inin 

thethe LavesLaves phasephase withinwithin aa refractoryrefractory bccbcc matrixmatrix waswas processed.processed. TheThe alloyalloy compositioncomposition waswas 
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Nb-37at%Cr-27at%Ti.Nb-37at%Cr-27at%Ti. Initially,Initially, aa 3-kg3-kg ingotingot waswas castcast inin aa plasma-arcplasma-arc meltingmelting (PAM)(PAM) 

technique.technique. X-rayX-ray workwork suggestedsuggested thatthat 1515 vol%vol% ofof thethe LavesLaves phasephase waswas suppressed,suppressed, butbut thethe 

intermetallicintermetallic residedresided atat thethe graingrain boundaries,boundaries, thusthus limitinglimiting thethe fullfull strengthstrength ofof thethe material.material. 

Therefore,Therefore, 250-gram250-gram ingotsingots werewere rapidlyrapidly solidifiedsolidified intointo aa ribbonribbon formform usingusing chill-blockchill-block 

meltmelt spinning.spinning. TheThe productproduct waswas pulverizedpulverized andand consolidatedconsolidated throughthrough hothot isostaticisostatic pressingpressing 

(HIP)(HIP) [17-19].[17-19]. 

TheThe materialsmaterials werewere testedtested inin compressioncompression underunder quasi-staticquasi-static conditionsconditions asas aa functionfunction 

ofof temperature,temperature, andand thethe resultsresults ofof thethe twotwo processingprocessing techniquestechniques areare shownshown inin FigureFigure 8.8. 

RoomRoom temperaturetemperature yieldyield strengthstrength andand ultimateultimate flowflow stressstress forfor thethe as-castas-cast alloyalloy areare 16201620 andand 

18001800 MPa,MPa, respectively,respectively, andand forfor thethe IllP alloy,alloy, 16801680 andand 23502350 MPa.MPa. TheThe as-castas-cast alloysalloysHIP 

showshow 16% plasticplastic strain,strain, whilewhile thethe IllP alloyalloy demonstratedemonstrate lessless thanthan 2%. MicrostructuralMicrostructural169Z0 HIP 270. 

differencesdifferences betweenbetween thethe PAMPAM andand IllP alloysalloys causecause differentdifferent fracturefracture modesmodes andandHIP 

deformationdeformation mechanisms.mechanisms. Microcracking withinwithin thethe LavesLaves phasephase waswas observedobserved forfor thethe as­MicroCracking as-

castcast alloy,alloy, whilewhile interfaceinterface crackingcracking occursoccurs inin thethe IllP alloy.alloy. IntergranularIntergranular fracturefracture waswas alsoalsoHIP 

foundfound inin thethe IllP alloys.alloys. BothBoth alloysalloys showedshowed significantsignificant plasticityplasticity inin compressioncompression atat 

1200°C,1200°C, andand havehave strengthsstrengths greatergreater thanthan 7070 MPa.MPa. NoNo crackingcracking occurs,occurs, andand dislocationsdislocations areare 

foundfound inin thethe LavesLaves phasephase [17-19].[17-19]. 

TheThe mostmost importantimportant accomplishmentaccomplishment ofof thisthis efforteffort waswas developmentdevelopment ofof aa viableviable alloyalloy 

HIP 

withwith significantsignificant strengthstrength upup toto 1200°C, whichwhich isis higherhigher thanthan anyany superalloy.superalloy. TheThe strengthsstrengths 

atat roomroom temperaturetemperature areare oneone ofof thethe highesthighest valuesvalues ofof anyany metallicmetallic systemsystem everever discovered.discovered. 

AsAs aa result,result, wewe surpassedsurpassed allall projectproject goalsgoals fromfrom anan engineeringengineering perspective.perspective. 
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C15FigureFigure 1:1: CI5 LavesLaves phasephase crystalcrystal structure.structure. 
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Volubility normalizedFigureFigure 2:2: Solubility inin LavesLaves phasesphases asas aa functionfunction ofof thethe nonnalized latticelattice adjustedadjusted 
contractioncontraction 
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C15FigureFigure 3:3: DensityDensity ofof statesstates schematicschematic forfor earlyearly transitiontransition metalmetal CI5 LavesLaves phases.phases. 
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FigureFigure 4:4: SchematicSchematic illustrationillustration ofof synchroshearsynchroshear inin LavesLaves phases.phases. 
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