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Fhage Field Crystals (pure material)
* Consider time averaged density - p(r,t)

lh .
A1t atom . - .
" mass m p(r,t) = Em,f"r}_}(;_t:;: dt’ 3, ﬁﬁf}—l‘ﬂl’})

lallice diffusion
vibralions << 7 << times
(ps} (ps=,ms,5,..)

* Phase Field Model Ingredients
Free energy : J = fdl_'} Hi{p.¥p....)

Dynamics - 0p
gt
* Minimal requirements -» H(p.Vp....} = 7
F minima
lew lemp. high temp.
high density low density

F isotropic

p = periedic £ = uniform
erystal
anisotropic

ligquid



¢ Simplest PFC Model
= %p Gp+ %p“ ; aAT+ A(q2+V?)?

G)ﬂl,.-"\lG{ﬂ AT <0

w fL
b
=
e
o}
b
a
[=H
E
@
[

density (A)

const stripe hex

m .I. x ""._ . / IIIII,- :
| | I IE density {7}




* What dc vou get?
— at this level of simplification (i.e., ignorance)

¥ Free Surfaces

8p _ ve & liquid:/cr}rsta]

at dp coeXizlence
(conservation law — Maxwell equal area const.)

# Multiple erientation=s
¥ isotropic —— p aniseotropie

* Elasticity

equil

lattice
constant

+ B (a—a*)® + ...

I

—

Hm)'ke’s
Law




¥ Elasticity General Case
Expand arcund unstrained state, p,

- > -
pl{r) = p (r+u)
u(r) displacement
veclor

p AT} p(T+1)

Expand in strain tenser, u; ~ du;/dx, + ...

Elastie censtants

K. = 4z H ]‘ curvature of
0

ijkl du,, duy Iree energy

Symmeltry of Elastic Constants (K)

= vymmetry of H = Symmetry of p_

Correct Symmetry relatienchips
for all elastiec econstants




# Length and Time scales
Length Scales (bad news)
Ax < atomic gpacing = a
simulatiens: Ax = a/10
Time Scales {good news)

At < Diffusion time

simulaticns: At

Comparisen with Meolecular Dynamics

= (# time steps}/(diffusion time) = t,/dt
t, = time to diffuse one lattice site = a?/D
dt = time step in numerical simulation

Eg., Copper T = 88D*C ~ Billiecn times faster than MD

Copper: T_..

— o

i, [This Work B o
1 pus = 1030°C

A =
o 3 melt
Bﬂﬂne
8900Q~C

1020°C




¥ Defecls

» Kinds (classification)
dislocations — edge, twist
disclinaticns — wedge, twist

determined by symmeiry v

- Interaction
lattice deformation

(core energy?)
elastic energy v 877

-» (Creation and Dynamics
spentaneous, creep, climb, ...

dp/8t ~ V3% /dp
— creates and moves defeclts 1if

energelically faverable
+ no local barriers (or fluctuaticns)

caveat — sound-wiodes
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¢ graln boundary energy (plastic deformation)
Comparison with Theory

n¢ adjustable parameters




+ prain boundary energy (plastic defermation}
Comparison with Experiment
scaled peak: (7.8} - (1.1)

#*

+ Lead. @

» Copper @_

+ This Work, ¢_ = 27.85°

|
6/8,
Tin + Lead: Anst and Chalmers, Metal Interfaces

fAmerican Sociely of Metals, Cleveland, Ohio, 1952}
Copper: Gjostein and Rhines, Acta Melall, 7, 319 {1959)
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molidification and Grain Grewth

-» free surface, multiple crientations
—» grain grain beundaries. elastic + plastic

density

energy

units —» diffusion time




Selidification and Grain Growth




Yield Strength

S —

Simulation Example (Cu, 650°C)

a = lattice constant a & .4 nm

1, = diffusion time 1, ®# 0.2 ms

E = average domain =ize
6Ba — 128 a 3 nm — 51 nm

(800 - 3 grains)

L = sy=stem size
1B0a x 220 a

. . _ 1 dL
strain rate = i 1
1

24x10-% — 98x10-8/1, ¢.12 ¢! x 0.48 g}

Y2 nm = BB nm










Material Softening

€ = 96x10-°
(5 run ave)

frrd

Strain (%)
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Material Seoftening

Yield Strength
Vversus
1/{Grain Size)1/?

Flastic Moduli

versus=E

1/{Grain Size)1/*




Material Softening

Yield Strength/Y,
versus

1/(Grain Size)!/?

amorphecus ___
limit




Comparisen wilh Experiment

# This Work

Note Scaling: ¢, ., d,

0.4 Q.6 0.8
(d,/d)7?
Lu, Wel + Wang, Scripla Melall, Mater., 24, 2319 {]99{)],

Chekshi. Eesen. Karch + Gleiler,
Scripta Metall Maler., 23, 1879 (1888).

Yamasaki, Schlofmacher, Ehrlich 4+ Ogine,
Nanosiruc. Mater., 10, 375 (199B)

Schiolz, Vegge, Di Tolla + Jacob=en, Phys. Rev. B, 8¢, 11971 {1984




EBEinary Alloys

Selidification
+

~egregalion

T T T e P P e

e e Tw e e e T T

Elasticity
_I_
Plasticity

lattice constants

elastie constants f{(concentration)

crystal structure




Eutectic Fhase Field Crystals
= two fields
C concentraticon

uniferm. domain walls,..
p = density (liguid/selid)
periedic, dislecations,...
twe densities

p, = density of A atoms

pp = density of B atoms

- connection between descriptions
= p, T Py
C ~ Pa — EPs

Example: Copper/Silver

1000

Temp.("C})

40 G0
Conceniration



Eutecltics Phase Field Crystals
= in principle
= periodic free energy for A atoms
periodic free energy for B atoms
F,; = coupling between A and B
- in practlice

periedic free energy for p = p, + pg

= model B free energy for C = p, — p4

FG..,o = coupling between p and C

Details

— 4 R 3z E |
Fo=J dF| ~RelVplz + £ 197l + a1 5=+ £~ |

One Mede, constant C appreximation
p = Al cos{qx)ecos(qy/+3)—cos(2ay/v3)/2]+p,
Lattice constant. a
N ¥ i
a = JER[G=T="')
4 .
a TE(R.:J'“E C+a, T+ ..

sclute expansion ceefficient

",}:



F = FF+ F. + Fl’.‘,p

Usual ¢4 model — allocw for phase segregalion

fdr[w + 11— +— |?C|2]

Coupling

F . =

FLh C

"Elastic Coupling”

"Eutectic Coupling” 1-mode, constant C

3 X 2
Cy = .}.E(qp +ﬁ}
8

C% term
{(w—2Ap3) C?
single phase: w < Z2Ap*?

twe phase: w > ZAp® + ...
Pione > p:]é;qn']d = p3 Ca = Gy = G, /3

8= 15(1-AT)—38p%
Liguid favers single phase

Sclid favors two phase = controls concentration
dependence of elastic

modnli




Eutectics Phase Field Crystals













iquid phase epitaxial grow
Example: Mi=fil Strain € = 2.4 % {(lensile)
7 = 0.5

Energy Density Energy Density Concentration




¢ Liquid phase epitaxial growth

Pure Case ( = Q)
Critical Height versus Misfit Stirain




+ Liquid phase epitaxial growth

Pure Case {5 = Q}
Critical Height versus Misfit Strain

"Matihews/Blakeslee Plot”
H ~[1+In(H /b}]/€

—D.0% . 0.05

Malthews and Elakeslee, ). Crysl. Growth 27, 118 (1974)




¢+ Liguid phase epitaxial growtlth

Influence of Cempesition
(preliminary results — Joel Berry)

Critical Height
VEersus
Solute Expancsion

Ceoefficient

Mi=fit Sirain ~ 2.4%
(tensile)




Other Applications

ctructural Phase Transitions: eg. square — triangular
+« 4 neighbors +« other




Other Applications

structural Phase Transitions: eg. square — triangular
+« 4 neighbors +« olther




Other Applications

structural Phase Transitions: ep. square — triangular
+« cther




Other Applicaticns

Structural Phase Transitions: eg. square — triangular
« 4 neighbors
W B SN
.'f- Tf{g‘ ' . 2 o
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Other Applications

Crack Propagation




Other Applicaticns

Crack Fropagation




Summary

Fericdic Fields

Applications ———
{other) N

Elastic + Plastic
defermatiens

Atomic length scales

Diffusive time scales

Yield Strength
Epitaxial Growtlh
Grain Growth
Crack Propagation

otructural Phase
Transitions

fricticn. sintering
spinodal decompesition
step edge growth, ...

Charge Density Waves
Liguid Crystals

Polymers, Colloids

Ferrcoelectrics




