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TRACER DIFFUSION COEFFICIENT

Fick’s first law J : nb of atoms/m?/s
(salt diffusion in liquid, 1855) ]A* =-D A*VCA* D : diffusion coefct m?/s
’ C : nb atoms/m3

Continuity equation 1D analytical solution
dc , —0)=
£ = —div(J )= D Ac, |CxCor=0=Mo)
dt C..(nf) M x°
L(x,1)= exp| —
A Dt P 4Dt
Diffusion experimentin solid Log(D) Arrhenius law
(*Pb tracer,Von Hevesy, 1921) ()
Tracer Diffusion Serial Profile
deposition anneal sectioning analysis
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= DEe=—o i oo X
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cea From macroscopic to microscopic diffusion

Interdiffusion in Cu-Zn
Kirkendall, 1942

Cu
0-0-0-0-0--6
Cu+30%m. Zn

0.0-0-0-0-0
Cu

>

annealing time

Displacement of the markers during interdiffusion!
Kirkendall explained it by introducing vacancies (after his thesis defense)

Zn|

Zn|

NV

Microscopic diffusion mechanism: ¢ Macroscopic fluxes

Vacancy-atom exchange %

Iy==21,




Vacan Cy_ato m exchan ge fre quency

Transition State Theory
*H. Heyring, 1935

If tvib’tjump << tresidence
the exchanges can be described
on a rigid lattice using

a thermally activated frequency

mig




C2A From microscopic to macroscopic diffusion in alloys

*A.B. Lidiard. Phil. Mag., 46 (7) (1955)

Five frequency model of Lidiard Macroscopic fluxes
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C2A A multiscale approach for diffusion and phase transformations

Atomic diffusion model

Nanoscale diffusion
Phase field method, etc.
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At = a’ / max(w

va)

<>
d = na

At =d?/ D!

Macroscopic
diffusion equations
From microns to meters

Wy, =V, €Xp {_

E th
k,T

|

D S
Nano-clusters d =n(10 a)
Cluster Dynamics, OKMC At =100 n°C, /w,,
J_=-DVC,

® 9
?

a=,/c,
At = dz/maX(M

cluster )




CZ2A OUTLINE

1.Diffusion: a property that can be measured at various scales
a) Onsager formalism versus Fick’s laws

b) Interdiffusion within the Onsager formalism

c) Nanoscale diffusion in multilayers

2. Modeling of diffusion and diffusion data for what?
a) Parameterization of the Atomic Kinetic Monte Carlo
b) Lattice rate theory for driven systems

c) Phase Field method

d) Cluster Dynamics

3. Diffusion from the microscopic diffusion processes
a) Lij from the equilibrium fluctuations

b) Self-consistent mean field theory: generalized diffusion equation
c) Applications of the SCMF theory

| PAGE 7



ONSAGER FORMALISM




The needs for an Onsager formalism

J,==DVc, Fick’s law is not valid
Interdiffusion Fe-Si-C Quenching of Al-(Zn)
*Darken, 1949 R *Anthony,1970
A
Si 4% w
C 0.5 % pds Ve, . =0 Cu,0.21 at.% Ve, =0
Si 0.04 % w yacancy
s || T=1050°C >
A Si 0 Inverse Kirkendall
JV
C C Cu <€
~ J >0 — /., J_ >0
Si vacancy .
g vacancy sink g
JC = DCVCSi = GCJSi JCu = _DCMVCV = GCu‘]V

Flux couplings not reproduced by a Fick’s law



Onsager definition of fluxes

i aF Jl
l'LX - i X,X+1
ON R
YN, . }.Ll . ui
Chemical potential as conjugate of | (NT} (N;v%ﬂ)
the extensive conserved variable (N;)
> X

Flux of particules
Within the linear response theory:

TR U
J;—Ej‘Lﬁ( leT )

-Diffusion driving forces are gradients of chemical potentials

-Lij are equilibrium quantities (that do not depend on the diffusion experiment)
-Production of entropy: positive definite Onsager matrix (Lij)
-Onsager-Casimir’s reciprocal relation (1931):

Microscopic time reversal (detailed balance in lattice-based diffusion) leads
to symmetric Onsager matrix (Lij)



Onsager coefts versus Diffusion coefts

Fluxes in a binary alloy (ABV):
rJA = _LAAV!‘LA - LABVHB o LAVV!‘LV
JB = _LBAV“‘A o LBBVH’B o LBVVH’V
\JV = —JA — JB

N

Three independent Onsager coefts
and two driving forces

KJA ==LV, —K) =LV, —u,)
) Jy= _LABV(!J“A )= LBBV(!J'B —Ky)
Ly=-Liu-Las

Loy = _LBB o LAB

" BV

Diffusion coefficients

o(U. — AU —
j oo UK V)VCA—L..B (n, “V)VCV
T, 773,
| i
it
Diffusion coeft 111

Experimental diffusion coefts

-13

L
~

'
—
v

T 1T rTiTg

Log (diffusion coefficient, m*/sec)

-16

| | | |
Cu 02 0-4 0-6 08 Ni
Atomic fraction nickel
Fig. 2.21 The relationship between the various diffusion coefficients in the Cu-Ni

system at 1000 °C (After A.G. Guy, Infroduction to Materials Science, McGraw-Hill,
New York, 1971.)




CQa The vacancy: both a magical concept and a nightmare

Introduces a second time-scale, off diagonal L,g and correlations

~ the correlation effects ™\
B
o0
7,,#
\_ Very rare event )

Vacancy: an equilibrium structural defect

Q00000

Q0O 000 Vacancy in most solid systems is a
non conservative species:

the vacancy number N, is deduced
from the minimization of the free
enthalpy with respect to N,




Gibbs-Duheim relationship

Extensive variables: free energy (F) dF = 2 U dN.
number of atoms of species i (N;) i

Variation of F depends on the variation of the extensive N; variables
_OF
ON.

Conjugate variable of N;: intensive variable i

that depends on intensive variables only

,T,N;

N N
Free energy F de deduced from F= dN. =N dC =N C - N
a virtual experiment _([Zi,ﬂl i !ZM i zi,ﬂl i Zi,ﬂl i

At equilibrium: dF=0= dF= Ndu +/dN;=0 = Ndy =0

Gibbs-Duheim relationship in alloy ABV

C, vy, +C. vy, +C vu, =0




Diffusion driving forces in terms of

alloy & vacancy chemical potentials

Gibbs-Duheim: C, Vu, +C . Vu, +C Vi, =0

C
V(uA—uV)=—C +BC V(-1 - Vi,

1
A B / CA+CB/

Alloy driving force | vacancy driving force

Definition of the thermodynamic factor ®

Viu,-u,) @
= VC
VCV << VCB kBT C C B

T
A Bragg-Williams mean field expression: ®,, =1-4C,(1- CB)?C



INTERDIFFUSION WITHIN THE
ONSAGER FORMALISM




Interdiffusion in binary alloys

nonconservative vacancy: Vi, =0

o
Diffusion driving forces V(“A_“V):_CBC C

Thermodynamic factor @

Ve,

O
V(/"B _‘uv): Ca WVCB

AY'B

Fluxes in the frame of the cristal lattice

Intrinsic diffusion coeft D, Kirkendall speed v
( L. L _ _
JA:—[ AL AB](I)VCAz—DAVCA Ty ==, +J)=vy
3 C
A B
\JB = —DBVCB

Fluxes in the frame of the laboratory J° =] +C v =—(C D_+C.D WC
displacement of the lattice A A A K ( A B B A) A

ac
dt

Interdiffusion coefficient D =DV’C), with D=C,D,+C.D,




Interdiffusion in binary alloys

conservative vacancy

vVu, #0
] =4+M V(!J“B — “A) _ Lgs L
A Cv
< kT L,,+L  +2L "
J =—M V(HB B “A) _ LAA + LAB
B Cv
\ kT L..+L +2L "

Adiabaticity of V: dcy =4

dt
ac, _ -VJ, =M, ivch
dt C,Cy
LAALBB B LAB2

Mobility: M, =
- Moy L,, +2L,, +L,,

(0

Conservative interdiffusion coefficient: D=Mg, col
A™B



Two interdiffusion mobilities

Non Conservative vacancy mobility

M;=C,[C,L,,—C,L,; |+Cy[ C,Lyy ~CiL s |

BT AA A" AB

Conservative vacancy mobility

M, = LanLos =Los” (b) :
L, +2L,,+L,, |

) Voconci?:_>
SCV:.aJV dmegtsl!oegd '
Bt oax | :
M_ot_nlllty taking into account _the secopd 0 Vi
driving force produced by Kirkendall induced - Vosancies
vacancies () Created

Fig. 2.15 Interdiffusion and vacancy flow. (a) Composition profile after interdiffu-
sion of A and B. {b) The corresponding fluxes of atoms and vacancies as a function of
position x. (¢) The rate at which the vacancy concentration would increase or decrease
if vacancies were not created or destroved by dislocation climb.



A mobility that depends on the microstructure

CB=O.5

Point defect sinks

Percolated microstructure

M. ?

Cg=0.15

Non percolated microstructure

M, ?



The measurement of concentration dependent D

The Matano’'s method — f x dC

- Graphic solution D(C')=—4
P (C) ( p C)
) 2t —
0x /¢ C,
»  The Matano’s plane (x = 0) is defined by : = fx dC =0
Cl
C,

20



Classical diffusion experiments

Tracer A*in A Vi, =0Vu,, =—(c, /c,,)Vu,

“ Cu-Ni

-13

1 _ Ly
Car CuLlijops

Sy ==Ly VC:

T=1000°C

Intrinsic diffusion coefficients |Vu, =-(c, /c;)Vu,

-

i
RS
£
L.. L £
©
C C o
3 A B S
7 |
©
= “PE
Interdiffusion coefficients 3 -
- - o /
D= CBD At C ADB ]
. . -16 | 1 1 1
Wind factor: not easily measured |Vu, Cu 02 04 06 08 Ni
Atomic fraction nickel
LBV Fig. 2.21 The relationship between the various diffusion coefficients in the Cu-Ni

G=

system at 1000 °C (After A.G. Guy, Introduction to Materials Science, McGraw-Hill,

L New York, 1971.)

BB



A lack of experimental data

Partial characterization of diffusion properties in binary alloys:
-two intrinsic diffusion coefficients only for the determination of 3 Onsager coefficients

-Even for steels, diffusion coefficients have been measured for
a narrow range of composition and temperature (high temperature)

Some phenomenological approximations

Darken: D.=D.®

CALPHAD-DICTRA:
L,=0ifi#]

Manning’s relations

[ _CDi| s 1-f, CD
i |l * f zCkD* does not produce negative off-diagonal L;

B

» Can we extrapolate low-T diffusion properties from high T?

» No data for diffusion mechanisms ocurring under irradiation only (split interstitial)
> Is the possible change of sign of the off-diagonal Lij affecting kinetics?




NANOSCALE DIFFUSION
IN MULTILAYERS




C22a Nanoscale interdiffusion Alloy Cu-16Au

*Pa 2 2 G

D (10*cm’s-1) A (A) ]
°r 2609C 7
% 10 - 1
k=2_H annealing | ~ T=260 °C L
' | T O o .
;5 L 225°C |
3 1 . - L
T T=225°C ~ ]
0.3 -
Log(wave-amplitude) L |
A 2
Slope= k°D i _—
........ 0.1 \\O )
.'... 0 L 110 2‘0 N o_ -~
> , ., 1=200°C
time B2 (10

FIG, 5. The effective diffusion coefficient D, as a function of
B? at 200, 225, and 260 °C,

k> (10" cm™



Cahn-Hilliard model of the driving force

Free enerqgy of an inhomogeneous system

*Cahn and Hilliard, 1958

d 2
F=ANV£(f+%K( ;B) ]dx

C, A: surface and V: total volum V=A*L
L Ny: nbr of atoms per unit volum

Cy

A phase field kinetic equation (*Cahn, 1965)

dc, , OF (of dC,) oD
=MV = MV =
dt 5C,(x) ( 9 f/oC,’

It is assumed that a similar expression of the free energy can be used in non

equilibrium systems and the mobility is related to the interdiffusion coeft D




Expansion of the alloy chemical potential

around a homogeneous solid solution

9’ f )
Ha =t = (Mo = o), ¥| 555+ KK |OC,
B

C, + sinusoidal composition fluctuation
with wavevector k

Composition gradient parameter k deduced from the
equilibrium composition fluctuations

S(k)=0Cy(k)oC (k)= azfl

JC,2

+ ick?



CZA THE CAHN-HILLIARD LINEAR STABILITY ANALYSIS (1958-65)

1/k
Composition modulation \/\/\/‘—’l Rcn(k) C,(x,5)=C" exp[ik.x n R(k)t]

Cahn-Hilliard Dispersion relation R(k)
dC, 9 f o, 4 0 f
o _M(acgv C,—kV'Cy) R, (k)=—k’M e + kk?
B

1st order in 6Cp

+
Fourier transf.

S(k,t) = S(k,0)exp(2R(k)t) k)/K2
In(S(K)) Pett R0

— \/kz

TimeA >

Slope=stiffness K




-~ Atomic Kinetic Monte Carlo simulations

Cea

~~ of nanoscale diffusion in ideal alloys

|deal solution c.=0.1

ﬁ v

annealing

12084 2 1A
" |- = - Cahn-Hilliard

—m— Monte Carlo v,=v,

—@— Morte Carlo v,=10v,

0.8- :::::::::o

L]
0 2 4 6 8 1012 14 16 18 A

Log(dc,)

Non zero composition gradient
_ : X and non linear D
o0 o1 0z 030408 In a non interacting system!




ATOMIC KINETIC MONTE CARLO SIMULATIONS

OF NANOSCALE DIFFUSION IN FE-CR

Vacancy and interstitial diffusion model
fitted on DFT jump frequencies and diffusion
data, *F. Soisson etal. SRMP

q

annealing

Composition-gradient parameter

Log(wave-amplitude) Fe-Cr, T=700 K
1 Slope= Dk” 02 o
pe=
... i
........ 00 '/’—'
Yu,, 0.2- e % .--®
— ° o o9 -0
time S 04 o " e
= 0.6 el o
A - ° o’/
- -0.8 1 7
D S|0pe K Y 7 ® AKMC-Dumbbell
] °
/ -1.0 K ® AKMC-Vacancy
k2 -1.2- ./ ’ ® AKMC-Direct exchange
X 0.00 002 0.04 o.bsCo.bs 010 0.12 0.14

» The composition-gradient parameter depends on the diffusion mechanism!



CZ2A OUTLINE

2. Modeling of diffusion and diffusion data for what?
a) Parameterization of the Atomic Kinetic Monte Carlo
b) Lattice rate theory for driven systems

c) Phase Field method for spinodal decomposition

d) Cluster Dynamics

| PAGE 30



PARAMETERIZATION OF
THE AKMC SIMULATIONS




Monte Carlo simulation

with a Residence time algorithm

Broken bond model of
} the activation energy

act _ [ saddlepoint E _
EA - EA VA j V/v

broken bonds

Master Equation of a Markov process

Residence time algorithm

P
C(ll_t:;Banl(t)_BlnPn(t) I- (Dl (1)2 (D3 ui?
0 '7‘ (Dtot
©0eo rand x @,
© 0 0@
eloe ;oo 1
© @@ O mc
tot




PHYSICAL TIME SCALE AND POINT DEFECT

Ce_a CONCENTRATIONS IN MONTE CARLO SIMULATIONS

<CMC> —1/N ina Monte Carlo box versus <C“jq> in an alloy

%

If diffusion coefficient linear with Cv then

I i . MC e eq . .
time rescaling: t=t <C >/<C "> <CV > evolves with time

4 %

If vacancy is at equilibrium then for any local environment o

C, (o)
t= tMC possible reference environments: pure A and pure B
C, (o)
4

Estimation of total and local vacancy concentrations:

I A

T

*Y. Le Bouar, F. Soisson, PRB 2007, M. Nastar&F.Soisson, PRB 2012



LATTICE RATE THEORY FOR
DRIVEN SYSTEMS




Cea Radiation

Induced Segregation (RIS) in steels

—Couvercle
1“{ %T[ de la cuve

Sortie Entrée
eau primaire eau primaire
t e
—Cuve du
réacteur
1

*Busby, Was, Bruemmer, Edwards, Kenik,
MRS Symp. Proc., 1999, 540, 451

*Wharry, Was , JNM 442 (2013)

oncentration en Cr %

1
:

Cu concentration (wt%)
Si concentration (wt)

-




RIS at the atomic scale

atom A (Fe) Two grains of the alloy
atom B (Cr) |

J g

(L‘I;B + LZB )V/"V = L‘;VVILLV



Fluxes in binary alloys

2x3 independant Lij coefcts

Ja=-LuVu, LV, =L, Vi,

Iy =—LVi, - Ly Vi, — Ly Vi, L, =—(L%, +L%)
Iy ==0x+13) J Loy = =Ly + L)

J,=-L,.Vu, -L,.Vu,-L,Vyu, L, =+L,,+L,;)

Jp =-LVi, =LV, =Ly Vi, Ly =+(Lgs + L)

J =+, +1)

\

Driving forces in binary alloys

VHA (D VC VHB ZEVCB

Chemical driving force
k,T C,

Quenching or irradiation driving force  Yhv _ L g _ 1 ICy o
kT C, C, dInC,

eq
Vi, _ L ge 19l o

*M. NastarandF. Soisson, a Review on RIS published kg T - C, : C, dInC, A
in Comprehensive Nuclear Materials, Elsevier

A




c:e_a Diffusion rate theory for Radiation Induced Seg.

e

dCy _ K,—-RC,C, —div(J,)
dt
dCI:KO—chg—dwaQ
) dt
dC :
th =—div(J, +1})
dC :
df::—dn41§+Jg)

JX - _L\;AVHA N L\//%BVLLB N LAVV!“LV

Depletionin B

[~ —
\ \

—
\CV
G

Steady state profile

(], =0
135 =0
I, =7,

Wiedersich formulae

VCB o — LBV . LBI \
VC L L

AV Al

vV

Enrichmentin B

Ve —~
= B <0 -
CV \\ C,
GB



PHASE FIELD METHOD FOR
SPINODAL DECOMPOSITION




CZA SPINODAL REGIME: A MEAN FIELD CONCEPT

free energy, G E

temperature, 7

_ sp'linodal
bmodal

composition, ¢
(: 20 nm)



CZA THE CAHN-HILLIARD LINEAR STABILITY ANALYSIS (1958-65)

\/\/\/Cahn—Hi lliard Dispersion relation R(k)

dt E)CBZ I 32
1st order in 8Cp R (k)

+
Fourier transft.

2
/ VC, -V'C,) R, (k)= —k2M[§Cf + K‘kz}

\

o i\ cn
k¢ k,

A Deff :R(k)/kz

Sm : c
i "--k\k>1§c \ K2

S(k, t) = S(k, 0) exp(2R (k)t)

S(k) hlfS) k=k




2% EXPERIMENTAL KINETICS: S AND LOG(S)

Decomposition of CugyTiz ~ Tw=870° ¢ Ta=350" ¢

Structure function S(k,1)

Cu-29at%Ti

Temporal evolution of In(S(k))

2.6

3.0
CU97Ti3 Time (min)
01 5 10 20 25
Aging time t/min
*Eckerlebe et al., Springer (1986)

» The early stage effective diffusion coefficient is positive and not not varying so much with k



CLUSTER DYNAMICS




Microstructural evolution under irradiation

Formation of cavities, second phases, dislocation loops

. (dc ¢
Rate theory: —L=G-K,CCy - 2. kiyDy(Cy —CT)
]
<
dc, . .
dt G-K, GGy - 2 kiDi (G -G
]

Ex: a divacancy V, should be treated as a sink, in kf,2’V but Cvzcan also evolve

dc, dc, dc,  dC,

- Simulate the whole clustering process: , , L
dt dt dt dt




Cluster Dynamics

Master equation (
: dc(lin = Gn + Jn—1—>n _ Jn—>n+1 n 2 2
|dc,
dt G 2J1—>2 EJn—mH _Zk DV(CV _Ci;l,j)
L n=>2

n —1—n n—>n+1

@ O @

Flux in terms of V mobility

> Absorption coefficients ,BH,V: _hC -
D
= v —n+l LA n+1
B,y =4llr, —-C, Lo nn
n,V a \V
Asumption of a steady state profile: AC,, =0 o n,
— ‘
» Emission coefficients &, v : \ @ vV

Jn%n+1 =0 = a:;f]v = f(ﬂ”)
Asumption: ¢, , = a7,

45



Cluster migration of clusters V;0 in Fe Aza{\

Centaine de

sauts explorés
>
0.4
@
<
-Q " "
> Approximation:
2 0.2 _
L EM'9(amas)

= largest barrier

*After Caroline Barouh, SRMP 3P| 15/07/2015 | PAGE 46



Cea Conclusions on kinetic methods

-Driven systems:
Not only the path but also steady states depend on Lij

-Phase Field method
What is the spinodal diffusion coefficient?
Is the Cahn-Hilliard kinetic law valid for spinodal decomposition?

-Cluster Dynamics
Needs for a statistical definition of
atom-based mobilities, association and dissociation rates

47



CZ2A OUTLINE

3. Diffusion from the microscopic diffusion processes
a) Lij from the equilibrium fluctuations

b) Self-consistent mean field theory: generalized diffusion equation
c) Applications of the SCMF theory

| PAGE 48



L,, FROM THE EQUILIBRIUM
FLUCTUATIONS




@%% Diffusion of a random walker (vacancy)

HENENEEEEEEEEEE

1Y N!
Probability of being at m after N jumps : P(m,N) = (5] | (N—m)!
m! —m)!
Continuous limit:  P(m,N)~.|—2—exp=t_ Einstein relation (1905):
IIN 2N
m/N<<1, <>
. . . 1 —x2 D: X
Fick’s solution P(x,1) = ‘/4HDt eXP77), 2t
N N-1 N
Mean free path <x2>:2<xl,2>+2 2<xixj>
i=1 i=1 j=i+l
Diffusion coefficient of a random walker 5 il ) 5
Jump frequency: W0 <x > = 2<xl. > - <njp> a
i=1

Jump distance:

Coordination numger:Z <n. >12 i
Averaged number of jumps: <njp> =/ It D =2l = EZ w, 12

lx=a/2 1 a2

—> D ——8W0?:W0a2

BCC cristal
Z = 8 X 2



Tracer A* is not a random walker

Vacancy 1n pure metal A

AL

M 6t

A chosen atom 1n pure metal A = tracer A* (red atom)

<(RA*)2> D) 2 | <(RA*)2>
D, =Cy— =cV< J2t> £ with f,= R

jp




x (Z-1)

29999
SO0
PLOOPY

TLIORE
LIelrs
LI

Z jump sequencies

H: nbre of vacancy escape paths

00.“ 0’.“
566060 606660
i) i)
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O
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@)
(©
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©
e
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BCC dilute alloy: correlation factor

Body centered cubic cristal

Pure metal
D Q)
<:/<\'\ B f0=2fH avec H=7-1
Y
&\a

o«

First shell approximation of the correlation factor

H = 7VV3 Number of exit ways to leave the first shell of B
f TW,
B =
W, +TW,

*Manning (1964)

Leclaire (1970)

Serruys and Brebec (1982)
Garnier et al., Phys. Rev. B (2014)



FCC dilute alloy: correlation factor

*A. B. Lidiard, Phil. Mag. 46,1218 (1955)

Face cubic centered cristal

o/
First shell approximation of the correlation factor
H 2W, +TW,

o= W H T 2w, 12w W,

How do we calculate the correlation factor?
How do we calculate the whole Onsager matrix?
Definition of the Lij in terms of displacement fluctuations?



Lij from equilibrium fluctuations

Tracer diffusion coefficient from Einstein relation
*A. Einstein, Ann. Phys. Lpz. 17, 549 (1905)
*A. D. Le Claire, Phil. Mag. 3,921 (1958)

2
Dae = <;t>

Phenomenological coefficients

r. displt of a tracer A in time t

Kubo’s linear response theory applied to transport in alloys
*A. R. Allnatt, J. of Chem. Phys. 43, 1855 (1965):

[ = <RiRj> R;: collective displacement of species |
T 6Vt in time t

Calculation methods based on fluctuations:
-Analytical approach (Bardeen and Herring, 1951 ; Manning 59, ; random
lattice gas models (Manning 69) ,transition Matrix (Moleko)

-Computational approach: Atomic Kinetic Monte Carlo



L,, FROM DISSIPATION PROCESSES

First pair mean field calculation of the Lijin concentrated alloys
*R. Kikuchi,Ann. Phys. N. Y.ll, 306 (1961);
J. Phys. Chem. Solids 20,17,35 (1961).




Point mean field fluxes

d Cy.CysCy
kim
—> i—-1—i i—i+l
S /4 Alloy A,A* V
— —
i—1 l i+1
Microscopic flux of A* between two sites
| Ci+1 . Ci
i—i+l __ i i+1 i+~ A¥* A*
‘]A* - a)A*CA*CV o wA*CA* CV - _a)A*Cdelm — _a)A*CdelmViCA*
kim
Macroscopic flux
Lim qisivl _ Zklmdklm Zklmdklm2 a’
J e = J'Y — 2w, CVC, =——"—"""0, CVC, = —Q—a)A*CVViCA*
kim kim kim™" kim at

Tracer diffusion coefficient: D =@ A*azCV

A point mean field approximation does not yield the correlations




Cea Kinetic correlations are in the pair probabilities

Pair probability: correlations No pair probability: no correlation

p »

Non equilibrium pair probabilities as state variables not
deduced from local concentrations

58



Non equilibrium distribution function

Occupation numbers n= {nla,nlﬁ, ,nf‘ ,njﬁ}

Equilibrium distribution function
P, (n)= eprQ + Z,uaZni“ — H(n)j/kBT}

Non equilibrium distribution function
P(n,t)=F, (n)P" (n,1)

PP(n,t)= exp[(ﬁ@ + Z,Ltaan‘Euf‘ (1)— h(n,t))/kBT}

Effective hamiltonian | Aa(n,r)=— sz“ﬂ(t)n b — Zngfy(t)n“ Pl +

'l] o.B leaﬁ

What is the evolution of the effective interactions?




Cea Kinetic correlations are in the pair probabilities

Pair probability: correlations Moments of the probability

<nl“> = znl.“P(n,t)
y <nl“n]ﬁ> = an‘nfp(n,t)

Equilibrium probability

(ninf) " = ninf By =) () v

b e
Dilute alloy Y,z =e * E 5 binding energy
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Cea PAIR CORRELATORS VERSUS EFFECTIVE INTERACTIONS

Pair correlators in terms of the effective interactions

7 = ()~ o)

(0) (0)
k;’ﬁ — kl.f“ = <nf‘n]ﬁ> (v;.‘ﬁ — vga) = <nf‘nf> a’?

Relationships between effective interactions due to the normalisation of pair probablities

C C
AV _ B AB _ B BV
Zkl?ﬁz(), Vo | > a; __C_aij __C_yBVaij
B V Eb A
_Epv
kT

where yp, =¢€

. AB BV
Low vacancy concentration: C, <<C,,Chp=aqa; <<aq

Specific case of a dilute alloy A(B): €5 <<C, = a;’ <<ag

BV

In sums of anti-symmetric interactions, a single interaction to be considered: (&




C@2  Self-consistent mean field theory (SCMF)

Steady state
Hp N
| | The distribution function depends
on the external forces
Master equation: X X+1
d,_ PO p) (0 apy
a P=) PP (Vx,y 0.V, )X W
d<n0c> (0)
X/ oV _.V__«a oV . V__« (1) o oV
dt _ <2{(Dyx nx ny — (ny nxny }P (t)> = JX,x+1 (VM(X’VX,X+1)
y

X,X+1

d
First shell approximation: vV (t) / — nznz =0



Cea Kinetic correlations versus the range of the effective interactions

Length of vacancy loops related to the range of the effective interactions
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SCMF microscopic flux

(0)

JX . = 0, nf‘anl.f‘V(éu +0u’ Zv“ﬁ P Zv n? +v; )

(0)
—6is<n¥nfwl-:w(5ul + 87 = Zvifnf = 3]+, ]>

Detailed balance: < VW av >(O) <annSaVVl;/a >(0)
Non equil. Chemical potentials: 5‘ui“" :( Zv“ﬁ ﬁ] (5# _zvl}jfﬁnf]
J-B

I—S A IAY

(0) 0)
o o VVVON oV oV o VerCV oV Va
J T _6is <ni ns is (54Lts o 5“1 )> T 51'5 <ni ns is (V' — Vi )>
non correlated part correlations
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Flux of solute B in dilute alloys A(B)

I ==Ly (O = du™ )+ L (v = v

I—s

Non correlated Onsager coefficient

A

Loy =8, (n'n{ W)™ = C,Coyp W,

@ atom B
(@ vacancy V

| PAGE 65



Rate equations of pair correlations (1)

_ 5ij <niBn;/va (5‘[1] v 6‘uBV BY )>(0)

+3 8, (ntntnl W (s - ) + A

(0)

+(n?)"” 25 < WA (S - ou —ap )>
: =CCyy W, (dulﬁ‘l/ - 5;uiB - afi‘il)
FC,Cy vy | —AW, (S — Sty )+ W, + W) (Sl - du ) |+ A

+C,C W, | 4(dufl - 20uy + ™ )= 4(al .~ )|

sy W= s g s~y (st
; e © O ‘/é{o
o [®¢ [T D ? | @ ' P
- _ _ > — 2 /®//;\ - » ~ -
U N\ N\ V)

aw, (5 — ul) 2W, (Sufy — du)

7\
®
©

(0)
A=) 0, <n nAnVWAV( +vt v vt v =yl )>
Now we need to calculate ; JSANTETT S is ij 5j



Rate equations of pair correlations (2)

(0)
_ B AV AV BV BA VA BA BV AV
A—25js<ni nin Wi (vl.s +v, v v v v )>

SEJ
(0)
. B_A_VyysAV BV BAY _ BV BA
B= _Z 6js <ni n;ng st > (Vij —V; ) - _CBCVyBV(7W3 + 4W1)(vi,i+l - vi,i+1)
SEJ
(0)
B A VysAV (. BV _BA AV BV BA AV AV BV _BA
C= 25js <ni n;n st (vis — Vi T4y )> =CpCy Y5y |:2W1(vi,i+1 - vi,i+1)_ 2(W + W3)ai,i+1 + 4W3ai+1,i+2 +2W, (Vi,i Vi ):l

A=B+C=CyCyypy [_(7W3 +2W, )(Vfi‘-/n - vf:il )= 2(W, + W, )aAV * 4W3aAV + 2W1(Vfiv - VfiA)]

i,i+1 i+1,i4+2

@)

()
AV N\
i+1,i4+2

4W.a




Rate equations of antisymmetric pair interactions

1 dk?”

y

C,C, di

= Wi (8142 — 8™ =l )+ vy [—4W, (S0 — )+ W, + W) (Y — ™) ]

W[ 4 (0t — 20 + )~ 4(a o -l )]

Yy [FTW, +2W) 0, v )= 2(W, + W)k, +4W,ay

i,i+1 i+1,i+2

+2W, (vBV BA)]

i, i+

a)’ <<a;” dd,B 1‘11 3 | d 5 Y B d ;-/B
W o<<al dt CBCVyBV dt dt
daBV
i,i+1
=W (O - o —al )+ [ AW (S - ™)+ 20W, + )G - 8 )
+%[4(5ui —36u.) +36u’" 5,uf1‘1’)]

Yy
|: (7W + 2W )az i+1 + 2W (VBV zlj-‘l/ i+l V + Vl+1 i+1 :I
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The case of uniform gradients of chemical potentials

BV
dCZ;ﬂ - 2W (5:u1+1 5“ a; t+1) |:_4W (5;uz+2 51uzAV)+ 2(2W1 T W3)(5‘ui‘1/ B 5H;4V):|
+;%[ (Gufs — 30 +36u — duly )]
I: (TW,+2W, )a, m T2W, (VBV fr‘llzﬂ v L+ v’“ i+l :I

Uniform gradients of chemical potentials:

{Vuav = oufy — o’ = ou’, —ouly = ou’ —ou’

ofp _ |ob

vl i i+1,i+1

Adiabatic approximation on a;’;,, because characteristic time of a’h,

is proportional to 1/(7W, +2W, ) while characteristic time of solute B is 1/(C,W,)

da;" o LB - 2W,Vu,, +2QW,-3W,)Vu,,
dt L TW, +2W, +2W, | PAGE 69




Cea SCMF calculation of the Lij in FCC

a8 = 2W Vg, +20Q2W, -3W)Vu,,
i TW, +2W, +2W,

JE, = Y CsC W, Vi, + vaCBvazanrl ==LV, — LV,

I—s

Onsager coefficients Lij Flux coupling under irradiation

( 2W.
L,,=vy,C,C W, (- 2

= oy CaCWa 7W3+2W1+2W2) Vi
<

203W. =2W)) J

L,=vy,C.C : !
\ ag = YpvLply 27W3+2W1+2W2 |%4
Jp=(Lyg+ L,y )chV
Solute drag by vacancy if

(Lgz+L,;)<0

A

SCMF applied to dilute BCC and FCC alloys:

-In coll. with Univ. lllinois (D. Trinkle, P. Bellon): T. Garnier et al., PRB 88, 134108
(2013); PRB 88, 134201 (2013), PRB 89, 144202 (2014), PRB 90,184301 (2014)
-In coll. with KTH (Pé&r Olsson and L. Messina): Messina et al.PRB 90, 104203 (2014)




General criteria for the solute drag

in coll. With Univ. lllinois, Garnier at al. PRB 88, 134201 (2013)

Contour map of the wind factor

a

Solute-Vacancy binding energies

00 00 @O0
E’ E> E,

KRA atomic diffusion model

E

mig

hS

E?

1
E i :Q"'E(E? +Eib)_Eib

Schematic pathway of the vacancy

solute
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Tracer diffusion coefficients

L

D* — kT BB 0.8 1.0 1.2 0.8 1.0 1.2
B B nc 10_9_ — T T T ; ID*I — T T T T LA B R ID*I - — T T T _10_9
B N P 1 -_— Si |
— I O Ref.[90] 1 O Ref.[92] ]
'Tm 10-12 v Ref. [91] 410-12
N I ]
* Magpnetic transition modeled as homogeneouss 15| 110715
reduction of activation energy!>*l. 2 el Ti0-18
8 I ]
10721 1 y10721
O(T)=Q(T =0)— aH(T) S| ],
— I O Ref.[89] 1 O Ref.[82] ]
a=0(T =0)-Q(T,) T; = Curie temperature "» 1% v I et 1107

£ 15[ 1ine
H(T)=1-H™(T)/H™ (T =0) HM9 = excess enthalpy=, "] 107
é 10-18: —:10-18
« Non-Arrenhius behavior induced by % ol Jroe
magnetic model. 109 T T T T e
— I O Ref. [86] 1 O Ref.[85] ]
: : : o 107 X Reres T X Reros 1107
» Slopes are consistent, with exception of oL . ]
Mn = 107151 - q1071°
§ 10-18[ . 110-18
o I ]
 Prefactors depend on attempt frequency o2t T T J10-2"
r 0.8 1.0 1.2 0.8 1.0 1.2
(error bar negligible on log scale). T 10YK] T 10YK]
72

[3]1 L. Messinaetal., PRB 90, 104203 (2014) (includes also references to experimental values).
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Vacancy flux coupling in Fe(X)

in coll. with KTH, Sweden, Messina et al. PRB 90, 104203 (2014)
Low temperature (T < 700 °C)

—
G>0

vacancy
solute B

~1.0F

TReactor -

500 1000 1500
Temperature [K]

B

—>
G<0

High temperature (T > 700 °C)

vacancy
solute B
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Vacancy flux coupling in Fe(X)

~1.0f

TReactor

500

000 1500

Temperature [K]

T

T T 1T

1.0
0.5f

T

Fe(Cr)

500

000 1500

Temperature [K]

—1.0¢}

~0.5}

—1.0¢f

11.0f

500
Temperature [K]

000 1500

500

7000 1500

Temperature [K]

1.0

0.5
0.0f

T T

T

Fe(Ni) ]

1-1.0f

1.0l
05
0.0k
1-0.5}

T

T

T T T

T

Fe(Si) :

Temperature [K]

500 1000 1500

500

7000 1500

Temperature [K]
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0.00f
-0.10F
-0.20}

~0.30}

0.00F
-0.10}
-0.20}

-0.30}

Vacancy-solute binding energies in Fe(X)

inn 2nn 3nn 4nn 5nn 6nn 1nn 2nn 3nn 4nn 5nn 6nn 1nn 2nn 3nn 4nn 5nn 6nn

T T T T T T T T T T v T T T T T T

Fe(P) Fe(Si)

{7} This study (PBE)

4 Vincent2005 (USPP)
e Olsson201% (PWg1) ® Soisson??%7 (SIESTA)
+ Gorbatov' (LSGF) Domain?°% (USPP)

T

& Experiments v Domain®%%% (PWg1)

1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
inn 2nn 3nn 4nn 5nn 6nn 1nn 2nn 3nn 4nn 5nn 6nn 1nn 2nn 3nn 4nn 5nn 6nn

{0.00

10.00

4-0.10
1-0.20

1-0.30

1-0.10
1-0.20

1-0.30

The magnitude and treshold temperature of solute drag is
related to the solute-vacancy binding energy.




Vacancy-direct interstitial flux coupling in Fe

PhD of Thomas Schuler, SRMP, CEA-Saclay
B Small solute concentrations

DE LA RECHERCHE A L'INDUSTRIE
—

max([Xso]) (@ppm) | 102 103 101
l High vacancy-solute binding energy
X=C|X=N|X=0
Eb(VX) (eV) 041 | 0.73 | 143
EP(V X)) (eV) 118 | 156 | 2.97

l Transport coefficients (L;): a macroscopic quantity

( ]:‘: ) _ ( L1 V L‘ X ) ( ? Hyv )
Jy Lxyv Lxx Viy



Flux coupling including paires VX

W e
-
- V-N "
-_"=,0'5 r V O --“-—._ - -
_‘r g -":-_’ e AT - *
- : = el N
2 O'O-uum:::ig;;’.}f?"f.-..-....... .......... ——
& 05;_.--"‘"'. -~ Vdrags C |
o Vs —= C drags V
% 280 OC «—= Vdrags N
2 .10k == N drags V |
8 = -« V drags O
g —u dfags v
w-1.5 e e e P ——
V-C
2.0 : .
0,0010 0,0015 0,0020 0,0025 0,0030
1T (K")

» Positive flux coupling: Fe-O
V drags O

» Negative flux coupling: Fe-C
V « repels » C




Non uniform gradients of chemical potentials

*Nastar, PRB 90, 144101 (2014)
I ==Y CoC W,V iy, +,,CoC W,ar,

i,i+1

BV
chtlﬂ =2W, (&um o’ ,z+l) |: —4W (5/Jz+2 5.uiAV)+2(2W1 +W3)(5,Ltf: _5‘1'[;“/)]
+ﬂ[ 4(8ufts - 303 +36u - dulY) |
Ypv
+[ —(TW, +2W, )a, i TP 2W1(Vf,~v — Vﬁr‘ll,m — V "+ vl+1 i+1 :I

Adiabatic approximation on a , because the characteristic time of a, ,H

is proportional to 1/(7W, +2W, ) while characteristic time of solute B is 1/(C,W,)

da;’;,
dt =0 = Jy=—LygVily, — LV, — QBBV3:UBV — QABV3JUAV —
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Vacancy kinetic correlation effects

driven by non uniform driving forces

chemical

potential (a) et (b)

potential




ced Interdiffusion in binary alloys with non uniform driving forces

Non homogeneous linear response theory

C Jp = _LBBV;UBV — LABV:uAV — QBBV3:UBV — QABV?)ILLAV

dC, 2 2 4 4
dr ==VJ B LBBV Upgy T LABV My T QBBV Upgy T QABV U,y
nonconservative vacancy conservative vacancy

D:CADB+CBDA (LAA—kZQAA)(LBB—szBB)—(LAB—szAB)Z

D,= LBB_C]ZZQBB_LAB_C];ZQAB (C,C,0.,) D= Lol PO ot
D - LAA—CkZQAA_LAB—CkQQAB (C,C, D) e Lulu =Ly’ [82 ]:+(KE+KC)I<2}
4 B L,,+Lg,+2L, | dC,
D, = LC—B:—LC—T CACB:§;€+(KE+KC)/<2:
D, = LC;A:—LC—A: CACB:§ZE+(K'E+K‘C)/<2:




CQa Interdiffusion coeficient: the SCMF theory versus Monte Carlo

*Nastar, PRB 90, 144101 (2014)

Interacting alloys c,=o0s Ideal solution €= =°!
V, =V, v, =10v,
20, - - - Ccahn-Hilliard )
—e— Monte Carlo e
1.5, —e— SCMF - aﬁo
8 [m} Nkm
™ /'clustermg ]
O == | ~ — GnHliad
0.5-.<\ )
00 .\s\\l ordering
0 5 A0 15 72 3 4 4,
Discrete wavevector operator: Ay = —8[008(% J—l}
azf nl 2
D\ = M[acz +(K, K )A KA,
B

SCMF in satisfying agreement with Monte Carlo: the deviation from

Cahn-Hilliard comes from the heterogeneous correlation effects



Effect of the correlations on D(k?)

T/Tc=2.4 and Cg=0.1 Ky >0
Vi =V, v =10V, K. <0
6 6, - - - Cahn-Hilliard
©1- - -Cahn-Hiliard .-~ —e— Monte Carlo
—e—Monte Carlo_ . -~ 5| —e— SCMF -7
14| _o—SCMF _.~ ce T
12 N
a .7 0 4%
olSS——— * > .\°\
. ‘\ 2_ F.\.\:
0.8 —, 1.
0 5 A0 15 0 5 A’o 15

f
:M{ +(KE+KC)A,€+K”’A,€2}

SCMF prediction of a possible change of sign of the composition

gradient parameter due to correlations is verified



CONCLUSION

Diffusion

A multi-scale phenomenon that can be characterized at various scales (from nm
to microns).

However there is a crucial lack of diffusion data: diffusion experiments do not
catch the large variety of point defect behaviors, they are mostly measured at
high Temperature.

SCMF theory

An atomic diffusion theory that integrates kinetic correlations produced by a
point defect diffusion mechanism.

It gives a clear definition of the mesoscopic and macroscopic thermodynamic
and kinetic parameters and in this way facilitates a step by step multiscale
approach.

Moreover, it yields new kinetic laws challenging the phenomenological models
such as the Cahn-Hillard method.
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