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ABSTRACT

ThequantitativephaseＧfieldsimulationswerereviewedontheprocessesofsolidificationofpuremetalsand
alloys．ThequantitativephaseＧfieldequationsweretreatedinadiffusethinＧinterfacelimit, whichenabled
thequantitativelinksbetweeninterfacedynamicsandmodelparametersinthequasiＧequilibriumsimulaＧ
tions．Asaresult,thequantitativemodelingismoreeffectiveindealingwithmicrostructuralpatternforＧ
mationinthelargescalesimulationswithoutanyspuriouskineticeffects．ThedevelopmentofthequantiＧ
tativephaseＧfieldmodelsinmodelingtheformationofmicrostructuressuchasdendriticstructures,eutecＧ
ticlamellas,seaweedmorphologies, andgrainboundariesindifferentsolidifiedconditionswasalsoreＧ
viewedwiththepurposeofguidingtofindthenewprospectofapplicationsinthequantitativephaseＧfield
simulations．

１．Introduction
　TheformationofmicrostructuresduringsolidifiＧ
cationhasfascinatedresearchersin materialssciＧ
ence, materialsphysicsand manyotherfieldsfor
decadesofyears[１Ｇ６] ．Understandingofsolidification
microstructuresunderliesvariousissuesofscientific
andindustrialimportancetostudymaterialproperＧ
tiesofalloyscastings[７] ,forinstance,thedendritic
andcellgrowthwiththephasetransition,competiＧ
tionbetweenorientedgrains,domainformationfor
microstructuraldefects,etc．Therefore,itiscrucial
tocontrolandpredictmicrostructureformationdurＧ
ingdifferentsolidification processes．RecentproＧ
gressesinexperimentaltechniqueshaveimproved
the understanding ofintriguing phenomena and
mechanismsofmicrostructuralformation．InpartiＧ
cular,thedevelopmentofsynchrotronXＧrayimaＧ
gingtechniques[８Ｇ１４] hasenabledtheinsituobservaＧ
tionof metallic materialsolidification．However,
therealＧtimeinvestigationsofmicrostructureforＧ
mationandtheassociatedsegregationpatternsare
stilllacking[７] ．Furthermore,thoseinsituobservaＧ

tionsareonlyrestrictedinthethinsamplesthatare
essentiallyquasiＧtwoＧdimensionalinvolvingonlya
finitenumberofalloysystems, whereasthecollecＧ
tivebehaviorofvariouscomplexalloysystemsin
threeＧdimensionalsystemisofprimaryimportance
incontrollingthesolidificationmicrostructures．
　NumericalsimulationsareregardedasthepromＧ
isingmethodstobetterunderstandalloymicrostrucＧ
turalformationinasystematic, efficientandcost
effectivemanner[７] ．Forinstance, moleculardynamＧ
ics(MD)[１５Ｇ１８] andMonteCarlo (MC)[１９Ｇ２１] simulaＧ
tionsareofgreatvalueinunderstandingthemicroＧ
scopicformationofsolidificationpatterns,especialＧ
lyinthestudyofnonequilibriumgrowthdynamics
inrelatedtothemicrostructureinstability．ThedyＧ
namicmeanＧfieldapproach[２２Ｇ２４]iseffectivetostudy
thecompetitivemechanismbetweennucleationand
graingrowth．However,thesemethodsaredifficult
todealwiththeinterfacialevolutioninacomplex
boundaryproblem, whichisverycommoninsolidiＧ
ficationofalloys．
　ThephaseＧfieldmethodhasemergedasaneffecＧ
tivetoolin modelingcomplex microstructuresfor
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solidificationtransformations．Itisbased onthe
GinzbergＧLandautheoryofphasetransitions with
minimizingathermodynamicallyconsistentfreeenＧ
ergyfunctionalintermsoffieldvariables．InphaseＧ
fieldmodels, theliquidＧsolidinterfaceisextended
intoavirtualdiffuseinterface, wherestatesare
quantifiedbyaspatiallydistributedorderparameＧ
ter,ie．,phasefield．SinceonedoesnotneedtoexＧ
plicitlytrackboundary motionswithcomplexpatＧ
terns, thephaseＧfield methodhasbeencommonly
usedinsolidificationofpurematerialsaswellasbiＧ
nary, multicomponentandmultiＧphasealloyswitha
varietyofmicrostructuralpatternformations[２５Ｇ２８] ．
Furthermore, phaseＧfield modelshaveattracteda
significantnumberofattentionswithgreatresearch
interestsin manyothergrowthdynamicprocesses
with different scales, such as epitaxial film
growth[２９Ｇ３３] ,domainevolutioninferromagneticand
ferroelectric materials[３４Ｇ３７] , electrochemicalreacＧ
tion[３８Ｇ４２] ,andtheevolutionofnervecells[４３,４４] ,owＧ
ingtotheirfundamentalnatureinrelatedtophase
transformations．
　However,itshouldbenotedthatsolidification
hasa multiＧscale naturein physics．Thelength
scalesspanfromseveralnanometersthicknessesfor
liquidＧsolidinterfacestotensorhundredsofmicrons
formicrostructuralmorphologies; thetimescales
spanfrompicosecondsforatomicattachmenttosecＧ
ondsforheatorsolutediffusion[７] ．ItremainsdiffiＧ
culttocapturemicrostructuralevolutionoversuch
multiplelengthandtimescalesusingphasefieldand
manyothernumericalsimulations, whichpresents
asagreatchallengeinthemodelingofsolidification．
　Inrecentyears,aseriesofnewphaseＧfieldmodＧ
elshavebeendevelopedinsolidifications, whichenＧ
ablesmorequantitativedescriptionsinthediffuse
thinＧinterfacelimit[４５] , wherethescaleofinterface
thicknessisconsiderablylargerthanthecapillary
length．QuantitativephaseＧfieldmodelshaveanadＧ
vantageinestablishingrelationshipsofthecharacＧ
teristicsofinterfacedynamicswiththemodelpaＧ
rametersinthesteadystatesimulations．FurtherＧ
more,thequantitativemodelingisabletoeliminate
thespuriouskineticeffectsarisingfromthelarge
valuesofinterfacethicknesses．Forinstance,ananＧ
tiＧtrappingcurrent[４５,４６] isproposedtoadjustthe
solutedistributionandavoidtheabnormalsolute
trapping．ThisallowsquantitativecomparisonsbeＧ
tweenexperimentsandpredictionsofmicrostructurＧ
alpatternformationfortheconsiderablylargescale
simulationsbothintwoandthreedimensions．

２．PrincipleofQuantitativePhaseＧfieldModel
　Thefirstfullyquantitativemodelwasproposed
byKarmaandRappel[４７Ｇ４９] ．Theyreporteddendritic
growthwithpureundercooledmeltusingaquantiＧ

tativephaseＧfield method．Consideringasimplest
dendritegrowthmodelinsolidificationofapuremaＧ
terial,thesharpinterfacemodelcanbedescribedby
thefollowingequations,
　　∂tu＝D∇２u (１)
　　υn＝D(∂nu－ －∂nu＋ ) (２)
　　ui＝－d０κ－βυn (３)
where,u＝(T－TM )/(L/Cp)isdenotedbythediＧ
mensionlesstemperaturefield;tisthetime;Tisthe
environmentaltemperature;TMisthemeltingtemＧ
perature;Listhelatentheatofmelting;andCpis
thespecificheatatconstantpressure．Farfromthe
interface,u＝－Δ, whereΔ＝(TM －T∞ )/(L/Cp)
isthedimensionlessundercoolingandT∞istheiniＧ
tialtemperatureoftheundercooledliquid．Disthe
diffusioncoefficient;υnisthenormalinterfaceveＧ
locitywiththeunitvectornpointingtothenormal
interfacedirection,and∂nu－ and∂nu＋ denotethenorＧ
malderivativeofuontheliquid(＋)andsolid(－)
sidesoftheinterface,respectively．Eq(３)isaveＧ
locityＧdependentformoftheGibbsＧThomsoncondiＧ
tion, whichincorporatesthenonequilibriumkinetics
oftheinterface．d０isthecapillarylength;κisthe
localprincipalcurvatureoftheinterface, andβis
theinterfacekineticcoefficient．Notethatbothd０

andβarerelatedtothesurfaceenergyanisotropy,
ie．,d０≡d０(n)andβ≡β(n)．Inthreedimensions,
thecurvatureterm canbeextendedintoa more
commonform,

　　d０κ≡∑
２
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where,γ(n)＝γ０as(n)istheanisotropicsurfaceenerＧ
gy;γ０istheisotropicpartofsurfaceenergy;as(n)
measuresthespatiallydistributedshapeofanisotropy;
andκiisthelocalprincipalcurvaturesoftheinterＧ
face．Here,nistheunitvectornormaltotheinterＧ
faceandθiaretheanglesbetweenthenormalnand
thetwolocalprincipaldirectionsontheboundary．
TheanisotropicphaseＧfieldmodelcanbedescribed
by
　　F＝∫[W２(n)|∇ϕ|２＋f(ϕ)＋λug(ϕ)]dr (５)

　　τ(n)∂tϕ＝－
δF
δϕ

(６)

　　∂tu＝D∇２u＋
１
２∂th(ϕ) (７)

where,r＝(x,y,z) denotesthespatialposition;
Fisthefreeenergyfunctional;W andτaretheaniＧ
sotropicspatialandtimeparameters,isotropicparts
ofwhich(denotedbyW０andτ０)evaluatethecharＧ
acteristiclengthandtimescale,respectively;f(ϕ)
isadoublewellpotentialfunction, withminimaat
ϕ＝－１andϕ＝＋１thatcorrespondtotheliquidand
solidphases, respectively; g (ϕ) isintroducedto
linktheminimaofthefreeenergywiththediffusion
field;λisadimensionlesscouplingcoefficient;h(ϕ)＝
ϕisthesimplestfunctionwhichincorporateslatentheat
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