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Aim of this “lecture”

What it is and what it is not

v/~ A warm up for this summer school
A complete panorama on modelling scales

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

X

v

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

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

An ad-free presentation
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Michel Perez: CV in 5 lignes

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/
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Strategy of the group

[[ Optimisation o?’Mat‘erlais ana Processes

Who am |
>

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

@ Classical scheme:

experiment <+ modelling
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Multi-scale

@ Not always possible!
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Multi-scale

@ Aim connect modelling at different scales
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Different scales in material science

Classical Nucleation and Growth theories

Finite Elements

Dlscrete Dislocations
Dynamics

Cementite dissolution
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Back to a very simple experiment: Young's double slit (1801)

S\
S AVAVAY

NAATAY

VAN

Ab-initio

o Light = waves
@ What about matter?
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More complex: with electrons (1961)

Ab-initio

\ L
® 7
Canon a

électrons Plaque trouée
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A journey into the quantum world
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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

Multi-scale .
H———— Even more complex: with a detector (2002)
100 e e e
» 80 i
Q
Q
Te}
Ab-initio £
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-
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2 40} e
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h=l
Q
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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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— 22 V24(r) + V([r)i(r) = Ex(r)
o V(|r|) = €*/|r|
@ Laplacian in spherical coordinates (r, 8, ¢)

o (r) = R(r)P(0)u(¢)

= 3 set of eq. and 3 quantum numbers: n,/, m

Ab-initio

7 axis L sw 4f

Electron probability (W2r2)

plane

n=1 m
Distance from nucleus (r) s

=
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Ab-initio

A journey into the quantum world

[ 5 V24 5 V) + 5 Ul )] () = Ev(r)

= hopeless !

General case

\,

DFT: a path towards simplification

@ Find a simpler problem with same solution !

° Eexact(Ria I’,-,) — Eapprox(Riap(r))
[~ V2 + V() + [ SR 4 Vo ()] wilr) = eni(r)

A

Local Density Approximation (exchange correlation energy)

o Vxc(t) = V& 5 (p(1)
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Ab-initio

A journey into the quantum world

DFT: practical Implementation

1 Guess initial value of p(r)

2 [~V 4+ V() + [ SR 1 Vieo()] i) = eiti(r)
3 1i(r)

)

4 p(r) = 2 ()2

U

5 loop to 1 until convergence
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Andrés Saul

Département Théorie et BRI . . .
simulation Numérique ELTEEEEEE N Theorie et Simulation
CINaM/CNRS (Marseille, (izint 2 sl Numeérique

FRANCE) AR

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, ...) ##

Ab-initio

* Entrée
* The hydrogen atom to remember atomic orbitals
¢ Multi-electron atoms to discuss the formation of shells and screening e electr
* Asystems with two atoms and two electrons to discuss bonding S“UC,“.“
mater\aux
¢ Plat i
* Many atoms and many electrons
* Methods and approximations neglecting the electron-electron i
* Methods and approximations tacking into account the electron-electron interactions
* Dessert
e Lla “surprise du chef “
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@ Goal: Fe-C interaction potential for Molecular Dynamics

@ Two reference configurations: C in octa and tetra sites

Ab-initio / {

@ Correct energy barrier for diffusion: 0.815 eV
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Find interatomic potential

@ Goal: Fe-C interaction potential for Molecular Dynamics

@ Two reference configurations: C in octa and tetra sites
2l
o %o
g2
0
I

o Correct energy barrier for diffusion: 0.815 eV

Ab-initio LRk e

A\\o
oo
£
o
oo

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

B [Becquart el al, Comp. Mat. Sc. 40 (2007)]
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Ab-initio

Atomic Kinetic Monte-Carlo

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

1.1 Python ecosystem

* 2.1 Neighbors maps

ine |
. Maﬁ‘:;\ 20 polt
* 2.2 Structural analysis (ML) “

Uresentation 2D matrix encoding
of local atomic env. graph edges
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Molecular dynamics / Molecular statics

@ Second Newton's law
dv;
i—— ="
Mgy —
o Pair interactions: f; = > f; = > gradU;
@ Integration in various “ensembles”: NVE, NVT, NPT...

EAM potential (embedded atom method)

o Pair interaction energies AND electronic density

Eior = %ZZ Uij(rij) + Z Fi Zp(rij)

i i J#i
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Integration of Newton's equations: Euler vs Verlet

Euler (order 1)

x(t+ At) =
v(t+ At) =

A\

Verlet (order 2)
x(t+ At) =
x(t — At) =
x(t+ At) =

.

Modified Euler (order ?)

x(t+ At) =
v(t+ At) =
x(t+ At) =
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Results: let the carbon movel

Diffusivity (from Einstein's relation): 6DT = (|r(t) — r(

12
<
-
St o &
< P
o 7
< ﬁ%/
E A
~ L ﬁ//
3 e
£ 10t
2 [ 10
! +00
= z
e [+ Molecular Dynamics (This work)
S ~| O stanley (1949)
oo e
e 9t + e © Smith (1962):
' 3 Pid B Homan (1964):
* /// O Hasiguti and Kamoshita (1954):
- ® Lord (1969):
7 — -Linear fit from of Weller (1996)
8 . . . : T : :
0.5 1.0
1000 / T [K]
4




_a_g UNIVERSITH

@ DE LYON

INSA

Multi-scale
approaches

Molecular dynamics

Results: let the carbon move!
Diffusivity (from Einstein's relation): 6DT = (|r(t) — r(0)|?)

T (K1)

0.0006 0.0008

0.00010

0.00012

Diffusivity of C in various phases
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Laurent Pizzafalli

Institut P’ (Poitier) UPRENRS 3046

cnrs 1528 ~~
WENSMA
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Different scales in material science

m -
wmw —
Monte-Carlo o
nm — ; /
A s > ’\-’5‘
Atomic Kinetic Monte-Carlo
] ] ] ] ] ] ]
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What is the most stable phase?

4

' Energy

Monte-Carlo Conﬁguration
parameter

o Energy:
E(Xaya Z, Vx, Vya Vz)

@ Values of x,y, z, vy, v, and v, that minimize E?
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Monte-Carlo

Sure we will find it!

® At what cost?




-Carlo Metropolis
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Multi-
Ab-initio
MD
Monte-Carlo
Full Field
CNGTs

DDD

FEM

Low probability

Conclusions

® Cost is controlled
'Di—>j = min(l, exp [*AEU/kT])
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Application: build up of a Cottrell atmosphere

100 (058 at.%) 500 (.294 at.%) 1000 (.588 at.%)

300 K

Monte-Carlo

C density at.%

600 K

R o
DENON AV ON =D

[io1] -8 Y . L
8-6-4-202 46 8-8-6-4-202 4 68-8-6-4-20246 8

nm

[111]
B [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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@ Transition frequency from i — j:
w! = wpexp (_kATEU> wo ~ 101 Hz

J
@ Residence time i
SO Inr
oy I —) T, = ==
¥ 1 R ZJ‘ w;
g . . é,"?)
r @ Choice of a particular transition < r
Monte-Carlo y

Example: precipitation from a supersaturated solid solution

Etat initial 10%sauts 109 sauts




Atomic Kinetic Monte-Carlo

Multi-scale
approaches Formation kinetics: AKMC vs ThermoElectric Power
AKMC 70 °C —— Lavaire et al. 70 °C m
AKMC 45 °C weeeeeeen Lavaire et al. 45 °C @
AKMC 20 °C eveeeees Lavaire et al. 20 °C  a
: : 0.18
80 — = b
0.16 “
. 1014 =
360 4012 &
Monte-Carlo 80 50 1 @8 S"
; 40 4 0.08 %
E 3 { 0.06 é
Z [ | | o
20 L 1004
{002 ©
10 Tt ‘ ‘ ‘ ‘ 1o
10 100 1000 10000 100000 le+06 le+07 le+08
Time s
@ Same kinetics without any adjustable parameter

— = = = = =~
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Anne HEMERYCK et
Antoine JAY
LAAS-CNRS, Toulouse

Monte-Carlo
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Full field phase transformation models

‘Cementite dissolution b

G

a ¢ |, GD Y _
BT(DEL‘*‘ RT ox ) =

FS
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(o <> vy transformation)

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

o Classical diffusion model (implicit resolution scheme):

9G _ p.02G _, G-t p CH 2GR G
ot Vi T T ar . Y Ax2

0 Carbone concentration profile

Full Field

Carbone concentration (%m)

[} 2000 4000 6000 800D 10000
Node position




Multi-scale

approaches Second ingredient: an interface

o Interface = chemical potential variation
G _ o (D%)
e b = ur M3 Sharp interface
U w1 Wide interface
% _ i (D, Ci Q&) interface
Full Field It 9x T 0Ox P e
pi = po,i + RT In(G;) { Solute drag
interface
U
) G |, GD; o)\ _ oG
W(DB__F_RTW) =

— = = = = =~
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(o <> vy transformation)

Second ingredient: an interface !

@ Starting point: constant concentration

Profil de concentration carbone

Full Field

0 2000 4000 6000 8000 I.O(IJOO
Position du noeud
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Full Field

(o <> vy transformation)

a) Initial configurations b) Numerical algorithm
L
Interface t Concentration
MsC o Inputs position profile
T
x 4 1 N
fuye . . -
Testing adjacent positions
@ No cementite dissolution 0
Interface Hie |
)4 a e o
Ciy W Diffusion step on each position
2
Hiy | 3
G Total energy calculation of each
0 5 o Z system
L
c (a2 dlEmimy o Conservation of the position
E Interface Interface Hi minimizing Gibbs energy
M;C Y [ 9
Ciy e \Calculanon Y,
Hicy
@ Hmsc Interface Concentration
k2 5 3 x Outputs position | + At| profile
0 1 =
Carbon boundary condition L

Sharp interface

@ Choice of position that minimises the Gibbs energy

@ Check that interface does not move too fast

= = =3
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Carbone concentration profile

Carbone concentration (%m)

1077
o Fe-C-Mn kinetic at 760°C
107
08
107
< o 2000 4000 6000 8000 10000
= Node position
Soe
Full Field 2
So4
2 Manganese concentration profile
02

g

0
107 10 107 100 100 100 10 107
Time (s)

Manganese concentration (%m)
3

[ 2000 4000 6000 8000 10000
Node position




Full Field models (« <+ 7 transformation)

Multi-scale

approaches stenitic transformation kinetics (DICTRA vs GEM)

L 10' g1 — —
a. e i | il M | T ] e ; T : ul b 0s T T T T
1L ‘T’ IV | g 10008 1Q05 1000000 s 4
[ 780°C TCFES e o IR - E
0.8 _equilibrium S 10y : \, ¢ L/IOOOOS
12 i
I 18 102} e s
=1 2 E ls
S kK -1 & 10°f — GEM760°C 4
8 osf———= . L 1 LE (DICTRA) 760°C
‘E [ 760°C TCFE8 1 107 P T P T =
2 [ equilibium 1ec. e =
8 o4l 1210 — GEM760°C |
g 041 1% l—0s LE (DICTRA) 760°C 7
0 12
L 13 \ 1000000 s
Full Field o - - LE(DICTRA)760°C | '§ 3\
| — - LE(DICTRA)780°C | & AN
[ — GEM760°C lg . T
[ —  GEM780°C 1210 A
Cod svoed vood vod veved vod od veod voed 3ol suid 3 PR \t PRI IS S S SR NS S
10%107 10210 10° 10' 10> 10° 10° 10° 10° 10" 10° 0 10 2x10° 3x10°  4x10° S5x10°
Time (s) Position (m)
B [A. Mathevons et al, Phil. Mag. Lett. 101 (2021)]
@ Complex transformation kinetics due to 3 different diffusion coefficients
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Classical Nucleation and Growth theories
m b dR| _D x-x || The ———
dr],” RaX" =X, || el 4 //J Ea i
< I i = e
% | , = B
b md B ) / t e
mm= iN_ . AG' —_:
2ol ] o .
Vaid] o
-
] ] ] ] ] ] ]
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Nucleation rate

4
AG=G— G = §7rR3Ag-|—47rR2fy

Radius
@ Ag: driving force for nucleation (thermo. and/or
Monte-Carlo)

@ 7: interfacial energy

dN . AG* T
i NoZ 3" exp (— p ) exp <——)
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Fick's law:
_ oC
J=-D%;

Fraction de B

PLl  C|assical nucleation and growth theories

dR D X-X(R)
dt ~ RXP—Xi(R)

R

Growth law: Linear out-of-equilibrium thermodynamics

Effet of precipitate size (Gibbs-Thomson)

@ Precipitate composition A, B, ,
X'(Ry)

XP Fraction de B

J
—

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

X/(R) = X(00) exp (—(X - y)R") L

X/(R,)
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Fick's Iavf\)/C Xpiacf/ondeB

J =D 1L

dR _ D X XI(R) A

dt R XP — X(R) d
R

Growth law: Linear out-of-equilibrium thermodynamics

Effet of precipitate size (Gibbs-Thomson)

XP Fraction de B

@ Precipitate composition A, B, J
X(Ry) —

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

X/(R) = X(00) exp (—(X - y)R") L

X/(R,)
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Fraction de B

J.

PLl  C|assical nucleation and growth theories

=

Fick's law: ¥

_ oC 2
J=-D%;

) X

ﬂ D X - X'(R) X

dt ~ RXP—Xi(R)

S

R

Growth law: Linear out-of-equilibrium thermodynamics

@ Precipitate composition A, B,

Xi(R) = X"<oo>exp(

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

¥R

(x +y)Ro

Effet of precipitate size (Gibbs-Thomson)

XP Fraction de B

X/(R)

J
—

) G

X/(R,)
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PLl  C|assical nucleation and growth theories

Fick's law: .
_ aoC X Fraction de B
J=-D&%
. X J
dR D X-X(R) Xi
dt ~ RXP—Xi(R) \ r
R

Growth law: Linear out-of-equilibrium thermodynamics

Effet of precipitate size (Gibbs-Thomson)

@ Precipitate composition A, B, ,
X'(Ry)

XP Fraction de B

J
—

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

X/(R) = X(00) exp (—(X - y)R") L

X/(R,)
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PLl  C|assical nucleation and growth theories

Fick's law: )
_ aoC XP Fraction de B
J=-D&%
dR D X-X(R) X
dt ~ RXP—Xi(R) r
R

Growth law: Linear out-of-equilibrium thermodynamics

Effet of precipitate size (Gibbs-Thomson)

@ Precipitate composition A, B, ,
X'(Ry)

XP Fraction de B

J
—

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

X/(R) = X(00) exp (—(X - y)R") L

X/(R,)
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PLl  C|assical nucleation and growth theories

Fick's law: )
_ aoC X7 Fraction de B
J= _DW
dR D X —Xi(R) x [
dt RXP—Xi(R) r

R

Growth law: Linear out-of-equilibrium thermodynamics

Effet of precipitate size (Gibbs-Thomson)

@ Precipitate composition A, B, ,
X'(Ry)

XP Fraction de B

J
—

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

X/(R) = X(00) exp (—(X - y)R") L

X/(R,)
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Growth law: Linear out-of-equilibrium thermodynamics

Fick's law:

_ ac Xp Fraction de B
J=-D3g
dR D X —X/(R) X
dt ~ RXP—Xi(R) r
R

Effet of precipitate size (Gibbs-Thomson)

@ Precipitate composition A,B, X,-(;(; Fraction de B
7 \J‘
X’(R) = X’(OO) exp gm) X(R,)
BB (M. Perez, Scripta Mat. 52 (2005)] R = 3
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Growth law: Linear out-of-equilibrium thermodynamics

Fick's law: )
_ aC Xr Fraction de B
J= _DW
dR D X —Xi(R) P2 RN
dt RXP—Xi(R) r

R

Effet of precipitate size (Gibbs-Thomson)

Fraction de B

@ Precipitate composition A,B,

. . Ro\ :
X'(R) = X'(c0) exp g—(X—l—y) 0) / X/(Ry)
R

B [M. Perez, Scripta Mat. 52 (2005)] R,
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Implementation in a home made precipitation software: PreciSo

EE N BN EN BN BN BN BN SN SN BN SN SN BN BN BN SN SN SN BN SN BN BN BN SN BN BN BN BN BN BN BN BN S Em Em .

N - -
Nucleation L B S o
AN, AN, AN, "
| . S -
>

RS ReR R
Radius : R,* Radius : R,* + dR/dt x 5t Radius: R,* dR/dt depends on class number
Number : 4N, = d\/at x &t Number : 4N, Number : N, = dN/dt x 5t Numbers: constants

N NN NN NN NN SN SN BN SN SN SN SN SN SN BN SN SN SN SN SE SN SE SN SN SN SN SN SN SN SN BN SN BE AE AE A

Whole precipitate size distribution evolution

for non-isothermal treatments
B [M. Perez et al, Acta Mater. 56 (2008)]
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Implementation in a home made precipitation software: PreciSo

/\N AN-

/

~
>

- 1 \

R : R,
>~ >~
”~ ”~

Whole precipitate size distribution evolution

for non-isothermal treatments
B [M. Perez et al, Acta Mater. 56 (2008)]
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Nombre (#m?®)

9.E+23
8.E+23
7.E+23
6.E+23
5.E+23
4E+23 |
3.E+23 ,
2.E+23

1E+23 |

Croissance

1 1.E+00

0.E+00 L
1.E+00

1.E+02

1.E+04
Time (s)

1.E+06

Example of precipitation kinetics

1 LE+0L

Rayon (nm)

* 1.E-01
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CNGTs vs Full Field

Sharp Interface Full field mModel (ShIFuMo)

L7
7
Y

@ Nucleation: Classical Nucleation Theory
@ Growth: Classical Growth Theory (Zener)
@ But: 3D diffusion: Full Field
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CNGTs vs Full Field

Coagulation
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— ShiFuMo (sans variants) h oo
—++ KWN Euler 0035
~ "
z 8 0030
H g
< £ 0025
$ 3
3 S 0020
H <
Y oo
B 8
2 £ o010
{ 0005 —— ShiFuMo (sans variants)
000 —- KWN Euler
10 107 100 10t 100 107 107 100 g 107
Temps (s) b Temps (s)
12
— ShFuto Gans variants) 25] — 5w
— KN vl A —- KWN Euler
ShifuMo
“ -
R 20 (sans variants)
33
§2
1
o
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CNGTs vs Full Field

Coagulation

10t { — Rayon moyen Rayon moyen x3.*
—— 3*Rayon moyen =
c % ShIFuMo (sans variants) >
" 5
2 ShiFuMo (avec variants)
2 -m-- Aléatoire * .
g 7
K3
© e
c x
<]
>
T
[hd -
=
100 1 Rayon moyen

107! 10° 10! 10?
Temps (s)

@ Improve CNGTs from Sharp Interface Full Field model !
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Discrete Dislocations
Dynamics

| | |
ps ns us ms s hour month ceuhurj
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o

Nodal representation

o Dislocation: discretised into segments (mixed dislocation)
v
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Effective net force per unit lengh

\")
Feff = obx ’S + Flt - _Fpeierls
—_— N Y

Peach-Koehler  Line tension
Peierls friction

Stress and strain update

o= Zéa;ande: Zée,—

nodes nodes
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Discrete Dislocations Dynamics

Multi-scale

B—— Exemple of Numodis (CEA) algorithm

Numodis initialization

Discretization

Y

Stress calculation :\

Force calculation f=(oc-b)XE&
Velocity calculation v = M(f)

Discrete events X >\<
E—
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Riccardo Gatti

DDD
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Multi-scale approach

Different scales in material science

Finite Elements

ms s hour monkh cevxkurj
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Newton's second law

0%u
pw —Vo=f

Constitutive law (e.g. thermo-elastic)

o = CIMK — gi(T — Tp)

4

Linearized strain

(Vu+ vuT)

€ =

N =
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Mesh of a meniscus

Viewport: 1 ODB: D:Morkspace_abaHS11_Flexion. Jort:2 ODB: DiNorkspace_abaMS11_Fiexion.odh

[From https://ris.utwente.nl/ws/files /6153316 /CMBBE2014-Hamid-Submitted. pdf]
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Displacements and pressure on meniscus

U, Magnitude

C Ji

CPRESS

00000000
Ox»NWALNOND

DO-NNWELENNAND
SALIIZ=ILBINS

I
®

EXPLICIT

IMPLICIT

[From https://ris.utwente.nl/ws/files /6153316 /CMBBE2014-Hamid-Submitted.pdf]
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Finite Elements Method and DDD coupling

Two complementary methods

Fapp Fapp - F(s)
Pttt
= + A
EERE
“app Uapp - G(S)
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Elmer (FEM) Numodis (DDD)
Fortran 03 Same domain size C++
Boundary nodal points
— -> Compute: 7,
Stress to force conversion u(s)
s 3(s) > F(s * |2 at boundary nodes
ﬁ 4 (s)
£ BC correction:
.Z uapp - U(S) s
3 Fapp - F(S) * — Dislocation Gauss points
g Loading deformation:
z il
w Solution of elastic problem
F=KU —> o 4 Move dislocations taking into
Stress interpolation ) account the output stress of
& Elmer at disl Gauss poi
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Theory e
. Airy N
nfinite | ” os| Stress | N,
Image o .

Edge
Free dislocation  ; ** .
1 = 2 i :
surface Lij [N A o 7 i
(b) b .

El-Numodis

P | _Numodis
V] ,
© )

........
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Finite Elements Method and DDD coupling

N N
o K
o ©

190

[
N @
o ©

Stress (MPa)
HoR R
a o
o ©

=
Y
o

130

H R
H N
e ©

-
O

Numodis [100]
El-Numodis [010] ‘7r
[001]
2 4 6 8
Strain =103 (b)
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The icing on the cake...

Yield Stress (GPa)
w I
a )

w
o

25

Comparison with MD

45 ¢

—— SPM
—e— MD

5 10 15
Sample size (nm)
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Lucia Sargentini
Univ. Paris Saclay CEA

FEM

S -

Statistical -;-“smue o d, ncertitudes dan tainty
quam\ :‘f‘ auonl propagat! erials

mate\" oot 8100
\;5 Nen dred‘ 7_2 Pot
1.Calibration under uncertainty

The importance of the experimental data

The importance of the physics

The importance of the statistical model
2.Uncertainty of assessed model

The importance of sensitivity analysis
The importance of the statistical model for the
quantification of uncertainty
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Conclusions


https://app.wooclap.com/events/PNUHJN/questions/66c0ace6c1ba1dbb881597e4
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Make your own conclusion

Conclusions


https://app.wooclap.com/events/PNUHJN/questions/66c0ace6c1ba1dbb881597e4

Thank you!
INSA

Multi-scale

approaches The METAL team

Conclusions

{Team building 2023}
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