
Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Multi-scale approaches in Material Science
III-ème école d’été “Modélisation des Matériaux” -

Banyuls-sur-Mer 19-23 Août 2024
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Modeling

Modeling... what for?

https://app.wooclap.com/events/PNUHJN/questions/66bcb7ecb64109955d451310
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Aim of this “lecture”

What it is and what it is not

X A warm up for this summer school

× A complete panorama on modelling scales

X (Naive?) Examples to illustrate the multi-scale approach

× A review of state-of-the-art techniques

X A climbing up of the modelling scales (to the top?)

× An ad-free presentation



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Aim of this “lecture”

What it is and what it is not

X A warm up for this summer school

× A complete panorama on modelling scales

X (Naive?) Examples to illustrate the multi-scale approach

× A review of state-of-the-art techniques

X A climbing up of the modelling scales (to the top?)

× An ad-free presentation



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Aim of this “lecture”

What it is and what it is not

X A warm up for this summer school

× A complete panorama on modelling scales

X (Naive?) Examples to illustrate the multi-scale approach

× A review of state-of-the-art techniques

X A climbing up of the modelling scales (to the top?)

× An ad-free presentation



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Aim of this “lecture”

What it is and what it is not

X A warm up for this summer school

× A complete panorama on modelling scales

X (Naive?) Examples to illustrate the multi-scale approach

× A review of state-of-the-art techniques

X A climbing up of the modelling scales (to the top?)

× An ad-free presentation



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Aim of this “lecture”

What it is and what it is not

X A warm up for this summer school

× A complete panorama on modelling scales

X (Naive?) Examples to illustrate the multi-scale approach

× A review of state-of-the-art techniques

X A climbing up of the modelling scales (to the top?)

× An ad-free presentation



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Aim of this “lecture”

What it is and what it is not

X A warm up for this summer school

× A complete panorama on modelling scales

X (Naive?) Examples to illustrate the multi-scale approach

× A review of state-of-the-art techniques

X A climbing up of the modelling scales (to the top?)

× An ad-free presentation



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Who am I?

Michel Perez: CV in 5 lignes Michel.Perez@insa-lyon.fr

INSA: 1996

PhD at INP Grenoble on levitation

Assistant professor (2001)

Teaching Physics, Thermodynamics and Material Science

Research in material science: multi-scale modelling
http://michel.perez.net.free.fr/

http://michel.perez.net.free.fr/
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Multi-scale approach

A video to warm up

https://www.youtube.com/watch?v=zYgXhoPn-zA
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Multi-scale approach

Different scales in material science
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Classical scheme: experiment ↔ modelling
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Different scales in material science

Classical Nucleation and Growth theories
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Full field phase transformation models
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Classical Nucleation and Growth theories
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A journey into the quantum world

Back to a very simple experiment: Young’s double slit (1801)

Light = waves

What about matter?



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

A journey into the quantum world

More complex: with electrons (1961)
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More complex: with electrons (1961)
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A journey into the quantum world

More complex: with electrons (1961)

Double-slit quantum eraser,  S. P. Walborn, M. O. Terra Cunha, S. Padua,1 and C. H. Monken, PHYS. REV. A 
65(2002) 
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A journey into the quantum world

Even more complex: with a detector (2002)

Double-slit quantum eraser,  S. P. Walborn, M. O. Terra Cunha, S. Padua,1 and C. H. Monken, PHYS. REV. A 
65(2002) 
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Even more complex: with a detector (2002)

Double-slit quantum eraser,  S. P. Walborn, M. O. Terra Cunha, S. Padua,1 and C. H. Monken, PHYS. REV. A 
65(2002) 
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A journey into the quantum world

Hydrogen atom

− ~2

2m∇2ψ(r) + V (|r|)ψ(r) = Eψ(r)

V (|r|) = e2/|r|
Laplacian in spherical coordinates (r , θ, φ)

ψ(r) = R(r)P(θ)u(φ)

⇒ 3 set of eq. and 3 quantum numbers: n, l ,m
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A journey into the quantum world

General case[
− ~2

2m

∑
i ∇2 +

∑
i V (ri ) +

∑
i

∑
j U(ri , rj)

]
ψ(r) = Eψ(r)

⇒ hopeless !

DFT: a path towards simplification

Find a simpler problem with same solution !

Eexact(Ri , rn)→ Eapprox(Ri , ρ(r))[
− ~2

2m∇2 + V (r) +
∫ e2ρ(r′)dr′

|r−r′| + VXC(r)
]
ψi (r) = εiψi (r)

Local Density Approximation (exchange correlation energy)

VXC (r) = V electron gas
XC (ρ(r))
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A journey into the quantum world

DFT: practical Implementation

1 Guess initial value of ρ(r)

⇓
2
[
− ~2

2m∇2 + V (r) +
∫ e2ρ(r′)dr′

|r−r′| + VXC(r)
]
ψi (r) = εiψi (r)

⇓
3 ψi (r)

⇓
4 ρ(r) =

∑
i |ψi (r)|2

⇓
5 loop to 1 until convergence
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A journey into the quantum world

Andrés Saúl
Département Théorie et 
Simulation Numérique
CINaM/CNRS (Marseille, 
FRANCE)

It will be a slow discussion about 
concepts that one must understand and methods that one must manage

when one is interested on the electronic properties of 
systems composed of atomic nuclei and electrons (molecules, solids, crystals, …)

• Entrée
• The hydrogen atom to remember atomic orbitals 
• Multi-electron atoms to discuss the formation of shells and screening 
• A systems with two atoms and two electrons to discuss bonding 

• Plat
• Many atoms and many electrons

• Methods and approximations neglecting the electron-electron interactions
• Methods and approximations tacking into account the electron-electron interactions

• Dessert
• La “surprise du chef “

Structure électronique des 

matériaux

Ø Lundi 19 Août 11h-13h

Ø Mardi 20 Août: 08h00-10h00
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Application

Find interatomic potential

Goal: Fe-C interaction potential for Molecular Dynamics

Two reference configurations: C in octa and tetra sites

Correct energy barrier for diffusion: 0.815 eV

Test on many configurations (C, Fe, Va)
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Application

Find interatomic potential

Goal: Fe-C interaction potential for Molecular Dynamics

Two reference configurations: C in octa and tetra sites

Correct energy barrier for diffusion: 0.815 eV

Test on many configurations (C, Fe, Va)
Tabulated potential for Molecular Dynamics

[Becquart el al, Comp. Mat. Sc. 40 (2007)]
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Atomic Kinetic Monte-Carlo

  

Petr Grigorev, Arnaud Allera and Martin Uhrin

● 1.1 Python ecosystem

● 2.1 Neighbors maps 

● 2.2 Structural analysis (ML)

tinyurl.com/ModMat2024

Petr Grigorev, Arnaud 
Allera et Martin Uhrin
MATEIS, IRSN et  INP-UGA

Machine Learning

Ø Mardi 20 Août: 10h30-12h30 

Ø Jeudi 22 Août: 8h-10h

Ecosystème python

Ø Lundi 19 Août: 16h-19h

Machine learning

Ø Mardi 20 Août: 16h-19h
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Classical Nucleation and Growth theories
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Molecular dynamics / Molecular statics

Principle

Second Newton’s law

mi
dvi
dt

= fi

Pair interactions: fi =
∑

j fij =
∑

j gradUij

Integration in various “ensembles”: NVE, NVT, NPT...

EAM potential (embedded atom method)

Pair interaction energies AND electronic density

Etot =
1

2

∑
i

∑
j 6=i

Uij(rij) +
∑
i

Fi

∑
j 6=i

ρ(rij)


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Integration of Newton’s equations: Euler vs Verlet

Euler (order 1)

x(t + ∆t) =
v(t + ∆t) =

Verlet (order 2)

x(t + ∆t) =
x(t −∆t) =

x(t + ∆t) =

Modified Euler (order ?)

x(t + ∆t) =
v(t + ∆t) =

x(t + ∆t) =
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Molecular dynamics

Results: let the carbon move!
Diffusivity (from Einstein’s relation): 6DT = 〈|r(t)− r(0)|2〉
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Molecular dynamics

Results: let the carbon move!
Diffusivity (from Einstein’s relation): 6DT = 〈|r(t)− r(0)|2〉

Diffusivity of C in various phases
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Atomic Kinetic Monte-Carlo

Laurent Pizzafalli
Institut P’ (Poitier)

Méthodes cinétiques: dynamique moléculaire

Ø Mercredi 21 Août: 16h30-18h30
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Classical Nucleation and Growth theories
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Monte-Carlo Metropolis

What is the most stable phase?

Energy 

Configuration 
parameter 

Energy:
E (x , y , z , vx , vy , vz)

Values of x , y , z , vx , vy and vz that minimize E?
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Monte-Carlo Metropolis

Example: what is the deepest point in the ocean?
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Monte-Carlo Metropolis

Example: what is the deepest point in the ocean?

, Sure we will find it!

/ At what cost?



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Monte-Carlo Metropolis

Example: what is the deepest point in the ocean?

, Low probability

/ Cost is controlled

Pi→j = min(1, exp [−∆Eij/kT ])
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Monte-Carlo Metropolis

Application: build up of a Cottrell atmosphere

Formation of carbon Cottrell atmospheres in bcc iron and their e↵ect on the
stress field around edge and screw dislocations

throughout the MMC zone). For the screw dislocation, 440 C atoms were found

within a distance of 8 nm of dislocation line for a box containing 600 C atoms.

This number rose to 463 for a box with 800 C atoms. With the same logic, we

can safely say that the saturation of Cottrell atmospheres for a screw dislocation

arrived well below 800 C atoms in the simulation box.

[111]

[1̄01]

Figure 3.7: Averaged carbon density around an edge dislocation for 100, 500 and
1,000 C atoms (with the carbon concentrations of 0.059, 0.29 and 0.59 at.%) at the
temperatures of 300 K and 600 K.

We measured a concentration of 8.84 at%C within a radius of 1 nm for the

simulation box containing 1,000 C atoms at 300 K around an edge dislocation.

Around a screw dislocation, this value was found to be 9.02 at.%C for the sim-

ulation box containing 800 C atoms (which is higher in concentration than the

simulation with an edge dislocation with 1,000 C) at 300 K. In ref. [Sherman et

al., 2007], a peak carbon concentration of the atmosphere was found to be of the

order of 8 at.%C at room temperature with the atom probe tomography. More

recently, Veiga and co-workers estimated the carbon saturation concentration in

Fe-C martensite as 10 at.% [Veiga et al., 2012] using a rudimentary Monte Carlo

method. Furthermore, atom probe tomography experiments [Wilde et al., 2000]

indicate the atmosphere radius to be 7±1 nm, which is also in agreement with

figs. 3.7 and 3.8. The analytical calculation carried out in ref. [Cochardt et al.,

1955] predicted the C concentration at saturation to be inversely proportional to

the distance from the edge dislocation line and a concentration of 7 at.%C at a

distance of one Burgers vector from the dislocation line. A C concentration of

51

[Waseda et al, Scripta Mater. 129 (2016)]

≈150 C atoms per nm (same as measured with TAP)

Max. C concentration: 8.8% (TAP: 8%)
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Atomic Kinetic Monte-Carlo

Principle

!"#"$%!"

!"#"$%#"

!"#"$%$"

!"#"$%%"

&%

&%

w1 w2 w3 wZ

Γ

Γ⋅r2

Transition frequency from i → j :

w i
j = w0 exp

(
−∆Eij

kT

)
w0 ≈ 1014 Hz

Residence time i
r1 → τR = − ln r1∑

j wj

Choice of a particular transition r2

Example: precipitation from a supersaturated solid solution
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Formation kinetics: AKMC vs ThermoElectric Power

Formation kinetics of carbon Cottrell atmospheres

atoms in the pre-atmosphere list, on the other hand, may interact with the atoms

in the AKMC list, but regardless of where the atoms in the pre-atmosphere list

are, they are not included in the AKMC list and therefore do not move.

The final scheme is given in tab. 4.3.

4.7 Results

The AKMC simulations are launched for an edge dislocation with the thermody-

namic parameters (temperatures, C contents, dislocation densities) that are found

in the work of Lavaire et al. [Lavaire et al., 2001] on thermoelectric power, and

the work of De et al. [De et al., 2000] on yield stress increase. The parameters

are given in tab. 4.4. For each measurement, 16 simulations are launched and the

average is taken.
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Figure 4.14: Evolution of number of C atoms that arrived in the core zone (left axis)
and the evolution of thermoelectric power [Lavaire et al., 2001] (right axis) as a function
of time.

Fig. 4.14 shows the evolution of number of C atoms that arrived in the core

region via AKMC and the evolution of thermoelectric power (cf. Lavaire et

al. [Lavaire et al., 2001]). Since the total number of C atoms in this simulations

was 89 (among the atmospheres prepared in advance, the one with the smallest

number of C atoms in the simulation box for an edge dislocation was 80), the

81

Same kinetics without any adjustable parameter
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Anne HEMERYCK et 
Antoine JAY
LAAS-CNRS, Toulouse

Méthodes cinétiques : Transition State Theory, 

Monte Carlo cinétique, paysage énergétique, 

exploration avec la méthode ARTn

Ø mercredi 21 Août: 8h-10h

Exploration du Paysage Energétique avec ARTn: 

recherche des point selles

Monte Carlo cinétique : évolution des 

structures avec le temps

Ø Lundi 19 Août et Mardi 20 Août: 16h-19h
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Different scales in material science

Classical Nucleation and Growth theories
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Full field phase transformation models
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Full Field models (α↔ γ transformation)

First ingredient: diffusion of solute elements (Fick’s law)

Classical diffusion model (implicit resolution scheme):

∂Ci
∂t = Di

∂2Ci
∂x2 ⇒ C t+∆t

i −C t
i

∆t = Di
C t+∆t
i+1 −2C t+∆t

i+1 +C t+∆t
i−1

∆x2
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Full Field models (α↔ γ transformation)

Second ingredient: an interface

Interface = chemical potential variation

∂Ci
∂t = ∂

∂x

(
D ∂Ci

∂x

)
⇓

∂Ci
∂t = ∂

∂x

(
DiCi
RT

∂µi
∂x

)
µi = µ0,i + RT ln(Ci )

⇓

𝜇"
# 𝜇"⍺

𝜇"
# 𝜇"⍺

𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

𝜇"
# 𝜇"⍺

𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

Sharp interface

Wide interface

Solute drag

∂
∂x

(
D ∂Ci

∂x + CiDi
RT

∂µ0
i

∂x

)
= ∂Ci

∂t
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Full Field models (α↔ γ transformation)

Second ingredient: an interface !

Starting point: constant concentration
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Full Field models (α↔ γ transformation)

Third ingredient: moving the interface(s) !

Chapter 3 – Gibbs energy minimization model for the austenite-ferrite phase
transformation in Fe-C-X-Y alloys

Figure 3.13: (a) Description of the 2 initial configurations used during this study to account
or not for the cementite dissolution. The shape of the standard concentration and chemical
potential profiles used are presented (b) Numerical GEM model scheme of the di�erent
resolution steps.

to be independent of time and space steps). The e�ects of di�erent parameters such as
time step, system size, space step and austenite ferrite interface size will be detailed later.

The di�usion equation (eq. 3.9) is solved using 1D implicit scheme for each element k.
The numerical schemes choice for the di�erent derivatives leads to the following discretized
equation for each node i

Ck|t+�t
i ≠ Ck|ti

�t

=
Dk,j|i(Ck|t+�t

i+1 ≠Ck|t+�t
i )+Dk,j|i≠1(Ck|t+�t

i≠1 ≠Ck|t+�t
i )

�x2

+
Dk,j|i+1Ck|t+�t

i+1

1
µ0
k,j

--
i+1

≠µ0
k,j

--
i

2
≠Dk,j|iCk|t+�t

i

1
µ0
k,j

--
i
≠µ0

k,j

--
i≠1

2

RT�x2 (3.13)

This discretization coupled with the boundary conditions makes it necessary to solve
for each chemical element k the following system:

60

Choice of position that minimises the Gibbs energy

Check that interface does not move too fast



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Full Field models (α↔ γ transformation)

Results: austenite formation at 760◦C (FeCMn steel)
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Full Field models (α↔ γ transformation)

Austenitic transformation kinetics (DICTRA vs GEM)

The simulation starts with a 0.1 μm austenite region (containing 6.67 wt%C
and 10 wt%Mn), resulting from the fast transformation of cementite (see Ref.
[5,10] for more details on this initial state).

Figure 2a shows the ferrite to austenite transformation kinetics during iso-
thermal treatments performed at 760 ◦C and 780 ◦C resulting from GEM
model. The transformation occurs in 4 stages. The transformation is controlled
by (I) C diffusion without Mn diffusion (i.e. para-equilibrium), (II) Mn
diffusion in ferrite (i.e. local equilibrium without partioning), (III) Mn
diffusion in austenite, (IV) Mn diffusion in ferrite (i.e. ortho-equilibrium).
The back and forth interface motion observed in Figure 2a is due to the
initial high Mn concentration of cementite, that needs to redistribute along
the whole sample before reaching full equilibrium (see diffusion profiles in

Figure 2. (a) Comparison of austenitic transformation kinetics between LE model (DICTRA),
Thermocalc TCFE8 equilibrium and GEM model. (b) Carbon and (c) manganese concentration
profile snapshots at 760 ◦C. Transition trajectories of compositions at the interface on the iso-
thermal section of the Fe-C-Mn phase diagram at 760 ◦C for phase transformations in stage: d)
I. ,e) II. and f) III.

PHILOSOPHICAL MAGAZINE LETTERS 237

[A. Mathevons et al, Phil. Mag. Lett. 101 (2021)]

Complex transformation kinetics due to 3 different diffusion coefficients
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Full Field models

Mohamed Gouné
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matière Condensée de 
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Classical Nucleation and Growth Theories
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Full field phase transformation models
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Mean field precipitation modelling

What are these two phases?

https://app.wooclap.com/events/PNUHJN/questions/66c08b9098ee8f23ffaa2881


Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Classical nucleation and growth theories

Nucleation rate
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Classical nucleation and growth theories

Growth law: Linear out-of-equilibrium thermodynamics

Fick’s law:
J = −D ∂C

∂r

dR
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=

D

R

X − X i (R)

X p − X i (R)
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Precipitate composition AxBy
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(x + y)R0

yR

)
R �

X �
X
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J

X
� (R� )

[M. Perez, Scripta Mat. 52 (2005)]
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Growth law: Linear out-of-equilibrium thermodynamics
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Growth law: Linear out-of-equilibrium thermodynamics

Fick’s law:
J = −D ∂C

∂r

dR

dt
=

D

R

X − X i (R)

X p − X i (R)
R

X �
X

r

Fraction de B

Effet of precipitate size (Gibbs-Thomson)

Precipitate composition AxBy

X i (R) = X i (∞) exp

(
(x + y)R0

yR

)
R �

X �
X

� (R �)

R�

Fraction de B

J

X
� (R� )

[M. Perez, Scripta Mat. 52 (2005)]



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Classical nucleation and growth theories

Growth law: Linear out-of-equilibrium thermodynamics
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Classical nucleation and growth theories

Implementation in a home made precipitation software: PreciSo

Whole precipitate size distribution evolution

for non-isothermal treatments

[M. Perez et al, Acta Mater. 56 (2008)]
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Implementation in a home made precipitation software: PreciSo

R �

N �

R

N

Whole precipitate size distribution evolution

for non-isothermal treatments

[M. Perez et al, Acta Mater. 56 (2008)]



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

Classical nucleation and growth theories

Example of precipitation kinetics
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CNGTs vs Full Field

Sharp Interface Full field mModel (ShIFuMo)

2.1 Intégrations numériques

On considère un volume simulé Vtot, discrétisé régulièrement en voxels cubiques, de volume �x3.
Parce que les précipités sont décrits par une fonction de forme, le paramètre �x peut être choisi
indépendamment de la longueur capillaire l0. En pratique, il est choisi de l’ordre de grandeur du
rayon critique de nucléation R⇤

kBT .

2.1.1 Représentation des précipités
En plus de la fonction de forme, les précipités sont décrits par un rayon R et une position fixée

dans le volume simulé.

Figure 2.1 – Représentation schématique d’un précipité sur la grille numérique discrète. Le cercle
rouge montre la représentation continue du précipité et les voxels orange montrent sa représentation
discrète utilisée pour intégrer l’équation de diffusion. Les voxels ombrés se trouvent à la surface
du précipité où les flux (représentés par des flèches noires) sont calculés pour obtenir le taux de
croissance.

Le système évolue à travers l’évolution temporelle de deux champs : le champ de concentration
X et le champ de précipités �. Chaque voxel i de la boîte de simulation est caractérisé par sa
concentration Xi et son état, matrice (�i = 0) s’il appartient à la matrice, ou précipité (�i =
1) si son centre est dans la fonction de forme d’un précipité. Ces deux états sont schématisés
figure 2.1. Cette considération implique une double description des précipités : une description
continue prenant en compte l’évolution continue du rayon dans le temps (représentée par le cercle
rouge sur la figure 2.1), et une description discrète prenant en compte la trace du précipité sur
les voxels (représentée en orange sur la figure 2.1). Cette double description est importante car le
volume occupé par les voxels est en général différent du volume réel de la sphère correspondante,
ce qui a un impact sur la conservation de la masse, décrite plus loin.

2.1.2 Nucléation
La nucléation de nouveau précipités suit le taux de nucléation donné par l’équation 1 qui dépend

de la composition et est calculée sur chaque voxel avec :

3

Nucleation: Classical Nucleation Theory

Growth: Classical Growth Theory (Zener)

But: 3D diffusion: Full Field



Multi-scale
approaches

Modeling

Aim

Who am I

Multi-scale

Ab-initio

MD

Monte-Carlo

Full Field

CNGTs

DDD

FEM

Conclusions

CNGTs vs Full Field

Coagulation

  

t t+Δ t

Figure 2.7 – Schéma de la conservation de la masse dans le cas d’une coagulation. le sous système
délimité par le cadre en gras permet de conserver la matière localement. Le précipité vert possède
des voxels communs avec ce sous-système, ceux-ci ne sont alors pas pris en compte.

englobent les trois précipités après calcul de la position et du rayon du nouveau précipité. Cette boîte
d’intégration est représenté par le rectangle en gras sur la figure. On calcule ensuite la quantité de
matière totale présente dans cette boîte avec l’équation 2.8. Les deux anciens précipités sont ensuite
désactivés, tandis que le nouveau est activé, et la quantité de matière qu’il contient est calculée. La
différence entre la quantité initiale dans la boîte et la quantité dans le précipité correspond alors
à la quantité de soluté qui est répartie de façon homogène entre les nouveaux voxels de matrice
de la boîte. Il a également été fait attention de prendre en compte la présence d’autres précipités
dans la grande boîte d’intégration, et de ne pas prendre en compte les voxels qui leur appartiennent
lors de la conservation de la masse. Cela est montré sur la figure 2.7. La boîte d’intégration de la
coagulation recouvre une partie du précipité vert, ces voxels communs sont hachurés en rouge : ils
ne rentrent pas en compte dans la conservation de la masse.

Note sur les conditions périodiques et les "précipités miroirs" ? ?

2.3 Paramètres matériau

Les paramètres matériaux utilisés dans l’ensemble de ce travail sont relatifs à l’alliage Al-Sc.
Dans ce système, l’ajout d’une petite quantité de scandium mène à la formation de précipités
stoechiométriques Al3Sc. Ce système l’avantage d’être bien décrit expérimentalement [7, 9]. De
plus, les précipités nanométriques qui se forment dans cet alliage se présentent sous une forme
sphérique, ce qui correspond aux hypothèses de notre modèle.

Les paramètres utilisés dans les simulations sont listés dans la table 2.1. Les valeurs de D0,
Q, et des coefficients du produit de solubilité A, B, et C ont été obtenus en utilisant le logiciel
Thermo-Calc, avec les base de données TCAL4 et MOBAL3 [16].

• Pour D0 et Q, obtention des paramètres D0 et Q : base de données MOBAL "tracer diffusion"
en fonction de T on trace ln(tracer diffusion) = f(1/T ), on fit la droite pour trouver le pente P et
l’ordonnée à l’origine O on associe : Q = �P ⇤ R (constante des gaz parfaits) et D0 = exp(O)

13
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Effective net force per unit lengh

Feff = σb × ξ︸ ︷︷ ︸
Peach-Koehler

+ Flt︸︷︷︸
Line tension

− v

|v|Fpeierls︸ ︷︷ ︸
Peierls friction

Dynamics

v =
Feff

B

Stress and strain update

σ =
∑

nodes

δσi and ε =
∑

nodes

δεi
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Newton’s second law

ρ
∂2u

∂t2
−∇σ = f

Constitutive law (e.g. thermo-elastic)

σij = C ijklεkl − βij(T − T0)

Linearized strain

ε =
1

2

(
∇u +∇uT

)
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