Statistical physics for the modeling of
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by irradiation
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‘ species A
. solute B

Mechanism of radiation induced
segregation:

v" Point defect (PD) driving
force: elimination of PD at
sinks

v" Flux coupling between PD
and atoms

self-interstitial

Other phenomena involving a net flow of vacancies and potential flux couplings:
Quenching, diffusion creep, sintering, carburization, oxidation, nitruration, etc.



Ceaden Solute clustering/dissociation

Mechanisms of solute clustering

v" Point defect driving force:

clustering of PD (cavity, dislocation loop,
C15, etc.) + Solute segregation due to flux
coupling

v" Solute driving force:
Phase transformation and formation of a
new phase

Mechanisms of precipitate dissolution

v" Dynamic phase diagram

v Ballistic mixing



Outline

1. Dynamic Phase Diagram of Fe(C,N,O)

a) Vacancy-solute cluster binding energies
b) Solubility limits with respect to vacancy supersaturation

c) Vacancy induced dissolution versus ballistic mixing

2. Radiation Induced Segregation in Fe(X) (X=C,N,O,metal)

a) Vacancy-solute cluster transport coefficients

b) A multi-scale computation of the phenomenological coefficients Lijs

c) RIS in Fe(X=C,N,O or a transition metal) alloys



Vacancy-solute clusters: ‘ﬁk\

DFT calculations suggest strong binding energies between X and V
Ebt(V-X) (eV)
0,41 - 0,65 [Domain04;Fu08;Paxtonl3;
0,71 - 0,92 Forst06;Jourdanll;
1,41 - 1,69 Ohnuma09;Fu07;Jiang09]
O &
Ebt(VC2)=1.18 Ebt(vVO2)=3 eV
eV

Concentration of mixed point defect-interstitial clusters might be large



Two phase system

Fe solid solution
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*T. Schuler, M. Nastar & F. Soisson,
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Solute chemlcal potential uXx

Average solute energy in a given phase

T
px ~ E[XeFe| — E[XeFe, X ]

Function of the The ordered

supersaturation [V] compound is

and Cluster binding assumed perfect.

free energies E=constant, deduced
from thermodynamic
database.
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concentrations

Statistical physics to average over various clusters and
cluster configurations:

[Dombé60] ]
Low-temperature expansions (LTE)
[Ducastelle91]

Cluster binding energy

Geometrical
G 4 . multiplic ity (from DFT+C luster
rand potentia /_/ expansion)
A=Ay — kT E g; exp 2o (4)
A , kBT
‘ i B
—
Reference: Excitation state

pure Fe = cluster



ceaden Dynamic solute solubility limit of C ‘ﬁg\

under irradiation
Irradiation modeled by a constant vacancy supersaturation

(steady-state and local equilibrium asumption)
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Dynamic solute solubility limitof N & O

under irradiation
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v Balistic mixing is dominant at
low T and high flux

v" Vacancy induced dissolution
Is dominant at intermediate flux
and T

v" This mechanism should be
considered in ODS steels

Solubility limit increase with flux and T
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Lij from the atomic jump frequencies

Ordered compound Fep Xq

Computation based on the SCMF theory



Cluster transport coefficients f//j

Computed using the automated code KineCluE MINES

Saint-Etienne

( L3 (e) LS (ci) ) (va Lyx )

LYy (ei) L¥x (ci) Lxv Lxx

. . Continuous
Atomic jump

. description
frequencies

DFT+S CMF

*T. Schuler at al., DIMAT 2017 - Haifa, Israel



24
VnOm cluster distributions f/j

MINES

Saint-Etienne

Lattice cluster —> Low temperature

Barouh et al.

expansion based on expansion Phys. Rev B 90
. " VA
DFT calculations 054112 (2014)
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vacancy

= solute B

Temperature [K] *L. Messina et al., PRB 90 (2014).
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CeAden Assessment of the predicted solute drag

In ferritic steels

Minor element segregation in T91
*J.P. Wharry, G.S. Was, JNM 442 (2013) 7-16
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v" Enrichment of Ni, Si, Cu at grain-boundaries observed in T91 steels

conforts the predicted solute drag by vacancy in the binary model alloys Fe
(X = Ni,Si,Cu).
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v' Solute drag by vacancy might contribute to the formation of blooming
phases (Cr,Ni,Si,P).



Cea Systematic analysis of vacancy drag G
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Cea Conclusions & Perspectives

v Dynamic Phase Diagrams of Fe-C, Fe-N and Fe-O

O Large increase of the solubility limit induced by stationnary vacancy supersaturation

O VID is the dominant dissolution mechanism at intermediate irradiation flux and
temperature against the ballistic mixing

v RIS in Fe-based alloys

0 Fe(C,O,N):
Positive flux coupling solute interstitials and vacancy except N at high T and C.
Non monotenous variation with T and vacancy supersaturation

0 Fe(substitutional X)
Vacancy: solute drag at T<700 °C except Cr and solute depletion at high T
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