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Abstract

U3Si2andiron-chromium-aluminum(Fe-Cr-Al)alloysaretwoofmanyproposedaccidenttol-
erantfuelconceptsforthefuelandcladdingrespectively.Thebehaviorofthesematerialsunder
normaloperatingandaccidentreactorconditionsisnotwellknown.AspartoftheDepartment
ofEnergy’sNuclearEnergyAdvancedModelingandSimulationprogram,anAccidentTolerant
FuelHighImpactProblemefforthasbeenconductedtoinvestigateU3Si2andFeCrAlbehavior
underreactorconditions.Thisreportpresentsthemultiscaleandmultiphysicseffortcompleted
infiscalyear2015.Thereportissplitintofourmajorcategories:DensityFunctionalTheory
Developments,MolecularDynamicsDevelopments,MesoscaleDevelopments,andEngineering
ScaleDevelopments.Theworkshownhereisacompilationofacollaborativeeffortbetween
IdahoNationalLaboratory,LosAlamosNationalLaboratory,ArgonneNationalLaboratory,and
ANATECHCorp.
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1Introduction

InMarch2011,amagnitude9.0earthquakestruckoffthecoastofJapan.Theearthquakeandthe
associatedtsunamiresultedintensofthousandsofdeaths,hundredsofthousandsofdamaged
buildings,andacostestimatedtobeinthehundredsofmillionsofdollars.

OneconsequenceofthetsunamiwasthefloodingofbackuppowergeneratorsattheFukushima
DaiichiNuclearPowerStation.Thelossofpowertocoolantsystemsledtohightemperatures,
oxidationofZr-basedalloys,hydrogenproduction,meltedfuel,andhydrogenexplosions.Asa
result,amassivecleanupeffortisunderwayatFukushimaDaiichi.Theeconomicimpacts,both
thosedirectlyrelatedtothecleanupandthoseaffectingthenuclearenergysectorgenerally,are
significant.

Followingthedisaster,effortstodevelopnuclearfuelswithenhancedaccidenttolerancewere
begunbymanynations,corporations,andresearchinstitutes.IntheUnitedStates,theDepart-
mentofEnergy’sOfficeofNuclearEnergyacceleratedresearchonthistopicaspartofitsFuel
CycleResearchandDevelopment(FCRD)AdvancedFuelsCampaign(AFC).Oneproductof
thisworkisLightWaterReactorAccidentTolerantFuelPerformanceMetrics[1],areportby
AFCthatoutlinesasetofmetricsthatcanbeusedtoguideselectionofpromisingaccident
tolerantfuel(ATF)concepts.Furthermore,[1]specifiesthatadown-selectionistooccurinthe
2016-2017timeframe,atwhichtimetheprogramwillmovefromaproof-of-conceptstagetoa
proof-of-principlestageandcontinueresearchanddevelopmentonasmallsetofconcepts.

Giventheaggressivedevelopmentschedule,itisimpossibletoperformacomprehensivesetof
experimentstoprovidematerialcharacterizationdata.Therefore,theAFCplanstoutilizecom-
putationalanalysistoolsinanefforttounderstandtheproposedmaterials.

TheNuclearEnergyAdvancedModelingandSimulation(NEAMS)programinDOEhasfor
sometimebeendevelopingcomputationalanalysistools.TheseincludeBISON[2–4]andMar-
mot[5],analysistoolstailoredtonuclearfuelattheengineeringscaleandgrainscale,respec-
tively.Recently,NEAMShasintroducedwhatitcallsHighImpactProblems(HIPs)intoits
programplan.TheseHIPsareintendedtomakeasignificantadvanceinaparticularareaof
nuclearpowerresearchinashortperiodoftime(3yearsorless). NEAMShaschosenan
ATFproject,whichemphasizesutilizingBISONandMarmottomodelproposedmaterials,as
itsfirstHIP.ThisreportfocusesonthemultiscaleandmultiphysicsdevelopmentsofATFfuel
conceptsthroughtheATFHIP.ParticipatingnationallaboratoriesincludeIdahoNationalLabo-
ratory(INL),LosAlamosNationalLaboratory(LANL),ArgonneNationalLaboratory(ANL),
andANATECHCorp.
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2DensityFunctionalTheoryDevelopments

2.1Densityfunctionaltheorycalculationsofdefectandfissiongas

propertiesinU-Sifuel

WehaveinvestigatedpointdefectandfissiongaspropertiesinU3Si2,whichisoneofthemain
ATFfuelcandidates,usingdensityfunctionaltheory(DFT)calculations.Basedonafewas-
sumptionregardingentropycontributions,defectandfissiondiffusivitiesarealsopredicted.

TheDFTcalculationswerecarriedoutwiththeVASPcode[6–8]usingtheprojectoraugmented-
wave(PAW)methodandPerdew-Burke-Ernzerhof(PBE)[9]potentialsfortheexchange-corre-
lationpotentials.ThismethodologyhasbeenshowntoworkwellfortheUandSiend-member
systems.However,initialcalculationsshowedthattheU3Si2crystalstructureisnotstablewithin
thePBEmethod.Thisisnotobviousfromcalculationsontheunitcell,butphononcalculations
givenegativefrequenciesandcalculationsonthe222supercellrelaxestoadistortedstructure
withmuchlowerenergy(0.10eV/atom).Theoriginalandnewrelaxedstructuresareshownin
Figure2.1.Thereis,however,noexperimentalsupportforbreakingthesymmetryoftheU3Si2
crystalstructure(spacegroupP4/mbm),whichsuggeststhattheDFTcalculationsfailtocap-
turesomeimportantphysics.ThemostobvioussuspectistheU5felectrons,whichareknown
toexhibitstrongcorrelationeffects.Thereareseveralwaystodescribethestronglycorrelated
propertiesoftheU5felectrons,suchastheHubbardUmethod.HerewehaveappliedtheHub-
bardU(PBE+U)method[10]duetoitssimplicityandcomputationalefficiency.Thevalueof
theUparameterisnotknownapriori. WetestedseveraldifferentUvaluesrangingfrom0to
3eV.Forvaluesof1.5eVorhigherthedistortedstructureisnolongerstableandrelaxesback
totheexperimentalstructurewiththespacegroupP4/mbm.ThestabilityoftheU3Si2structure
seemstoberelatedtosplittingorlocalizingtheU5felectronsforU>1.5eV.Defectproper-
tieswerecalculatedina2×2×2supercellexpansionoftheU3Si2unitcellusingthePBE+U
methodology.

Inordertoinvestigatefissiongasdiffusionandrelease,theprobabilityofXe(themostimportant
fissiongas)atomsoccupyingdifferentlatticepositionsmustbedetermined,whichisequivalent
tothefractionofXeinthattrapsite.Thisinvolvestwocomponents,theformationenergyofthe
trapsite(e.g.formationenergyofvacancies)andtheincorporationenergy(theenergyassociated
withaddingXetothetrapsite).Thesumofthesetwocomponentsislabeledthesolutionenergy.
ThetrapsitewiththelowestsolutionenergyisthepreferredlocationforXeinthelattice.The
preferredtrapsiteforXeisUvacancies,butSivacanciesareonlyhigherbyafewtenthsofaneV.

WehavecalculatedthemigrationenergiesforUandSiinterstitialandvacancies.Therearea
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Figure2.1:Therelaxedstructureofthe2×2×2U3Si2supercell(left).Thestructureisvisualized
inthea-bplanewiththecaxisperpendiculartothisplane.Thecrystalstructurehas
twodifferentUsites,labeled1and2inthetext.Theideal2×2×2U3Si2supercell
(right).ThePBEmethodpredictstherelaxedstructuretohavemuchlowerenergy
thantheidealstructureinFigure2.1(0.10eV/atom).

coupleofdifferentvacancymechanismsbecauseofthesymmetryoftheU3Si2crystalstructure;
inparticular,diffusionmayoccuralongthecaxisorinthea-bplane.Ourcalculationsshow
thatmigrationalongthecaxisismuchfasterthaninthein-planea-bmechanisms.Diffusion
ofXeinvolvesmigrationofXefromonelatticesitetoanother,whichisgovernedbythecon-
centrationofmobileclusters,i.e.,theconcentrationofvacanciesboundtotheXetrapsitefor
vacancymechanisms,andthemigrationbarrierfortheratelimitingdiffusionstep.Wehavein-
vestigatedbothinterstitialandvacancyXediffusionmechanisms.Forthevacancymechanisms,
theconcentrationofvacanciesavailableatthetrapsitemustbecalculated.Thisisexpressed
bythevacancyformationenergyandthebindingenergyofthevacancytotheXetrapsite.As
forpointdefectmigration,Xemigrationalongthecaxisoccursmucheasierthanwithinthe
a-bplane.TheresultingdiffusivitiesforpointdefectsandXeareplottedinFigure2.2.Thein-
trinsicandradiation-enhanceddiffusioncoefficientsforUO2arealsoincludedforcomparison.
BothXeatomsandvacanciesdiffusemuchfasteralongthecaxisthanwithinthea-bplane.Dif-
fusionofXealongthecaxisisfasterthaninUO2,whilein-planeXediffusionisslightlyslower.
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Figure2.2:Uraniumvacancyanduraniuminterstitialdiffusivitiesaswellasthecorresponding
self-diffusioncoefficients(a).Thelatterincludethevacancyandinterstitialforma-
tionenergies.CalculatedintrinsicXediffusivitiesfordifferentmechanismsinU3Si2
(b). Theintrinsicandradiation-enhanceddiffusioncoefficientsforUO2arealso
includedforcomparison.
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3 MolecularDynamicsDevelopments

3.1Assessmentofsemi-empiricalpotentialsfortheU-Sisystem

Inordertoperformmeaningfulengineeringscalenuclearfuelperformancesimulations,thema-
terialpropertiesofthefuel,includingtheresponsetoirradiationenvironments,mustbeknown.
Unfortunately,thedataavailableforU-Sifuelsareratherlimited,inparticularforthetem-
peraturerangewhereLWRswouldoperate.TheATFHIPisusingmulti-scalemodelingand
simulationstoaddressthisknowledgegap. EventhoughDensityFunctionalTheory(DFT)
calculationscanprovideusefulanswerstoasubsetofproblems,theyarecomputationallytoo
costlyformanyothers,includingpropertiesgoverningmicrostructureevolutionandirradiation
effects.Forthelatter,semi-empiricalpotentialsaretypicallyused.Unfortunately,thereiscur-
rentlynopotentialfortheU-Sisystem. Wepresentinitialresultsfromthedevelopmentofa
U-Sisemi-empiricalpotentialbasedontheModifiedEmbeddedAtomMethod(MEAM).The
potentialshouldreproducerelevantpartsoftheU-Siphasediagram(seeFigure3.1)aswellas
defectpropertiesimportantinirradiationenvironments.Thisworkalsoservesasanassessment
ofthegeneralchallengesassociatedwiththeU-Sisystem,whichwillbevaluablefortheefforts
todevelopaU-SiTersoffpotentialundertakenbyIdahoNationalLaboratory.Goingforwardthe
mainpotentialdevelopmentactivitywillresideatINLandtheworkpresentedhereismeantto
provideinputdataandguidelinesforthatactivity.ThemainfocusofourworkisontheU3Si2
andU3Si5compounds,becausetheyarethemainnuclearfuelcandidates.

InordertodevelopapotentialforthebinaryU-SisystemwemuststartfromtheunaryUand
Sisystems.Inthiswork,wehaveusedaUpotentialfromrecentworkwithINL/GATech(M.
Baskes)andforSiweusedapotentialfromtheliterature[12].TheU-Siparametersneededto
describethebinarysystemcaneitherbefittedtoavailableexperimentaldataortodataderived
fromDFTcalculations.HereweusedacombinationofthetwotofittheMEAMcrosspoten-
tial.TheMEAMparametersthatwerefittedoradjustedherearehighlightedinredinTable3.2
andincludetherelativeelectrondensities,theheatofformationfortheL12referencestructure,
thedistancebetweenatomsinthereferencestructureandtheαparameterforthepairpotential
betweenUandSi,whichisrelatedtothebulkmodulusoftheL12referencestructure,acubic
repulsivetermintheU-SiRosepairpotentialaswellastheMEAMscreeningparameterscap-
turinghowathirdatomscreenstheinteractionbetweentwootheratoms.Thelatterintroduces
many-bodyinteractionsnecessaryforsystemsexhibitingcomplicatedcrystalstructuressuchas
U,SiandseveralcompoundsintheU-Sisystem.TheseparametersaresummarizedinFig-
ure3.2,utilizingthestandardnotationforMEAMpotentials.

ManydifferentpropertieshavebeencalculatedusingtheMEAMpotentialandusedinthefit-
ting.Thisincludesformationenergies,volumeselasticconstants,defectformationenergiesand
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Figure3.1:ExperimentalU-Siphasediagram[11].

Figure3.2:MEAMcrosstermsfortheU-Sipotentialderivedinthiswork.Theredparameters
wereadjustedorfittedinthiswork.Allotherswereleftatdefaultvalues.
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finitetemperaturedynamics.AsreferenceweuseresultsfrombothDFTcalculationsandexper-
iments.Forexample,thestabilityofarangeofU-Siphaseswascalculatedwithreferencetoα
uraniumandsiliconinthediamondstructure.TheDFTandMEAMdataareshowninFigure3.3
togetherwithavailableexperimentalformationenergies[13].TheDFTcalculationsagreewell
withtheexperimentalformationenergiesacrossthefullcompositionrange.Eventhoughthe
MEAMpotentialdoesadecentjobforU3Si2andU3Si5,severalotherphasesarepredictedto
betoostableinrelationtotheDFTcalculationsandexperiments.Also,thereisanalternative
U3Si2structurethatMEAMpredictstobemorestablethantheexperimentalstructure;however,
thisisnotconfirmedbyDFT.Insummary,eventhoughtheformationenergiesareaccuratefor
theU3Si2andU3Si5
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compoundsthecomplexbondingintheU-Sisystemrendersacomplete
descriptionofthephasediagramverychallenging.

Figure3.3:FormationenergiesforU-Sicompounds(withrespecttoSiinthediamondstructure
andαuranium)asfunctionofuraniumfractionobtainedfromtheMEAMpotential,
DFTcalculationsandexperimentalliteraturevalues[13].Thevaluesarenormalized
peratom.

TheMEAMpotentialwassuccessfulincapturingthestabilityandstructureofthetwomain
U3Si2andU3Si5fuelcandidates.However,thecomplexbondinginthissystemgivesrisetoa
complicatedphasediagramandthepotentialfailstoaccuratelypredictthestabilityforsomeof
theotherU-Siphases.TheMEAMpotentialalsopredictscompetingstablephasesattheU3Si2
compositionthathavenotbeenconfirmedbyDFTcalculationsorexperiments.Thisisgoing
tocauseproblemsinfinitetemperaturemoleculardynamicssimulations. Additionalworkis
requiredtoresolvetheseissues.Thevolumes,elasticconstantsanddefectpropertiespredicted
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bytheMEAMpotentialalsodeviatefromDFTcalculationsandexperimentsforseveralcases.
Allofthesediscrepanciesarelikelyconnectedandwearecurrentlyfocusingonimprovingthe
descriptionofthevolumeoftheUSi2compound(AlB2structure),sincethatseemstobetheroot
causeofmanyoftheobserveddiscrepancies.Despitethechallengesthathavebeenidentified,
ourinitialassessmentofthepossibilityofdevelopingareliableU-Sipotentialhasdemonstrated
somepromisingresultsandwearecontinuingtoimprovetheMEAMpotential.Theresultswill
alsobeprovidedasfeedbacktothedevelopmentofaU-SiTersoffpotentialatIdahoNational
Laboratory.

3.2DevelopmentofMDpotentialforuraniumsilicidefuels

Low-enricheduranium-silicidedispersionfuelisusedextensivelyworldwideinresearchandtest
reactors.U3Si2iswidelyusedmainlyduetolowerfissiongasbubblegrowthandfuelswelling
inU3Si2thaninU3Si.TheBISONgrouphasalreadydevelopedempiricalmodelsforther-
malconductivity,specificheat,andswellingofU3Si2.Toincreasethepredictivecapabilities
ofthesemodels,itisimperativetoformulateindevelopingknowledge-basedprocessmodels
withaminimumofempiricalparameters.Forexample,silicidecompounds(U3Si2andU3Si)
areknowntobecomeamorphousunderirradiation.Suchatransformationresultedinchanges
infissiongasmobilityandtheplasticflowrate[canbetreatedinMarmoteitherbycrystalplas-
ticityorcontinuumyield/stress/strainplasticity]ofthefuelthatwereresponsibleforthelarge
swellingincreases.Therewasclearindependentexperimentalevidencetosupportacrystalline
toamorphoustransformationinthosecompounds.However,itisstillnotwellunderstandhow
theamorphoustransformationwillaffectonthefuelbehaviors.Thusanatomisticlevelunder-
standingiswarranted.

OneofthemostimportantvariablesintheperformanceofU3Si2istheexistenceoftheso-called
secondaryphases,suchasUsolidsolution(α,β,γ),U3Si(α,β),orU-Si.Inordertodevelop
knowledge-basedmodelwithaminimumofempiricalparametersinBISONandMarmot,inputs
fromatomisticsimulationsareessential.DFTwillprovidemostreliableinformation.However,
duetothesizeandtimelimitation,kineticinformationsuchasamorphizationunderirradiation
directlyfromDFTisprobablyruledoutandthefeasiblewayisfromMDsimulation.Unfortu-
nately,sofarnosuchMDpotentialisavailableforuranium-silicidetogeneratedata.Thuswe
willdevelopuranium-silicidepotentialfromabinitiodata.

Inordertoinvestigatehowuranium-silicidebecomesamorphousunderirradiationusingMD
simulation,itiscrucialtohaveanappropriateMDpotentialformulacapableofdescribingvari-
ouscrystallographicphasesandamorphousstateswell.ComparingexistingMDpotentialsforU
andSi,thepotentialformalismwedecidetoadoptisthemodifiedTersoffpotential[14],which
sofaristhebestMDpotentialtostudyliquidoramorphousSi,besidesvariouscrystallographic
phases.SincetheparametersetforSiisavailable,onlytwoadditionalparametersetsorinterac-
tions(U-UandSi-U)needtobefittedforU-Sipotentials.

WewillusePOTFIT,aforcematchingpotentialfittingpackage,tofitthepotentialparameters.
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ThispackagehasbeenbuiltandinstalledatINL.Alsoitisinstructivetoconsidertheuncertainty
quantificationoftheparticularpotentialparameters.Tothisend,wetestedhowthesensitivity
andrangeofpotentialparametersaffectthefittingresultsandnarroweddowntherangeforeach
parameterneedingtobefitted.

POTFITrequiresallinputdatasetssuchaslattice,energyandforcedirectlyfromfirst-principles
DFTcalculations.However,itisdifficulttoobtainhighfidelityforceinformationfromDFTdue
tothecombinationofastrongelectroncorrelation,multipleminimaandrelativisticeffectsof5f
valenceelectronsofU.

Inordertodeveloparigorous,systematicalandtransferablepotential,wealsocollectedthe
datasetforthehypotheticalstructuresofU,includingdimerandtetrameratavarietyofcom-
pressiveandtensilestrains. Wenotethatunderathermalizedordynamicalenvironment,the
controlledenvironmentoftheatomutilizedinthepotentialfittingprocess(static)willmost
probablybelost.Inordertoovercomethisissuetodescribethekineticbehaviorwithhigh
fidelity,ourdatasetsalsoincludeinformationaboutatomsdisplacedfromtheperfectcrystal
structureswithrespecttothecrystalsymmetry.

Wecollectedthenecessarydatasetsofenergy,forceandexternalstressforα,β,andγphasesof
Uatvariousconditionsofhydrostaticstrain(tensile/compressive).Figure3.4showsthepoten-
tialenergy-volume(E-V)curvefor(α,β,γ)-U.Wefoundthatat0K,α-Uismoststable,β-Uis
about0.1eV/atomhigher,andγ-Uisabout0.27eV/atomhigherthanα-U.Meanwhile,wealso
foundthatforγ-Uundertensilestrain,amagneticstructureismoreenergyfavorablethanthat
ofthenon-magneticstructure.Experimentallyvalidatingthismaybevaluable.

Figure3.4:E-Vforα,βandγ-U

Freeenergyofthesephasesasafunctiontemperatureisalsocalculated.Firstprinciplescalcula-
tionsbasedonthequasi-harmonicapproximationareadoptedhere.WeusedtheVASPsoftware
forthefirstprinciplescalculations.EnergyderivativessuchasforcewereextractedfromVASP
results,andsuchinformationisrequiredtocalculateCp,forexample.BothRose-Vinetand
third-orderBirch-Murnaghanequationofstate(EOS)wereusedfitthederivedthermalproper-
tiesofUphases.α-Uisstableupto935K.ItisorthorhombicwithspacegroupCmcm(#63).
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Inα-Ueachprimitivecell(PC)contains2atomsandtwoPCsformaunitcell.Accordingtothe
crystalsymmetry,phononcalculationswillneedtwotypesofdisplacementperunitcellbesides
theidealstructure.A4x2x2unitcellisusedforthecalculationsofthermalpropertiesforα-U
andthereare57differentstructurescalculated.Theresultofthermalpropertiesforα-Uphase
isplottedasshowninFigure3.5.Thestructureofα-Uphaseisverycomplexwhichmaybe
visualizedascorrugatedrectangularlayersstackedinthe[010]direction.Fortheα-Uphase,as
temperatureincreases,bulkmoduluswilldecrease,reachtheminimumat∼100K,thenincrease.
ThespecificheatCpwillreachanearplateauregionasthetemperatureisabove∼250K.The
volumeofα-Uwillbemaximumat∼500K,thencollapse.

Figure3.5:α-Uthermalproperties

Wealsoinvestigatedthethermalpropertiesoftheβ-Uphase.βphaseisstablefrom935to1045
Kforpressuresupto3GPa,withcentro-symmetricspacegroupP42/mnm(#136).Ithasavery
complicatedtetragonalstructurewith30atomsperPC.Inordertoobtainthethermalproperties
ofβ-Uphase,15typesofdisplacementareneededforeachstructurecontainingtwoPCswith
atotalnumberof160differentstructurescalculatedhere.Thestructuremaybeimagedasthe
packingoflayersofirregularfive-memberringsinthec-directionasshowninFigure3.6.Fig-
ure3.6alsoshowstheresultofthermalpropertiesforβ-Uphase.

•Wefoundthatforβ-Uphaseastemperatureincreases,bulkmoduluswilldecrease,from
∼130GPato240GPaat2000K.

•ThespecificheatCpwillincreasefrom0J/mol/Kat0K,andreachanearplateauregion
at700J/mol/Kasthetemperatureisabove∼250K.Noteforβ-Uphase,thereare30
atomsperprimitivecell.

•Thethermalexpansionofβ-Uwillincreasefrom0/Kat0K,reachamaximum(∼1.7×10-
6/K)at∼100K,thenreduce,andbecomenegativeabove∼1800K.
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Figure3.6:β-Uthermalproperties

Theresultofγ-UthermalpropertiesisshowninFigure3.7. Wefoundthatforγ-Uphaseas
temperatureincreases,bulkmoduluswilldecrease,reachtheminimumat∼90K,thenincrease.
Meanwhile,thevolumeofγ-Uwillbemaximumat∼110K,thencollapse.Itisapparentthatγ-U
isunstableatlowtemperature.Furthermoreinvestigationofhightemperaturethermalproperties
ofγ-Uisunderway.

Wefittedandevaluatedthe16potentialparametersbasedonthemodifiedTersoffpotentialfor
U.Fittingfromadatabaseof∼259configurations(57α-U,160β-U,38γ-U,and4Utetramers),
∼50000forcesand∼1560stresses,wehaveobtainedmanyparametersetsbyvaryingtheweigh
factorofeachdatapointandthenevaluatingthepotentialparameters.Figure3.8showsthe
resultpredictedbyoneofourfittingparametersets.Asonecansee,sofarthepredictionof
potentialenergiesforα,β,γ-UalignwithDFTresultswell. Meanwhiletheissuessuchasthe
lowestenergyphasebeingγ-Uphaseratherthanα-Uphaseisliftedbytheimprovedparameter
set,andallfittingphasesofUarecorrect.Furthermore,asonecansee,β-Uphaseisdescribed
verywellbyourpotential.Regardingthetransferability,theUpotentialdevelopedinthisproject
alreadysurpassesallexistingUpotentials.

Topursuethemaximumtransferabilityofthefittingpotential,wealsopreparedtestandvalida-

16



Figure3.7:γ-Uthermalproperties

tiondatasetsbyDFTcalculationstocollecttheenergyvs.volumeforotherunfittedstructures.
ThetestingstructuresofUarethehypotheticalphasesofUdiamond,simplecubic(SC)and
facecentercubic(FCC).However,itisextremelydifficulttomaximizethetransferabilityand
accuracyofallphases,andsomecompromisemaybenecessary.Moredetailwillbepresented
inthenearfuture.

Figure3.8:Potentialenergysurfaceofα,β,γ-UandU4tetrameratvariousstrainspredictedby
ourfittingparametersetandcomparedwithDFTresults.
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4 MesoscaleDevelopments

4.1 ModelingtheirradiationhardeningbehaviorofFeCrAlalloys

usingcrystalplasticitysimulations

Wehaveimplementedadefectdensity-basedconstitutivecrystalplasticitymodel[15,16]inthe
ViscoPlasticSelfConsistent(VPSC)framework[17]tosimulatethemechanicalresponseof
FeCrAlalloyspost-irradiation.Irradiationinduceddefectsincluding<111>and<100>dis-
locationloops,andα’precipitatesareusedasstatevariablesinthisframeworkandconstitutive
modelsimplementedtosimulatetheobserveddeformationbehavior.Themodelparametershave
beencalibratedtotensileloadingexperimentsperformedatORNL[18–20].Themodelwasfirst
calibratedtothetruestress-strainresponseofavirgin(noirradiation)Fe-15Cr-4Alalloy.Fig-
ure4.1(a)showsthecomparisonofmodelpredictionswiththeexperimentalstress-straindata
atroomtemperature.Areasonablecorrelationtoexperimentswasobtaineduptotruestrains
of0.4. Modelparametersrelatedtotheirradiationdamagewerethencalibratedusingdefect
densitiesfortheFe-15Cr-3.9Alalloygivenin[19,20].Themodelwasthenusedtopredictthe
irradiationhardeningbehaviorforalloyswithvaryingcompositions.Figure4.1(b)showsthe
comparisonofmodelpredictionsoftheinitialyieldstresswithexperimentsforalloysirradiated
to1.6dpadamage.Themodelisabletoreproducetheobservedincreaseinyieldstressdueto
irradiationhardeningwithreasonableconfidence.Moreover,thesubsequenthardeningbehavior
(notshownhere)isconsistentwithexperiments,wherethestress-strainresponseflattensout
followinginitialyield.

Figure4.1:(a):Modelpredictionsofthestress-strainresponseofcoldworkedandfusionzone
specimensofFe-15Cr-4Allaserweldalloyscomparedwithexperiments[18],(b):
Comparisonofthepredictedyieldstresswithexperiments[19,20]forvariousFe-
CrAlalloysirradiatedto1.6dpadamage.
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WearepresentlyworkingonimplementingthesemodelsintheBISONfiniteelementframe-
work.ThismodelwillallowustosimulatereactorconditionssimilartoLossofCoolantAcci-
dent(LOCA).Physicallybasedirradiationcreepandthermalcreepmodelswillalsobeincorpo-
ratedinthisframeworkinthenextphaseoftheproject.

4.2RateTheoryModeloftheSwellingBehaviorofCanadianU3Si

Fuel

Accuratepredictionofthefissiongasbubbleevolutionduringirradiationanditsinterrelation
withthemacroscopicradiation-inducedswellingbehaviorofU3Si2fueliscrucialforthede-
velopmentanddesignofthefuelelements. DART/GRASS-SST[21,22],aratetheorycode
whichhasbeensuccessfullyappliedtointerprettheexperimentalobservationsofU3Si2and
U3Sifuelswellinginbothplateandrodfuelelementgeometries,isemployedtopredictthe
swellingbehaviorofU3Si2inthisproject.Asthefirststep,thereliabilityandaccuracyofthe
codesinhandlingsilicidefuelmaterialsshallbeexaminedandvalidatedbasedonexistingdata.
Theinformationobtainedfromtherate-theorymodelingisalsobeneficialforunderstandingthe
underlyingmechanismsofsilicidefuelswellingbyusingatomic-scalematerialsimulationtools.

DuetothelackofexperimentalswellingdataofU3Si2,U3Siwasselectedinsteadinthisstudy
asthefirstattempttousetheratetheorygasbehaviormodelinDART/GRASS-SSTforuranium
silicidefuelswellingsimulationathighoperatingtemperatures(500◦C).Canadiansmeasured
theswellingbehaviorsofU3Siin1960s[23].Thosedatawereusedforthecomparisonwiththe
calculationresults.

U3SirodscladdedbyZircaloy-2withcentralvoidswereirradiatedintheX-5loopoftheChalk
RiverNRXReactorupto6000MWd/tU.Theswellingwasmonitoredthroughoutthetest(see
scatteredpointsinFigure4.2).Thefuelswellingcanbedividedintotwostages.Inthefirst
stage,theincreasedvolumemainlyfillsthecentralvoidandthegapratherthaninteractwith
thecladding.Inthesecondstage,however,thefuelswellingisconstrainedbythecladding.
Inthisstudy,thefirststagewasusedtotunethematerialparametersthatdeterminethegas
swellingratewithoutconstraints. Thenasimplefuel-claddinginteractionmodelwasestab-
lishedtoreplicatetheswellingbehaviorinthesecondstageandtoexaminethefeasibilityof
couplingDART/GRASS-SSTandBISON.

Inthisstudy,themechanisticfission-gasreleaseandswellingmodelGRASS-SST[24]wasem-
ployedforU3Sipelletswellingsimulation. GRASS-SSTisthebasisofthedispersionfuel
performancecodeDART[25,26],whosecapabilityinsimulatingfissiongasbehaviorinfuels
hasbeenvalidatedextensively[24–27].TheprimaryreasonforusingGRASS-SSTinsteadof
DARTinthisprojectisthatDARTconsidersthecomplexparticle-matrixinteractioninadisper-
sionfuelsystem,whichisirrelevantformonolithicfuels.

GRASS-SSTmodelstheeffectsoffission-productgeneration,atomicmigration,bubblenucle-
ationandre-solution,bubblemigrationandcoalescence,interlinkedporosity,andfission-gas
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interactionwithstructuraldefects[24].GRASS-SSTcalculatesthefission-gas-bubble-sizedis-
tributionforbubblesinthelattice,ongrainboundaries,ondislocations,andalongthegrain
edgesbysolvingasetofcouplednonlineardifferentialequations[28].Besidestheenvironment
parameterssuchastemperatures,burnup,andgeometry,thoseequationsarealsocontrolledby
severalkeymaterialproperties.DuetothescarceavailabledataonU3Simaterialsproperties,
someofthevaluesofthematerialparametersweretakenfromUO2fuel[27],andothershaveto
betunedtofittothemeasurements,suchasgasatomdiffusivity(Dg),bubblenucleationfactor
ongrainboundary(fn),resolutionrate(b0)andfuelsurfaceenergy(γ).Sensitivityexaminations
wereperformedforallthetunedvalues.ResultsshowthatDg[29],andfnhavestrongestef-
fectsontheswellingbehavior.Itiscriticaltocheckthephysicsmodelsandverifythevaluesof
materialspropertiesusedinthecurrentrate-theorycodebyusingthelowerscalecomputation
methodsor/andsingleeffectsexperiments.

Forsimulatingthefirststageinfuelswelling(beforegapclosure),nomodificationsonthe
physicsmodelsinthecodeweremade;somematerialspropertieswereadjusted.Theresultant
fuelswellingreasonablyagreeswiththemeasuredvolumeincreasesasshowninFigure4.2.For
simulatingthesecondstageinfuelswelling(aftergapclosure),asimplemechanicalmodelis
implementedtoemulatethecladdingeffect.Multipledeformationmechanisms,includingelas-
ticity,plasticityandthermal/irradiationcreepofZircaloy-2werequantitativelyanalyzedbased
theexperimentaldata[30].Irradiationcreep[31]wasfoundtodominatethesecondstage.The
fuelpressureinthesecondstagewastunedwithintherangethatcanbereasonablyprovidedby
theZircaloy-2claddingunderirradiationcreep[32].Theresultsareconsistentwiththeexperi-
mentaldata.SwellingbehaviorinbothstagesnowcanbereplicatedbyGRASS-SST,asshown
inFigure4.2.

Figure4.2:Ratetheorypredictedswellingratecomparedwiththeexperimentalmeasurement
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However,realisticfuel-claddinginteractionismuchmorecomplex. Adoptingmorecomplex
modelswithadvancedalgorithmsuchasFEMwillfurtherimprovethereliabilityandaccuracy
ofcurrentratetheorycalculation.Therefore,couplingGRASSwithBISONwillexpandthe
capabilityofthiscode.AswehavealreadysucceededincouplingFast-GRASS,alightversion
ofGRASSwhichignoresthesizedistributionofgasbubbles,withBISON,wehavesufficient
experienceinhandlingsimilaractivities.

Inthisstudy,wetunedtheparametersinGRASS-SSTtoreplicatetheexperimentallymeasured
swellingdatainU3SifuelwithZircaloy-2claddingatLWRoperatingconditions.Aparameter
sensitivitytestwasperformedforaseriesofmaterialparameterstoshowhowthesekeymaterial
propertiesinfluencetheswellingbehaviorwithouttakingintoaccountthecladdingrestraining
effects.Thecodesuccessfullyreplicatestheradiation-inducedswellingbehaviorsofU3Si.Also,
thesimulationshowsitisimportanttoobtainsomereliableparametersfromeitherlower-scale
simulationsorexperimentstoimprovethereliabilityoftheratetheorycodeandprovideinitial
improvedparametersestimatestoMarmotcode. Asimplifiedmodelwasalsoestablishedto
predicttheswellingbehaviorconsideringtheinteractionsbetweentheZircaloy-2claddingand
U3Sifuel.Theresultsmatchthemeasureddata,demonstratingthepotentialofGRASS-SST
inpredictingfuelswellingbehaviorinfluencedbycladdingwiththehelpofexternalmodel.
ThisalsoemphasizestheimportanceofthecouplingbetweenGRASSandBISONtoestablish
apackagewithcomprehensivefunctionalitytopredictthefuelbehaviorathigherburnups.

4.3Evaluationofmicrostructureimpactonthethermalconductivity

ofU3Si2usingMarmot

INLhasrecentlydevelopedvariouscapabilitiestomeasurethethermalconductivitiesofawide
rangeoffuels,includingthethermalconductivitymicroscope(TCM)formeasurementsatthe
microscale(∼µm)andstandardlaserflashformeasurementsatthescaleoffuelpins.Thesetwo
methodshavebeenappliedtoseveraltypesoffuelsincludingU3Si2fuel,whichisapromis-
ingcandidateforaccidenttolerantfuels.ThemeasuredthermalconductivityforaU3Si2fuel
samplerecentlyfabricatedatINLbythesetwomethodsdifferedfromeachotherslightly.This
differencesuggeststheimpactofmicrostructureonthemeasurement,sincethesetwomethods
workatdifferencespatialscales.TheTCMmethodmeasurestheconductivityanddiffusivity
locallyfortheU3Si2matrix,whilethelaserflashmethodmeasurestheoverallconductivityof
thefuel,whichconsistsofmorecomplexmicrostructure. Here,modelingusingtheMarmot
codewasconductedtoreconciletheresultsfromthesetwomethodsbyconsideringtheimpact
ofmicrostructure.TheMarmotcodeisapowerfultoolforcalculatingtheeffectivethermophys-
icalpropertiesofmaterialsystemswithcomplexmicrostructures.

ThefabricatedU3Si2fuelisnotpure.VariousphasesotherthantheU3Si2matrixhavebeen
identified,asindicatedbycontrastintheSEMimage.Analysisofthechemicalelementsindi-
catesthatinadditiontotheU3Si2matrix,twootherphasesmayalsoexist:USiandanoxide
phase,eitherU3O8orhyper-stoichiometricUO2tobeclearedinthefuturebyfurthercharacter-
ization(4.3a).Hereourmodelingfocusesontheimpactoftheoxidephasewhichhasamuch
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lowerconductivitythanthoseoftheU-Siphases.Inthemodeling,wedistinguishedtheox-
idephasefromtherestbyreconstructingtheSEMimageusingtheimage-processingtoolin
MOOSE(4.3b).Meshadaptivityhasbeenenabledattheinterface.Basedonthereconstructed
mesh,theMarmotcodewasusedtocalculatetheeffectivethermalconductivityatroomtem-
perature.FortheU3Si2matrix,wetookthevalueof8.9W/m-KfromtheTCMmeasurement.
Fortheoxidephase,twocalculationsweredonebytakingthephasetobeeitherU3O8orhyper-
stoichiometricUO2.Avalueof2.2W/m-Kfromliterature[33]wasusedforU3O8,andthatof
4.3W/m-K[34]wasusedforUO2.Theresultsshowedthatthediscrepancybetweentheresults
fromTCMandlaserflashmeasurementscanbeexplained(4.3c)byconsideringtheimpactof
themicrostructureofthesample,i.e.,theappearanceoftheoxidephase.(Thismayalsoexplain
whytheINLmeasurementsarelowerthantheLANLresultswhichwereobtainedwithpurer
U3Si2samples[35].Webelievethatbettercomparisoncanbeachievedinthefuturewithfurther
considerationofthemicrostructuraldetails.

Figure4.3:(a)SEMimageofaU3Si2sample,(b)reconstructedmicrostructureandmeshin
MOOSEforMarmotcalculations,and(c)thermalconductivityofU3Si2asafunc-
tionoftemperature.Thesolidssymbolsareexperimentalmeasurementsfromliter-
atureandINL.TheTCMresultisshownasthesolidsquare.TheMarmotresults
basedonthereconstructedmesharerepresentedbytheopentriangles.
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5EngineeringScaleDevelopments

Materialbehaviorandpropertiesofinterestattheengineeringscaleinclude:thermalconduc-
tivity,specificheatcapacity,Young’smodulus,Poisson’sratio,thermalexpansion,fissiongas
release,fuelandcladdingswelling,andthermalandirradiationcreep.Itisimportanttonotethat
manyoftheengineeringscaleparametersofinterestareinfluencedbyphenomenaoccurring
atthelowerlengthscales.Thedensityfunctionaltheory,moleculardynamics,andmesoscale
developmentsinFY2015aspartoftheATFHIPwerepresentedinpreviouschapters,demon-
stratingthatthecapabilitiesarestillunderdevelopment.Therefore,atthisstagetheengineering
scalestudieswerecompletelydecoupledfromthelowerlengthscaleactivitiesuntilfurtherde-
velopmentsarecompleted.TheATFfuelconceptsstudiedincludeuraniumsilicidecompounds
andiron-chromium-aluminum(Fe-Cr-Al)alloys.Sinceexperimentaldataislimitedforthese
materials,theengineeringscaleresearchfocusedonsensitivityanalysesandboundingstudies
oncriticalmaterialparametersusingtheBISONfuelperformancecodewhileutilizingavailable
dataandexpertjudgment.

5.1UraniumSilicide

Uraniumsilicidesareleadingcandidatesforthefuelinaccidenttolerantfuelrods.U3Si2has
anumberofadvantageouspropertiescomparedtoUO2.Inparticularitshigherdensityand
thermalconductivityenablethefueltooperateamuchlowertemperaturesandthermalgradients.
Thisresultsinlowerthermalstresseswithinthefuel,whichshouldmitigatepelletcracking[36].
Lesscrackingandlowertemperaturesshouldresultinmuchlowerfissiongasreleaseintothe
plenumregionsthanwithUO2fuel.Onedisadvantageofuraniumsilicideisthatalmostallof
theexperimentaldatathatisavailableisforexperimentaldispersionfuels,notmonolithicfuel
aswouldbepresentinanLWR.Thisraisesthequestionofwhetherthedataisappropriatefor
monolithicfuelandcanbeusedinmodeling.Furthermore,thereislimiteddataonfissiongas
mechanisms,creep,anddensificationbehaviorinuraniumsilicides.Thissectionpresentsthe
materialmodelsincludedinBISONforuraniumsilicideandhighlightsthesensitivityanalyses
andboundingstudiescompleted.

5.1.1 MaterialModels

BISONisbuiltupontheMOOSEcomputationalframeworkwhichprovidesarelativelysim-
plisticmethodologyforimplementingnewmaterialandbehaviormodelsintothecode.The
materialmodelsavailableinBISONforU3Si2includetemperaturedependentthermalconduc-
tivityandspecificheatcapacityandburnupdependentvolumetricswelling.Fissiongasrelease
mechanismsaretreatedasforUO2fuelintheabsenceofadditionalinformation.Thedetails
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ofthesemodelswereoriginallypresentedbyMetzgeretal.[36]andarereproducedherefor
completeness.

5.1.1.1ThermalModel

ThethermalmodelcalculatesthethermalconductivityandspecificheatcapacityofU3Si2.Two
differentmodelsexistforboththermalconductivityandspecificheat.Thethermalconductivity
optionsaredenoted WHITEandSHIMIZUrespectively,wherethenamecorrespondstothe
mainauthorofthepaperwherethemodelwasproposed.Thespecificheatoptionsthatare
availableareWHITEandIAEA.ThedefaultmodelsusedinBISONaretheWHITEmodels
whicharetakenfromWhiteetal.[35].ThethermalconductivitycorrelationproposedbyWhite
etal.inWm−1K−1is:

k=0.0151×T+6.004 (5.1)

whereTisthetemperatureinK.ForspecificheatthecorrelationinJmol−1K−1is:

Cp=0.02582×T+140.5 (5.2)

ToobtainthespecificheatSIunitsofJkg−1K−1onemustdividethespecificheatcalculated
byEq.5.2bythemolarmassforU3Si2givenas0.77025773kgmol

−1.SinceWhiteetal.’sdata
isnew,legacycorrelationswereretainedinBISONforthermalconductivityandspecificheat.
TheSHIMIZUmodelforthermalconductivitywasproposedbyShimizu[37]:

k=7.98+0.0051×(T−273.15) (5.3)

whereTisthetemperatureinK.Thelegacycorrelationforspecificheat(denotedIAEA)was
presentedinaMatosandSnelgroveIAEAtechnicalreport[38]:

Cp=199+0.104×(T−273.15) (5.4)

Theimplementationofthethermalmodelallowsanycombinationofthermalconductivityand
specificheatmodels.ForexampletheWHITEthermalconductivitymodelcanbeusedwiththe
IAEAspecificheatcorrelationtoperforminvestigativeboundingstudies.

5.1.1.2 MechanicalModel

CurrentlyintheabsenceofadditionaldataconstantmaterialpropertiesareusedfortheYoung’s
modulusandPoisson’sratioofU3Si2.ThenominalvalueschosenareE=150GPaandν=
0.177.TheseYoung’smodulusandPoisson’sratiovalueswerecalculatedfromdatapresented
byShimizu[37]andTaylorandMcMurtry[39]respectively.

5.1.1.3SwellingandDensification

AnempiricalcorrelationwasderivedbyMetzgeretal.[36]fromexperimentaldatafromFinlay
etal.[40]. Metzgeretal.convertedthedatainFigure3ofFinlayetal.intoswellingstrainas
afunctionofburnup(inFIMA)byutilizingaconversionfactorfromfissiondensity(infissions
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percubiccentimeter)toFIMAof3.63457×10−23.Theobtainedempiricalcorrelationisgiven
by

V

Vo
=3.88008×Bu2+0.79811×Bu (5.5)

BISONrequirestheincrementalvolumetricswellingstraingivenby

∆V

Vo
=(7.76016×Bu+0.79811)×∆Bu (5.6)

whereBuistheburnupinFIMA.Itisimportanttonotethattheabovecorrelationisforthetotal
volumetricswellingincludingboththegaseousandsolidcomponents.AccordingtoMetzger
etal. U3Si2isexpectedtoundergosimilardensificationasUO2andthereforetheESCORE
empiricalmodel[41]wasused:

εD=∆ρo(e
Buln(0.01)
CDBuD −1) (5.7)

whereεDisthedensificationstrain,∆ρ0isthetotaldensificationthatcanoccur(givenasa
fractionoftheoreticaldensity),Buistheburnup,andBuDistheburnupatwhichdensificationis
complete.Fortemperaturesbelow750◦CtheparameterCDisgivenby7.2−0.0086(T−25);
above750◦Citis1.0(Tin◦C).ToeliminatethediscontinuityinCD,BISONuses7.235−
0.0086(T−25)below750◦C.

5.1.1.4FissionGasRelease

Metzgeretal.suggestthatuntilfutureexperimentsareavailablethatcanprovideaccuratedata
onthefissiongasrelease(FGR)inU3Si2inpelletformthattheFGRmechanismsbetreatedas
similartoUO2.ThedetailsofthefissiongasreleasemodelinBISONaredescribedinPastore
etal.[42].TheSimpleIntegratedFissionGasReleaseandSwelling(SIFGRS)modelhasthe
abilitytocouplethefissiongasgeneratedtothegaseousswellingcomponent. Becausethe
swellingmodelforU3Si2isthetotalswellingcomponent,thiscouplingtogaseousswellingis
notutilized.Therefore,anyfissiongasreleaseonlydegradestheheattransferbetweenthefuel
andthecladding.Duetothehighthermalconductivityandsubsequentlylowtemperatureofthe
fuel,itisexpectedthatthefissiongasreleasedwillbeminimalduringnormaloperation.

5.1.2SensitivityAnalyses

SincemanyofthematerialpropertiesforU3Si2arebaseduponlimitedexperimentaldata,sen-
sitivityanalysescanbeusedtodeterminewhichparametershavethegreatesteffectonoutput
parametersofinterest(e.g.,fuelcenterlinetemperature,claddinghoopstress).Priortoperform-
inganysensitivityanalysesanominalexamplecasewascompletedtoillustratethedifferences
betweenUO2andU3Si2behaviorundernormaloperatingLWRconditions.Forthisnominalex-
amplecasetraditionalZircaloy-4wasusedforthecladding.Arepresentative2Daxisymmetric
exampleproblemwasusedforthenominalcase.Thegeometricdimensionsandoperationalpa-
rameterswereadaptedfromWilliamsonetal.[2]andMetzgeretal.[36].Theproblemsimulates
a10-pelletfuelrodletwithZr-4cladding.SeparatesimulationswerecompletedwithUO2and
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U3Si2asthefuelrespectively.ThedimensionsoftherodletaretypicalofPWRfuel.Thepellets
hadlengthanddiameterof11.9mmand8.2mm,respectively.Thecladdinghasathicknessof
0.56mmforbothmaterialsforconsistency,andanominalinitialradialgapof80µmwasused.
Asecond-orderQUAD8finiteelementmeshwasusedtoapproximatethegeometryusing11
radialand32axialelementsperpelletasillustratedinFigure5.1.Thecladdingwasmodeled
with4elementsthroughthethicknessand326elementsaxially.

Figure5.1:Geometryandmeshforthenominalexampleproblem.Adaptedfromreferences[2,
36]

Asimplepowerhistoryisappliedtothefuel.Itisassumedthepowerriseslinearlyoverap-
proximatelythreehoursandthenisheldconstantat25kW/mforapproximately3.2years.A
symmetricaxialprofileisappliedtotheactivefuellengthoftherodletsuchthatthemaximum
powerisappliedatanaxialpositionof0.06162mfromthebottomofthefuelstack.Asimple
one-dimensionalcoolantchannelmodelwasusedtocalculatetheconvectiveheattransfercoef-
ficientontheoutsideofthecladding.TheoperatingconditionsusedarereproducedinTable5.1.

AsimilarcomparisontotheoneoutlinedabovewaspresentedinMetzgeretal.’spaper;however
inthatcase,fuelcreepandrelocationwasturnedofffortheUO2fueltobeconsistentwiththe
elasticmodelusedforU3Si2.Herewecomparetheresultswhenusingalloftheinformation
knownaboutUO2tosimulatethefuel.
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Table5.1:Operationalparametersforthe2Daxisymmetricexampleproblem.

Parameter Value Units

Linearaveragepower 250 Wcm−1

Fastneutronflux 7.5×1017 nm−2s−1

CoolantPressure 15.5 MPa
Coolantinlettemperature 580 K
Coolantinletmassflux 3800 kgm−2s−1

Rodfillgas Helium -
Fillgasinitialpressure 2.0 MPa
Initialfueldensity 95%theoretical -
Fueldensification 1%theoretical -
Burnupatfulldensification 5 MWdkgU−1

Figure5.2(a)illustratesthefuelcenterline,fuelsurface,andcladdinginnersurfacetemperature
histories.ThehigherthermalconductivityofU3Si2resultsinacenterlinetemperaturethatis
approximately400KlowerthanobservedforUO2.Consequently,theloweroperatingtem-
peraturesresultinlessthermalexpansion,andthefuel-to-cladgapremainsopenlonger.The
pointofcontactoccurswhentheslopeofthefuelsurfaceandcenterlinecurveschange.UO2
hasalowerfuelsurfacetemperaturebecauserelocationcausesthefuel-cladgaptoclosemore
rapidlythanintheU3Si2case.Also,largerplenumvolumeandnofissiongasreleaseresultsin
alowerplenumpressurewithU3Si2fuelasobservedinFigure5.2(b).Whilethereisnofission
gasreleaseintheU3Si2simulation,theplenumpressureconstantlyincreasesduetotheclosing
ofthefuel-to-cladgapduetothermalexpansion.Astheplenumvolumecontinuallydecreases
theinternalpressuremustincrease,whichisobservedinFigure5.2(b).Thereasontheuranium
silicidesimulationsendatalowerburnupisduetothehigherdensityofuraniumintheU3Si2
matrix.

ThemechanicalpropertiesandbehaviorofU3Si2(e.g.,creep)arenotwellknown. Moreover,
atthetimeofthisanalysistheoptimaldimensionsofU3Si2fuelpelletsforLWRapplications
areunclear.Therefore,asensitivitystudywascompletedusingSandiaNationalLaboratories’
Dakota[43]softwarewiththeinputparameterschosentobeascalefactoronthefuelswelling,
theYoung’smodulus,Poisson’sratio,coefficientofthermalexpansion,andtheinitialpelletra-
dius,wheretheoutputquantitiesofinterestarefuelcenterlinetemperatureandthehoopstress
ontheexteriorsurfaceofthepellet.Figure5.3showsmaineffectsplotsforthetwooutputpa-
rametersofinterest.Theindependentparameters(e.g.,scalefactorsandgeometry)weregiven3
distinctvaluesinahistogramformresultingin243simulationsinthemultidimensionalparam-
eterstudy.Theinformationinamaineffectsplotissuchthatapointrepresentsthemeanvalue
oftheoutputparameterforallsimulationsatwhichthecorrespondinginputparameterhadthat
particularvalue.Theexteriorhoopstressiscompressivebecausethesensitivitystudytakesthe
lasttimestepofthesimulationsoncecontacthasalreadybeenestablished.

AsexpectedtheYoung’smodulusandPoisson’sratiohaveessentiallyzeroeffectonthecenter-
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Figure5.2:ComparisonsbetweenusingU3Si2andUO2intheexampleproblem(a)fuelcen-
terline,fuelsurface,andcladinnersurfacetemperatures,(b)plenumpressureand
fissiongasrelease.

linetemperatureandhaveamoderateaffectontheexteriorhoopstress.Theinputparameters
withthemostinfluenceoncenterlinetemperatureandexteriorhoopstressaretheswellingfactor
andpelletradius.Theradiusofthefuelpelletissignificantlycorrelatedwiththecenterlinetem-
peraturebecausethesmallerthepelletradiusthelargerthefuel-to-cladgap.Alargegapmeans
reducedheattransferandsubsequentlyhigherfueltemperatures.Contrarily,asthefuelradiusis
increased,themagnitudeofthecompressivestressontheexteriorofthepelletdecreasesdueto
contactoccurringpriortocreepmechanismshavingastrongcompressiveforceontheexpand-
ingpellet.Keepinmindthattherangeofthemeancenterlinetemperatureisapproximately4
K.ThisisbecausethethermalconductivityofU3Si2increaseswithtemperatureandthepower
historyappliedintheexamplecaseisconstant.Theparameterwithgreatestinfluenceoncen-
terlinetemperaturewouldbethethermalconductivity,butsincethereissignificantdataalready
available[35,37]ithasbeenleftoutofthemultidimensionalparameterstudypresentedhere.

TheresultsofthesensitivitystudieswerepreviouslypresentedatTopFuel2015[44].

5.1.3BoundingStudies

Toprovidesomeinsightintoareaswherelimiteddataisavailableandsensitivityanalysistech-
niquescannotbeemployed,boundingstudieshavebeencompletedtoprovidesomeunderstand-
ingofthebehaviorofU3Si2.TwoboundinginvestigationswerecompletedusingtheU3Si2
modelsinBISON,oneonfissiongasreleaseandoneonsolidandgaseousswelling.

Thefirststudyonfissiongasreleasewasconcerneddeterminingtheeffectoffissiongasre-
leaseonthecenterlinetemperatureintheexampleproblemcontainingU3Si2fuelandtraditional
Zircaloy-4cladding.BecauseU3Si2hasahighthermalconductivityandthecenterlinetemper-
atureislow,itisexpectedthattherewillnotbealargequantityofgasreleased.However,inthe
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Figure5.3:MaineffectsplotsinvestigatingthesensitivityofU3Si2materialpropertieson(a)the
fuelcenterlinetemperatureand(b)thepelletexteriorhoopstressatanaxiallocation
of0.06162monthefuelrodlet.Thislocationcorrespondstotheaxiallocationof
highestpower.

absenceofotherdatathefissiongasmechanismsanddiffusioncoefficientsusedinthefission
gasmodelarethoseofUO2.Fromlowerlengthscaleinvestigationsithasbeenproventhatthe
diffusioncoefficientsoffissionproductsinU3Si2isdifferentfromUO2.Toinvestigatetheeffect
ofdifferentdiffusioncoefficients,thegrainboundaryandintragranulardiffusioncoefficientsfor
UO2werescaledbyfactorsvaryingfrom1to6.93e5andplottingthefissiongasreleasedasa
functionoftemperatureasshowninFigure5.4.Theannotatednumbernexttoeachdatapoint
correspondstothescalingfactoronthediffusioncoefficientsforthatcase.Itisobservedthat
evenuptofissiongasreleasedpercentagesof74.4thecenterlinetemperatureonlyincreasedby
approximately400KandisstillwellbelowanytemperatureofconcernforU3Si2.

ThesecondboundingstudyperformedonU3Si2wasconcernedwithdecouplingthefuelswelling
modelpresentedinEquation5.5intogaseousandsolidswellingcomponents.Threecaseswere
investigatedandcompared:1)nodensification,andbothgaseousandsolidswelling,2)no
gaseousswelling,andbothsolidswellinganddensification,3)densification,andbothgaseous
andsolidswelling.Inordertobeabletoturnonandoffgaseousswelling,themodelinEqua-
tion5.5hadtobedecoupledintoseparatecomponents.Thiswascompletedbyutilizingthe
swellingonlycontributionfromFigure5inFinlayetal.’spaper[40].Byplottingthesolidonly
contributionandtheBISONcorrelationonthesameplot(seeFigure5.5)theonsetofgaseous
swellingcanbeapproximated.AftergaseousswellingbeginstheBISONcurveincludesboth
gaseousandsolidswelling.Bysubtractingthesolidcontributionfromthetotalswelling,the
gaseouscontributioncanbedetermined.

Therefore,thevolumetricstrainincrementforsolidswellingisgivenby
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∆V

Vo solid

=0.94519×∆Bu (5.8)

whereBuistheburnupinFIMA.Belowaburnupof0.05FIMAgaseousswellingiszero,
otherwisethegaseousswellingisgivenby

∆V

Vo gaseous

=(7.76016×Bu+0.79811)×∆Bu−(0.94519×∆Bu) (5.9)

Inordertoachievesomegaseousswellingtheexampleproblemusedforthesensitivitystud-
ieshadtobemodifiedslightlytoaccumulateenoughburnup.Toachieveahigherburnupto
reachandgobeyondtheonsetofgaseousswellingthetimeofirradiationatpowerwasdou-
bled.Resultswereobtainedforthehoopstressatthecladdinginteriorandpelletexterioratan
axiallocationof0.06162mcorrespondingtothehighestpowerasafunctionofburnupforthe
threecasesofinterestasshowninFigure5.6.Inaddition,resultswereobtainedoftheradial
distributionofthehoopstressandtotalswellingwithinthefuelatthelasttimestepasshownin
Figure5.7.

Asexpectedthecasewithnofueldensificationresultsincontactbetweenthepelletsandcladding
beingestablishedearlierasshowninFigure5.7(a)asthetransitionfromcompressivetotensile
stressontheinteriorsurfaceofthecladdingoccursatanearlierburnup.Theonsetofgaseous
swellingcanseeataburnupof∼30MWd/kgU.Thecasewithnogaseousswellingresultsin
aloweroverallcladdingstressasexpectedsincethefuelisnotpushingintothecladdingas
much.Thehoopstressinthefuelisseentobecompressiveduetoresistancefromthecladding.
However,themagnitudeofthecompressivehoopstressatthefuelexteriorismuchhigherthan
expected.Thisislikelyattributedtonothermalandirradiationcreepmodelsbeingavailablefor
U3Si2.Futurestudiesshouldfocusonthedevelopmentandinvestigationintocreepbehaviorof
U3Si2.

BaseduponthehoopstressresultsattheexteriorofthefuelpresentedinFigure5.6(b)itwasde-
siredtoinvestigatethehoopstressbehaviorradiallythroughthepelletasshowninFigure5.7(a).
Whattheplotillustratesisthatthesignificantlylargehoopstressonlyoccursinthelastfinite
elementofthefuelpellet.Thereasonforthissignificantincreaseinswellingresultinginalarger
hoopstressistheuseoftheradialpowerfactormodelthatisBISONforUO2.Inabsenceof
otherdatathiswasconsideredanacceptableapproximation.Duetotheradialpowerfactorthe
burnupontheouterrimofthepelletissignificantlyhigherthantheburnupattheinteriorofthe
fuelandthereforetheswellingandsubsequentlythehoopstressishigherinthisregion.Acreep
modelforthefuelcouldhelpreducethestressexperiencedatthepelletexterior.

5.2Iron-Chromium-Aluminum(Fe-Cr-Al)Alloys

FeCrAlalloysareconsideredpartofaclassofmaterialsknownasadvancedoxidation-resistant
ironalloysandareoneproposedcladdingmaterialforusedinaccidenttolerantLWRfuelrods.
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Figure5.6:BoundingstudyresultsforU3Si2
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Typicallyotherdopantsareincludedintotheiron-chromium-aluminumstructuretoprovidede-
siredmaterialbehaviorsuchasmolybdenum,yttrium,titanium,andcarbon. Oneofthead-
vantagesofFeCrAlalloysovertheirtraditionalzirconiumbasedcounterpartsincludeanin-
creasedcreepresistantathightemperatures,suchasthoseexperiencedduringdesignbasisand
beyonddesignbasisaccidents. Moreover,theoxidationratesofFeCrAlalloysarelessthan
Zircaloy[45,46].Terranietal.[45]performedoxidationtestsinpuresteamatatmospheric
pressure,whereasDryepondtetal.[46]performedoxidationtestsattemperaturesintherangeof
800-1050◦C.Additionally,theoxidelayerthatformsonthecladdingpreventshydrogeningress
andhydrideformation,whichisprevalentinZircaloycladding.Thus,theriskofcladdingfailure
duetotheprecipitationofcircumferentialhydridesduringusedfueldispositionismitigated.

SomeofthedisadvantagesanddifficultiesofusingFeCrAlalloysasacladdingmaterialinclude
theirlowermeltingpointsthenZircaloy.Inadditionresearchofvariouschromia(C2O3)forming
steelsfoundthattherequiredchromiumcontentforprotectivebarrierformationinsteamat
1200◦Cisinexcessof20%[47].Thesechromiumconcentrationswouldlimittheirradiation
performanceofthealloy[45].Furthermore,thereislimiteddataonthemechanicalpropertiesof
FeCrAlalloysandtheirdurabilityundermechanicalstressesandirradiation[46].Forexample,
thecreepdataavailableforMA956andPM2000producedbyWasilkowskaetal.[48]islimited
toafewselectedtemperaturesandisnotpresentedinamannerthatiseasilyimplementedinto
BISON.Thislackofdatarequiresmultiscalemodelingtodevelopmechanisticmaterialmodels
andsensitivitystudiestoidentifyareaswherefurtherexperimentsarerequired.

5.2.1 MaterialModels

5.2.1.1ThermalandMechanicalModels

ToinvestigatethebehaviourofFeCrAlcladdinginafuelperformancesettingandtoidentify
areaswherefurtherresearchisrequired,apreliminarymodelofFeCrAlwasaddedtoBISON.
ThematerialmodelallowstheselectionofthreedifferentFeCrAlalloys:KanthalAPMT[49],
PM2000[50]andMA956[51].Usingtheinformationprovidedinthedatasheetsavailablefrom
themanufacturersofthesealloys,thethermophysicalpropertiesincludingspecificheatcapacity,
thermalconductivity,modulusofelasticity,Poisson’sratio,andcoefficientofthermalexpansion
(CTE)arecalculatedasafunctionoftemperaturefromthetabulateddata.Fortemperatures
betweenthetabulatedpointslinearinterpolationisused.NotethattheCTEdataisprovided
asameanvalueratherthaninstantaneousandthereforetoobtainthecorrectthermalstrainthe
methodbyNiffeneggerandReichlin[52]needstobeemployed.

5.2.1.2Swelling

ItisexpectedthatFeCrAlalloyswillbesubjectedtoirradiationinducedswellingduetotheir
cubiccrystalstructure.AsanapproximationfortheswellingofFeCrAlalloysasimplisticmodel
providedbyKurtTerranifromORNLhasbeenimplementedinBISON.Theestimatedswelling
rateis0.05%perdpa.Usingthesameconversionfactorassuggestedaboveforirradiationcreep
(1×1025n/m2=0.9dpa)thevolumetricswellingstrainrateisgivenby:
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ε̇=4.5×10−29φ (5.10)

Integratingovertimethevolumetricswellingisgivenby

ε=4.5×10−29Φ (5.11)

whereΦisthefastneutronfluencegiveninn/m2.

5.2.1.3ThermalandIrradiationCreep

Whenchoosingapotentialcladdingmaterialforaccidenttolerantapplications,anunderstanding
ofthecreepbehaviouratnormaloperatingandhightemperaturesaswellasunderirradiation
conditionsisofgreatimportance.TwocreepmodelsexistforFeCrAlalloys,oneforthecom-
mercialMA956andoneforagenericFecralloy.ThethermalcreepcorrelationforMA56isa
NortonlawbasedcreepmodelproposedbySeileretal.[53]:

ε̇=A0·exp(αT)·exp−
Q

RT

A

·σn (5.12)

whereQistheactivationenergy,nisthecreepexponentandαanadditionalfactor.Thecreep
behaviorofMA956ischaracterizedbythreeregimeswithindependentsetsofcreepparameters.
Thetransitionfromoneregimetoanothertakesplaceatthecriticalstressσc1andσc2.These
criticalstressesarecalculatedduringthesimulationbyequatingtwoequationswiththedifferent
creepparametersinthetworegimes.Forexamplethefirstcriticalstressisdefinedas

σc1=
A1
A2

1
n2−n1

(5.13)

whereA1(A0,Q,α,R,T)andn1areparametersintherangeσ<σc1,andA2(A0,Q,α,R,T)and
n2areparametersintherangeσc1<σ<σc2,respectively.Table5.2liststhecreepparameters
ofMA956forthevariousstressregimes.

Table5.2:CreepparametersofMA956

A0[MPa
−ns−1] n[-] Q[kJ/mol] α[K−1]

σ<σc! 78.978 4.9827 453 0.0
σc1<σ<σc2 3.466×10−124 41.0 453 0.1
σ>σc2 8.68×1016 5.2911 486 -0.0122

ThemodelforthermalcreepofFecralloywasproposedbySaundersetal.[54]:

ε̇=5.96×10−27σ5.5exp−
47136

T
(5.14)

whereσistheeffectivestressinPaandTisthetemperatureinK.Themodelincorporatedinto
BISONforirradiationcreepofFeCrAlalloyssuggestedbyKurtTerranifromORNLthrough
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apersonalcommunication.ThecoefficientforirradiationcreeprecommendedbyTerraniwas
0.5×10−6perMPaperdpa.Utilizingthefollowingconversionfactor:1×1025n/m2=0.9dpa
acorrelationforirradiationcreepcanbederived.

ε̇=4.5×10−32σφ (5.15)

whereσistheeffectivestressinMPaandφisthefastneutronfluxinn/m2-s.

5.2.2SensitivityAnalyses

TodemonstratethebehaviorofFeCrAlalloysunderlightwaterreactorconditionssimilarbase-
lineandsensitivityanalysesasthoseforU3Si2werecompleted.Inthesecasesthefuelwas
keptasUO2andanMA956claddingwasused.Comparisonsbetweentheexampleproblem
utilizingtraditionalZircaloy-4claddingandMA956areshowninFigure5.8.Figure5.8(a)
presentsthecomparisonoffuelcentreline,fuelsurfaceandcladdinginnersurfacetemperatures
asafunctionofburnup.Itisobservedfromthebeginningofirradiationthatthefuelrodlet
withMA956claddinghashigherfuelcenterlineandsurfacetemperaturesthentheZircaloyclad
rodlet.SignificantlylesscreepisexperiencedbytheMA956resultinginthefuel-to-cladgap
remainingopenforalongerdurationleadingtohigherfueltemperatures.Theinnercladding
surfacetemperatureremainsrelativelyconstantforbothsimulations.Thepointoffuel-to-clad
contactoccursatthepointsatwhichtheslopesofthecurveschange(i.e.about12MWd/kgU
and38MWd/kgUfortheZircaloy-4andMA956rodsrespectively).

SincetheMA956rodletexperienceshigherfueltemperatures,thefissiongasreleasedfromthe
fuelgrainboundariestotheplenumregionishigherthantheZircaloy-4rodletasillustrated
in5.8(b).Subsequently,thelargerplenumandgapspacewithinthefuelelementduetoless
creepdownofthecladdingresultsinalowerpressurewithintheplenum.Themagnitudeof
creepexperiencedbyMA956isverylowatnormaloperatingtemperatures. However,itis
unclearwhattheeffectthatirradiationcreepwouldhaveonthebehaviorofMA956atthese
temperatures.InZircaloy-4itisobservedthatthermalcreepmechanismsareessentiallynegli-
gibleatnormaloperatingtemperatures(<600◦C)whereirradiationcreepdominates,whereas
athightemperatures(e.g.duringaLOCA)thermalcreepmechanismsareofgreatestinfluence.
Therefore,itisimportanttoincludeirradiationeffectsofMA956toseeifthecreeprateincreases
duringnormaloperationaswithZircaloy-4.
WhiletheexamplecaseaboveprovidesthenominalbehaviourofMA956claddingundernor-
maloperatingconditionsandhighlightsthelimitedcreepexperienced,thereisstillmuchnot
knownaboutFeCrAlalloys. Moreover,thedimensionsofanaccidenttolerantfuelrodareun-
clear.Togainapreliminaryunderstandingofwhichmechanicalandthermalproperties,creep
properties,andgeometricaldimensionshavethegreatestinfluenceonimportantrodproperties
suchasthehoopstressandfuelcenterlinetemperature,asensitivityanalysiswascompleted
usingDakota[43].

StartingwiththenominalexampleproblemwithMA956cladding,theYoung’smodulus,Pois-
son’sratio,thermalconductivity,radialgapwidth,andcladdingthicknesswerevariedby±10%
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Figure5.8:ComparisonsbetweenusingU3Si2andUO2intheexampleproblem(a)fuelcen-
terline,fuelsurface,andcladinnersurfacetemperatures,(b)plenumpressureand
fissiongasrelease.

toexaminetheeffectsoftheseparametersonhoopstressontheinnersurfaceofthecladding
andthefuelcenterlinetemperature.Sincethematerialpropertiesvaryasafunctionoftem-
perature,ascalefactorhadtobeusedtoproperlyvarytheseparameters. Whilevaryingthe
thermalcreepparametersinEquation5.12wouldbeofinterest,initialinvestigationsindicated
thatfortheexampleprobleminvestigatedherethenegligiblecreepstrainexperienceddoesnot
haveanaffectonthestressresults.ThemaineffectsplotsofthestudyarepresentedinFigure5.9

Asexpecteditisimperativethatthedimensionsofanaccidenttolerantfuelrodbedetermined
asthecladthicknessandinitialgapbetweenthefuelandcladdinghaveastronginfluenceon
thestressstateofthecladandthefuelcenterlinetemperatureasseenbythelargeslopesinthe
maineffectsplotsfortheseparameters.Thefinalcenterlinetemperatureisstronglyinfluenced
bytheinitialgapsize.Alargerinitialgapresultsinhighertemperaturesbecausegapclosure
takeslongertooccur.Similarly,alargerthicknessmeansmorematerialfortheheattopass
throughcausingaslightincreaseinthecenterlinetemperature.Theseplotsconfirmtheexpected
behaviorwhencertainmaterialparametersarevaried. WhilethedatasheetsfortheFeCrAl
alloysprovidevaluesforthethermo-physicalparametersatcertaintemperatures,itisuncertain
iflinearlyinterpolatingbetweenthesevaluesfortemperatureforwhichdataisnotprovidedis
appropriate.SincethecompletionofthisstudythedimensionsoftheproposedFeCrAlcladdings
includinginnerandouterdiametersandthicknesshavebeendecided.Thesensitivityresultshere
havebeenpreviouslypresentedatTopFuel2015[44].

5.2.3BoundingStudies

PreliminaryboundingstudiesforFeCrAlalloyshavebeencompletedbyRyanSweetatthe
UniversityofTennesseeKnoxville.Inthesestudiestheupperandlowerboundswereputon
FeCrAlswelling,andthermalandirradiationcreep.Thelowerboundswerezero,Fecralloy
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Figure5.9:MaineffectsplotsanalyzingthesensitivityofMA956materialparametersincluding
ascalefactorontheYoung’smodulusandPoisson’sratio,thermalconductivity,
gapwidth,andcladthicknessonthe(a)cladinnerhoopstressand(b)centerline
temperatureintheexampleproblematanaxiallocationof0.06162m.Thislocation
correspondstotheaxiallocationofhighestpower.

creep,andzeroforswelling,thermalcreep,andirradiationcreeprespectively.Theupperbounds
weregivenbyEquation5.11,Zircaloy-4,andEquation5.15,respectively.Thepowerhistory
usedandtheresultsoftheboundingstudiesforFeCrAlarecurrentlynotavailableforpublication
fromRyanatthistime.

5.3 ModelingofrefloodinginfulllengthcladdingtubeinaLOCA

AtestcasebasedonthegeometryandtestconditionsusedinoneFLECHTexperimentwas
preparedandtestedusingbothcoarsemesh(5x2)1andfinemesh(50x2)withdifferentoptions
tomodelrefloodingofthefulllengthcladdingtubeinaLOCA.Thekeyinputparametersare
providedinTable5.3.Figure5.10providesthesimulateddecaypowerusedinthetest.Fig-
ure5.11providestheaxialpowerprofile.Figure5.12providestheaxialcladtemperatureprofile
atthestartofreflooding.

Stainlesssteel304wasusedasthecladdingtubematerialsinthetest;however,duetothelackof
materialpropertiesathightemperatures,constantthermalpropertiesareassumedinthecurrent
testcase:thermalconductivity=21W/m-K,specificheat=500J/kg-K,anddensity=8030
kg/m3.

Calculatedcladtemperatureusingthefinemesh(50x2)isshowninFigure5.13.Theresponse
ofthefulllengthcladdingtubeinarefloodingtestcanbesimulatedusingtheBISONcode.

1Numberofelementsinaxialdirectionxnumberofelementsinradialdirection.
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Figure5.10:Powerasafunctionoftime.

	
  

Figure5.11:AxialpowerprofileextractedfromFRAPTRANcode[55].

Figure5.12:Initialcladaxialtemperatureprofile.
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(d)

	
  (e) (f)

Figure5.13:FulllengthcladdingtemperaturecalculatedusingBISONatdifferenttimesduring
therefloodincluding(a)0sec,(b)50sec,(c)100sec,(d)150sec,(e)200sec,and
(f)250sec.
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Table5.3:InputParametersforModelingRefloodingainFullLengthCladdingTubeinaLOCA

Parameters Value Unit

CladOD 0.010719 m
CladID 0.0095 m
Cladthickness 0.00061 m
Cladouterradius 0.005359 m
Cladinnerradius 0.00475 m
LengthofCladdingTube 3.6576 m
Floodingrate 0.0508 m/s
PeakPower 4.07 kW/m
InletPressure 172370 Pa
InletTemperature 312 K

	
  

Figure5.14givesthecladoutersurfacetemperatureattheupperpartofthecladdingtubewith-
outquenching(a)andwiththequenchingmodel(b).Thesmalltemperaturepeakbeforequench
appearstobenotphysical.Thereasoncouldbethemeshformodelingtheaxialdirectionmay
notbefineenoughwhenthequenchingmodelisturnedon,creatingahighaxialtemperature
gradient.Thisneedstobeinvestigated.Thetheorybehindtherefloodingcapabilityandhowto
usethecapabilityinaBISONsimulationaredocumentedintheBISONtheoryandusermanuals
respectively.

	
  (a) (b)

Figure5.14:Cladoutersurfacetemperatureatanaxialelevationof2.4mcalculatedusingBI-
SONfor(a)arefloodwithoutquenchingand(b)arefloodwithquenching.
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6Summary

Thisreportpresentedthedensityfunctionaltheory,moleculardynamics,mesoscaleandengi-
neeringscaledevelopmentsinregardstotheaccidenttolerantfuelconceptsofU3Si2fueland
FeCrAlalloycladdings.TheworkwascompletedaspartoftheDOE’sNEAMSATFHIP.Addi-
tionalareasrequiringattentionhavebeenidentifiedineachofthesections.Workwillcontinueat
alllengthscaleseventuallyleadingtocoupledmultiphysicsbetweenthedifferentlengthscales.
Agreaterfocusonaccidentscenarios,suchaslossofcoolantaccidentsandreactivityinsertion
accidents,willoccurinthenextfiscalyear.
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[17]R.A.LebenshonandC.N.Toḿe.Aself-consistentanisotropicapproachforthesimulation
ofplasticdeformationandtexturedevelopmentofpolycrystals:applicationtozirconium
alloys.Actametallurgicaetmaterialia,41(9):2611–2624,1993.

[18]K.G.Field,M.N.Gusset,Y.Yamamoto,andL.L.Snead.Deformationbehavioroflaser
weldsinhightemperatureoxidationresistantFe-Cr-Alalloysforfuelcladdingapplica-
tions.JournalofNuclearMaterials,454(1–3):352–358,2014.

[19]K.G.Field,X.Hu,K.C.Littrell,Y.Yamamoto,andL.L.Snead. Radiationtolerance
ofneutron-irradiatedmodelFe-Cr-Alalloys.JournalofNuclearMaterials,465:746–755,
2015.

[20]K.G.Field,X.Hu,K.Littrell,Y.Yamamoto,R.H.Howard,andL.L.Snead.Stability
ofmodelFe-Cr-Alalloysunderthepresenceofneutronradiation.Technicalreport,Oak
RidgeNationalLaboratory(ORNL):HighFluxIsotopeReactor(HFIR),2014.

[21]B.Ye,J.Rest,Y.S.Kim,G.Hofman,andB.Dionne.Dartanalysisofirradiationbehavior
ofU-Mo/Aldispersionfuels.JournalofNuclearTechnology,191:27–40,2015.

[22]J.RestandG.L.Hofman.Kineticsofrecrystallizationandfission-gas-inducedswellingin
highburnupUO2andU3Si2nuclearfuels.FundamentalAspectsofInertGasesinSolids,
279:443–456,1991.

[23] M.A.Feraday,G.H.Chalder,andK.D.Cotnam.IrradiationbehaviorofcoredU3Aifuel
elements.JournalofNuclearApplications,4:148–153,1968.

[24]J.Rest. Grass-sst:acomprehensivemechanisticmodelforthepredictionoffission-gas
behaviorinUO2-basefuelsduringsteady-stateandtransientconditions.TechnicalReport
NUREG/CR-0202,ArgonneNationalLaboratory,1978.

[25]J.RestandG.L.Hofman.Dynamicsofirradiation-inducedgrainsubdivisionandswelling
inU3Si2andUO2fuels.JournalofNuclearMaterials,210:187–202,1994.

44



[26]G.L.HofmanandJ.Rest.Comparisonofirradiationbehaviorofdifferenturaniumsilicide
dispersionfuelelementdesigns.InProceedingsofthe17thInternationalMeetingon
ReducedEnrichmentforResearchandTestReactors(RERTR),Williamsburg,USA,1994.

[27]J.Rest.Thedartdispersionanalysisresearchtool:Amechanisticmodelforpredicting
fission-product-inducedswellingofaluminumdispersionfuels.TechnicalReportANL-
95/36,ArgonneNationalLaboratory,1995.

[28]Y.S.KimandG.L.Hofman.FissionproductinducedswellingofU-Moalloyfuel.Journal
ofNuclearMaterials,419:291–301,2011.

[29]I.I.Konovalov. Basicpropertiesoffueldeterminingitsbehaviorunderirradiation.In
InternationalMeetingonReducedEnrichmentforResearchandTestReactors,LasVegas,
NV,USA,2000.

[30]C.L.Whitmarsh.Thesignificanceofirradiation-inducedcreeponreactorperformanceof
azircaloy-2pressuretube.TechnicalReportORNL-281,OakRidgeNationalLaboratory,
1962.

[31]B.WatkinsandD.S.Wood.Thesignificanceofirradiation-inducedcreeponreactorper-
formanceofazircaloy-2pressuretube.ASTMSelectedTechnicalPapers,458:226–280,
1969.

[32]P.C.Barnett.Calculationoffastneutronfluxinreactorpressuretubesandexperimental
facilities.TechnicalReportAECL-3167,AtomicEnergyofCanadaLimited,1968.

[33]C.G.S.Pallai,A.K.Dua,andP.Raj.ThermalconductivityofU3O8from300Kto1100
K.JournalofNuclearMaterials,288:87–91,2001.

[34]P.G.Lucuta,Hj.Matzke,andR.A.Verrall.Thermalconductivityofhyperstoichiometric
SIMFUEL.JournalofNuclearMaterials,223:51–60,1995.

[35]J.T.White,A.T.Nelson,J.T.Dunwoody,D.D.Byler,D.J.Safarik,andK.J.McClellan.
ThermophysicalpropertiesofU3Si2to1773k.JournalofNuclearMaterials,464:275–
280,2015.

[36]K.E.Metzger,T.W.Knight,andR.L.Williamson. ModelofU3Si2fuelsystemusing
BISONfuelcode.InProceedingsoftheInternationalCongressonAdvancesinNuclear
PowerPlants,2014,Charlotte,NC,USA,2014.

[37]H.Shimizu.ThepropertiesandirradiationbehaviorofU3Si2.TechnicalReportNAA-SR-
10621,AtomicsInternational,1965.

[38]J.E.MatosandJ.L.Snelgrove.Researchreactorcoreconversionguidebook-Vol4:Fuels
(AppendicesI-K).TechnicalReportIAEA-TECDOC-643,InternationalAtomicEnergy
Agency,1992.

[39]K.M.TaylorandC.H.McMurtry. SynthesisandFabricationofRefractoryUranium
Compounds.TechnicalReportORO-400,CarborundumCo.,1960.

45



[40] M.R.Finlay,G.L.Hofman,andJ.L.Snelgrove.Irradiationbehaviourofuraniumsilicide
compounds.JournalofNuclearMaterials,325:118–128,2004.

[41]Y.Rashid,R.Dunham,andR.Montgomery.Fuelanalysisandlicensingcode:FALCON
MOD01.TechnicalReportEPRI1011308,ElectricPowerResearchInstitute,2004.

[42]G.Pastore,L.Luzzi,V.DiMarcello,andP.VanUffelen.Physics-basedmodelingoffission
gasswellingandreleaseinUO2appliedtointegralfuelrodanalysis.NuclearEngineering
andDesign,256:75–86,2013.

[43]B.M.Adams,L.E.Bauman, W.J.Bohnhoff,K.R.Dalbey,M.S.Ebeida,J.P.Eddy,M.S.
Eldred,P.D.Hough,K.T.Hu,J.D.Jakeman,L.P.Swiler,andD.M.Vigil.Dakota,amul-
tilevelparallelobject-orientedframeworkfordesignoptimization,parameterestimation,
uncertaintyquantification,andsensitivityanalysis:Version5.4user’smanual.Technical
ReportSAND2010-2183,SandiaNationalLaboratories,2009,UpdatedApril2013.

[44]J.D.HalesandK.A.Gamble.PreliminaryEvaluationofFeCrAlCladdingandU-SiFuel
forAccidentTolerantFuelConcepts.InTopFuel2015,Zurich,Switzerland,2015.

[45]K.A.Terrani,S.J.Zinkle,andL.L.Snead.Advancedoxidation-resistantiron-basedalloys
forLWRfuelcladding.JournalofNuclearMaterials,448:420–435,2014.

[46]S.Dryepondt,B.A.Pint,andE.Lara-Curzio.Creepbehaviorofcommercialfecralfoils:
Beneficialanddetrimentaleffectsofoxidation. MaterialsScienceandEngineeringA,
550:10–18,2012.

[47]B.A.Pint,K.A.Terrani,M.P.Brady,T.Cheng,andJ.R.Keiser. Hightemperature
oxidationoffuelcladdingcandidatematerialsinsteam-hydrogenenvironments.Journal
ofNuclearMaterials,440:420–427,2013.

[48]A. Wasilkowska, M. Bartsch, U. Messerschmidt, R. Herzog,and A. Czyrska-
Filemonowicz.Creepmechanismsofferriticoxidedispersionstrengthenedalloys.Journal
ofMaterialsProcessingTechnology,133:218–224,2003.

[49]Kanthal APMT (Tube) Datasheet. http://kanthal.com/en/products/material-
datasheets/tube/kanthal-apmt/,2012.

[50]SchwarzkopfPlanseePM2000Datasheet.http://www.matweb.com/search/datasheet.aspx?matguid=21e9ec9a0de24b47bcf69ab11c375567&ckck=1.

[51]Special Metals INCOLOY Alloy MA956 Datasheet.
http://www.specialmetals.com/documents/Incoloy%20alloy%20MA956.pdf.

[52] M.NiffeneggerandK.Reichlin.Theproperuseofthermalexpansioncoefficientsinfinite
elementcalculations.JournalofNuclearEngineeringandDesign,243:356–359,2012.

[53]P.Seiler,M.B̈aker,andJ.R̈osler.Variationofcreeppropertiesandinterfacialroughnessin
thermalbarriercoatingsystems.AdvancedCeramicCoatingsandMaterialsforExtreme
Environments,32:129–136,2011.

46



[54]S.R.J.Saunders,H.E.Evans,M.Li,D.D.Gohil,andS.Osgerby. Oxidationgrowth
stressesinanalumina-formingferriticsteelmeasuredbycreepdeflection.Oxidationof
Metals,48:189–200,1997.

[55] M.E.Cunningham,C.E.Beyer,F.E.Panisko,andP.G.Medvedev.FRAPTRAN:ACom-
puterCodefortheTransientAnalysisofOxideFuelRods.TechnicalReportNUREG/CR-
6739,Volume1,PacificNorthwestNationalLaboratory,2001.

47


	Introduction
	Density Functional Theory Developments
	Density functional theory calculations of defect and fission gas properties in U-Si fuel

	Molecular Dynamics Developments
	Assessment of semi-empirical potentials for the U-Si system
	Development of MD potential for uranium silicide fuels

	Mesoscale Developments
	Modeling the irradiation hardening behavior of FeCrAl alloys using crystal plasticity simulations
	Rate Theory Model of the Swelling Behavior of Canadian U3Si Fuel
	Evaluation of microstructure impact on the thermal conductivity of U3Si2 using Marmot

	Engineering Scale Developments
	Uranium Silicide
	Material Models
	Sensitivity Analyses
	Bounding Studies

	Iron-Chromium-Aluminum (Fe-Cr-Al) Alloys
	Material Models
	Sensitivity Analyses
	Bounding Studies

	Modeling of reflooding in full length cladding tube in a LOCA

	Summary
	Acknowledgements
	Bibliography

