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What do we need to account for?

Multi-phase states: thermodynamic systems may have
multiple stable phase ‘coexisting’ at the same conditions.

Heterogeneous states: phase transformations may go along
very complicated paths.

Dynamic structures: rate of transformation can make a
difference for the final structure and properties

Nucleation: phase transformations are initiated through the
process of overcoming of some kind of a potential barrier.



Phase Field Theory 101.:
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Pillar 1: Order Parameter: Symmetries of the System

Order-disorder transformation in [3-brass (Cu-Zn alloy)

Coarse-graining procedure
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C M
R1 0.500 | 1.000
R2 0.486 | 0.971
R3 0.487 | 0.920
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Pillar 2: Free Energy
g(T,n)= 90(-r)+%<@772+%773+%774 <—— Landau potential

metastable
phase

transition state

stable
phase

reaction coordinate
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order parametern

stable phase: ‘crystal’
metastable phase: ‘liquid’

W —potential barrier—
energy scale

Au-chemical potential
difference

A=Ap/W-driving force



Pillar 3: Heterogeneous Systems:
Gradient Energy

Length GZJ[Q(\N,U)+%®(V77)2]dV

scale:  Correlation length: & = % — interface thickness

Interfacial energy: o =+xW

Fe-Al
. Allen,




Gibbs free energy G

Pillar 4: Kinetics
The Gradient Flow Equation:

an—
n=_43G

state

Time scale: 7=
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M.l. Mendeley, J. Schmalian, C.Z. Wang, J.R. Morris, and K.M. Ho,
Phys. Rev. B, 74, 104206 (2006).



Pillar 5: Internal fluctuations:
Langevin force

= 1G9 e

<{(x,1)>=0
<C, DX, ) >=08(x—X) 3(t—1)
['=2vk T

C(x, t)—noise:
Gaussian, white, additive

7 One more energy scale:
= thermal fluctuations-k,T




Pillar 6: ‘Hydrodynamic Modes’:

Momentum Flow (Pressure or Stress)
\la"‘oﬂ Diffusion (Concentration of species)

Electromagnetic Field Variation (Waves)

Heat Flow (Temperature Variation):

‘Thermodynamically consistent heat equation’
A. Umantsev and A. Roytburd. Sov. Phys. Solid State 30(4), 651-655, (1988)

General Heat-Equation— @dT:V@VT)+Q(Xt)
Heat Source— Q(X,1)= —[( )V 7KgV 77]

T Latent Heal@




Length Scales

Time scales

1
| = V% — interfacial thickness T_Q/VV
T $ relaxation time
lc ==—EZ — capillary length -
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IT = — thermal length
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Truly Multi-Scale Method
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Real Material Modeling

Problem A: Convert thermodynamic m)
functions of two or more phases into a
continuous Landau-Gibbs Free Energy G{n; T, P, C}

Solution 1: LTPT: Symmetry expansion CALPHAD  {T, P, C}
Solution 2: Speculate

Problem B: Find the PFM parameters: {W,, k;, 7}

Solution 1: Calculate from First Principles
Solution 2: Calibrate from experiments or
MD/MC simulations




Au-Sn Binary (Bulk)
Phase Diagram
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Measurable Quantities

Interface thickness: |, ~ [

W

Interface energy:  IT€EENergy _ 7
&Y unit area = ° W

N . .. interfacevelocity _ \/? L
Kinetic coefficient: 1g"of supercooling = * =7 W T

— 2
Equilibrium Fluctuations of OP (|8ny @] = V[aZg

Dynamic
structure

Non-Equilibrium Fluctuations of OP factor

time
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Database of Interfacial Properties
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1 | Crystallization database for pure substances.
2 estimates
3 Quantity Te L C B oW e oY U B3e168) ' Ta=lC TesipC)  meTewsilp) Xedl(lLp) le=TeCallpL®]' [p=tiupl) ©  Q=LICTe=TE=16B/3L U=TeCB/(pL'd)R=Iwe “RU
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6 Aummum 93352 387E+05 90000 2639 210 115E01 10 1.00E-09  216E07 4.30E+02 8 65E-05 1.03E-06 1A0E40 23910 2.0111E-08 AGIEDT 110E01  4.48E-02 20111005 9.02E(1
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10 Helum ' 35.04' 660E+04 2975.00 4103 0117 170E04 0.7 1.00E09  3A9E+04 2228401 9.59E-08 4 40E-11 6.28E12 9.92E12  2.16E-08 BI3E01 628E-03  186E-03 216E+01 4.02E2
11|Hydrogen §.74E-0 g )\ 0 "o TEDvion T s " D!
12 Nickel 172515 2926405 73500 8900 40.96 4R4E0T 039 1.00E09  BTO0E+07 3.98E+02 6.26E-0 1.20E-07 1.78E-10 THEAQ  4.04E-08 230E01 1TBE01T  145E-01 4.04E+01 5.86E+00
13 Nickel  *1728.00 264E+05 540.00 8900 909 ITOE01 2 BOOE-10  1.39E+08 4.90E+02
14 |Lead 60065 230E+4  129.00 10660 344 299E-07 026 1.00E03  G61E+06 1.78E+02 2.50E-05 2.05E-08 122840 411E10 A0IEAT 29701 122E01  TT0E-02 5.01E+02 3.86E+(1
15 Phosphord 317.10° BATE+04 331016 1745 0.1881 8.00E-03 0177 1.00E-09  150E+06 %6 326E08 3.04E-09 5 41E-11 BT0EA0  7.19E-09 BOTE2 G41E-02  126E-01 7.19E+00 9.03E1
16 Siver 123415 105E+05 28450 10500 2045 111E01 165 100E-09  208E+07 367E+02 6.85E-05 2.06E-07 1.01E-10 J40EA0 113807 298E01 10ME01  B37TE-02 113E+02 7.20E+00
7 g "o T Evil " AVl " EDIV0L T EDVIDL T #DIO "DVl
18 Menon 1 16139 175E+04 33968 2963 0.07% 943E-0F 100E09  177E+06 515E+0f  T20E-08  0.00E+00 1.82E-10 BBIE-107 #DIvO! 319E01 182601 1.07E017 #DNVIOL T EDIVION
19 T 0.00E+00
20 |Substances 0.00E+00
21|Cyclohexd 298,61 100E09  000E+00" #Divir T o#Dvir T osowvir 7w T gD T o#Dvion Teovior T eovior TosDvioe T o#Diviol T o#Dvior
22 Succinonl 33124 462E+04  1998.00 970 02226 8.95E-03 0.2 1.00E-09  16BE+06 2.31E+01 1.15E-07 1.32E-08 200E10  286E09  2.48E-08 6I9E-02 200E-01  A36E-01 248E+01 1.33E+01
23 Water 27315 333E+05  4184.00 1000 0.5607 3.19E-07 100E09  5.98E+06 7.96E+01 134E07  0.00E+00 9 57E-11 328E-107 2DV 29E01 95TE02  6.6E-027 #DIVAOL T EDIVAON
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1 |Copper-ickel alloy system
2
X 1 X 1 1 . 1 1 L 1 . 1 " X 3 w 3 e . 3 e 1 o 3 N 3 3 3 3 1
3 Quantity Te measur Te simulatiiT o measurels simulatel g XsolidCu psolid  G'solid g"solid XiquidCu pliguid  G'iquid  g'liquid aXCu L C i i
4 Unts K K Jim? Jim? eVinm®  mol. frac. (atoms/nm* Jimalxmal fraJim*xmol frac. mol. frac. (atoms/nm* J/imolxmal fraJ/im®xmal frac. mal. frac. (J/kg Jkg'K  JK'm's m/s"K
5
6 |pure Ni 1728 1820 0.255 0.31 1.935061 0 0 0
li 0 0
B 1750 062134 0.287 1.791511 0.05 832 J0616E+05 4.2313E+10  0.104 771 1560GE+05 1.9987E+10  -0.054
E 0 0
10 pure Cu 1356 1428194 0.177 0215176 1.343174 1 1 0



Soldering: InterMetallic Phase Growth

Liquid-state solder
Solid-state solder
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original interface
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tin and copper?
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Total Free Energy molecutar ey

liquid metallic
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F=jdff(Eno+ o
KAV EPHm V]
Homogeneous part ) Ty::::::mG .
f(&n.c)= fliquid c+ g
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Grain Boundary Contribution to Free Energy

1.f,,;=f(6)—not invariant against rotation of the reference

frame
2.1,,=1(0,,0,,65,...)—0rientation =order parameter
3.f,,=f(|V0])= s|VO|+ q|V6|? —Kobayashi, Warren, Carter
f=.. -+[1'S(§)]fliquid(c)+[s(€3) 'S(n)]fsolid(c)+ S(n)fintermet(c)
X | +0(&,M) for
ynamics
0=—y,:F

Of)t _7/6?(5’77)5—9

Grain-boundary diffusion:
Mobility: M=M(E,n, | VO])

relaxation coefficient

G; this work

_0.0 . 0.2 0.4 0.6 0.8 1.0
liquid order parameter crystall



. . Parameters:
Evolution Equatlons 3 Diffusion

ffici :

Crystallization é’é: _ 7/ Coesolﬁjfrn '
ﬁt c 55 intermetallic

substrate

Orderin ﬁ L +
g é’? _yng]; 9 interfacial

parameters

. é]: (interface energies
g?__ye(éﬂ) 5—6 thicknesses, and

mobilities)
OF
ﬁt =V[M(&n,c)V ]

Scales:
M_Mliq+(|\/|so|—|V||iq)cf‘|‘(|\/||nt‘Msol)77 LZ?\;LO.ZSnm

i . . Time=0.25us
Initial Conditions: slab, no nucleation H

GB orientation

Diffusion



2D Modeling

molecular
liquid

inter
metallic

C-concentration

n

ordering

disordered

solder solid
@ & widg

crystallization

Liquid state soldering Solid state Soldering . T T . T .

' allus

Problem: rotationfof grain orientation



Phase Field Simulation of Nucleation at
Large Driving Forces

Lifetime: time for a supercritical

nucleus to appear in the system.

Advantages:1. more reliable theory
2. free-energy landscape

3D as opposed to 2D B e Lo abiic Lri 728
Correlation properties of the
Al

fluctuations are very different.

[
. . . At
Numerical simulations oo
AX
AX, At are not just grid parameters. 0 Qéx
They are physical quantities—the
noise correlation length and time.  “— e —
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Time Evolution of the System

free energy density g
-0.002 ! 0 0.002 0.004

0.16

<—transition state

10 20 30 40 50 60 70 80 90 100

0.12 —

008 —

equilibrium fluctuations

volume averaged order parameter n,

escape T <—rect|f|cajc|on
004 7 perturbation theory of fluctuations
theory (uniform modes only)
AT ‘m\_“"\ 1 \i
e 0 | | | . <—a-phase

0 100 200 300 400
time t

R



Free Energy Barrier
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3D Structure of Supercritical Nucleus

Shape
characterization

1. Volumetric
content

2. Eccentricity

3. Roughness

4. Probability
distribution

lllPara Vlew\

Parallel Visualization Appl cation

!‘I1 ﬁ%%:‘ma. “Yff Kitware

laboratones

AAAAAAAAAAAAAAAAA
oy eweares ey




