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From one example ...

Simulation of the precipitation of y’ precipitates inside Ni-based
odeling

] _— Simulated results

Figure 12. Comparison between experimental observation (a) (TEM micrograph of Ni-Al-Mo aged 2330 h at
775 °C (courtesy of M. Fiihrmann [86])) and simulation prediction (b) of discontinuous rafting structure in Ni-
based superalloys. The edge length of the simulated micrograph is about 1.6 um.

Figure 7. Comparison between the simulation predictions and experimental observations. (a)-(b) Repeats
Fig. 6 (c) and (d). (c)-(d) Dark field TEM images showing the aligned precipitates with "odd" shapes in Ni-
9.5A1-5.4Mo (Courtesy of G. Kostorz [80]).

From Y. Wang, L. Q. Chen and A.G. Khachaturyan, Comp Sim in Mat Science,
Kichner et al Ed. Nato Series 1996



... to general considerations

v'Phase field (PF) model is a powerful tool to simulate at the mesoscale
(from nm to micron) the microstructure formation and evolution, in
terms of :

*The size of the precipitates

*The shape of the precipitates

*The spatial distribution of the precipitates (alignment along specific
crystallographic directions, ...)

v'"More generally, phase field model is applied to treat any
compositional or structural inhomogeneities that arise during
processing of materials: precipitates, dislocation loops, grain
boundaries, cavities, bubbles, ...

v’ Important to understand the mechanisms lying behind these
microstructural features, since they may have a detrimental impact on
the mechanical properties of the materials



v'Due to its mesoscopic nature, phase field models are at:

*The mesoscopic/microscopic interface:

Phase field models require input data from atomistic simulations such
as elastic constants, interfacial free energies, diffusion coefficients,
chemical free energies, elastic misfits...

*The mesoscopic/macroscopic interface:

Knowledge of the microstructure to calculate macroscopic quantities
(porosity, thermal conductivities, ...)



Plan

v'Phase field formalism
*Description of the microstructure
*Thermodynamics

*Kinetics

*Advantages and limitations

v’ Applications



Phase Field Formalism



Description of the microstructure

v What is it?

The ensemble of defects that are in thermodynamic equilibrium or not. Their number
and topology evolve with time in order to reach the minimum of the thermodynamic
potential adopted. Both the compositional /structural domains and also interfaces has to
be correctly described as a whole by using a set of field variables.

v'How can it be described ?
There are two kinds of field variables - or order parameters -, conserved and not
conserved.

*Conserved parameters (obeys to a conservation law, like diffusion equation):
Most of the time, composition of the different diffusing species

*Non conserved parameters:
LRO parameters which charaterize the cristallinity of the different phases

Given the values of the order parameters at each place and time, the
microstructure 1s totally described.



Description of interfaces
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v'The order parameters are
continuous across the interfacial
regions, and hence the interfaces
are diffuse.
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v'In conventional approaches, regions separating compositional or
structural domains are treated as mathematically sharp interfaces. This
involves the explicit tracking of the interface positions, which is

impractical for complicated 3D microstructures

v'The tracking of the interfaces in phase field models is automatically
incorporated in the evolution equations thanks to the diffuse nature of
the interfaces, which allows the treatment of any microstructures



v Example 1: many-variant solid phase transformation

In the case of y hydride precipitation, three structural order parameters

may be associated to the three equivalent orientations of the precipitates
with respect to the matrix. Non conserved order parameters are therefore
introduced: n(r,t), n,(r.t), n;(r,t)
n:(r,t) = 0 1f there 1s matrix in (r,t)

n:(r,t) = =1 if there is hydride variant i in (,t) (From Ma et

al, INM, 2002)

c(r,t), the H concentration field, 1s a conserved order parameter (directly
related to the H mass) that may describe non homogeneous situations.



v Example 2: gas bubble kinetics
under 1rradiation
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Fig. 5. Snapshats showing the nucleation and growth of bubbles in the presence of on-going cascades and gas production. The top-te-bottom raws represent the (a)a, (b) ¢,
fe) e, and [d] cg fields. During the simulation, an interstitisl production bias of 0.0 s assumed (e, there are 10T more vacances introduced into the system), the net effect of
which is similar to a dislocation bias. Within the voids, the vacancy cencentration ¢, = 1, the interstitial concentration ¢, = 0, and the gas concentration varies,

(From Millet et al, Comp. Mat. Science, 2011)

Order parameters required: local composition of vacancies c (I ,t), self-interstitials
¢;(I,0), gas c,(r,t) (conserved) + n(r,t) which distinguishes solid and voids (non

conserved)

+ set of order parameters ¢, _,, to represent crystallographic grain orientations for

polycristalline simulations

+ ...



The importance of thermodynamics

v Shows the way

The equilibrium final state of the system corresponds to the minimum of the
thermodynamic potential with respect to the extensive internal variables. In condensed
matter it is usual to work at constant volume and temperature and therefore the free
energy F 1s the thermodynamic potential. Taking into account the spatial range of the
interactions (SR = Short Range, LR = Long Range), two different kinds of contributions

can be considered
F=Fg +Fr

The main differences among phase field models lie in the treatment
of various contributions to the total free energy (elastic energy,
electrostatic energy, magnetic energy,...)

v'All the different contributions must be expressed as function of the set
of order parameters used to describe the microstructure



v'Short range chemical and structural contribution Fgg:

Ci,..., C: conserved order parameters
Nys---» N,: NON conserved order parameters

n p
Fer = ff f[fhom(cl, C2y- v 5 Cny N> N2seees Np) T Z %(Vci)2 + Z I%1(an)2]d\/

Vi 1=1 j=1
N N _
YT YT
f, - local free-energy density Gradient energy terms which
which incorporates local are nonzero only at and around
contribution from short-range interfaces, related to the
chemical interactions interfacial energy

oy, ;0 stiffness coefticients



Local free energy density function f, .

v'Example 1: double-well polynomial

Used to treat the simple mixture of two phases in equilibrium :
Al 1 riy—e) + 1 Fty—c ) | = Af
Fan(©)= Al = Y (©(F.0~C) + V, L(C(F.)-T)" | = Al (©)

Ac = cr-¢; C=(cit+Cn)/2

The two minima of the function hom

are ¢, and ¢, and correspond to
the equilibrium compositions of
the phases

A 1s the energy scale and can be
calibrated on the nucleation

driving force of the system



v'Example 2: Ginzburg-Landau expression

For many-solid phase transformations, the free energy volume density
f(c,n;) has to satisfy a given number of symmetry conditions. In the
case of hydrides precipitation in a Zr matrix Ma et al. (Script. Met.
2002) devised a Ginzburg-Landau like expression:

f(Cmpnzms) =

AS Zl.—,ﬁj nl n_] + A6 Zli]-‘#k T]1 (T]JZ + ni)-i_ A7 Z

2

ﬂ(‘3—61)2 + %(C - Cz) =M —

2

A4

A
22 i= 1111 1= lnl

4 6
2.2 2

izjzk Mi M Mg

The constants ¢, , ¢, and A,-A, are phenomenological parameters that
can be fitted to reproduce the experimental phase diagram.
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Khachaturyan: J . Am. Ceram. Soc.
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Schematics illustrating the variations
of f(c,n;) as a function of ¢ and n;.



v'Example 4: direct coupling with CALPHAD approach

(Shi et al, Acta Mat 2012)
Application to Ti-Al-V alloys

12 orientation variants
2 conserved order parameters Al and V

v'Free energy (Redlich-Kister polynomials) of each phase

G = 3 X'GY+RT Y XX+ ¥ Yﬁxixj[fl_fj’f(xi—xj)r}

i=AlLTiV j>i r=0

i=AlLTi,V i=AlLTi,V

v'Interpolation to obtain a general expression of the free enrgy

G, (Tﬂxkani):ih(ni)Grﬁ (T,XZl’V)—F(l—ih(ni )jGrf (Tﬂx,lfl,v)+a)2‘77i77j‘

=1 i ]

Interpolation functions h(7;) =7, (677i2 ~15n, + 10)



The gradient energy terms

n p
- _ % 2 Bi 2
Gradient energy terms = f f I[Z 5 (Ve)” + Z > (V1)) ]dV
V,, =l =1
v'The gradient energy terms are associated to the interfacial energy,

defined as the excess free energy associated with the
compositional/structural inhomogeneities occuring at interfaces.

v'For the double-well potential, analytical relation between the
interfacial energy y and the stiffness parameter [3:

AC(AR2)™
N 3

v'For the other potentials, y has to be evaluated numerically.



The long range energy contribution:
the importance of the elastic energy

v'Particularly important since phase transformations in solids usually
produces coherent microstructures at the early stages. The lattice
mismatch between phases are accomodated by elastic displacements.

v'The elastic interactions play a major role in predicting the shape of the
precipitates as well as the long range precipitates arrangements at the
mesoscale.

v'Required ingredient to treat the microstructure of dislocations in phase
field models.



Formation of chess-board like Growth of elastically strained thin

structure in Co-Pt alloys (from  films (PbTi0;) on a substrate (from
Le Bouar et al, acta mat, 1998) L1 et al, App. Phys. Lett., 2001)

Paraeleciric  ———a Fermoclecmic
[oo1]

J'JT [100] ﬁ 6 ﬁ
010] a a, ¢
[l

film X3




v'Elastic constants of the matrix: Ciﬁld

v'Elastic constants of the precipitate: Ciii

Voigt notation:

Elastic parameters

(1,1)>1,(2;3)—>4,(1;3)>5,(1;2) > 6

Cy

Cp,

Cp,
0

CIZ CIZ 0 O
Cll CIZ O
C, C, 0 0
0o 0 C, O
C44

0o 0 0 0

Cubic systems

3 independent values:

Cll? C129 C44

Cl 1 C12 C13 0 0 0
C12 Cl 1 C13 0 0 0
C13 C 13 C33 0 0 0
0o 0 0 C, 0 0
o 0 0 o0 C, 0
0 0 o o o S

Hexagonal systems
5 independent values:

Clla C337 C12> C139 C44




v’ Stress-free strain (STFS) associated to the transformation: 88

To calculate the SFTS, it is required to choose 3 non collinear vectors
in the matrix (U, U,, U;) and to know their images after the
transformation (V 4, V,, V3), which allows to calculate the matrix

transformation F:

V=FU = ¢g)= 7

v'Example 1: pure dilatation

a a - _
a—ad 0 0
a
= 0 2 o
0 0 a—a
— a —

Cell of the Cell of the
matrix precipitate



v'Example 2: transformation of a hcp into fct phase, case of o—y in zirconium alloys
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How to calculate the elastic energy?

(Khachaturyan, Theory of structural transformation in solids, 1983)

v'Elastic energy: Eetas = 5 fCum(r)S (NeS(nNdV
v'Total strain: g;(r) = g + 8gy(r)
v'Elastic strain: £5(r) = g;(r) - £36(r)

(0(r) = 1 1nside the precipitate, 0 inside the matrix
Order parameter of the phase-field model)

v'Elastic constants of the domain: Cy;(r) = Ciify + AC 0(r), ACy;, = Cb, - iy

0G;;
v'"Mechanical equilibrium: El =0 o;(rN = Cijkl(r)gg(r)
ou; Ou,

(8r or; )

0g;(r) =



1/ Homogeneous case:  Cyy(r) = Cify = Cfy = Cyyy

2

— Cﬂd—la 1(r)=C, klsklA—Me N _ 980 | \fechanical equilibrium 1n
Uor.or, ! Or; ©ij Or; ,

§ terms of displacements

v'Equation solved in the Fourier space (spectral method):

Discrete Fourier transform: 6(r) = Z O(K)eKr
K
Inverse Fourier transform: §(K) = % fe(r)e-iKr qv

V=L,L,L;
L; = Nja,
a,: grid spacing

Periodic boundary conditions: K; = 275% , —Ni/2 <n; < Ni/2 (n;eZ)



of
TF(;) = ik TF(f)

0 (OAB(r)  ,OAB(N) ,
Cijklarjarluk(r) = Cija€u or. — Oj; o, = -CiuKKu(K) = Gg(lKj)e(K)

v'Linear system to inverse (K#0):

u (K) = 'iQkiGg‘Kje(K) Q= Cianyy

n = K/K

—_— 68ij(K)

For a fully relaxed simulation box gij = Wp?»g

w, : precipitate volume fraction

.
| Eaws =3 22 BOYO(K)?| B = o362 - n6lQn()o o,

K+0




2/ Heterogeneous case: Cin # Cilu

ol OAB(r)
[Cgkl@ or +Acljkla_(Ae(r)_)]uk(r) (Cuklgkl Acuklgkl) or

\ Y ) LY—/

Perturbation term Coupling with Eij

(_jijkl = wpCilig + (1 = wp)Ciigy
v" Due to the perturbation term, no linear system in the Fourier space

—> Iterative procedure

(Khachaturyan et al, PRB 1995;
Hu and Chen, Acta mat 2001;
Boussinot et al, Acta Mat 2010;
Thuinet et al, Acta Mat 2012)



v'The displacement u is first initialized to the value u°, which
corresponds to the solution of the homogeneous system:

o , OAB(I)
Cukla o, u(r) = Cgklgkl or,

v'The solution is then determined iteratively using the following relation:

_ ol OAB(r Kl
Cijklﬁr. 8r x (N)= (C1Jk18kl Acljklgkl) 1Jkla (AG(r) )uk(r)
j r;

v'In the Fourier space:

= u(K)= Ile[(Culekl Acljklgkl)K O(K) + AC;; TF {6—(A9(r) )uk(r)}]

1
Q= Cijklnjnl

v'Practically, the number of iterations depends on ACj



v'Case of an applied stress:

_ 0, @ a
& = WpEj; T Sji O]

transformation  applied stress

oy . applied stress

S;ix : compliance tensor



v'Example: Study of a trigonal
perturbation C,; inside a precipitate

Elastic trigonal perturbation
inside the precipitate

homogeneous

. . . \
1sotropic domain

0 T T T | T | I
< < n
o
S S ]
S S
5 5 _
o > 0 ——
c g 1 . _
o A
© fi 2
% > 5 &
& © : |8 e L
0 100 200 300 400 500 0 100 200 300 400 500
position position

(From Thuinet et al, Acta Mat 2012)



Which morphology minimizes the elastic energy?
(homogeneous elasticity)

Fas = 2 BO)JO(K)
K¢O/ \

precipitate

: : - matrix
Elastic parameters Microstructure .-

B(n) = 6888 - nicgﬁjm(n)on?nnn

0
Cijit, &;

Eelas = mlnnB(n)Z O(K)[*
K=0

Vv, .
= Eepas > —29 min,B(N)

Parseval theorem [0(K)| =<~



min,B(N) = B(Ny) N, 1s the direction which minimizes B(n)

0(K) = 0 if K/K % ng

—  Eau=% 2. BOJO(K) =3 B2 6(K)P =5 B(no

K+0 K+0

v'The morphology which minimizes the elastic energy is a platelet
the normal of which 1s n,

v'n, also called the elastically soft directions

v’ Application to the determination of the habit plane or facetting of
precipitates



Example 1: cubic system, isotropic SFTS tensor

(J.W. Cahn, Acta Metall., 1962)



Example 2: hexagonal system, isotropic SFTS tensor

\

Basal plane —

C
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v'5 independent elastic constants C,;, Cs;, C,5, Ci3, Cyy

v'Isotropic in the basal plane

v'Classification which depends on 2 threshold values for C,;:

[Ca4]

pu— l
th1l )

C11Cs3 +CpCss - 2C123
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[Caslim2 =

1
2

CiiC;3 —CpCs +C1Cy _C123

Cip +Cpp +Cy3



v First case: [Cyylig < [Caslinn

— — O
* Cyus < [Cyslin 0,=0, 0,, =90
— O — o
* [Cagling < Cua < [Caglina 0,=0 6, =90
- o e
* [Caaling < Cug 0,=0 0, =6,
90 250 -
" ‘[ [Cislint < Cas <ICoslimz
70 '§ 200 1
| >
|
) 50 i 150 Ci>1C oyl
gﬂ 50 : n'? /
3 10 : —soft direction %
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? 30 |
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|
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| |
0,=—cos (——
0 =708 (=7)

with I and J functions of the elastic constants:
[=-C,C5 7 (C13)2 - C )Gy + C(C5-2C) - 2C,Cyy +2C5Cy, + 2C5,C,
J= 3(C13)2 —C(C3 +2C;; - 2C,) +6C;Cyy +2C;,C, + C(Cp3 — Cy3 +2C)

v'Second case: [Cyylan < [Caalin
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Classification of hexagonal systems

Family Criterion 0 On
I [Caslinz > [Caalin1 > Cag 0 9(°
11 [Caalin < Cas <[Caslin2 0 90°
. Caa > [Caalinz > [Caalini 0 0o
v [Caa)ini > [Caalinz > Cag 0, 0
v [Caalimz < Caq <[Caalim 90° 0
VI Casa > [Caslin1 > [Casline 90° 0o

(From Thuinet et al, APL 2012)



v'In the case of homogeneous or heterogeneous elasticity, the elastic
energy can be easily evaluated for any arbitrary microstructures in the
Fourier space.

v'In fact, the notion of SFTS can be applied to a large diversity of cases

v'Example 1: homogenecous solid solution

this formalism has been extended in the framework of the microscopic
elasticity theory of homogeneous solid solutions to take into account
long range elastic interaction between the different species diffusing
inside a solid solution.



Coherent Inclusion Model | Solid Solution Model (long-wave limit)
(Khachaturyan, Theory of structural transformation in solids, 1983)

0,(r,t): shape function of
precipitate of type p

B =2 3 ¥ B,, (90, (0, ()

k#0 p,q

B,, (k) =07 (P’ (@) - k07" (0)G,, K)oy, (Qk,

Cp(I;t): composition of species p

Ba =23 3 B,, (e, (e, ()

k=0 p,q

B (k) =0 (pu; (q)-k,6; (p)G,, Ko, (@k,

G;;(k)=(A;jk k)" Fourier transform of the Green function

Ggo (p)= 7Lijklgg? (p)

00 .
g, (p): stress free strain

GSO (p) = }\“ijklug? (p)

u,, (p) : linear expansion
coefficient related to
alloying (Vegard’s Law)



v'Example 2: dislocations

According to the result of Nabarro (Theory of crystal dislocations, 1967),
one dislocation loop is elastically equivalent to a platelet of thickness d it
encompasses and characterized by a SFTS defined as:

1
E';Ij = ﬁ (binj + bjni)

S

|
{l
ELT

(Wang et al, Acta Mater. 49, 2001
Rodney et al, Acta Mater. 51, 2003)



v'Example 3: crystalline plasticity

Individual treatment of each dislocation may be computationally

prohibitive at mesoscale
—Use of crystalline plasticity model to calculate the plastic strain

o = [ [ 1) e 1) ()~ €20) o5 0)- 5 6) )0} av - Vo,

The plastic strain can be numerically treated in the same way as any
SFTS for the calculation of the displacement field. For example, in the
case of homogeneous elasticity:

u (K) = -1€2,;Cy K [81?19(K) K)]

e

Phase Plastic effect

transformation



Crystalline plasticity model:

» Plastic strain : 85 — ZRI{J‘YF r - slip system

—u( ) |-

Zka )[ T

» Shear rate : y" =p" by dislocations velocity :  yr =yrexp( &

r
cut
» Density dislocations evolution law :

with  LF =K./ [(Zahph)

> Plastic activation:

vRio > T (St )

(Kundin et al, Journal of the Mechanics and Physics of Solids 59, 2011
Kundin et al, Journal of the Mechanics and Physics of Solids 76, 2015)



Kinetics

v How to deal with kinetics?

In the general case, little is known about the time evolution of a system being held far
from the thermodynamic equilibrium. However, the thermodynamics of irreversible
processes (TIP) in the linear response approximation has been proven to successfully
describe a great variety of situations. In this framework a distinction is made between
conserved and non conserved order parameters:

onp(r,t) OF for the non conserved order parameters
ot -LPVST”lp(r,t) (Allen-Cahn or Ginzburg-Landau equation)
80! i ,» OF for the conserved order parameters

ot MV SC(F,‘[) (Cahn-Hilliard equation)

The knowledge of the free energy and the kinetic coefficients provides a consistent
set for the calculation of the microstructure time evolution.



Application to irradiation:

v'The Cahn-Hilliard equation can incorporate supplementary terms to

take into account generation of defects due to 1rradiation and
recombination

v'Example: conservation equation for vacancies

AR) SF

~ =MV . +g(c, (1, 1) —7(c, (1, 1), Cq, (1, 1))

\% — _/ — _/
Y YT

o S

Production term Recombination term




v'Example: resolution of the kinetic equation with the semi-implicit
spectral method

v'One order parameter c(r,t)

v Cahn-Hilliard equation ﬂ"a:—tl _ Mvzsif ; F=F .+ Bopae

v'Short-range contribution  Fepem = f f f[fhom(c) + g—(Vc)Z]dV
Vi

v'Long-range contribution p _ ﬁz B(n)c(K)c*(K)
L. elas p)
(homogeneous elasticity) K

v'Functional derivatives:

S _ Ofom S 24V — _RT2
Sc f f ffhom(c)d\/ = e Sc f f fg(Vc) dV =-BV-c
Vi Vi



v'Spectral method:

a K a om €las
) MKTERE ) + BRo(K) + 22K

v’ Explicit temporal discretization:
fi om Ee as
c(K,t+dt) = c(K,t) - Mszt[%(K,t) + BKZc(K,t) + SS—CI(K,t)]
v'Implicit temporal discretization:
2 afhom 2 6Eelas
c(K,t+dt) = ¢(K,t) - MK dt[T(K,Hdt) + BK (K, t+dt) + W(K,Hdt)]
v'Semi-implicit temporal discretization:

ofi om 8Ee as
(K t+dt) = c(K.t) - Mszt[#(K,t) + BK2e(K, t+dt) + S—CI(K,t)]

a om eas
c(K,t) - MKZdt[ ah (Kt)+ 1(Kt)]
1+MBK*dt

= (K t+dt) =



v’ Advantage of the spectral method: simple form of the elastic driving
force

SEC as
se (KD =B(K)(K)

v’ Advantage of the semi-implicit method: simplicity of the explicit
scheme but use of larger numerical time steps

(Chen & Shen, J. Comput. Phys. Commun. 1998)



Advantages

v'Time and space scale ‘meso’ in general above those spanned by
atomic scale modelling

v'Presence of space (in contrast with Rate Theory, for example)

v'Long-range effects naturally included

Limitations

v'Time and space scale ‘meso’ in general too high to treat nucleation

v'Time and space scale ‘meso’ in general too small to treat macroscopic
problems: a good coupling with macro models must be elaborated



Application 1.
Morphological bifurcation



v'Morphology of the precipitate controlled by the competition between the interfacial
energy and the elastic energy

v'"Morphology which minimizes the interfacial contribution (isotropic interfacial
energy): sphere

v'"Morphology which minimizes the elastic energy: platelet
v'The interfacial energy is proportional to the interfacial surface

v'The elastic energy is proportional to the volume

Example: transition between O D [ ]
square and plaquette bifurcation L = r,Cuusly
°C
L= MQ > 56 circle 5 Square —> Plaquette
) l (Four-fold (Two-fold
Y symmetry symmetry
Symmetry shape) Symmetry shape)
conserving breaking
(Thompson et al) Acta Metall shape transition shape transition

Mater 1994,42) b) Homogeneous cubic system




Problem

Symmetry break between a matrix (hexagonal cristalline system) and C
precipitate (trigonal cristalline system)

© 10001]

3 orientation variants: precipitates
aligned with dense directions

< -1-1 2 0> inside the basal plane of
the hexagonal matrix

Fig. TEM Micrograph of intragranular C
hydrides inside the basal plane of the
hexagonal matrix

Influence of the symmetry break on:
» The elastic properties of the system
» The resulting morphology of the coherent hydrides



New C hydride phase identification

hydride with the

matrix
Needle-like morphology ¢
Length: 100-500nm
¢
f&t
© 4 Zr atoms %

200 nm

@ 2Hatoms TEM micrograph of ¢ hydride

Z. Zhao, J.-P. Morniroli, A. Legris, A. Ambard, Y. Khin, L. Legras & M. Blat-Yrieix, “Identification and characterization of a
new zirconium hydride”, Journal of Microscopy, Vol. 232, 2008, pp. 410-421

» Cristalline system : TRIGONAL » Space group : 3Pm1
> Bravais lattice: HEXAGONAL » Stoechiometry : Zr,H
A = 8z, =3.232A > Metastable phase

¢, = 2¢;,, = 10.294 A



Stress-free strain

Stress-free strain tensor associated with o—( transformation must respect the
symmetry elements of both matrix and precipitate, i.e. must be invariant by 27/3
rotation around € axis (//[0001])

ey 0 0
e(a>0=0 & 0
g | o 11
0 0 &% .
i J([1010]1,[121071,/0001])

 Transversely isotropic tensor in the basal plane

* The same stress-free strain tensor is associated to each orientation variant



Elastic constants

= 5 independant elastic constants in the hexagonal matrix
= 1 supplementary elastic constant in the trigonal precipitate (c,s5)

phase

Matrix o

Precipitate

Point group

6/mmm (hexagonal)

3m1 (trigonal)

Voigt constants
matrix

_Cll C12 C13 0 0 0
C12 C11 ©13 0 0
¢3 43 ¢3 0 0 0

6o o0 o o o -HTo
2

i1 %2 %3 0 | ¢5 0
Cl2 C1 C3 0 | -¢5 0
013 013 033 0 0 0

0 0 0 Caqq 0 —Cy5
s ~Ci5[ 0 0 Cyy 0

o o0 o0 [Tg] o U ;012

Numerical
values (in GPa)

C11=155; C12=67; C13=65; C33=173;
C44=36

(experimental values, Fast et al.,
Phys. Rev. B, 1995)

C11=168; C12=89; C13=67; C33=195;
C44=29; C15=-23

(experimental values, Fast et al., Phys.
Rev. B, 1995 + ab initio calculations)




Cis =
24 GPa
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26 GPa

Cis—
28 GPa

130nm

[12

—

10]
t

[1010]

=500

10250C

—

Phase field simulations

—

t

t

225000

225000

225000

t

!

!

=350000

350000

350000

Equilibrium

morphologies
z
=3

o =

on]
o
—

~ 5 .

£ =60000C | =
=3
=k

~ -

t =60000C 8
=
)
=

t =60000C

(Thuinet et al, Acta Mat 2012)



Influence of direction and magnitude of stress on the re-
orientation kinetics of hydrides in the basal plane

R Applied
- Stress

OMPa

600MPa



Applied
Stress

4

\

t=1000 1=20000 =100k =200k

600MPa

641

0
128 256 384 512 0 768 896 1024 0 128 256 384 512 640 768 896 1024




Applied
RO0MPa Stress

250
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50

B —— 0
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In summary:

No Applied Applied
Stress Stress
[0110] [0110]

23 1 /3 23 1 /3

[2110]

a

Applied

Stress

n2/3

[0110]

L)

Applied

n2/3

Stress

\ 4

[0110]

/3

v'The level of the critical stress to apply to trigger reorientation depends

on.

*The volume fraction of precipitates
*The interfacial energy of precipitates
*The orientation of the applied load

(Thuinet et al, JNM 2013)



Application 2.

Calculation of sink strengths
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Methodology

PD
absorption
- _ _ ) ] f’,,..""'/ .
(;X |: r,l :' = DVE_X + D v X V‘u'ﬂ} + KG _ J‘“”R by sinks
ot kgT AN
L, 1 \
Fick-type Elastic Irradiation PD
term interaction generation rate

M, Is computed with the microelasticity theory developed
by Khachaturyan, it depends on:

2> Microstructure defined by order parameters

> Elastic constants of the system

> Stress free strain E:j associated with the dislocation

. SIA vV : .
> Vegard's coefficients ¢; , ¢, associated with PD
formation

(H. Rouchette et al Computational Materials Science 88 pp. 50-60 (2014))



PD

X - absorption
O{_‘_X(.r,fﬁ] _ DVEX + D V-XVHE;} L Kﬂ o Jsink*"’ by sinks
o RBT ) o
11 . 11 \
Fick-type Elastic Irradiation PD
term interaction generation rate
Compute dislocation loop stress field
n=1 't .
1 \ b fn
| < ] Y d — J_
=T
nN=0
Platelet stress-free strain F. Nabarro, Theory of Crystal
1 Dislocations, Clarendon Press,
\ Oxford, England, 1967.
e = ——(b;n,+b;n,)
2d / \ Y. Wang, Y. Jin, A. Cuitino
A. Khachaturyan, Acta
Burgers Normal to Mater. 49 (2001) 1847-1857.

vector habit plane



92 (r.t) =|DV?X

+

"Fick-type"

term

D
kyT

‘7:A:K7FHJ

sink -
K, ~ 1
i

Elastic

interaction

~
Irradiation PD

PD
absorption
by sinks

generation rate

Uniform irradiation + local absorption

Straight dislocation case

Dislocation loop

case



Sink efficiency calculation
method

- Until steady - Deduce sink efficiency
state Z:
Average site J” _
fraction X_ Z” — S Input variable
4 S 0..D, X7 Computed by PF
mmm—— ) D —— model
Steady state Xr—:r.:.c:-
composition “*n
/ Absorption bias: N M
| — > 4 S, ) - o ?
time | If B,>B,: NG
ZI_— ZV 1 2 2
BS — s 1 S J]SM}J;"UL; |
Z, ] o N
II‘. 52 I-h .
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=(1120){1120} —= Prismatic
1[0001)(0001) = e
& 0.4 F  [0001](0001) - .- MA!,NJ. |
- 1(2023)(0001) & o |
0.3 F - e y
o e .
C,,=155GPa 2
Zirconium C,,=67GPa 2 02 L \ - -
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. L ® =
T=600K C,=36GPa 45 -
on : & = L] 1
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a.—u, nm
" £ =+0.05 |:? Obtained
vV _ Ab initio L] R S i S U Y AT Sl TR A ]
€ =—0.13 | v 13 14 15
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=018 | o
Dislocation density (m™2)

Prismatic dislocation lines have

ST E LI o — higher bias than basal dislocations

134108 (2013)

- due to SIA anisotropy

(Rouchette et al, PRB 90, 014104 (2014))



6400:20.31*17

> 200
-+ n
64a, . b ‘ -
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___________________ S 150
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2100
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w
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e =40.150, | | 50
} Isotropic
u=33GPa properties
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T=600 K 0
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(H. Rouchette et al, Nucl. Inst. and Meth. in Physics Res. Sec.B (2015))
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b=0.323 nm 123 2, _ :
a—h Zr, 10" n.m" T=573K: According to these results,
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A. Jostsons et al., Jour. Nucl. interstitial loops are much

Mater 66 (1977) 236-256 larger than vacancy loops
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Application 3:

Radiation Induced Segregation



CrConcentration {wi, %)

K. G.
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Field, Journal of Nuclear Materials 445 (2014) 143-148
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Coupling between atomic and mesoscale

coefTicient calculation
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v’ Virtual numerical experiences: thermodynamics is changed but not

kinetics
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What have we learnt?

v'Phase-field models are built following 3 main steps:
1/ Definition of the order parameters
2/ Definition of the energy functional
3/ Definition of the kinetic equations

v'Phase-field models can deal with the evolution of arbitrary
morphologies and complex microstructures without explicitly tracking
the positions of interfaces.

v'Microelasticity theory can be easily incorporated in the phase-field
formalism. Then, long-range elastic interactions between phases,
dislocations, diffusing species can be taken into account.

v'Phase-field models have been successfully applied to various materials
processes including solidification, solid-state phase transformations,
coarsening, and growth. Significant additional efforts are still required to
couple these approaches with macroscopic models.



