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Phase field method

•• van der Waals, Cahnvan der Waals, Cahn--Hilliard (1958), Hohenberg and Halperin Hilliard (1958), Hohenberg and Halperin 
(1977) (1977) 

•• Microstructure evolution (started Microstructure evolution (started ±± 20 years ago)20 years ago)
•• SolidificationSolidification
•• Ordering reactionsOrdering reactions
•• Martensitic transformationMartensitic transformation

•• NowadaysNowadays
•• Wide range of applicabilitiesWide range of applicabilities
•• Quantitative aspectsQuantitative aspects

–– Parameter determinationParameter determination
–– Numerical implementationNumerical implementation
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Role of microstructures in materials
science

Chemical Chemical composition, temperature, pressurecomposition, temperature, pressure
+ + 

CoolingCooling rate, historyrate, history

MicrostructureMicrostructure
ShapeShape, , sizesize and and orientationorientation of the of the grainsgrains, , mutualmutual distributiondistribution of the of the phasesphases

MaterialMaterial propertiesproperties

Strength, deformability, hardness, toughness, fatigue…
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Representation of microstructures in 
the phase-field method

•• FieldField variables: variables: continuouscontinuous functionsfunctions in in spacespace and timeand time
•• LocalLocal compositioncomposition

•• LocalLocal structurestructure and and orientationorientation

BinaryBinary alloyalloy AA--BB

••PhasePhase αα: : ηη = 0= 0

••PhasePhase ββ: : ηη = 1= 1AntiAnti--phasephase boundaryboundary

( , )Bx r t

( , )k r tη

αα
ββ
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Diffuse-interface description

•• Sharp interfaceSharp interface

•• DiscontinuousDiscontinuous variationvariation in in propertiesproperties

•• RequiresRequires trackingtracking of the interfacesof the interfaces

•• SimplifiedSimplified graingrain morphologiesmorphologies

•• Diffuse interfaceDiffuse interface

•• ContinuousContinuous variationvariation in in propertiesproperties

•• Interfaces Interfaces implicitlyimplicitly givengiven byby locallocal
variationsvariations in in fieldfield variablesvariables

•• Complex Complex graingrain morphologiesmorphologies
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Thermodynamics and kinetics

•• Total free energyTotal free energy

•• Evolution of field variablesEvolution of field variables

•• NonNon--conserved field variablesconserved field variables

•• Composition fieldsComposition fields
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Homogeneous free energy functional

•• AntiAnti--phase boundaryphase boundary
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Homogeneous free energy

•• Two phase systemTwo phase system

ηη

f0α

αα ββ

f0β
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Major strengths of the phase-field
technique

•• Complex morphologies + concurrent processes Complex morphologies + concurrent processes 

•• Continuous fieldContinuous field representation                ,representation                ,

•• Several contributions to thermodynamicSeveral contributions to thermodynamic driving forcedriving force

•• KineticsKinetics
–– Mass diffusionMass diffusion
–– Heat diffusion (conduction)Heat diffusion (conduction)
–– ConvectionConvection

( , )Bx r t ( , )r tη

...bulk surface elast magnF F F F F= + + + +
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Quantitative aspects

•• Parameter determinationParameter determination
•• Thermodynamic phase stabilitiesThermodynamic phase stabilities
•• Interfacial energy and mobilityInterfacial energy and mobility
•• Elastic energy Elastic energy 
•• Orientation dependenceOrientation dependence
•• Solute diffusionSolute diffusion

•• Numerical solution of a set of coupled partial differential Numerical solution of a set of coupled partial differential 
equationsequations

•• Width of the interfaceWidth of the interface
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Phase field simulations of 
microstructural evolution

ExperimentsExperiments, , atomisticatomistic simulationssimulations
and and thermodynamicthermodynamic modelsmodels

Crystal structure, phase stabilities, interfacial properties (energy, mobility, 
structure,anisotropy), diffusion properties

Phase fieldPhase field simulationssimulations

Morphological evolution of the grains at the mesoscale during
solidification, precipitation, solid-state phase transformations, grain growth,…

Models Models thatthat predictpredict macroscopicmacroscopic materialmaterial propertiesproperties

Strength, deformability, hardness, toughness, fatigue…
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Phase field simulations of grain growth

•• Polycrystalline microstructure (L.Q. Chen 1994):Polycrystalline microstructure (L.Q. Chen 1994):

•• GrainGrain i of i of matrixmatrix--phasephase

1 2( , ,..., ,..., ) (0,0,...,1,...,0)i pη η η η =

1 2, ,..., ( , ),...,i pr tη η η η

Grain
i

Grain j

1iη =

0jη = 0iη =

1jη =
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Zener pinning

•• Mechanism for controlling grain Mechanism for controlling grain 
sizesize

•• E.g. E.g. NbC, AlN, TiN,... in HSLANbC, AlN, TiN,... in HSLA--
steelssteels

•• Zener relation for limiting grain Zener relation for limiting grain 
sizesize

•• Influence of Influence of 
•• Shape of the particleShape of the particle
•• Interfacial properties of particlesInterfacial properties of particles
•• ParticleParticle--grain boundary grain boundary 

correlationcorrelation
•• Initial distributionInitial distribution
•• Evolution particlesEvolution particles MnSMnS precipitateprecipitate in in lowlow--CC steelsteel

lim 1
b
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R K
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Zener pinning

•• 3D phase field simulation 3D phase field simulation 

1 2, ,..., ( , ),...,i pr tη η η ηGrain orientations: Grain orientations: 

Particles: Particles: 

Conserved variable:Conserved variable: ( , )r tφ

0,i iη = ∀

⇒⇒ Grain size distributionGrain size distribution

⇒⇒ Limiting grain sizeLimiting grain size

⇒⇒ Number of particles on grain boundaryNumber of particles on grain boundary
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Thermal grooving

•• Surface tensionSurface tension

•• Formation mechanismFormation mechanism
•• Bulk diffusion, surface diffusion, Bulk diffusion, surface diffusion, 

evaporation/condensationevaporation/condensation
•• Groove shapeGroove shape

•• Drag effect on grain growth in thin filmsDrag effect on grain growth in thin films

•• Abnormal grain growth induced by Abnormal grain growth induced by 
orientation dependence of surface energyorientation dependence of surface energy

=> huge grain size => huge grain size 

InIn--stiu STM image for a gold film stiu STM image for a gold film 
(Rost et al. 2003)(Rost et al. 2003)
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Thermal grooving

•• 3D phase field simulation of surface grooving3D phase field simulation of surface grooving
•• System geometrySystem geometry

•• ModelModel
–– GrainsGrains

–– Conserved variableConserved variable

•• ApplicationApplication
–– Onset of abnormal grain growthOnset of abnormal grain growth

1 2, ,..., ( , ),...,i pr tη η η η

( , )r tψ



18MSIT Meeting, March 1, 2007
Schloss Ringberg, Germany Nele Moelans, K.U.Leuven,Belgium

Outlook

•• Quantitative simulations for multiQuantitative simulations for multi--component and multicomponent and multi--phase phase 
materialsmaterials
•• Model refinementModel refinement

–– Easy coupling with thermodynamic databasesEasy coupling with thermodynamic databases
–– Individual parameters for interfacial energy  Individual parameters for interfacial energy  

•• Physical characteristicsPhysical characteristics

•• Extension of the grain growth modelExtension of the grain growth model
•• Stability of the particlesStability of the particles
•• Surface properties of the particlesSurface properties of the particles
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Outlook

•• Phase field simulations for AgPhase field simulations for Ag--CuCu--SnSn
•• MultiMulti--phase/multiphase/multi--componentcomponent
•• Elastic energyElastic energy
•• COST 531, COST MP0602 COST 531, COST MP0602 →→ input parametersinput parameters

•• Phase field simulations for oxidic systemsPhase field simulations for oxidic systems
•• Ions with multiple valence, e.g. FeIons with multiple valence, e.g. Fe2+2+/Fe/Fe3+3+

•• Slags, ceramicsSlags, ceramics
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End

•• Thank you for your attention!Thank you for your attention!
•• More information: More information: http//nele.studentenweb.orghttp//nele.studentenweb.org
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