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MULTI-SCALE MODELING OF MATERIALS
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Equation microscopique d’Onsager

Ising lattice Atomic density function (ADF)

Champ de Phases
Modele mésoscopique continu

Interaction
anisotrope
a courte portée

Interaction anisotrope
a longue portée

Transitions isostructurales
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Polyndme de Landau Interaction anisotrope

a longue portée

Echelle mesoscopique avec interface diffuse



ELASTIC ENERGY
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Strain-induced interaction between p and q inclusions located at the points Rand R’
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ADF sur le réseau d’Ising

Ni-20V-10Co

Ni-19V-4Fe Ni-15V-5Nb

Images de M es alliages ternaires vieillis a 1073 °K
864 ks, O ,, microstructure

(A.Stzuki, H. Kojima, T. Matsuo

and M. Takeyama, Intermetallics 12 (2004) 969-975)

H. Zapolsky,S. Ferry, X. Sauvage,D. Blavette, L.Q. Chen, Phil. Mag. (2011).
M. Eckholm, H. Zapolsky, A. Ruban, I. Vernyhora, D. Ledue, I. Abrikosov, PRL (2010)




100 nm

modélisation MET

Précipité Al;Sc en forme de "papillon™

observé en MET par Marquis et al. Acta Mat.,
49(11) 2001 dans un alliage Al —0.1wt%Sc vieilli a
350C pendant 250 h.

Comparaison de la morphologie des précipités

de phase Ni;Al projetés en 2D (640A~640 nm),

obtenus par simulations en champ de phase

(colonne de gauche) et par images MET (colonne de droite)
dans un alliage Ni—13.8at.%Al vieillis a 1023 K :

(a),(e) t=15min;(b),(f)t=2h;(c),(g)t=4h; (d),(h)t=8 h.



Energie chimique

ADF sur un réseau d’Ising
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Terme local

Champ de Phases
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VOLUME 70, NUMBER 10 PHYSICAL REVIEW LETTERS 8 MARCH 1993

Dynamics of Simultaneous Ordering and Phase Separation
and Effect of Long-Range Coulomb Interactions

L. Q. Chen
Department of Materials Science and Engineering, Pennsylvania State University, University Park, Pennsylvania 16802

A. G. Khachaturyan

Department of Materials Science and Engineering, P.O. Box 909, Rutgers University, Piscataway, New Jersey 08855-0909
(Received 18 November 1992)

The finite range interaction
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The long-range interaction
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FIG. 2. Temporal morphological evolution started from a completely disordered state with 4 =0.25 eV and composition ¢ =0.175.
The gray level represents the different magnitudes of the absolute value of cn, where ¢ is the local composition and n is the local
long-range order parameter of the ordered phase; ¢ and n are related to the occupation probability by al(r) =c(r)+c(r)n(r). In this
representation, bright regions are ordered domains and dark regions are disordered phase domains. (a) ¢* =2.5; (b) t*=10; (c)
t* =100; (d) 1* =500; () +* =1000; (f) * =2000.

- In systems with only finite-range interac-
tions, the resultant two-phase mixture will continuously
coarsen reducing its interfacial energy. Our computer
simulation demonstrates that the Coulomb interaction
stops the coarsening after the ordered particles reach a
certain size. Eventually, all ordered particles reach the

FIG. 5. The influence of average composition on the mor- same size ‘d['l_d fﬂl‘r‘t‘! d RpEFtHEUI%‘r IEEUIHF paitern of a tri-
phology of the mesoscale phase. The representation is the same| angular lattice [rIE E{I}] Figure 3 shows the corre-

as in Fig. 2. {a) ¢ =0.25; (b} ¢ =0.33. Compare them with Fig.
241).



SOVIET PHYSICS JETP VOLUME 5, NUMBER 6 DECEMBER 15, 1957

On the Magnetic Properties of Superconductors
of the Second Group

A. A ABRIKDSOV
Instituic of Physicol Problems, Academy of Sciences, U.S.5.R.
(Submitied 1o JETP editor November 15, 1956)
J. Exptl. Theoret, Phys. (UL.5.5.R.) 32, 1442-1452 (Junc, 1957)

A study is made of the magaetie propertion of bulk superconductors for which the param-
r

eter % of the Ginzburg-Lasdau theory in greater than 1/4/Z (suporconductors of the second
group). The results explain some of the oxperimental data on the behavior of supercondac-
tive alloys in a magnetic field.
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Carte
du parametre d’ordre
\ sSelon le calcul d ’Abrikosov
o : = : .
14" proportional to the density of superconducting electrons

Interaction between the vortex:
repulsion -> two wires with currents
in opposite directions
attraction->the superconductor
prefering to be in a state with no
defects.

Vortices are mutually repulsive - leads to
formation of an ordered triangular lattice.




Turing Patterns in Animal Coats

Reaction—diffusion systems

dut=f(u,v)+D,Vu,

dv=g(u,v)+D, V.




Rayleigh—Bénard convection
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Swift-Hohenberg model of convection

The “free” energy (Lyapunov function) in SH model is:

4

F=] drE Y-e+(g +0°) ¢+ ‘”AJ

The dynamic of Y is assumed to be dissipative

equation: 0 w _




Champ de Phase Cristallin

K.R. Elder and M. Grant — Modeling elastic and plastic deformations in nonequilibrium
processing using phase field crystals — Phys. Rev. E, Vol. 70, p. 051605 (2004)
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Continuum Atomic Density Function model (Phase Field Crystal)

Y. Jin, A.G. Khachaturyan APL 2006

ADF on constrained lattice

A small parameter determining the transition to microscopique
continuum version of ADF model is:

a

Ryag

<<]1

P(r) - probability to find atom at position r

a- Ising lattice parameter
Rwep- characteristic distance of interatomic interaction

ADF on unconstrained lattice

\ 4

P(r) - atomic density

1P(M)a} =(PyP2s++1Pgs++4Pn)

a

p (r) -> averaging over
time:

At > frequency of
phonons

A t < characteristic
diffusion time
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Fig. 1: Grey-scale plot of time-averaged density of portion of
Weber-Stilllnger MD svstem for reduced temperature 0.6, re-
duced density 0.77277. The tame mmtervals for sveraging are 1,
10, 100, 1000 time units.

P_F. Tupper and M. Grant — Phase field crystals as a coarse-gramming in time of molecular
dynamics — Europhys. Lett., Vol 81, p. 40007 (2008)



Limit transition to the Landau theory

1 ) d’k 3
R = [ 3V W8 M g+ [ 1a b )

\Y

Where Vi(k) is the Fourier transforms ef éfffective potentialgy(r)

V(k):j W(r )exp( —ikr )d3r
V

Using Taylor expansion ofV , (k) in k

1 1 1
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Eqg.(1) is a generalizddandau gradient expression
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ThePhase Field Crystal mode(Elder) has used two first terms of the
gradient expansion of the Landau theory.



» There is no Ising lattice constraint. atoms are foesontinuously move
to relax the free energy.
* The n-component system is described byntheomic density functions

{P(r)a} =(P1P2s - sPgs-1P1)

* The ADF kinetic equations are essentially the same but the integration
over continuum space is substituted for summation lawce sites:

B=n
9p.(rY) _ j Lo (r,r) E5 der' a=12..,n
ot =1 v

F{p,(r)}) is a non-local free energy functionalrodtomic density functions,
L,;(r,r") IS the mobility matrix.

The conservation of the number of atoms:

j L,g(r.xr")d*r" =0.
4



Free energy functional:

f({p(r)}) e fi;lt, "l‘_flm:- '.
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 Parametres adimensionneés :

- Simulation en 2 dimensions
- Boite de simulation : 25k 250
- Systeme monoatomique

_ - =04 L(k) = Xk
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D(kjﬁ):if{ ]+A3+1A3,a+ 3A,p°.

* Fonction D(k):
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L’état homogene est instable vis-a-
vis des fluctuations de longueurs
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uid — honeycomb » transition
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( « Liquid — amorphous » transition ]

e Function D(K):

1 D(k) The function D(k) becomes negative for a

® packet of the normal density

_ - waves forming a spherical layer in the k space
around the surface of the radius kO .

_ T <T<T, the homogeneous metastable liquid
g I o 1' ] state is stable with infinitesimal density
' modulations

At the deep undercooling below Tc, the continuous wave vector spectrum of the
instability waves formed at the first stage of the transformation is sufficiently wide.

Greater is the number of the instability waves formed at the first stage of
solidification at T<Tc, which have to be eliminated to form the crystal, the more
difficult is to get rid of the majority of them to transform the amorphous state to the
crystalline one.



« Liquid — amorphous » transition

Evolution of o (r)
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Diffraction pattern
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in BCC crystal

GB




PFC, tilt angle @ =3.58°
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PFC, tilt angle @ =3.58°
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PFC, tilt angle @ =3.58°
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PFC, tit angle 0@ =7.17°
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PFC, tilt angle 6 =10.17°
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PFC, tilt angle 0 = 14.25°
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PFC, tilt angle 0 =17.76°
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PFC, tilt angle 0 =21.24°
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PFC, tilt angle 0 =24.68°

Ece

0.0016
0.0014
0.0012

0.001
0.0008
0.0006
0.0004
0.0002

Read and Shockley fit

I I I
- ¥ £ | H -
.w'"’l'...'--|I -----------
1 y % —
L 5 / -
#
= ;] —
I ;f, =]
;
‘fl 2!
¢
e | | | |
0 10 15 20 25
8

30



Simulation Experimental image

PFC, tilt angle 6 =28.07°

To improve our simulation:
**More efficient numerical methods to solve TDLG equation
*»»Condition for At



*MD testing of GBs from ADF simulation

*MD simulation with Ab initio potential for iron,
erealized on the basis of ADF similation results (C. Domain, EDF)

= OI2rrl

GCrowupe de Phytique des Maténaux




*GBs in experiment
Qualitative comparison ‘

Dark field

Plane family
= (0,1,0) for angle

17.76°

(X. Sauvage, GPM) PFC simulations

>~ Gr=2rn

GCroupe de Physigue deys Mat#naux



eAnnihilation of vacancies at GBs in ADF

o
OO0 QQ00OoD

o
o © 00 0 0 Q0 8 o

TR EREEREEEREEEREE

O
O
O
o
O
o
O
o
O
o

o 00000 OD0O

Q
Q



eAnnihilation of vacancies at GBs in ADF
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eAnnihilation of vacancies at GBs in ADF
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eAnnihilation of vacancies at GBs in ADF
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eAnnihilation of vacancies at GBs in ADF
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eAnnihilation of vacancies at GBs in ADF
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Why one minima potential gives only “honeycomb” structure in 2D and bcc in 3D

simulations ?

Diffraction pattern of liquid

2D structure with one

| = p(k)p(k)* characteristic distance and
maximum number of first

neighbors.

One mode isotropic potential

The most stable high temperature modification of the crystalline
phase is the one whose reciprocal lattice has maximum possible
number of the nearest neighbor sites.

In 3D bcc lattice (fcc
reciprocal lattice) the
number of first
neighbors is maximum

|

Free energy minima



FCC to BCC transition

ADF modeling

Initial configuration —> bcc nucleus (r=20 A ) with KS orientation relation with the fcc
parent phase

Simulation box: 2563

S



FCC to BCC transition.

ADF modeling

Case ll
Bcc embryo r=40 A
fcc/bee K-S relation



FCC to BCC transition. ADF modeling

Axes de zone : [111)., [110].; et [0TT)., @ Structure CFC
(O Structure CC,

> Structure CC;
Représentation en trois dimensions des résultats de

champ sombre de deux variants de martensite

Fig. 7—{a) and {#). Transmission electron micrograph of {112}
transformation twins in Kovar (Fe-27.5 pet Ni-17.2 pet Co)
martensite and twinned diffraction pattern.

K. SHIMIZU AND Z. NISHIYAMA Met.Mat.Trans. B (1972)









