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Zener pinning

•• GrainGrain growthgrowth::

•• ZenerZener pinningpinning: : 

•• ‘‘DimpleDimple shapeshape’’
•• LimitingLimiting graingrain sizesize::
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Phase field model

•• Extension of model of D. Fan Extension of model of D. Fan 
and L.and L.--Q. Chen for normal grain Q. Chen for normal grain 
growthgrowth

•• Phase field variables: Phase field variables: 

•• ParticlesParticles : : ΦΦΦΦΦΦΦΦ=1 =1 

•• GrainGrain i of i of matrixmatrix--phasephase : : ΦΦΦΦΦΦΦΦ=0=0
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Phase field model

•• FreeFree energyenergy

•• EquilibriumEquilibrium
•• ΦΦΦΦΦΦΦΦ=0 : =0 : 
•• ΦΦΦΦΦΦΦΦ=1 : =1 : 

•• KineticKinetic equationsequations ((GinzburgGinzburg--LandauLandau))
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Model parameters

•• EquationsEquations

•• withwith

•• GrainGrain boundaryboundary energyenergy ((expressedexpressed in J/g.p.)in J/g.p.)

•• InterfacialInterfacial energyenergy particlesparticles::

•• InterfacialInterfacial thicknessthickness :  :  

•• GrowthGrowth raterate : : 

/ 2 2.5m ε< <

4 2
2 2 2

1 1 1
( )
4 2

p p p p
i i

i j i
i i j i i

mf η η η η ηε
= = ≠ =

 
= − + + Φ 

 
∑ ∑∑ ∑

21 2( , ) ( , ,...) ( , )
( , ) i

i
i

i
i

r t f r
t t

L t
r

η η η η
η

κ
 ∂ ∂= − − ∇  ∂ ∂ 

m
κ∝

1 2

1 1( )L
R R

κ∝ +

0.5, 1 0.40

4, 1 1.16

1, 0.25 0.29

gb

gb

gb

m
m
m

κ σ
κ σ
κ σ

= = ⇒ =

= = ⇒ =

= = ⇒ =



Phase field simulations for grain growth in materials containing second-phase particles
N. Moelans, B. Blanpain, P. Wollants

TMS2005, 14-17 February, 2005
San-Francisco, California

Grain boundary/particle interaction

•• EnergeticEnergetic considerationconsideration::
•• GeometryGeometry::

•• InteractionInteraction energyenergy::

•• Diffuse Diffuse graingrain boundariesboundaries ⇒⇒⇒⇒⇒⇒⇒⇒
•• InteractionInteraction energyenergy slightlyslightly tootoo negativenegative
•• LowerLower limit limit onon particleparticle sizesize

•• EvolutionEvolution sphericalspherical graingrain boundaryboundary pinnedpinned byby single single particleparticle
•• ‘‘dimpledimple shapeshape’                  ’                  
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Large-scale 2D-simulations

•• IsotropicIsotropic graingrain boundaryboundary propertiesproperties::

•• RoundRound particlesparticles::

•• AreaArea fractionfraction: : 

•• SystemSystem sizesize: 256x256 and 512x512: 256x256 and 512x512
•• InitialInitial microstructuremicrostructure::

•• GrainGrain nucleationnucleation in in presencepresence of of particles (Rparticles (R00=0)=0)
•• GrainGrain nucleationnucleation and initial grain growth withoutand initial grain growth without particles (Rparticles (R00>0)>0)

•• RandomRandom particleparticle distributiondistribution
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Comparison with theory

•• High High scatterscatter forfor lowlow ffaa

•• Fitting:  Fitting:  

•• TheoryTheory::

•• PhasePhase field (Rfield (R00=0):=0):

•• MonteMonte CarloCarlo::

•• FrontFront--trackingtracking::
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Role initial grain size
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Role initial grain size

•• RR00 = 0:= 0: •• RR00 > 0> 0

03, 0.04, 0ar f R= = = 03, 0.04, 13.6ar f R= = =
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Role initial grain size

•• FractionFraction of of particlesparticles onon graingrain boundaries:boundaries: temporal temporal evolutionevolution
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Comparison with experiment

•• ThinThin AlAl--films films 
•• ColumnarColumnar grainsgrains
•• 2D2D-- structurestructure
•• CuAlCuAl22--particlesparticles

Data Data fromfrom H.P. H.P. LongworthLongworth and C.V. and C.V. ThompsonThompson
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Conclusions

•• ZenerZener pinningpinning was was studiedstudied as a as a functionfunction ofof
•• ParticlesParticles sizesize
•• Number of particlesNumber of particles
•• InitialInitial microstructuremicrostructure

•• Long Long computationcomputation timestimes even even forfor simplesimple materialsmaterials
•• FurtherFurther studystudy of ‘of ‘dimpledimple shapeshape’ and ’ and dynamicdynamic behaviorbehavior of the of the 

graingrain boundaries isboundaries is necessarynecessary
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