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Outline of this talk

@ Problem 1: Phase diagram calculation

o Qutstanding challenges
o Constrained optimization methods
o AMPL model development

@ Problem 2: Microstructure evolution

o Coarsening in microstructure: focus on critical events
o Vertex models: numerical features and analysis
o Mesoscale modeling: 1-dmensional model and its implications

@ Lessons learned and future directions
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Phase diagram calculation

Enthalpie libre molaire G, —e=

@ Amounts to constructing common tangents

o Miscibility gaps need special treatment
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Phase diagram calculation

2-phase equilibria

3-phase equilibria
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Can we trust what we get?

"Naive" Thermocalc user

Correct diagram
& would get this

5] a.2 a.4 6.6 @.8 1.@

Mole Fractlon, Li

=) @.2 a.4 g.e @.8 L.@

What is wrong?
- Bad initial point
- Lack of a priori information about the Gibbs energy shape
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Can we trust what we get?

"Naive" Thermocalc user

Correct diagram
& would get this

5] a.2 a.4 6.6 @.8 1.@

Mole Fractlon, Li

=) @.2 a.4 g.e @.8 L.@

Mole Fraction, L1i
What is wrong?
- Bad initial point
- Lack of a priori information about the Gibbs energy shape
- Special treatment is also required for multiple sublattice phases
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What can we do?

Automate the calculation to make it independent of:
o the number of subattices
o the initial guess
o the number of components

Our approach:

Develop one unified formulation for Gibbs energy minimization and use state-of-the-art
methods to solve the constrained minimization problem.
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Phase diagram calculation methods

Given individual phase energies G, phase diagram calculation amounts to solving the

following optimization problem:

N
; _ () (D) ( () ()
ny17|fn{G—ZI:f GV(x",y"}
NI
Z x = f0 j=1,...,K,j# Va
:M 3k}’() i
B0 1N, =L KA Va
PN yk,Va)
K
Zyﬁg:l i=1,...,N, k=1,...,M;
For each phase i =1,..., N
O = (fOy - the phase fractions
x(’:) = {Xj(l_)} =1, K - compositions
y(’) = {ylg’j} k=1,...,M;; j=1,..,.k - site fractions in sublattices
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Drawbacks of traditional approach

CALPHAD packages (Thermocalc, PANDAT, MTDATA, ChemSage etc) recast as an
unconstrained optimization problem and solve the resulting linear system.

Shortcomings:
o Good initial guess required for convergence
o Till recently - no automatic miscibility gap detection

@ Until now - inability to automate calculations in multiple sublattice case
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New approach: key ideas

(Joint work with I. Griva, T. Stephens)

o Can use constrained optimization methods with less sensitivity to starting points
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New approach: key ideas

(Joint work with I. Griva, T. Stephens)

o Can use constrained optimization methods with less sensitivity to starting points

o Quasi-random sampling detects concavity better

T=600 T=600
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New optimization approach
Developed for binary systems in [E.,Du, Liu, Comp.Mat.Sci., 2005].

o Use efficient sampling approaches to determine regions of positive concavity for
each of the phases (we use quasi-random sequences, e.g. Hammersley, Sobol
sequences). Record any miscibility gaps.

o Eliminate unstable phases (those whose Gibbs energies are not minimal at the given
concentration)

o Pick starting positions from the list of stable phases above (two per each miscibility
gap detected)
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New optimization approach

o Use efficient sampling approaches to determine regions of positive concavity for
each of the phases (we use quasi-random sequences, e.g. Hammersley, Sobol
sequences). Record any miscibility gaps.

o Eliminate unstable phases (those whose Gibbs energies are not minimal at the given
concentration)

o Pick starting positions from the list of stable phases above (two per each miscibility
gap detected)

o Solve the constrained optimization problem using SNOPT method

N
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Advantages of the new method

Features of the constrained optimization solver:

o SNOPT - large-scale nonlinear constrained optimization solver based on a SQP
strategy.

o Each QP subproblem minimizes a quadratic model of a Lagrangian function subject
to a linearization of the constraints.

o An augmented Lagrangian merit function is reduced along each search direction to
ensure convergence from practically any starting point.

Outcomes:
0 Less sensitivity to initial guess = a more robust numerical scheme

o Automatic handling of sublattices and miscibility gaps built into the code
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CaLiNa system: automatic detection of miscibility gap

Numerical results show that:

o The new method arrives at the correct phase diagram in the presence of a
miscibility gap

Correct diagram Calphad result w/o user input

] B.2 B©.4 B.6 B.8 1.8 a g.2 B.4 ©.6 B.8 1.8

Mole Fraction, L1 Mole Fraction, L1
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CaLiNa system: automatic detection of miscibility gap

Numerical results show that:

o The new method arrives at the correct phase diagram in the presence of a
miscibility gap

Correct diagram Our result

1.0 1:#LIQUID LIQUID#2
g 2:*LIQUID BCC_AZ
3:xLIQUID#2 BCC_p2

g 1) 0.2 0.4 6.6 0.8 1.0
MOLE_FRACTION LI
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CoMo system: automatic handling of sublattices

Numerical results show that:

o The new method arrives at the correct phase diagram in the presence multiple

sublattices
Correct diagram Our result
Calculated Co-Mo phase diagram
cotlo
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S ﬁ s,
g | & 1500
.o e
P s 1 .
|l s 1000}
comoe | |
e |
5001 53 | S0l
~ i 00 02 04 06 08 0 01 02 03

Maria Emelianenko (GMU)

Mutiscale materials modeling




AlPt diagram: automation of sublattice case calculation

Numerical results show that:

o The method handles sublattice phases better than standard option of Thermocalc,
recovers missing phase information

Correct diagram Calphad result w/o user input
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Special setting for sublattices Normal setting
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AMPL environment

Key AMPL Features

Modeling language
Modeling environment
The AMPL book

Solvers that work with AMPL

Interfaces to popular and sophisticated solvers including CONOPT, CPLEX, LAMPS,
LANCELOT, LOQO, LSGRG, MINQOS, OSL, SNOPT, and XA.

Goal: to build a bridge between Thermocalc database and AMPL - regardless of the
number of components, sublattices and phases.
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Automatic Thermocalc to AMPL conversion

Thermocalc data contains information about all the phases and Gibbs energies in a
specific format:

TYPE_DEFIMITION ' GES A_P_D BCC_AZ MAGMETIC -1.8 % . BEEE6E-81 |
PHASE BCC_AZ %' 21 3|
COMSTITUENT BCC_&2  iAL,PT,MA @ WA @ |

PARAMETER G{BCC_AZ,AL:W430% 2.93150E+82 +2105.85+132 . 2600354 T

-24 . 36719764 THLNCT - . BA1 5546624 T#% 28, T7004E- AP T4 3+ 74024 T4 (1} ;
7.AEEBEE+AZ Y

-1193. 244215, 2354464 T-38 . 55442964 THLN (T )+ .BLEE310524TH42

-5, 76422 TE-BENTHETL AR TR (1Y ;  I.3347OELEZ ¥

~1195,378+1583 . 571163%T-31 . 481924 THLN(T 1-1 . 2305 24E+25% TH% (-2
Z.99886E+83 N REFL |

PARAMETER G(BCC_AZ ,PT:V4;8) Z2.9815AE+82 +7484.3694+121.9582754T
-24 BE2EHTHLN{T - .AA2452974TH42 2 A1 3EE-AGHTH43+ 79744 T4 17 1.300ARE+A3
ki

+5746.826+159 . 12951 5¥ T30 . 252 THTHLN(T I+ .BAZ3Z166EH THH2-6 . BEO4EE-AT7HTH¥3
-2T21BEHTHH( 1Yy 2.B415PE+A3 Y

-2A7848 . 216+1816 . 955924 T-136 . 192996 THLN{ T )+ . AZA4549354 T 442
-7 . BOZE0E-BTHTH434+ 7IEIOE2E+TH¥ (-1 ; 4 .00EEAE+ES N REFL |
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Automatic Thermocalc to AMPL conversion

Thermocalc database

TYPE_DEFIMITION ' GES 4_P_D BCC_42 MAGNETIC -1.8
PHASE BCC_AZ2 ®' 21 31

CONSTITUENT BCC_AZ  :AL,PT,WA @ WA @ |

4.000AREE-01 |

FARAMETER G(BCC_AZ,AL:VA3R) 2.9G15AE+A2  +2106.65+132 . 200030%T
—24 36T1ITEHTHLN]T - DAL BE4662H TH2-5 . TIEE4E-ATHT R+ T4RI2H T (-1 )5
7.000ERELEZ Y

1193, 244215 2354464 T30 5OH42IGFTHLN(T )+ 165319024 T 42
-5.76422TE-QEXTHHILTADOZHTHH(1);  9.33470E+02 ¥

—1195.376+183 . 6711634 T-31. P4BL02¥ THLN{T )-1. 2305 29E+ 284 TH*( -9} ;
2.99000E+83 N REFL |

PARAMETER G{BCC_AZ,PT:VA;A) 2.9815AE+B2 +7484.369+121 98827647
—24 E5ZE¥THLN(T )- .DB24820THTH¥2-2 . OL30E-BE¥THF 2+ PIPFTHE(-1 )5

A

+6746.026+169 .1296164T-30. 2527HTHLN{T b+ LBAZIZ1GEERT A2 6  BROHEE-ATHT 44T

—ZT2ABEXTHH(-1);  2.0415BE+03 ¥

—287848 .216+1016 953024 T 136 . 1020064 THLN(T )+ . B2B454039HTHAZ
—7.59ZR0E-ATHTHA3 TIRIGAZEHTHE(-1);  4.AABAAE+AS M REFL |
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Automatic Thermocalc to AMPL conversion

All data in AMPL is stored in SETS, as follows:
[bec_a2, *, 1, ]: #1 is Platinum
1

T_UB
al
al
a2
a3
ad
as
ab
a7
b0
b1
b2

1300
7404369
121.988275
-24.5526
-0.00248287
7974
-2.0138E-08

ocoocoocoooooo
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2041.5
5746.826
159129615
-30.2527
0.002321665
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3=

4000
-207048.21
1016.95882
-136.192996
0.020454938
71538020

-7.59258E-07
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Mutiscale materials modeling

#COMNSTANT

#GBCCAL
#GBCCPT
#B2ALVA
#LB2ALVA
#B2PTVA
#LB2PTVA
#UN_ASS

Nov 14, 2012

21 /53



Summary of phase diagram calculation findings

o Converter is able to transfer any phase data from Thermocalc into powerful
optimization environment AMPL

o An automatic phase diagram can be generated via the AMPL script able to handle
arbitrary muticomponent systems
o Description provides a way to handle: multiple sublattices, miscibility gaps,

order-disorder transitions

o Multiple optimization routines can be applied to the same system to compare the
optimal solutions found and improve and complete current database descriptions

Conclusion
The new approach has a potential for giving a more accurate information about location

of phase transition zones.
Databases have to be re-evaluated for possibility of missing phases, like in the case above.
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PROBLEM 2: Microstructure evolution

Polycrystals:

network of crystals (grains) separated by interfaces (grain boundaries)
Grain growth:

coarsening of the network under external heating

(Loading movie)
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movie1.mp4
Media File (video/mp4)


Mathematical formulation: notations

o GBisacurve I : x = x(s), 0 < x < L with

©

b= Z—)s( (tangent) and n = Rb(normal), where R =rotation through /2.

a is the lattice misorientation parameter

(]

©

~v = 7(n, ) > 0 is the surface tension (surface energy density) of I

©

the energy of I is given by E = [ v(n,a)|b| ds, the amount of work required to
generate an infinitesimal amount of new surface
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Straight-line approximation of boundaries

E=x; [ 2(n?,a)60ds
ru

Simplification: v = y(«) means all derivatives of v drop out.
Consequences:

£~ [(e)lblds = IOLEE

= s D2 —mibm(1))

So the TJs move according to the sum of line tensions:

t) = Ymibmi(t)
1

Vertex model -

a special case of the curvature-driven growth evolution, where the GB mobilities are
assumed to be significantly higher than TJ mobilities. Similar to a TJ drag.
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Reconfiguration events
In addition to continuous evolution, grain boundary network experiences the following
topological changes during grain growth:

o Loss of a facet (facet flipping)

0 Loss of a small grain

X —

@,

Simulations differ in treatment of these events.
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TJ motion during the reconfiguration event

From the evolution of the TJ, we get:

= —2—|— C cosfj + Ssin by,

9, (Scos@u—i-CsmGU)
Pij
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Different flipping rules

IF29)1>|Fe1,211F 1,4, 1 FB.9)

ﬁ(2,3)

|Fs>|Fi23)|

@ Maximum energy dissipation [Ta'asan, Yu, Livshits, Kinderlehrer, Lee 2006]
@ Maximum resulting force: in the direction of F(2,3) [Barrales Mora 2010]

@ Fastest new edge growth rate: in the direction of F(2,3) — F(1,4) [E., Golovaty,
Torres]

@ Other versions of vertex models: Soares (85), Kawasaki (89), Otto/Niethammer
(04)

Our analysis shows that the most natural condition is #3.
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Our vertex simulation
1024 grains, y(a) = 1 + 0.02(1 — cos(27a)*). Periodic boundary conditions.

(Loading movie)
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Media File (video/mp4)


Vertex code statistics: n-sided grain pdf
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Vertex code statistics: n-sided grain pdf

“Time range: [0.0060161,0.029654]
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0028
Initial Edge Distribution
0026 03
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0012 o
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N-sided statistics matches that produced by curvature-driven PDE and Monte Carlo
models.
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Vertex code statistics: relative area pdf

04 T

#of grains with area [ &E+dg]
o P e
& Py 8

o
o
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Vertex code statistics: relative area pdf

‘Time range: [0.014648,0.073853]

#0f grains with area [ 5E+dg)

(&8

N

i 2 5.4 5 & 7 8 9
Relative area(s), where t-area/<area>, where <area>=1/N(t)

=+ Vertex
= PDE

10

Area statistics is similar to that produced by GB-driven PDE and Monte Carlo models,

while the peak is somewhat higher.
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Vertex code statistics: misorientations pdf

Time range: [0.010861,0.056946]
T T T T T

0.2
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Vertex code statistics: GBCD
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Vertex code statistics: GBCD

12 - 1040
oo M 103
10

0025 1030
z 09
g
002 2 s 10 g
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If averaged over many trials, GBCD statistics is similar to GB-driven models.
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Vertex code statistics: n-6 rule

#grains= 20000, looking at (n-6)-rule

005
0.04
0.035
g
g _ 0.03
=
3 0.025
zx o
€ ] g
3 002 F
5
g ] 0015
8
0.01
0.005
0

4 6 8 10 12 14 16 18
# of sides

Mullins - von Neumann "n-6" rule does not hold for grains with less than 6 sides.
This is affected by the treatment of the small grain disappearance events.
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Vertex code statistics: angle distribution

0.015

0.01

0.005

Distribution of angles at triple junctions is wider than in GB-riven simulations.
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Vertex code statistics: neighbor correlations

Probability of an i-sided grain neighboring a j-sided grain. Same as what is expected.

M.
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Manifestation of unstable behavior

(Loading movie)
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unstable_movie.mp4
Media File (video/mp4)


Accuracy and stability analysis

Critical discretization parameters:

o Axg - the minimal edge length

o At - time step for the numerical scheme
Theoretical estimates:

o Collision time: .
Pi(0)(p;(0) +4)

th =
4—|lpl?

where p = F(2,3) — F(1,4).

o Eigenvalues of the local Jacobian scale as 1/p;. Hence computation is unstable for
small pj;.

These estimates allow to define At and Axp in a correct way to avoid stability issues.
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Preliminary results of the vertex model analysis

Observations so far:

o Vertex codes do recover the shape of all the main statistics produced by curvature

codes
o Herring condition is satisfied only in the limit

o Models vary with respect to their 'n-6 rule’ performance, which depends on the
treatment of small grains

o Flipping rules vary dramatically among codes. This doesn’t matter for pdfs, but
matters for dynamics

o Resolution has a quantifiable effect on the accuracy and stability
What's ahead:
o Other major differences between GB vs. TJ driven evolution?
o How does discretization accuracy of the GBs affect the statistics?
o Do vertex codes preserve correlation statistics among misorientations/velocities?
o Extension of vertex models to include dependence on the normal
o Extensions to higher dimensions

More details in C. Torres poster!

Maria Emelianenko (GMU) Mutiscale materials modeling Nov 14, 2012

42 /53



Modeling strategies inspired by TJ motion and
reconfiguration events

There have been several mesoscale models that attempt to describe the behavior of the
distributions, based on the 1-dimensional model given below:

o Fractional random walk model
o Boltzmann model
o Entropy-based model (details in the talk by Y. Epshteyn today)

Provide different views on the same problem.
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Simplified model

3D

aj - misorientations
() - interfacial energies

1D

a; [ ’ b

Xj
(x, Xj+1)
li=Xj41 =X

{ai}i=1,...,n

Given initial orientations «; and total system energy in the form

Ed(t) =D (i) (xira(t) — xi(t))

define equations of motion through gradient flow dynamics

Xi = '_y(oz,-) —Y(ai=1), i=0,...,n.
vi = I = %it1 — % = (1) — 2v(ei) + y(ai-1)

where () plays the role of an interfacial energy.
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Influence of interfacial energies

Conforming to experimental observations, distribution of orientation parameters « is
inversely correlated with interfacial energies y(a).

Moreover - it matches 2-dimensional simulation results, and has a Boltzmann
distribution shape. Cannot be a coincidence!

12r
2d data [11]
11k = = = Boltzmann fit
‘‘‘‘‘ energy f(x)
1 1d sim.data

0.9

0.8

07 [ ) e
\

0.6

0.5

0.4

grain boundary character distribution

0.3

0.2 . . . T . . . ,
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
orientations

Figure: GBCD comparison.
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Continuous time random walk of the lengths and velocities

Grain areas Grain velocities

Grain size I, ’ velocity
N
BN |
— 4
o
. 4\ : ST
Y e R Zl Az =)
] I~ time Y
~ s s s t :
i-th grain dies / time
NN 77 WY
Collision times w(s)
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Continuous time random walk of the lengths and velocities

Grain areas Grain velocities

Grain size I, ’- velocity
N
| a I_I I
- 2
/./H-Jx 2 [r
Ji g T z, })\(z —4)
] T~ time v
~ s s s L :
i-th grain dies / time
\NA Pt WY
Collision times w(s)

Simulation results: steady-state statistics of /; and v; (exists for all types of f)

relative areas relative velocities
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Velocity jump process of triple junctions

Rules of motion:
o RUN: TJ moves in one direction until it encounters another TJ
o REORIENTATION: The direction of motion changes after the collision

Resembles the motion of bacteria, but with no tumble:

x
[} II-"\. r"‘E
ll.:l.;'\..hl:"lli _'I E
~ v |
4 ¢
H : e

S
o A

i
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Coarsening dynamics

What we know:

@ Coarsening process contains discontinuities (jumps) created by topological
reconfigurations

@ The rate with which these events occur (arrival rate \) goes down over time

@ Knowing the arrival rate, we can write the evolution equation for the mesoscale
statistics

o Use non-homogeneous velocity jump process to describe evolution of the statistics

o Make the arrival rate dependent on the state of the system
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Mesoscopic evolution theory via Levy process theory

Stochastic process X(t) in (/,v) space is a Levy process with triplet (b, A, v).

b= (v,0)7 is the drift,

A = 0 is the diffusive part

v = p(s) is the distribution of the jumps of v variable
A is the intensity parameter

From Levy-Khintchine Theorem, it is easy to derive:

w +)\/[p(/ v+s,t)—p(l, v, t)]u(s) ds

This model belongs to the class of nonlocal diffusion equations and has been shown to
satisfy maximum principle, with no blow-up of solutions possible [Du et al, 2011].
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State-dependent dynamics

Coupled system including internal state variable y:

ap(l t )
% — "87[/) + /\/[p(l, vts,y,t)—p(l,v.y, t)lu(y,s) ds

0
= Vaill) +/\/p(l,v+5,y,t)p(y,s)dsfp(l,v,y,t)

Crucial assumptions: the turning kernel u(y,s) depends on the state y, where

dS

is the internal state equation for the system.
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Blow-up of solutions in macroscopic limit

Evolution of concentration in a 1-d
velocity jump model (Othmer,
Stevens):

il Density
o

Evolution of p(v, t) in 1-d model of
grain growth model

~

@

relative velocity frequency
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Blow-up of solutions in macroscopic limit

Evolution of concentration in a 1-d
velocity jump model (Othmer,
Stevens):

Evolution of p(v, t) in 1-d model of
grain growth model
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This model belongs to the same family of kinetic equations (see Ot‘hmer et al 1988):

Bef(x,v,t) + v - Vif = [, (T[S]F' — T*[S]f)av’
9:S = DsAS + ¢(S)

where S is the evolving "environment” variable accounting for the correlations in the
velocity space. First derived for a 1d grain growth model in [Barmak, Emelianenko,
Golovaty, Kinderlerer, Taasan 2008].
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Implications for microstructure modeling

o This connections allow to explain the blow-up of solutions
o Passing to diffusion limit yields the famous Keller-Segel macroscopic equations:
Of =V - (DVF — xVf)
0:S = DsAS + ¢(S)
where f(/,t) is the distribution of the GB length.
@ The evolution of the S variable can be both local or nonlocal

o Other distributions like area, number of sides statistics, can be modeled via same
formalism.

o Higher dimensional generalizations are possible but more technically involved.

Maria Emelianenko (GMU) Mutiscale materials modeling Nov 14, 2012 52 /53



Summary for Problem 2

@ Numerical simulations have to be subject to accurate numerical analysis in order to
guarantee adequate performance

o Vertex codes save time, but can produce unreliable dynamics and/or mesoscopic
behavior if not performed properly

o It is possible to minimize the amount of random choices in vertex code simulations,
based on the physical principles

o TJ velocity jump process can be modeled via coupled integro-differential equations,
with the carefully chosen set of parameters.

o Solutions of the mesoscopic equations derived in this context can be smooth, or
blow up in finite time. Further analysis is necessary to make the theory complete.

THANKS!
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