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Abstract

Solute Cu plays a major role in the embrittlement of reactor pressure vessel (RPV) steels under radiation. In RPV steels
and dilute FeCu alloys, characterization techniques such as the tomographic atom probe (TAP), or the small angle neutron
scattering (SANS) have revealed the formation of solute rich clusters (with Cu, Ni, Mn and Si) under neutron flux. It is
thus very important to characterize the interactions of these solutes with radiation-induced point defects in order to under-
stand the elementary mechanisms behind the formation of these clusters. Ab initio calculations based on the density func-
tional theory have been made in order to build a database used to parameterise an atomic kinetic Monte Carlo model. The
interactions of point defects and solute atoms in dilute FeX alloys (X = Cu, Mn, Ni or Si) have been evaluated for different
configurations of small solute clusters and solute–vacancy complexes. First results obtained with the kinetic Monte Carlo
model will be presented and compared to some experimental observations.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.72.Ji; 61.80.�x; 71.20.Be; 71.15.Mb
1. Introduction

In light water reactors, neutron irradiation is
responsible of the embrittlement of the pressure
vessel steels. The characterization techniques have
revealed that the hardening of the steels is concur-
rent with the formation of neutron radiation-
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induced clusters, enriched in Cu, Ni, Mn and Si sol-
ute atoms. But the composition of these clusters is
still a debate [1]. Indeed, with small angle neutron
scattering and field emission scanning transmission
electron microscopy, these clusters are similar to
precipitates [2,3] whereas with the tomographic
atom probe, they appear to be more or less dilute
clusters sometimes called atmospheres [4–7]. What-
ever the Fe content of these nanometer size clus-
ters, since in in-service pressure vessel steels, and
at the in-service temperature, the ferrite matrix is
undersaturated with Ni, Si and Mn, it is surprising
to observe these elements within the clusters.
.
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The modelling of the formation of these solute
rich clusters has up to now been based on thermo-
dynamics or Metropolis Monte Carlo [8,9]. In this
previous work, simple pair interactions have been
derived from mixing energies of the various binary
alloys. For some of the binary systems, the mixing
energies had to be estimated (e.g. for the bcc CuNi
system which is not stable and for which no ther-
modynamical data were available). These simula-
tions have provided the equilibrium composition
of the solute rich clusters, however, they did not
bring any information about the kinetics and the
time required for their formation. Recently, a
simple dynamical Ising model also based on ther-
modynamical data has been built and used to
simulate the annealing of a FeCuNiMnSi alloy
[10].

Consequently, the simulation of the formation
of these clusters in the host Fe matrix requires a
better knowledge of the energetic properties of
these elements in bcc Fe as well as of their migra-
tion energies in order to obtain information on the
kinetic. These elementary properties at the atomic
level are most of the time not known experimen-
tally and can be obtained by ab initio calculations.
Thus, ab initio calculations have been made [11] to
investigate the kind of interaction which exists
between the point defects created by the displace-
ment cascades and the Cu, Ni, Mn and Si solute
atoms. This knowledge is essential to study the
long term evolution of the microstructure in pres-
sure vessel steels under irradiation. These ab initio
data are now used in an atomic kinetic Monte
Carlo (AKMC) code to model the microstructural
evolution of a dilute Fe–CuNiMnSi complex
alloy.

In a first part, the Monte Carlo method is
described as well as the parameterisation scheme
to describe the interactions. Then, in a second part,
the first results are presented and compared to some
experimental observations.

2. Methodology

2.1. Ab initio calculations

Our calculations have been done using the
Vienna Ab initio Simulation Package VASP
[12,13]. They were performed in a plane-wave basis,
using fully nonlocal Vanderbilt-type ultrasoft
pseudopotentials to describe the electron–ion inter-
action. Exchange and correlation were described
by the Perdew–Zunger functional, adding a non-
local correction in the form of the generalised gradi-
ent approximation (GGA) of Perdew and Wang. All
the calculations were done in the spin polarised
GGA using the supercell approach with periodic
boundary conditions. The ultrasoft pseudopoten-
tials used in this work come from the VASP library.
Brillouin zone (BZ) sampling was performed using
the Monkhorst–Pack scheme. The defect calcula-
tions were done at constant volume thus relaxing
only the atomic position in a supercell dimensioned
with the equilibrium lattice parameter for Fe
(2.8544 Å). The plane wave cut-off energy was
240 eV. The calculation convergence with the super-
cell size has been previously examined [11,14] and
was found to be achieved most of the time for 54-
atom supercells sampled by 125 k points (especially
when no interstitial was considered). As a conse-
quence, the results presented here are those
obtained either using 54-atom supercells with a BZ
sampling of 125 k points or 128-atom supercells
with 27 k points. More details on the method and,
in particular, a comparison of full relaxation versus
constant volume calculations for defects in Fe can
be found in a previous work [14].

The binding energy between two entities, A and
B, in a bcc iron matrix containing N atomic sites,
is calculated as follows:

EbðA;BÞ ¼ ½EðN � 1þ AÞ þ EðN � 1þ BÞ�
� ½EðN � 2þ Aþ BÞ þ Eref �; ð1Þ

where E(N � 1 + A) is the energy of a supercell
containing only defect A, E(N � 1 + B) the energy
of the same supercell containing only defect B,
E(N � 2 + A + B) the energy of the same supercell
containing A and B and Eref the energy of the super-
cell containing no defect.

In this scheme, a positive binding energy indi-
cates an attractive interaction.

The solution enthalpy, corresponding to an infi-
nite dissolution, is determined as follows:

EmixðX ¼>FeÞ
¼ ½EððN �1ÞFeþAÞbcc�ððN �1Þ=NÞEref �EðArefÞ�;

ð2Þ

where E((N � 1)Fe + A)bcc is the energy of a super-
cell containing (N � 1)Fe atoms and one solute
atom A, Eref is the energy of a supercell containing
N Fe atoms and E(Aref) is the cohesive energy of
solute A in the reference state chosen.



Table 1
Migration energies (eV) in a bcc iron matrix determined by
ab initio calculations using supercells of 54 atoms and 125 k

points

Cu Ni Mn Si Fe

Emig(XFe) 0.56 0.70 1.03 0.44 0.65
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2.2. Atomic kinetic Monte Carlo method

Our simulations have been made using the
LAKIMOCA code developed at EDF [15]. This
code initially developed for FeCu has been adapted
to treat more complex alloys with substitutional ele-
ments such as Cu, Ni, Mn and Si solute atoms in a
rigid a-Fe matrix. The code relies on the residence
time algorithm derived by Young and Elcock [16]
to model the diffusion of a vacancy in FeCu. The
basic assumption in this model is that the vacancy
diffuses via a series of first nearest neighbour jumps.
Each jump is thermally activated and its frequency
is given by

CX;V ¼ mX exp � Ea

kT

� �
. ð3Þ

mX is the attempt frequency for the entity X (X = Fe,
Cu, Ni, Mn or Si) which makes an exchange with
the vacancy and Ea is the activation energy of the
jump. The attempt frequencies mX are all taken equal
to 6 · 1012 s�1. For each step, the probabilities (gi-
ven by CX,V) of all the 8 possible jumps of all the
vacancies are determined (the probability of two
vacancies switching sites was set to zero). Then,
for each vacancy, a jump is chosen at random with
a weight corresponding to its probability and the
mean residence time corresponding to the chosen
transition is calculated. This time is given by the in-
verse of the sum of all the frequencies CX,V. The
activation energy (or migration barrier) is one of
the most important parameter of the model and
many ways of determining it have been proposed
[9,17–19]. As a compromise must be done between
the computer calculation time and the precision of
the results, a simple but environment-dependent
form for Ea, which satisfies the detailed balance
rule, has been chosen. It is given by

Ea ¼ Ea0
þ Ef � Ei

2
. ð4Þ

Ea0
depends only on the type of the migrating atom:

it is the vacancy migration energy in pure Fe
(0.65 eV [14]) when the vacancy jumps towards a
Fe atom and it is the solute migration energy when
the vacancy jumps towards a solute atom. These
energetic barriers were determined by ab initio
calculations using 54 atom supercells (Table 1). Ei

and Ef are the potential energies of the system be-
fore and after the vacancy jump, respectively. The
activation energy of the jump can also be obtained
using different models: empirical interatomic poten-
tials [19], pair interaction models with ‘broken’
bond model [17,18,20,21]. Because of the number
of different solute atoms and the lack of interatomic
potentials, we have chosen to calculate the activa-
tion energy, and thus the potential energies of the
system (Ei and Ef) using pair interactions. Since
the interactions are non-negligible in second nearest
neighbour positions, the chemical interactions
between all the entities which compose the system
have been described by first and second neighbour
pair interactions, according to the following
equation:

E ¼
X

j

eðiÞðFe–FeÞ þ
X

k

eðiÞðV–VÞ þ
X

l

eðiÞðFe–VÞ

þ
X

m

eðiÞðFe–XÞ þ
X

n

eðiÞðV–XÞ þ
X

p

eðiÞðX–YÞ; ð5Þ

where i equals 1 or 2 and corresponds respectively to
first or second nearest neighbour interaction, j is the
number of Fe–Fe bonds, k the number of V–V
bonds, l the number of Fe–V bonds, m the number
of Fe–X (X = Cu, Ni, Mn and Si) bonds, n the num-
ber of V–X bonds and p the number of X–Y (X and
Y = Cu, Ni, Mn and Si) bonds of the lattice.

2.2.1. Parameterisation of the atomic interactions

The pair interactions which have to be deter-
mined to describe the alloy of interest must take into
account vacancies, iron and solute atoms. We have
chosen to adjust them to ab initio calculations by
expressing several properties as functions of these
pair interactions.

For a binary alloy, in our case Fe–X (X = Cu,
Ni, Mn or Si), twelve pair interactions, and conse-
quently twelve relations, are required. The binding
energies (Eb) between two vacancies, two solute
atoms (X) and between a vacancy and a solute X
have been used. They are given by

EðiÞbðX–XÞ ¼ 2eðiÞðFe–XÞ � eðiÞðFe–FeÞ � eðiÞðX–XÞ; ð6Þ

EðiÞbðV–VÞ ¼ 2eðiÞðFe–VÞ � eðiÞðFe–FeÞ � eðiÞðV–VÞ; ð7Þ

EðiÞbðV–XÞ ¼ eðiÞðFe–XÞ þ eðiÞðFe–VÞ � eðiÞðFe–FeÞ � eðiÞðV–XÞ; ð8Þ



Table 2
Solute–solute binding energies (eV) in first (1nn) and second
(2nn) nearest neighbour used to calculate the pair interactions for
a Fe–CuNiMnSi system

Cu Ni Mn Si

Eb(Cu–X 1nn) 0.14 0.04 0.04 0.05
Eb(Cu–X 2nn) 0.03 �0.01 �0.07 �0.05
Eb(Ni–X 1nn) �0.07 �0.06 0.03
Eb(Ni–X 2nn) �0.02 �0.11 �0.11
Eb(Mn–X 1nn) �0.28 0.01
Eb(Mn–X 2nn) �0.15 �0.33
Eb(Si–X 1nn) �0.31
Eb(Si–X 2nn) �0.16

These energies were determined by ab initio calculations with 128
atom supercells and 27 k points. The Mn always stabilises in an
antiferro-magnetic state.
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i equals 1 or 2 and stands for first or second nearest
neighbour, respectively. Moreover, the pair interac-

tions between two Fe atoms eðiÞðFe–FeÞ; i 2 f1; 2g
� �

or

two solute atoms X eðiÞðX–XÞ; i 2 f1; 2g
� �

are related

to the cohesive energies of the corresponding pure
metals by

EcohðFeÞ ¼ 4eð1ÞðFe–FeÞ þ 3eð2ÞðFe–FeÞ; ð9Þ

EcohðXÞ ¼ 4eð1ÞðX–XÞ þ 3eð2ÞðX–XÞ. ð10Þ

For all solutes, the cohesive energies considered in
Eq. (10) are those obtained for the bcc structure
as the Fe matrix is bcc and the clusters are very di-
luted or the precipitates small and coherent with the
matrix. The vacancy formation energy in a pure Fe
lattice has also been used, and leads to the following
equation:

EforðVFeÞ ¼ 8eð1ÞðFe–VÞ þ 6eð2ÞðFe–VÞ � 4eð1ÞðFe–FeÞ � 3eð2ÞðFe–FeÞ.

ð11Þ
With the knowledge of EðiÞbðX–XÞ;E

ðiÞ
bðV–VÞ;E

ðiÞ
bðV–XÞ

i 2 {1,2}, Ecoh(Fe), Ecoh(X) and Efor(V
Fe), all the

pair interactions can be calculated except
eð2ÞðFe–FeÞ; e

ð2Þ
ðFe–VÞ and eð2ÞðX–XÞ. We have chosen to corre-

late the later with a simple relation, to those ob-
tained by the set of Eqs. (6)–(11), by

eð2ÞðFe–FeÞ ¼ aeð1ÞðFe–FeÞ ð12Þ

eð2ÞðFe–VÞ ¼ beð1ÞðFe–VÞ ð13Þ

eð2ÞðX–XÞ ¼ kXeð2ÞðFe–FeÞ ð14Þ

a and b are constants and kX is a solute depending
constant.

To treat more complex alloys, the equations
above including solute atoms, i.e. Eqs. (6), (8),
Table 3
Vacancy–solute binding energies (eV) calculated by ab initio calculation
the pair interactions for a Fe–CuNiMnSi alloy

Cu Ni Mn

Eb(V–X 1nn) 0.17 0.03 0.12
Eb(V–X 2nn) 0.19 0.18 0.07
Eb(V–X) 0.11 [35] 0.21 [35] 0.15 [36]
Exp. 0.14 [36] 0.22 [36]
Efor(V

Fe)
Efor(V

Fe) Exp.
Ecoh(X) �3.49 �4.34 �2.92

For the Mn, the state is antiferro-magnetic. The ab initio results ar
formation energy in an a-Fe matrix is also an ab initio result. See text fo
bcc structures.
(10) and (14) have to be included for the new solute
atoms, as well as the crossed solute binding energies
which are given by

EðiÞbðX–YÞ ¼ eðiÞðFe–XÞ þ eðiÞðFe–YÞ � eðiÞðFe–FeÞ � eðiÞðX–YÞ; ð15Þ

X,Y are two different solute atoms and i equals 1 or
2 for first or second nearest neighbour interaction.

The binding and the formation energies used
above have been determined by ab initio calcula-
tions with 128 atom supercells and 27 k points
and are gathered in Tables 2 and 3. The convergence
with the supercell size was checked [15]. These ab ini-
tio data are globally in agreement with the experi-
mental data.

The binding energies between two similar solute
atoms (Table 2) are coherent with the solution
enthalpies in bcc Fe we had determined in a previ-
ous work [11] and the experimental binary phase
diagrams, except for Mn: the two Mn–Mn binding
energies are too negative from what could be
s with 128 atom supercells and 27 k points and used to determine

Si Vacancy Fe

0.24 0.14
0.14 0.28
0.21 [35]
0.23 [36]

2.02
1.53 [37]–2 [38]

�4.03 �4.28 [30]

e compared with the available experimental data. The vacancy
r more details on the calculations of the cohesive energies for the
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expected of the almost ideal character of the Fe–Mn
solution.

The solute–solute binding energies, for two differ-
ent solutes, are also globally in agreement with the
experimental ternary phase diagrams Fe–X–Y
(X,Y = Cu, Ni,Mn,Si). For the Cu–Fe–Si and the
Cu–Fe–Mn ternary systems, they are consistent
with the tie-lines determined in the isothermal
sections of the ternary systems [22,23]. For the
Fe–Ni–Si system they are in agreement with the sign
of the experimental interaction parameters deter-
mined in liquid iron-base alloys [24,25]. They are
also in agreement with the activity coefficients calcu-
lated for Ni in the Cu–Fe–Ni system and for Mn in
the Fe–Mn–Si system [26,27]. Some discrepancies
exist with the Mn–Ni [24,28] and the Mn–Si [24]
interactions. Indeed, Mn is a difficult element to
model certainly because of its high complexity from
the point of view of its magnetic properties. Mn
stabilises in a complex crystal structure containing
58 atoms in a cubic unit cell with magnetically non-
equivalent atomic sites. Different experimental
investigations seem to indicate that this structure
exhibits a noncollinear antiferromagnetic structure
[29]. In our simulations, all the solutes, and thus
Mn are treated using collinear spins. This can be
the reason for the problems encountered with this
element in our calculations. Therefore, we have
started to investigate the influence of the noncollin-
earity of the spins.

The binding energies with the vacancy (Table 3)
agree with the experimental data available and the
vacancy formation energy in pure bcc Fe agrees also
with the upper boundary of the available experi-
mental data. A detailed comparison appears in [11].

As the absolute energies obtained with the VASP
code (and in many other ab initio codes) have usu-
ally to be rescaled to be comparable to, for instance,
experimental cohesive energies, the solute cohesive
energies for the bcc structures in Table 3 have been
obtained for each solute by determining by ab initio
calculations the difference in energy between the
most stable phase and the bcc phase and by adding
this energy difference to the experimental cohesive
energy [30].

In order to insure that the binding energies and
the cohesive energies used to solve Eqs. (6)–(15)
are correct and well adapted to the study, other
energies, more precisely, interface energies, mixing
energies, migration energies (other than the solute
migration energies which are presented in Table 1)
and vacancy formation energies in bcc solute met-
als, that were not used in the parameterisation, have
been calculated and compared to the ab initio
results. Indeed all these energies can be expressed
in terms of the properties used in the parameterisa-
tion of the cohesive model, as follows:

Eintð100Þ ¼ 2Eð1ÞbðX–XÞ þ Eð2ÞbðX–XÞ; ð16Þ

Eintð110Þ ¼ 2Eð1ÞbðX–XÞ þ 2Eð2ÞbðX–XÞ; ð17Þ

EmixðX) FeÞ ¼ 4Eð1ÞbðX–XÞ þ 3Eð2ÞbðX–XÞ; ð18Þ

EmigðFe, X 2nnÞ ¼ EmigðVFeÞ

þ
Eð1ÞbðV–XÞ � Eð2ÞbðV–XÞ

2
; ð19Þ

EmigðFe, Xf3j5gnnÞ ¼ EmigðVFeÞ

þ
Eð1ÞbðV–XÞ � Eðf3j5gÞbðV–XÞ

2

� EmigðVFeÞ þ
Eð1ÞbðV–XÞ

2
; ð20Þ

as we consider only first and second nearest neigh-
bour interactions. The three migration energies
above (Eqs. (19) and (20)) are illustrated in Fig. 1
and correspond to the migration of an iron atom
towards a vacancy when a solute atom X is situated
in a second, third or fifth nearest neighbour posi-
tion to the migrating atom. The ab initio (100)
and (110) interface energies were calculated respec-
tively using a 10 and a 16-atom supercell with
10 · 10 · 1 and 10 · 8 · 1 k points and the Fe lattice
parameter (2.8544 Å). The mixing as well as the
migration energies were determined with supercells
of 54 atoms and 125 k points. The comparison be-
tween the ab initio results for the properties ex-
pressed in Eqs. (16)–(20) and the data obtained
with the pair interactions appears in Table 4. The
results are comparable with respect to signs and
tendencies except for the mixing and interface ener-
gies of the Fe–Mn system maybe because of the Mn
peculiar magnetic structure. It was thus, in a first
step, decided to modify the Mn–Mn and the Mn–
Ni binding energies in order to agree more with
experiments (these values were increased by
0.2 eV). More accurate calculations (taking into
account the possibility of noncollinear spins) are
under way.

Moreover, according to their model of precipi-
tate growth kinetics, Golubov et al. [31,32] found
that the kinetic binding energy for Cu Ek

bð2Þ ¼
Eð1ÞbðCu–CuÞ � Eð1ÞbðV–CuÞ should be about 0.05 eV so that
small Cu clusters could dissociate thermally to form



Fig. 1. Three different ways of migration for an iron atom with a solute atom in its vicinity. These three figures illustrate the migration
energies presented in Tables 4 and 6.

Table 4
For each binary alloy Fe–X (X = Cu, Ni, Mn or Si), energies calculated from the properties used to parameterise the code compared to the
corresponding energies obtained directly by ab initio calculations

Binary alloy Fe–Cu Fe–Ni Fe–Mn Fe–Si

Ab initio Monte Carlo Ab initio Monte Carlo Ab initio Monte Carlo Ab initio Monte Carlo

Emix(X = >Fe) (eV) 0.55 0.65 �0.12 �0.34 �0.10 �1.57 �1.07 �1.72
Eint(100) (mJ/m2) 370 600 �385 �310 55 �1375 �2526 �1511
Eint(110) (mJ/m2) 359 466 �298 �247 37 �1178 �1773 �1288
Emig(Fe, X 2nn) (eV) 0.60 0.64 0.46 0.58 0.64 0.68 0.65 0.7
Emig(Fe, X 3nn) (eV) 0.67 0.74 0.69 0.67 0.66 0.71 0.84 0.77
Emig(Fe, X 5nn) (eV) 0.62 0.74 0.63 0.67 0.62 0.71 0.65 0.77

The mixing and migrating energies were calculated with 54 atom supercells and 125 k points. Barriers for different jumps of a Fe atom
towards a vacancy were determined when a solute atom was in the vicinity of the migrating atom: Em(Fe, X 2nn): the solute atom is second
neighbour of the Fe atom before the jump, Em(Fe, X 3nn): the solute atom is third neighbour, Em(Fe, X 5nn): the solute atom is fifth
neighbour of the Fe atom). Each jump is illustrated in Fig. 1.

Table 5
Modified binding energies (eV) compared to those determined
previously by ab initio calculations

Cu Mn

Ab initio
data

Adjusted
data

Ab initio
data

Adjusted
data

Eb(X–X 1nn) �0.28 �0.08
Eb(X–X 2nn) 0.03 0.09 �0.15 0.05
Eb(V–X 1nn) 0.17 0.11
Eb(V–X 2nn) 0.19 0.09
Eb(Ni–X 2nn) �0.06 0.14
Eb(Ni–X 2nn) �0.11 0.09
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bigger Cu clusters. The ab initio data were thus a bit
modified to follow this model. Indeed, ab initio
methods have limitations and the uncertainty of
our calculations is close to 0.1 eV. The interface,
mixing and migration energies obtained with the
‘adjusted’ data (Table 5) are collected in Table 6.
Table 7 gathers the simulation parameters obtained
with the new set of energies and Eqs. (6)–(15). We
now present the results obtained with this set of
parameters and compare them with experiments
when appropriate.
Table 6
New comparison of the mixing, interface, migration energies for the binary alloys Fe–X (X = Cu, Ni, Mn and Si)

Fe–Cu Fe–Ni Fe–Mn Fe–Si

Ab initio Monte Carlo Ab initio Monte Carlo Ab initio Monte Carlo Ab initio Monte Carlo

Emix(X= > Fe) (eV) 0.55 0.83 �0.12 �0.34 �0.10 �0.17 �1.07 �1.72
Eint(100) (mJ/m2) 370 717 �385 �310 55 �213 �2526 �1511
Eint(110) (mJ/m2) 359 630 �298 �247 37 �82 �1773 �1288
Emig(Fe, X 2nn) (eV) 0.60 0.66 0.46 0.58 0.64 0.68 0.65 0.70
Emig(Fe, X 3nn) (eV) 0.67 0.71 0.69 0.67 0.66 0.71 0.84 0.77
Emig(Fe, X 5nn) (eV) 0.62 0.71 0.63 0.67 0.62 0.71 0.65 0.77

The new values calculated from Eqs. (16)–(20) have been obtained with the modified binding energies of Table 5.



Table 7
Pair interactions (eV) obtained from Eqs. (6)–(15) and from the final parameterisation energies

eð1ÞðFe–FeÞ �0.778 eð2ÞðSi–SiÞ �0.389 eð1ÞðV–CuÞ �0.103 eð1ÞðCu–MnÞ �0.519

eð2ÞðFe–FeÞ �0.389 eð1ÞðFe–VÞ �0.161 eð2ÞðV–CuÞ �0.206 eð2ÞðCu–MnÞ �0.249

eð1ÞðV–VÞ 0.315 eð2ÞðFe–VÞ �0.161 eð1ÞðV–NiÞ �0.234 eð1ÞðCu–SiÞ �0.783

eð2ÞðV–VÞ �0.214 eð1ÞðFe–CuÞ �0.609 eð2ÞðV–NiÞ �0.351 eð2ÞðCu–SiÞ �0.374

eð1ÞðCu–CuÞ �0.581 eð2ÞðFe–CuÞ �0.344 eð1ÞðV–MnÞ �0.151 eð1ÞðNi–MnÞ �0.831

eð2ÞðCu–CuÞ �0.389 eð1ÞðFe–NiÞ �0.821 eð2ÞðV–MnÞ �0.206 eð2ÞðNi–MnÞ �0.464

eð1ÞðNi–NiÞ �0.793 eð2ÞðFe–NiÞ �0.399 eð1ÞðV–SiÞ �0.525 eð1ÞðNi–SiÞ �0.974

eð2ÞðNi–NiÞ �0.389 eð1ÞðFe–MnÞ �0.648 eð2ÞðV–SiÞ �0.381 eð2ÞðNi–SiÞ �0.369

eð1ÞðMn–MnÞ �0.438 eð2ÞðFe–MnÞ �0.364 eð1ÞðCu–NiÞ �0.692 eð1ÞðMn–SiÞ �0.782

eð2ÞðMn–MnÞ �0.389 eð1ÞðFe–SiÞ �0.902 eð2ÞðCu–NiÞ �0.344 eð2ÞðMn–SiÞ �0.114

eð1ÞðSi–SiÞ �0.716 eð2ÞðFe–SiÞ �0.469

The constant a has been taken equal to 0.5, b to 1 as well as the constants k for all solutes.
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3. Results and discussion

3.1. Thermal ageing of binary alloys

First, a study of the thermal ageing at 300 �C of
binary alloys Fe–X (X = Cu, Ni, Mn and Si) is pre-
sented. For each simulation, a bcc lattice of 40 unit
cells in each of the three space directions with
periodic boundary conditions was used. Within this
matrix, 1.5 at.% of solute atoms and one single
vacancy were introduced. At the beginning of the
simulation, the 1920 solute atoms were randomly
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Fig. 2. Evolution of the number of isolated solute atoms as function
distributed among the 128000 atoms and this ran-
dom distribution led to the formation of a few small
clusters (about a hundred doublets and less than
ten triplets) for each kind of solute. The vacancy
concentration (one vacancy for 128000 atoms
(8 · 10�6)) is very large compared to the experimen-
tal equilibrium vacancy concentration. The simula-
tion time was thus rescaled as follows in order to
obtain a physical time scale:

t ¼ CV;sim

Cv;real

� �
tMC ð21Þ
s)
6×108 8×108 109

Ni

Mn

of time. The time has been rescaled using Eqs. (21) and (22).



E. Vincent et al. / Journal of Nuclear Materials 351 (2006) 88–99 95
with

Cv;real¼ exp �EforðVFeÞ
kT

� �
exp

DS
k

� �

� 1�8xX�6xXþ8xX exp
Eð1ÞbðV–XÞ

kT

 !
þ6xX exp

Eð2ÞbðV–XÞ

kT

 !" #
.

ð22Þ

The equation giving Cv,real takes into account the
solute X concentration, xX, and the vacancy–solute
binding energies in order to obtain, from the va-
cancy formation energy in pure Fe, the value of
the vacancy formation energy in the Fe–X binary
Fig. 3. Solute clusters distribution after about 31 years of thermal ageing
the orange circle and only the solute atoms which belong to a cluster a
alloy, t � 2000 years Fe–1.5 at.%Mn alloy, t = 31 years Fe–1.5 at.%Si a
this figure legend, the reader is referred to the web version of this artic
alloy. DS
k equals 2 after the work of Mathon on the

Fe–Cu system [33].
The evolution of the solute atoms distribution

was followed during the simulation of each binary
alloy and the fraction of isolated solute atoms as a
function of the rescaled time t is reported in Fig. 2.
The general behaviour of each solute is coherent
with the binary phase diagrams and with the solu-
tion enthalpies that were determined by ab initio cal-
culations [11]. First, it is clear that Cu behaves
differently than the other solutes since it is the only
one which precipitates all along the simulation.
at 573 K for the Fe–Cu, Fe–Mn and Fe–Si alloys. The vacancy is
re represented. Fe–1.5 at.%Cu alloy, t = 31 years Fe–1.5 at.%Cu

lloy, t = 31 years. (For interpretation of the references in color in
le.)
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The Cu cluster distributions at two different times of
the simulation appear in Fig. 3. After about 109 s or
31 years (rescaled time) of thermal ageing, clusters of
a few atoms are formed (the larger cluster size is 17
atoms); and by continuing the simulation to longer
times, these clusters grow (the bigger cluster is com-
posed of 46 atoms). They are pure 3D Cu precipi-
tates which are nonspherical with abrupt and quasi
planar interfaces with the matrix. On the other hand,
among Ni, Mn and Si atoms, Si dissolves the most:
after 6 · 106 s or 70 days (rescaled time), 91% of
the Si atoms are in the solid solution, and at the
end of the simulation, 99% are in solution, as can
be seen in Fig. 2. Fig. 3 shows that a few pairs and
one triplet of Si atoms remain formed at the end of
the simulation. The behaviour of the Fe–Ni alloy is
similar to that of the Fe–Si one but the rate of Ni
atoms within clusters is always higher, as can be seen
in Fig. 2. In the Fe–Mn system, just a few Mn atoms
diffuse very progressively in the solid solution. After
31 years of thermal ageing, the microstructure,
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Fig. 4. Precipitation evolution of thermally aged Fe–1.34 at.%Cu alloys
and the curves to the Kinetic Monte Carlo results. The thin curve corr
considered to be part of the solid solution while the thick curve correspo
three Cu atoms also belong to the solid solution. The Kinetic Monte C
which is illustrated in Fig. 3, is composed of many
pairs and a few triplets of Mn atoms.

In a second step, a series of thermal ageing simu-
lations have been performed between 663 and 773 K
for a binary Fe–1.34 at.%Cu alloy. A rigid bcc lat-
tice of 40 unit cells in each of the three space direc-
tions with periodic boundary conditions was used
also. The Monte Carlo time has been rescaled using
Eqs. (21) and (22). The precipitation advancement
factor has been calculated during the simulations.
It is given by

fðtÞ ¼ CXð0Þ � CXðtÞ
CXð0Þ � CXð1Þ

ð23Þ

where CX(t) is the solute atom X concentration in
the solid solution at time t, which tends towards
the solubility limit CX(1). The precipitation kinet-
ics predicted by our model are compared to the
experimental results obtained by electrical resistivity
measurements [34] in Fig. 4. For each temperature,
two sets of results are presented in which the cluster
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minimum size for a cluster to be considered as a
cluster (and not part of the solid solution) differs.
Indeed, for the set of results indicated by the thin
curve, only isolated solute atoms were considered
to be part of the solid solution whereas for the other
one (thick curve), small clusters of 2 or 3 solute
atoms were taken into account in the solid solution.
The results appear in Fig. 4 for temperatures rang-
ing from 663 to 773 K. The precipitation kinetics
predictions of our model reproduce globally well
the experimental result tendencies. The results
Fig. 5. Cluster distributions after thermal ageing of a Fe–0.2Cu0.63Si1.2
atoms appear in red, the Mn ones in yellow, the Si ones in blue and the N
represented. (For interpretation of the references in color in this figure
obtained with the hypothesis that only isolated Cu
atoms are part of the solid solution seem to be
in better agreement with the experimental ones
for the temperatures below 773 K whereas at
773 K, the two hypothesis lead to almost equivalent
results.

3.2. Thermal ageing of a Fe–CuNiMnSi alloy

Simulations of thermal ageing of a Fe–
0.2Cu0.63Si1.26Mn0.53Ni (in at.%) were performed
6Mn0.53Ni (at.%) at 573 and 773 K. The vacancy is black, the Cu
i atoms are green. Only the solute atoms belonging to a cluster are
legend, the reader is referred to the web version of this article.)
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at 573 and 773 K. A rigid bcc lattice of 40 unit cells
in each of the three space directions with periodic
boundary conditions was used also. The time was
rescaled using Eq. (21) only. Fig. 5 displays the
microstructural evolution results of this Fe–CuNi-
MnSi alloy after thermal ageing at these two
temperatures. In the following, the study is made
qualitatively on the cluster distribution size and
composition. At 573 K, after 10 years of thermal
ageing, clusters with a few Cu, Ni, Mn and/or Si
solute atoms are formed. The bigger one is a 5-atom
cluster with two Si atoms and 3 Mn atoms. By
continuing the simulation until 100 years, the micro-
structure does not change so much. The three
biggest clusters are each composed of five solute
atoms. The first one contains two Si, one Mn and
two Ni atoms as well as a vacancy; the second one
is composed of one Si, three Mn and one Ni atoms
and the last one of two Si and three Mn atoms. The
fact that no Cu atoms are within the bigger clusters
could be surprising (some are within the smaller
ones (Fig. 5)), but this may indicate that a synergetic
effect between all the solute atoms have an influence
on their gathering. At 773 K, the microstructural
aspect after 10 years of thermal ageing is radically
different than the one obtained at 573 K for the
same and even for the longest time since, at
773 K, precipitation has occurred (Fig. 5). Indeed,
small Mn–Ni precipitates are formed as well as big-
ger ones with a Cu rich core surrounded by some
Ni, Mn and/or Si atoms. The Mn–Ni precipitates
are ordered and the bigger one contains eight Ni
and eight Mn atoms. The two precipitates with a
Cu rich core are composed respectively of 28 Cu,
two Si and one Ni atoms and of 30 Cu, one Si,
two Mn and two Ni atoms. A pure Cu precipitate
of ten atoms is also formed. The formation of the
precipitates which contain a pure Cu core sur-
rounded by Ni, Mn and/or Si atoms is coherent
with the thermodynamic data, as was explained by
Liu et al. [8] to validate their results of Lattice
Monte Carlo simulations of irradiated Fe–CuNiMn
alloys. Indeed, since Mn, Ni and Si solute atoms
have lower interface energies with the Fe atoms than
the Cu atoms and since Mn, Ni and Si interact
weakly with Cu (in first neighbour position), a
Cu–Mn(Ni)(Si)–Fe transition interface produces a
lower free energy than a Cu–Fe interface.

Modelling the formation of the solute clusters in
a multi-component alloy is not an easy task. One
has to take into account both the solute chemistry
and the point defects. The simple approach by Liu
et al. [8] and Odette and Wirth [9] provided impor-
tant insights on the structure and composition of the
nanometer clusters. In our model the final configu-
rations (for almost infinite times) are very similar
to those of Liu et al. [8] and Odette and Wirth [9]
while bringing new information such as the kinetics
of the formation of the clusters and the role of the
point defects. In addition, the model of Liu et al.
[8] and Odette and Wirth [9] is based on thermody-
namical data and a few adjusted values, while our
choice is to use ab initio data, which also had, for
a few of them, to be adjusted.

Indeed, despite their predictive capabilities and
the fact that they are at the moment the most precise
methods at the atomic level, ab initio calculations
have limitations. In our case, for instance, the ener-
gies we determine are very small and sometimes
close to the uncertainty of the calculations. Further-
more, the influence of the collinearity of the spins
imposed in our calculations has to be investigated
in the case of Mn. Using ab initio data is not always
straightforward and there is still a long way before
multi-scale modelling of the evolution of the micro-
structure without using adjustable parameters.
However the results obtained with this first set of
parameters are very encouraging and should be suit-
able for the study of radiation damage and more
specifically for the formation under neutron irradia-
tion of the solute clusters in multi-component
alloys.

4. Conclusion

We have run ab initio calculations related to the
interactions between point defects and solute atoms
in bcc Fe–X alloys (X = Cu, Ni, Mn and Si). The
data have been used to parameterise an Atomic
Kinetic Monte Carlo model to treat multi-compo-
nent Fe–CuNiMnSi alloys. To validate the model,
simulations of thermal ageing in different conditions
of composition and temperature have been per-
formed. The thermal ageing simulations of binary
alloys are consistent with the experimental data.
Indeed, with a concentration of 1.5 at.% of solute
atoms in the matrix, the Cu is the only element
which precipitates. Moreover, the temperature effect
on the precipitation kinetics of a Fe–Cu alloy is
fairly well reproduced, as compared to electrical
resistivity results.

The kinetic Monte Carlo simulations of complex
alloys agree qualitatively with the thermodynamic
data since clusters that contain a pure Cu region
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surrounded by a few Ni, Mn and/or Si solute atoms
are formed. A temperature effect exists also on the
evolution of these complex alloys.

A refinement of the parameterisation and a more
quantitative study have now to be performed on
thermally aged but also irradiated Fe–CuNiMnSi
alloys.
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