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 Properties bulk and interfaces are reproduced
accurately in the simulations

Effect model description and parameters
Numerical issues

Insights in the evolution of complex
morphologies and grain assemblies

Effect of individual bulk and interface properties

Predictive ?

Depends on availability and accuracy of input
data

— Requires composition and orientation
dependence
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General framework and goal

-

Experiments, atomistic simulations and thermodynamic models

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

\_ /
4 I

Phase-field simulations

Microstructure evolution at the mesoscale

¥

Quantitative characterization

Average grain size, grain size distribution, volume fractions, texture,...
Basis for statistical and mean field theories
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Some aspects of model formulation

- 2-phase systems (single phase-field)
- Multi-grain/phase systems (multiple phase-field)




UVEN 2-phase systems

Field variables: F(r.t) r Double Wellfunctin
g(0)=16¢"(1-9)
-PhaseD: | =0

a-phase | B-phase -PhaseE | =1 1.

-Composition: cg

Distance

Free energy 6
F = o (C.1) + VW (1) +—|Nf i

%/—/U
Interfacial energy H

Bulk energy
=h(f)f2(c,T)+g- h(F)gf*(c,T)

chem
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KATHOLIEKE UNIVERSITEIT

UVEN Decoupling bulk and interfacial energy

Interface treated as mixture of 2 phases
c-field for each phase c® c¢?,c”

Equal interdiffusion potential +
conservation

Mc’ Mc?
c=h(f)c’ +£L- h(f)yc®

it o(c?) 9T _

free energy density

concentration

Kim et al., PRE, 6 (1999) p 7186; Tiaden et
al., Physica D, 115 (1998) p73

- Bulk energy
P fom=h(F)f2(c”)+&- h(F)gf*(c")
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Decoupling bulk and interfacial
Kinetics

Interface reaction limited  Diffusion controlled Solute trapping

Ci<ceq
FG. o l

Non-variational anti-trapping
current

-Dilute, Dg=0: A.Karma, PRL, 87, 115701
(2001); B. Echebarria et al., PRE, 70, 061604

(2004)

-Multi-comp, Dg=0: S.G. Kim, Acta Mater.
55, p4391 (2007)
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Single phase-field models -> Multiple
phase-field models

h® {h,h,.h,,..h,}
(h,h,,...h ,...,hp) =(0,0,...,1,...,0)
Model extension

F(h,h,, 0. |NA, P NA, E,..)

Different types of interfaces

+
+ Triple and higher order junctions

Numerically

+ Same accuracy for all interfaces
and phases

All interfaces within range of
validity of the thin interface

asymptotics _
® A, =cte
Distance (g.p.)
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Multi-grain and multi-phase models:
major difficulties

Third-phase contributions
Vi, =V;3=7/10 Vi,

~—with extra phase | |
——without exira phase

0
Distance

— Careful choice of multi-well function
and gradient contribution

h($)=¢"(10-15¢+6¢)
1_ .

Interpolation function

Zero-slope at equilibrium values of the
phase fields

Thermodynamic consistency

f :§ hh,h,,..)f(cT) P § hh,h,,..)=1
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Phase fields  1,0,,....h1 (r t),..
With grain |
(PP, h ) =(0,0,...,1,...,0)

Free energy

4 2 "

| 10
X ah ’7_ %8 & g mr+ 224K 8 (/ipyaav
e.—lg 4 ﬂ i=1 j<i 4@ 2 i=1

Frar = 0N

k(h) =& 8 k he? / A & i

izl j<i i=1 j<i

For each grain boundary A’h?1 0P k(h) =k, . = Grain |

n,;=0

Inclination dependence

Distance (g.p.)

9. ()/, J) k' j ()/, J) L' (y' J) i TR N\ ; L.-Q. Chen and W. Yang, PRB, 50 (1994) p15752
A. Kazaryan et al., PRB, 61 (2000) p14275
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Non-variational approach — equal
Interface width

Non-variational with respect to K-dependence of N
Similar to Monte Carlo Potts approach

Definition ‘grain boundary width’

—High controllability of numerical

accuracy (I, /R < 5) Distance
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UVEN Grain boundary properties

Grain boundary width
| :ﬂ ki’j
3\m(a(g )’

lterative algorithm

Abb’[ggb,q]y[%b’q] ® m,[ki’j],[gi,j],[Li’j] N. Moelans, B. Blanpain, P.

Wollants, PRL, 101, 0025502
(2008); PRB, 78, 024113 (2008)
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g(g;) calculated numerically




UVEN Numerical validation

1.33,Ax=0.2
0.66, Ax=0.1|-
=0.66,Ax=0.2
=2.66,Ax=0.2 |
gb
x £ =133,Ax=0.1
gb |
{, =266,Ax=0.1
gb
w2

Egb
Kgb
Egb

hrinkage rate

—
[0))
T

Sag =S g My = My
Observations
Accuracy controlled by A,/ DX
Diffuse interface effects for A,/ R>5
Angles outside [100°-140°] require larger A | Dx for same accuracy
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Variational approach — interface width
varies with interface energy

e =y ah’ 160 k& G U
F = &am . : g WP +=:+=g (Nh)? @V
Energy Qgnea 409,17+ >34

Kinetic equations
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Rotation invariance of the model

WVzitniernatically, tne mocdsl equations sre invarizt to rotatiorn, Out ..
ifle orcear gerarneiers regresant origntations in 2 flixad refaranca frarme.

oricl sz rl
ofysical wiclin of oz L

roteaitionzl syenenetry o)

Tre grecision of Ddeoencds or tre aumericzal setg,

Fortne mocdel to 0e rotational inveariant in oractice, lower limit of
2ot of orcar gerarneiers o \/Epl_

p >
nCh
J. Heulens and N. Moelans, Scripta Mat. (2010)
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Extension to multi-component multi-
phase alloys

Priasea flald variaolas:

BB (F),
Bos g,

Composiiion o e (8 e

Greains

Buli energy. fbulk(ck’hri) b é. fr f : (Cl:)

VIl

[ .I:b b ﬂfa(Cf) 0 )
e e, 4
k are L

3 an

p=a.,b,.

Nele Moelans
Third annual workshop HERO-M, Saltsj6baden,
Sweden, May 17-18, 2010




Extension to multi-component multi-
phase alloys

h daF (.,
Iriterizica rroverari: 1 =-L ( ir Xk)

1t ah.

1r

Batweer) oresse Dafjc) B

ﬂhai — * 2haih1§'
TGNy

Curvature driven
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Numerical validation for multi-
component multi-phase model

o . _ Processes for wiicn (i)
Triole junctior] CGrowirng soriers

Cornclusions for ¢rzirl
cJrowir rrioclel rarnzr)

+ Accluracy corirolled

DY Ay | DX

Diffuse niarfzaca

Interinsdizis ohlase Cozrsening effects for A, /R>5

Ancles guiside [1LO0 -
140 | reciuire larger
resolution A | Dx for
SEfE 2CCLECY
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Bounding Box Implementation

Besic alarer)ts
A qgrain s set of connectad ¢ric golnts rwnere |gta i(r)| > 2osilor]

For gzcr grain, thie corresooriding oouncdirg 00 1S ine srellest
cugoic cortainiric) tre crair

Algorithm
Solve the equations only locally,
inside bounding boxes
Only values inside boxes are
kept in memory
Boxes grow or shrink with grain

Object Oriented C++ implementation

Ir) collaigoratior) witn L, Varrieroe g S,
Vandewelle, .U, Lauvern (Vanneroe et el
PRE, 76, 11° 056702 (2007))
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Application examples

- Greln) growtn in anlsatroolc systems Wit 2 floer
LEXUUINE

Ir) collzaigorettion with F, Sozi20er),
rleirverrel Urliversity




Grain growth in columnar films with
fiber texture

Grzlr gourncdeary erercy:
Fourfold svrnrnetry
Eire cuso et T=87.9
Hezc-srocilay

Discret%orientations

hh,, B (1), B P DG =15°

Constapt rrooility

Initiedly raniclorn ¢reir orieriztion
zificel ojrellr) DoLricery tyoe
disirigutions
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2D simulation

White: g=1.5

Gray: g =3

Red: g= 37,5

Black: g>3 g+ 37.5




Simulations: 1 high-angle energy cusp

rlign-zrigle grein golriczarias
fore incdeoercent network

Low-ziriclle grain oourndzaries
follow rnovernert of fig-zric)le
grain volrncdaries — elorgeiis

No sizigle cuzacdruole junetiorns

White: T

Gray: T

Black: T!'  Te 37.5
Red: T=37,5
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Misorientation distribution function
(MDF)

Arezyweciriac VIDE

Head-Srocklay + cuso et = 37.5
Heaches 2 siesc-giaie

Low erergy golrncdarias lenginer = trgir rumoer irecreases
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Grain growth kinetics

Gzl growin exgoner

PEM: stezcy-sizis
CJrOWEr] With]

n»1
Pravious flrcings:

n=0.6..1

Mezin field airelysis:

Rezid-Shoclday (T =152) = cusg 2t T=37.5° N, Moeglans, = Sgazpern, P, Wollariis,
Phil. Mag)., 90 g 501-523 (201.0)
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Application examples

- Cozrsening of Al M greciolizies locaiad of) e
recrystallization frot ir Al alloys

In collaigoreiion witn A, Mirols, E.
Anselriro, S, var car Zwyeize), T, U, Delft




Jerky motion during recrystallization in
Al-Mn alloy

Irl-sitl EBSD opsarveaiion of
recrysiallization in AASLOS ci 400 C

Canseelr 4500 Crysizl Proge
FEGSEM

Jerlkey oreir gouriczary rmotior
Stogolne tirne: 15-25 3
Plarning 0y secornd-ghizse
oreciojizlies
= Al (Fe M), E-AL(Fe, M), S

Aclcad to onzase field roce
Gralr gourncdeary diffusior]
Drivirie) force for recrysiallizatior)
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Phase field model

Multiple order parameter — A,,(r,1),/1,,(r,t),...A,;(r,1),...
reoresentation:

Ao Frpset 1) = (1,0,...,0,..),(0,1,...,0,..),...(0,0,...,1,..), ..

m,z,lll, p,i,lll

Ml eorgosition figles ey

rlornocjerieous drivifc gressiire
for recrysiallizaiion: i

Bl cdifiusiorn = Suriaece diffusion
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Material properties at 723K

Grelir) gouriclairy enerc)y figr el

o = 0,324 I

Iriterfacial erigrgy Al Ml grecigitaies

o, = 0.5 U2

Mogility rign eirigle orair oouriclziry
At solute corliert 0,.3w% Vir)

W, = 2,945002% pi2s/ice
(Mlirou et 2l Mletier, Scl, Forin, 467-470,893(2004))

Eciuilipriusr corngosition of frzirl

oo = 00524 WY (0,024556 21i%s)
(BhD ifjesis Lol 2005

Acilzl corngosition of rrizir
(suoersailraiec))

o= 0.3 W (04474 211%)
(B0 ifesis Lok 2005)

WMlr) cliffusion i) fee Al

Doy e = LO= @5, Oy = 2200 1 o)l
— Dy = 9.9978°L028 /<

Ploe diffusion fighn cirgle golriczries,
oreciolteiia/rrlziirl iriterface

D55 = B ik @ = 650k
D) = 2050

Bullc enzrey densiiy: = A el )7

A= 6"101%; xm, = 0.000258
AR = 605X S04 20

Nele Moelans
Third annual workshop HERO-M, Saltsj6baden,
Sweden, May 17-18, 2010




Precipitate coarsening and unpinning

P = P (PysR s - Unolnnire reinly throtc surfeace
Pinniny: P,.=3.8 MPa diffusion around grecigitaias

Reae Po=8.1 VP

0.9rm x 0.375mMm
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Precipitate coarsening and unpinning

P s - Unolnnirie) trrougr ¢relr]
Pinnifg: Poe = 3.8 P gourncary difiusior]
Rey Py = L4 VPa

0.9nm x 0.375mMm
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Application examples

- Cozarsaning and diffusion cortrollad orowir in lezicl-
free soldear jolnts

Withiin tne frerework of COST VIP-0602
(Aclvanicec Solder Meaterials for FHigr)

Teroeraiure Agolicatiorn), Crizlirs A, Krougel
aniel A, Wettsor




Coarsening in Sn(-Ag)-Cu solder joints

IMIC forrnetion el growir — orecioltata growin — Kirkernczal voicds —
Jiresses — grain oourndsary diffusion

= CALPFAD descrigtior)
= Diffusiorn coefficients, growin cogfficient for IMC-lzalyers

Eutectic
Composition:
X Sn-2at%Cu

P R A li
~ +—— be— et

180 °C

SEM-image of Sn — 3.8Ag—0.7 Cu alloy after
annealing for 200h at 150 C (Peng 2007)
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Phase field model

Widltiole grcer geirernater rroclel:

h(Cu),l’h(Cu),Z’ ""h(Cu),i (r,t),...

Cu3Sn,1’hCu3Sn,2’

h

Grains arncd grzses

Cugng, 11/ lcugang, 27+

h
h
h

(81),1’h(91),2""h(81)i yuua

s W|th (h(Cu),l’h(Cu),Z"" h ):

y f,i""

10,...,0,..),(0,1...,0,...),...(0,0,...,.1,...),
Corrgosition fieldl: xSn(FTt)
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CALPHAD Gibbs energies

COST 531-v3-0 claitzinzise (- gereaoolic exiernsiorns)

(GUEST
T=180 C

A. Dinsdale, et al. COST 531-Lead
Free Solders: Atlas of Phase

Diagrams for Lead-Free Soldering,
vols. 1,2 (2008) ESC-Cost office
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IMC-layer growth (1D)

Effact gull diffusion coaificiarnt

DY =10 ®m?/s DY =10 %m?/s P kckoss1 =0.0301>40‘:
=0.083340
—_ - — - u6IN5
D;U3S1 _10 13m2 / S D;U3S1 _10 13m2 / S

DS =10 *m?/s| | DL =10 P m?/s P Koge =0.030640°
D{M =10 ¥*m?/s | |D{Y =10 “m?/s Keuesns =0.084940°°
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Comparison with experimental data

Cussnl, T =180 C Ccussns, T =180 C

Paragolic growill constant exoeriments Parzaigolic growir corstert ir)

o Cles P GUGoNG sirntlaiions wite)

D&Y =10 *m?/s -
DCu391 - 10 15 m2/S kCu381 =0.002340
S

0.0082 109 | 0,0088 109 DS — 152 Kousss =0.007340°
S|

00,0043 Lo*° 0,007 Lo DS =10 ?m?/s

00,0010 Lo*° 0,00032 10°

J, Jarickzale, ENMPA
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Effect of grain boundary diffusion
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DL =2X0 % *2X0 ®m?/s
DSBS =2X0*° *2X0 ¥ m?/s
Do =20 *2X0 ®*m?/s
D{M =2X0 % %240 ¥ m?/s

9,=025 Jm?




Graln sirueilra
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Growth behavior Cu;Sn ?

Composition: 4.

DY =240 ®m?/s
DS =2X0 °m?/s
DTS = 210 °m?/s
DLV =2X0 ¥ m?/s
D" =2X0"m?/s




Conclusions

Wizt clo we rleed rlex to ifnorove e cuzaftiteiive sicciracy of
ofzse-iigld rrocels 7

Accuraie regrasaniaiion of idole-junciion angles guisida [LO0 -
140

CALPHAD Glops eriargias over full cornoosition cdormnzin,
zls0 for stolcnlomeiric onases i etasiagle ragions

Corrloositiorn e aorleptatiorn daoercdant exoressions for
diffusion znc irterfacial grooertes
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Thank you for your attention !

Aclkrowlecdearens

Postcdocioral fellow of ine Mesaarcr Fourncdation - Flagcars (FYWO-
Vizizincerer))

Simulattions were gerforred o ine Flemiscn Suger Corouier (VSC)

Projects

= OT/07/040 (Quzagiitzitive ofzase figld mocdellineg of cozrsernirg in Jezcl-
free solder jolnts)

= JUAP Progreg DISCO (Dynzamical Sysiems, Control, cnd Qotirizatior)
o

IWCT gjraint SB-73163 (Priase-Field Mocdellineg of ine Solidificztion of
Oiclic Sysians)

More informztion on fito:/lnele studerienweo. org
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Multi-grain and multi-phase models

Miulti-onzase-figld rroclel 9
/.1’/. 2’j 3’--/. p? a/.i b
i=1

4s. i1
Siy T L \Nf A [ f
1P’ 7

Prase figlds

Fres energy é

it ] i,j
0<7 ;<1
Douple ogstacle, rigrer orcar terms, orecdient tarmr)
rlof-=variztionzl)
Interpolation: zero-sloge or triarrocyrizrmic
consisiency

Miulti-orcler gairerneter rocels

Orcler gararnetiers hl /72 h (?t)

- U

2 E
4 2

885’86!7_h_+aa hee +

Initerfacial energy f = ol
: e|—1g4 Q i=1 j<i IJ |
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Steinbach et al.

MICRESS phase-field
code

H. Garcke, B.Nestler,
B. Stoth, SIAM J. Appl.
Math. 60 (1999) p 295.

L.-Q. Chen and W. Yang,
PRB, 50 (1994) p15752

A. Kazaryan et al., PRB,
61 (2000) p14275

6, k(h) ¢ &

O X/ 2
> a (Nh)




Multi-grain and multi-phase models

Vecior valiacd mocea

Oisnetioniiglen(7) snlcgheiseisld () R. Kobayashi, J.A. Warren,
W.C. Carter, Physica D, 119
(1998) p415

Freeenergy ¢ = ¢(f |Nf |, |Ng|)

2-onzse solidification

. R. Folch and M. Plapp, PRE, 72
Priasa fialds R app

(2005) n 011602

... 9.
VEURY TN VA
Fiftn arcer intergolztion UNCHONE gi(l 1,151 5)
= Zero-slooge and tnerrocdyraiic cornsistar)t
= Order o Increases with nurnoer of ghese-fields

. . [.M. McKenna, M.P. Gururajan,
Multi-orelgr gelreirigiar = if) oreler oseieliant terels s s{:i., 44

(2009) p2206
Priase figld crysizal anc arnolituce ecuztiors
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Bounding Box Algorithm

Ipitiedization 0y regcor fuclestior)
Gerereia sgrare-sraoead orain Uniformly over microsiriciire
Gerereta garticles uniformly over microsiriciire
Sigi-ll0 s0zrse clatel strctire
Dataernineg oolridirie 00 for 2very oreir)
Creziie ggject for avery orealir
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