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Outline

Introduction: modeling of microstructure evolution

Principles of phase field modeling

« Application examples
Anisotropic grain growth
Precipitates on grain boundaries
Lead-free solder joints
Solidification

Summary
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Role of microstructures in materials
science
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Chemical composition
+
Temperature, pressure, cooling rate,

deformation, ...
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Microstructure

Shape, size and orientation of the grains,
mutual distribution of the phases

o /
}

Material properties

Strength, deformability,
hardness, toughness, fatigue¥a
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Low-C steel: wt%
C <0.022

Ferrite + small
carbides

Steel: wt% C =
0.4, slow cooling
rate

Ferrite +
cementite

Steel: wt% C =
0.4, fast cooling
rate

Ferrite needles+
perlite
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Microstructure evolution in multi-
component alloys

Connected grain structures

Complex morphologies

Concurrent Processes
Solidification - grain growth -
Ostwald ripening — diffusion -
phase growth

Materials” properties are largely
related to microstructure

Material development
Reliability
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Microstructure evolution in multi-
component alloys

High complexity

Anisotropy, segregation, solute drag, second-phase precipitates,
pipe diffusion, mutual distribution of phases, ...

Many material properties: Crystal structure, Gibbs energy,
diffusion coefficient of different phases? Structure, energy,
mobility of grain boundaries?

Evolution connected grain structure ?
— — Mesoscale simulations

Importance

Material development: heat treatment, alloying
Reliability
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KATHOLIEKE UNIVERSITEIT Phase_field modelling

Strength

Complex shapes
Multi-grain, multi-phase structures

Thermodynamic driving forces

F = |:chem T |:int T |:elast T |:magn T

Multi-component

Transport eqguations
Mass and heat diffusion/convection

LT

Difficulties

Implementation for realistic length scales
Parameter choice
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Principles of phase field modeling

- Diffuse interface concept

- Phase field variables

- Thermodynamic free energy functional
- Evolution equations

- Parameter assessment

- Numerical implementation




UVEN Diffuse-interface description

Sharp interface - Diffuse interface

Interface Interface
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Distance Distance

Discontinuous variation in properties - Continuous variation in properties
Requires tracking of the interfaces - Interfaces implicitly given by local

Simplified grain morphologies variations in phase-field variables
Complex grain morphologies

-Diffuse interface approach (van der Waals, Cahn-Hilliard (1958), Ginzburg-Landau (1950))
-Microstructure evolution started 20 years ago
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Representation of microstructures

Prizse-figld varizioles: continuous funciions in sogace znd e

\J \J
Local composition Xa (1), C (I t)

A1)
f(r,t)

Loeczl girteitra apnel grieniaiiorn

Blrary alloy A-B
-Phizse b =0
Antignizise goLinclzry Pliaige = =1
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Thermodynamics and kinetics

Fres erargy furctionzl

S < e o ]
F= |:bulk + |:surface = \i@ —a. (Nhk)2 +Eé. (NX|)2 2
\Y k=1 i=1

Homogeneous free energy Gradient free energy

(chemical, elastic, ...) (— diffuse interfaces)

=Evolution of figld varizioles
Nor-corserved field varizigles (—> Initerface rmovernent)

1h(ry _ | T Xqﬁl
fi

G
(+x(r,1))

Cornserved composition fields (= I\/Iass diffusion)

1 Ix(t) _ B BIF (X Xl
Vin X (r, t)

G
(+x(r,1))
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Homogeneous free energy functional

Antl-onzase goirczary

Boundary energy: M \/k(DfO)max

Kk
(Dfo)max

Boundary velocity: |l kL

Boundary width: H
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Homogeneous free energy

Binzry two-grizise sysiars)

fo=h(f)f°(cT)+g- h(f)gf(c.T)+wug(f )

a Gb
with fa(c,T):%, f"(c,T)=V—m (CALPHAD)

m
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Homogeneous free energy

Blnery two-grzase sysiefr]

f, :h(f)fb(C,T)+é1- h(f)gfa(C,T)+Wg(f )

Double well function
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Homogeneous free energy

Blnery two-grzase sysiefr]

f, :h(f)fb(C,T)+é1- h(f)gfa(C,T)H/l/g(f )

Interpolation function
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Effect of elastic stresses and strain

Couplirg with micro-glasticlty theory — & = =

chem

+ |:int + Felast

Effact of transforrnztion arc thierrrzal sirains, aoolied stress/sirair)
Meirtensitic trasformzetion, greciolieie oroyyir
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Polycrystalline structures

Polyerysialline microsirictire

X (s

Grzllr) | of rztiric-onzase
(h,hy,.h,.00 ) =(0,0,...,1,...,0)

Freg erarcy funciioriel

F=F

surface

8 kS
b OfO(h11h21"'hp) +Ea (Nhk)zdv
\Y k=1
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Multi-phase and multi-component
alloys

Prizisa field varizglas:
Grairs

Ah B (F)se
AR,

P

Coroositior]
\ &

Xy, Xg (1,1),000 Xy

Freg enlercy furictionzl

fu (%o/1) =@, (1,7 (%) 2 ohiase golyerysialline sirucire

_ 38 Gn (%)
a hr(hri) V

r m
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Parameter assessment

Diffarent Kinds of inout catza (calculated ancd/or measireacd)

Przase staoilities, onase dizgrarr informetior)
+= CALPFAD — (210-1nltlo, exoerimerts)
Initerizicial) energy airic rmooility
= z20-inltlo, (MD, MIC — z0-initlo), exoerirernial
Elastic grogerties, crysial siruciure, lattice garaeiars
= z210-inltlo, exoerimenizl
Atornic diffusion mooilities
+= CALPRAD — ((MC — ap-inltio), exoerimental)

Oriegntatior e cornoosition cdeoericarnce
Anisotrooy, saqgracgatior, solute crzg)
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Quantitative aspects

Nurnerical solutiorn of gertizl differantizl ecjuztions

Discratizatior (Finiie differencas, finjis
slaents, Fourier-sogaciral rretrod)

MICRESS, corrriegrcial) softwere foroflzse-
fielc) cougled withh CALPFAD
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Bourncding vox elgortirir]
-Sgzrse catel Strlcilre

-0gject orieriac) CHF
(L, Vanneroe et ), .U Leiver))

Discraijzziior)

Acdzigtive meashnineg (M. Dorr et 2.
AMPE, EENL)




Examples of applications

- Anlsotroolc greir growin

. Precigltaites of) grzln oolrczries
. Lezad-free soldar sysiars

- Solidification




Columnar films with fiber texture

Grzlr gourncdeary erercy:
Fourfold svrnrnetry
Exire cuso e T = 87.5°
Hezc-srocilay

2D simulation

Discrete orlenteaiions White: g=1.5
h,h,,...h(r,t),..h, P Dg=15° Gray: g =3

Constant ooty Red: g= 37,5

Ipitizlly ranclor oreis origniziion) Black: g >3, g+ 37.5
zificel ojrellr) DoLricery tyoe

digtrioLtiors I colleloration withl B, Sgaggern, School of Engingering

aric) Aoolied Scierices, Flarvarcd University
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3D simulations for wires with fiber
texture

COST MP0602 Industrial Seminar on
Thermodynamics, Bratislava, April 6, 2010




Microstructure analysis: films

Misorigntation cdisirigution . Evolutiorn rrigsein) ofrelr) sifeal
function (MIDE)

- BEvolution towealrds staacl-staie racirre
— Simole rmezr flield mocdels
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Examples of applications

- Arllsgtrooic ¢relrl orowir

. Precipltates on grain pouridaries
. Lezad-free soldar sysiars

- Solidification




Zener pinning

Mecriznis for controllirig ¢reir
SIvE
=.c), NoC, AIN, TIN,... in FISEA-
SIEEIS
NEREEGEISUICIINES

Zerer relatior for laitine crelr)

Irifltignce of
Sirage of tre geriicle
Interfacial orooeriies of garticlas
Initizl cistrigution

Evolution paricles Fe-0.09 to 0.53 w%

C-0.02 w% P with
Ce203 inclusions
(PhD. M. Guo)
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Simulation results: Al thin films

Film preparation
Trin filens with CUAL - orecigitzias

r=3f =0121,=21
(exp from H.P. Longworth and C.V. Thompson)
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Simulation results: effect of particle
shape and coarsening

Elliosoid ozriiclas . Evolvirg oeriicles

Modified
Zener relation

f,=0.12, L=10)

L. Vanherpe, K.U. Leuven
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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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D —

20Pm

Ir) colleigoratior) witr) A, Miroux, E.
Anseliino, S, var) cder Zweiee), T, U, Delf




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
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Precipitate coarsening and unpinning

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

REYS PD:3.1 V| Pzl

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

COST MP0602 Industrial Seminar on
Thermodynamics, Bratislava, April 6, 2010




Examples of applications

- Arllsgtrooic ¢relrl orowir

. Precigltaites of) grzln oolrczries
. | eacl-free soldar systarns

- Solidification




Coarsening in Sn(-Ag)-Cu solder joints

COST MP-0802 (Advarcead Solder Materizals for Fligh Tergeraiire
Agolicatior))
IMC forrnztion zncd growir = oracioltate growin = (irkericzal voids =+
Stresses = oreln golncary diffusior
= CALPFAD cescrigtior)

= Diffusiorn coefficients, growin cogfficient for IMC-lzyers

SEM-image of Sn — 3.8Ag—0.7 Cu alloy after
annealing for 200h at 150°C
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Cu-Sn system

Equilioritirn corositions Anitardiffusion cosffeiaris

D(S?u) - lo— 25
Dg* =5X0*°m?/s
D;UGS’B — 10— 15 m2/S

D{M =10 *m?/s

Eutectic
Composition:
X Sn-2at%Cu

_.____...___. ..4/tAnneaIing

emperature: — 2
et Sp =035 Jm

prterfacial enercy
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Effect of precipitates in Sn-2at%Cu

Arriarcifiusion Anitied cormoositiorns
coefficierts:
D{Y =10 7,10 ¥ m?/s
DCUGSWS — 10- 16 10- 13 10- 12 m2/S
S ’ )
DY =10 “m?/s

Jprterfacial energias:

0.35)m?

Apitial volue frection
orecigltates:

f, =0.04

Jprtarizicial reziciions zra
cifitision corirollacd

-Svstern size: 0.0 m<0.5 0
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Effect of grain boundary diffusion

DL =2X0 % *2X0 *m?/s
DS =2X0 " *2X0 ®*m?/s
DS =2X0 %, *2X0 ®m?/s
D{M =230 %,*2X0 ?m?/s
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Graln sirueilra
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Growth behavior Cu;Sn ?

Composition: 4.

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




Examples of applications

- Arllsgtrooic ¢relrl orowir

- Zefler olnning

. Cozarsering of grecigltzitas o cfeir golriczrias
. Lezad-free solcdar sysians

- Solidiflcatior




- Dericlritic orowir]

4-fold weak anisotropy in interface
energy, Cu-Ni

J. Heulens, K.U. Leuven
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Solidification

. Eltactic orowir)

- Facetad growin (strorg anisotrogy)

4-fold anisotropy in
interface energy

4-fold anisotropy in
interface mobility




Summary

Undersiarncirie microsirucitire evolution 1s irooriert for
metterizl sclence, 9Lt grocesses cafl e Vary corrgles

Prizise-figld tecnniclie = oifier rocdels ancd exoerirenial inourt

Princioles gnease-figld rraclaling

Diffuse interface coricaot, corsarvead ancd ror-consarvead figlc
Velfielo)es

Evolutiorn ecuztions derivad frog e frae erarcy furctiorn el

Quelrltitative eisgects: Pararfater criojce + aiclvaricad
irnolesentation tecrricues

Agolications

Graln orowir, recrysiallization, coarsening, solidificatior, ¢rowir
intermetellic onases, %
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Thank you for your attention !
Questions ?
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