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The formation of Cu-rich precipitates under irradiation is a major cause for changes in the mechanical
response to load of reactor pressure vessel steels. In previous works, it has been shown that the mecha-
nism under which precipitation occurs is governed by diffusion of vacancy–copper (VCu) complexes, also
in the absence of irradiation. Coarse-grained computer models (such as object kinetic Monte Carlo) aimed
at simulating irradiation processes in model alloys or steels should therefore explicitly include the mobil-
ity of Cu precipitates, as a consequence of vacancy hops at their surface. For this purpose, in this work we
calculate diffusion coefficients and lifetimes for a large variety of VCu complexes. We use an innovative
atomistic model, where vacancy migration energies are calculated with little approximations, taking into
account all effects of static relaxation and long-range chemical interaction as predicted by an interatomic
potential. Our results show that, contrary to what intuition might suggest, saturation in vacancies tend to
slow down the transport of Cu atoms.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Hardening and embrittlement under the effect of neutron irra-
diation of low alloy ferritic steels, used as structural materials for
reactor pressure vessels, are limiting factors to the lifetime of exist-
ing nuclear power plants [1]. It is long established that radiation-
enhanced copper precipitation is one of the major causes for these
changes in mechanical response [2,3], because precipitates act as
obstacles to dislocation motion. For this reason, radiation-induced
copper precipitation in steels and alloys has been intensively stud-
ied in the past, both experimentally (see e.g. [4–8]), and using com-
puter simulation. In particular, rate theory [9–12] or object kinetic
Monte Carlo (OKMC) [13] approaches are tools that allow irradia-
tion processes to be described up to large time scales, enough to
cover the lifetime of reactor pressure vessel (RPV) steels, and have
been used to model copper precipitation in iron under irradiation.
The interested reader can find a review of these approaches in [14].

Nanostructural changes under irradiation, e.g. Cu precipitation,
are enhanced by the supersaturation of point-defects that are deb-
ris of atomic collision cascades triggered by impinging high energy
neutrons. In particular, vacancies have been shown to interact
strongly with Cu atoms and precipitates, both experimentally
and using electronic structure or interatomic potential calculations
ll rights reserved.
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[15–19], leading to the formation of small vacancy–copper (hence-
forth denoted as VCu) complexes from the early stages of the irra-
diation (see e.g. [13]). The interaction is sufficiently strong to lead
to the dragging of Cu atoms by vacancies [20–22], ending up with
the formation of Cu precipitates that can efficiently trap vacancies
[21,23] and may contain a significant amount of them [24,25]. The
formation of vacancy clusters associated with Cu atoms under both
neutron and electron irradiation has received clear experimental
confirmation from positron annihilation spectroscopy [26–29]. It
seems therefore established that, as put forward already in [13],
the mechanism leading to Cu precipitation under irradiation is
governed by the diffusion of vacancy–copper clusters.

We have recently been able to simulate successfully the com-
plete coherent stage of copper precipitation in body-centred-cubic
(bcc) iron under thermal ageing, at different temperatures and
alloy compositions, using a kinetic Monte Carlo model [30]. Pivotal
for the success of the model was that it explicitly included the pos-
sibility for copper precipitates to diffuse, because of the long time
spent by the vacancy inside them [30], according to a mechanism
proposed for the first time in [23]. This is an additional argument
to suggest that the mobility of copper clusters, up to large sizes,
should play a central role in the precipitation kinetics under irradi-
ation. The mobility of VCu clusters of any size should therefore be
included in relevant models, with carefully calculated parameters.

Unfortunately, the diffusion properties of VCu clusters cannot
be experimentally measured, because no experimental technique
allows them to be imaged and their trajectory to be followed, to
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collect statistics about their diffusion coefficient. The mobility of
these clusters is the consequence of sequences of vacancy hops
at their surface. Estimates obtained analytically for large precipi-
tates in the hypothesis that a single vacancy diffuses on their sur-
face do not provide sufficiently reliable predictions [23] and will
certainly fail for small sizes and large vacancy-to-copper ratios.

For this reason, in [22] we started a systematic study of the sta-
bility and mobility of small VmCun clusters, using advanced atom-
istic kinetic Monte Carlo (AKMC) techniques, in which an accurate
estimation of the energy migration barriers as functions of the
environment is achieved by using appropriately trained neural net-
works [22,30,31]. The cluster was created in the simulation and
allowed to diffuse as a consequence of elementary vacancy migra-
tion events, thereby taking into full account the atomistic nature of
the process, differently from the case of OKMC models, where each
cluster migrates as a whole with an effective migration energy.
These effective values are exactly those that we can obtain with
our more detailed model. In this work we extend that study to
much larger cluster sizes. In order to do so, our AKMC model, or
more precisely the definition of the local environment to which
the neural network is trained for migration energy barrier calcula-
tions, had to be generalised to the case of environments containing
any number of vacancies. The paper is organised as follows. In the
first part (Section 2), we recall the essential features of our atom-
istic model, explaining how the algorithm is generalised to allow
the introduction of many vacancies in the simulation environment.
In the second part (Section 3), the newly proposed atomistic model
is applied to study the mobility and stability of a large variety of
VCu clusters.
2. Artificial neural network based AKMC algorithm

AKMC methods are widespread tools to study diffusion-con-
trolled microstructural and microchemical evolution in alloys dur-
ing thermal ageing and under irradiation (see e.g. [1,4,32–39]). In
these models, the atoms of the alloy are located on the positions
corresponding to the crystallographic structure of interest, gener-
ally on a rigid lattice. The evolution of the system is driven by
the migration of point-defects, generally vacancies [1,4,32–39],
whose position is exchanged with nearest neighbour atoms
(migration jump) [9,39]. The jump to occur is each time selected
stochastically amongst all possible ones, based on the Monte Carlo
method, according to their frequencies of occurrence. The latter are
calculated as thermally activated events:

C ¼ C0 � exp
Em

kBT

� �
ð1Þ

where C0 is the jump attempt frequency (which can be considered
as a constant in first approximation), T the absolute temperature
and Em the migration energy barrier. Time is then deduced from
the residence-time algorithm [40–42]. In such a model, it is clear
that the reliability of the physical description of the system resides
chiefly in the value of the migration energies, i.e. the way they are
calculated at every step of the simulation. The fundamental
assumption is that these energies are an a priori unknown function
of the local environment (atomic species and their distribution in
space). In order to approximate this function, expressions fitted to
energy data from interatomic potentials or ab initio can be obtained
using broken-bonds formalisms [23,39,43–45], cluster expansion
[46,47], genetic programming [48], or other simplified approaches
that make the barrier dependent on the final state [43,49–53]. In
our model [22,30,31], the migration energies are calculated for a gi-
ven local atomic environment (LAE) with the nudged elastic band
(NEB) method, using an interatomic potential as Hamiltonian. All
the effects of long-range chemical and elastic interactions, as well
as static relaxation, as stemming out of the used potential, are
therefore largely taken into account. However, repeating at each
Monte Carlo step an NEB calculation would make the simulation
extremely slow. To speed up the simulation by many orders of
magnitudes, an artificial neural network (ANN) is designed to re-
place NEB, by being trained to predict the value of the migration
energy when given as input a description of the LAE in terms of
on-site variables.

This methodology, the numerical and implementation details of
which are explained in [31], to which the reader is referred to has
been successfully applied in [30] to the simulation of thermal
annealing experiments for Fe–Cu alloys, using an interatomic po-
tential by Pasianot et al. [54]. Our results compared very accurately
to experimental measurements (for various alloy compositions and
temperatures), which proves that relevant predictions for the
kinetics of precipitation can be achieved, given appropriate inter-
atomic potentials, at least in the absence of irradiation. The
description of the LAE in that case was, however, relatively simple:
since only one vacancy needs to be introduced in the simulation
box in thermal annealing simulations, the LAE at each jump is sim-
ply described by two-value on-site variables telling whether a gi-
ven lattice site is occupied by an iron or a copper atom. In order
to be able to train the neural network to more complex LAEs, that
include the presence of other vacancies, our algorithm needs gen-
eralisation, as described in the next sections.

2.1. Generalisation to any number of vacancies

In the single vacancy case, appropriate to simulate thermal
annealing experiments, our AKMC algorithm can be genuinely seen
as an acceleration of molecular dynamics (MD), in which the con-
sequence of thermal vibrations around the equilibrium positions is
described by Eq. (1). As a matter of fact, since the coefficients in Eq.
(1) are calculated consistently with the same potential that would
be used in MD, including relaxation, the predictions are to a good
extent equivalent, although covering much longer times, so long
as high-temperature vibrational entropy effects can be neglected,
which is the case for the Fe–Cu system [55].

The introduction of a small number of vacancies in the LAE is
formally easily achieved by simply adding a third possible value
for the on-site variables, because in this limit vacancies can be sim-
ply treated as additional chemical species, that do not distort sig-
nificantly the relaxed geometry of the lattice. In Ref. [22], we
have already modelled in this way the migration and dissociation
of very small clusters, limited to six vacancies and a few copper
atoms.

Generalising our AKMC algorithm to allow any number of
vacancies in the LAE to be included (Fig. 1) implies making sure
that the representation of the LAE on a rigid lattice description,
and the corresponding choice of the vacancy jump, is still suffi-
ciently close to the evolution of the system as it would be de-
scribed in a MD simulation of the same process. In order to
achieve this goal, the following choices were made:

� For the definition of the LAE in terms of on-site variables (i.e.
string of integers, e.g. 1 for Fe, 2 for Cu, 0 for vacancies) the rigid
lattice description is retained for convenience. However, the
exact lattice sites are replaced by Wigner–Seitz (WS) cells built
around the regular lattice positions for a perfect crystal. During
relaxation in the presence of a certain number of vacancies ini-
tially assigned, atoms will move off-site (MD world); however,
so long as they stay within the same WS cell, they remain
assigned to the corresponding lattice site (rigid lattice world),
thereby defining the value of the corresponding on-site vari-
able. An empty WS cell will be assigned the on-site variable
value for the vacancy.



Fig. 1. Schematic illustration in 2D of the representation as a rigid lattice of the simulated crystal. The atomic volumes corresponding to lattice positions are delimited by
Wigner–Seitz cells. The thick arrow shows the atomic/vacancy exchange that are being considered. The dashed lines show the definition of the LAE for that jump. (Left)
Single-vacancy case. (Right) vacancy–cluster case.
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� Again for convenience, the list of possible transitions for the
system at every step of the simulation remains predefined.
However, the jump of a vacancy to a first nearest neighbour
(1nn) position is now only one of a series of possible transitions,
such as the jump to a second nearest neighbour (2nn) position,
or the joint migration of several vacancies at a time (Fig. 2). For
every type of transition, tables of examples of energy barriers
versus LAE must thus be calculated using NEB, and a specific
ANN is trained to predict each of them, given as input the string
of integers that describes the LAE.

The most important condition for the above choices to respect
reasonably the physics of the studied system is that for any state
that exists in the rigid lattice world, i.e. for any possible distribu-
tion of atoms and vacancies within the defined atomic volumes,
there exists one and only one (meta)stable state of the system after
static relaxation. This condition is always fulfilled in the case of
single-vacancy systems, but this is a priori not guaranteed if many
vacancies are introduced. We however checked that in practice, for
the configurations studied in this work, this condition is almost al-
ways fulfilled, as will be discussed later. There is of course a risk
that unrealistic paths are considered in the AKMC evolution, as
illustrated in Fig. 3. This problem could be in principle tackled by
redefining unrealistic transitions, after detecting unstable states
on-the-fly during the simulation (see again Fig. 3). In our experi-
ence, ANN capable of detecting unstable states can be efficiently
designed for this purpose. In practice, though, for the present appli-
cation unstable states have been verified to be rare, so this option
is not necessary. This implies that we accept the risk that, very
occasionally, the transitions that we consider in the model might
not be precisely those that would occur in a hypothetical MD sim-
ulation of the same system in the same situation. In all these cases
the ANN will provide a barrier, i.e. from the point of view of the
model it will be an event like any other. Thus, without a specific
Fig. 2. Examples of vacancy jump events to be considered in AKMC simulations. (a) Jump
event is only defined if at least two sites amongst those denoted as 1, 2, 3 and 4 are oc
ANN recognition we cannot precisely assess how often it occurs
but, based on separate analyses, we can state that these will be ex-
tremely rare events, which are not expected to impact significantly
the overall results or which will simply be part of the many sources
of uncertainty on the final results.

2.2. Selection of migration mechanisms to be included

The number of a priori possible collective migration jumps of
vacancies rapidly explodes when the number of vacancies in-
creases. Moreover, most of these transitions, as well as jumps of
single vacancies to further distances than 1nn, are likely to be asso-
ciated with high energy barriers, that would barely be competitive
compared to transitions of single vacancies to a 1nn position. In or-
der to avoid introducing unnecessary complexity in the model, we
have estimated the potential competitiveness of events of the type
(b) and (c) in Fig. 2, as predicted by the interatomic potential.

For this purpose, 100 possible atomic configurations were ran-
domly selected for 30 different VmCun clusters (3000 configura-
tions), with m = 6,..,10 and n = 2,..,10. For each configuration, the
complete list of possible events of type (a), (b) and (c) was gener-
ated and the corresponding energy barriers were calculated with
the NEB method. Events (a) and (b) are easily defined, and the max-
imum number of these events, removing irrelevant ones where
vacancies exchange their position with another vacancy, is equal
to 8 times or 6 times the number of vacancies in the cluster at
the most. The selection of events of type (c) was limited to no more
than two migrating vacancies at a time, located at 1nn or 2nn dis-
tance from each other, and exchanging position with atoms that
are either 1nn or 2nn to each other.

By calculating about 50,000 energy barriers, the relative proba-
bilities for events of type (a), (b), or (c) in Fig. 2 could be evaluated.
The conclusion was that type (a) events are clearly dominating the
other ones. Type (b) events have a probability that varies between
of a single vacancy to a 1nn position. (b) Jump of a vacancy to a 2nn position. This
cupied by vacancies. (c) Joint migration of two close vacancies to a 1nn position.



Fig. 3. Example of redefinition of events in the AKMC simulation, when necessary. The initial state A is stable, and migration to state B is amongst the list of possible events
generated automatically during the simulation. With atomic relaxations, however, state B is unstable, and spontaneously evolves into state C. If this spontaneous B–C
transition can be detected on-the-fly during the simulation, the A–B event can be replaced by A–C, without passing via state B.

Fig. 4. Schematic representation of the different VmCun clusters configurations
considered to train the ANN. Dashed circles represent vacancies, and grey areas Cu
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2.5% and 15%, depending on cluster composition, whereas type (c)
events are extremely rare, with a probability varying between
0.001% and 0.01%. It is therefore clear that the migration of VCu
clusters is mainly driven by the migration of individual vacancies
to a 1nn position, and other events can be disregarded. Migration
jumps to a 2nn position can in some cases play a minor role, but
are very unlikely to change the global migration properties in a sig-
nificant way.

For the sake of completeness, this study on the probability of
the different events has been complemented with a different ap-
proach. A few configurations were used as input for the monomer
method proposed by Ramunni et al. in Ref. [56]. This method, like
Henkelman’s dimer [57], explores the energy landscape around a
metastable state, and searches for all possible transitions towards
other metastable states. This study did not reveal the existence
of other highly probable transitions than 1nn jumps of individual
vacancies, consistently with our previous conclusions.
atoms. (A) Vacancy cluster coated with a few Cu atoms, at the most enough to cover
completely the surface of the vacancy cluster. We considered here m = 2,. . .,250 and
n/m = 0,1/4,1/2,1,3. (B) Vacancy cluster coated with a large number of Cu atoms.
Most of the vacancies remain in a spherical configuration in the bulk of Cu, but a
couple vacancies could escape and diffuse away. We considered here m = 2. . . ,250
and n/m = 5, 10 and 100.
2.3. Design of training examples for the ANN to predict vacancy
migration energies

Consistently with the conclusions of the previous section, we
trained ANNs to predict the migration energy for single vacancies
to a 1nn position, the other vacancies of the system remaining
immobile. The general procedure we followed to design the ANN
is essentially the same as in our previous works (see detailed
description of the method in [31]), but the specific choices made
in this particular case are described in what follows.

First, a table of examples of LAEs is generated at random,
though taking care that all types of configurations that can be
encountered during the AKMC simulations are represented in
equal proportion. In this respect, the most delicate point consisted
in considering VmCun clusters of relatively large sizes in physically
relevant topologies. In Ref. [25], Al-Motasem et al. showed, with an
off-lattice Metropolis Monte Carlo model and with the same poten-
tial that is used here, that in the most stable configurations vacan-
cies form nearly-spherical clusters, the Cu atoms playing the role of
coating, as shown schematically in Fig. 4 (the same result was ob-
tained in [24], using earlier interatomic potentials). Depending on
the m/n ratio, these configurations can vary from a cavity deco-
rated by a few Cu atoms on the surface (m/n� 1), to hollow Cu
precipitates with a vacancy core that does not have any contact
with Fe atoms (m/n� 1). The actual configuration will no doubt
influence the kinetics of migration and dissociation of these clus-
ters. When preparing the examples of LAE for which to calculate
the vacancy migration barrier, we have therefore explicitly consid-
ered also limiting cases, including those where a few vacancies
escape the precipitate core and diffuse in bcc Cu, because this is
the only way such a structure can migrate and emit vacancies or
Cu atoms.

In a further step, the migration energy associated with all entries
in the table of LAEs is calculated using NEB. Ref. [31] addresses
clearly the problem of the convergence of the NEB prediction with
the size of the LAE, so this aspect is not discussed here. The proce-
dure is, classically: (a) initial and final states are created on a rigid
lattice; (b) they are separately relaxed using a conjugate gradients
method. Relaxation is actually performed several times, from differ-
ent random small perturbations of the rigid lattice configuration, to
investigate if distinct metastable states corresponding to the same
LAE may exist according to the potential, as this would question the
validity of the assumption of biunivocal correspondence between
rigid lattice and relaxed configurations: it is almost never the case
in practice, so the assumption is safe; (c) a first estimate of the
migration path is made with a linear interpolation of all atomic
positions, to create a chain of transition states; (d) the chain of
states is optimised in the energy landscape, using the NEB method,
until convergence. The only part of the procedure that needs special



Fig. 6. Proportion (in %) of ANN predictions subjected to absolute error larger than a
given value (x axis, in meV).
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precaution is step (b), because several vacancies are present. It is at
this stage that configurations that are possible in the rigid lattice
world, but are in fact unstable according to the potential, may ap-
pear. Fortunately, as mentioned, we observed that the number of
unstable configurations is limited, which supports the AKMC algo-
rithm proposed in Section 2.1. Also, instabilities never involved
more than one or two vacancies. When encountered, LAEs involving
instability were discarded from the table, and no migration energy
was calculated. If included, they would have represented mislead-
ing points for the training of the ANN.

Additional energy barriers were computed, to complement
those in Section 2.2, to collect a total number of 75,000 examples
of 1nn jumps. The ANN was trained on the basis of these barriers
using the gradually improving accuracy constructive algorithm de-
scribed in Ref. [31], where layers of nearest neighbours (nn) around
the migrating vacancy and migrating atom are progressively con-
nected to the network. The algorithm converged after connection
of the 5th nn, that represent 77 atomic sites. Comparison between
the ANN prediction and migration energies is shown in Fig. 5. We
see that they can be considered as reasonably accurate on the aver-
age, even though the prediction error can be as large as 200 meV in
some cases. Fig. 6 shows that the error is smaller than 20 meV in
about 50% of the cases, and smaller than 70 meV in 90% of the
cases. ANN predictions are thus not perfect, but we consider them
as acceptable, especially because there is no prediction bias. From
past experience, there is no reason to believe that the precision of
the ANN would improve significantly by further increasing the
number of examples. In addition, we have checked that the accu-
racy of prediction is homogeneous for all types of LAE that was
considered, and in particular it does not vary with the number of
vacancies or Cu atoms in the cluster.
3. Calculation of copper–vacancy cluster diffusion coefficients
and lifetimes

In this section, we use the neural network based AKMC, gener-
alised to any number of vacancies in the LAE, as described in the
previous section, to describe the kinetics of migration and dissoci-
ation of VmCun clusters. Since the results are meant to be usable for
example to parameterize OKMC models of radiation-enhanced Cu
precipitation in Fe, we extracted information from our simulations
to provide frequencies for the following events:

Migration of the cluster without dissociation. In OKMC models
such as the one by Domain et al. [58], the migration of all objects
can only occur, for convenience, to a 1nn position, based on a
known jump frequency. In reality, not all clusters (or rather, their
centre of mass) will cover this distance before dissociation. It is
thus more convenient to use AKMC simulations to derive the
Fig. 5. Comparison between predictions of the ANN with the energy barriers calculated
coefficient R2 is 0.995. (Right) Jumping Cu case: the average error is 35.2 meV, and the
diffusion coefficient D (using the method described in [22], see be-
low), from which, neglecting correlations, the migration frequency
to a 1nn position, C1nn, can be deduced using the simple relation:

C1nnðm;n; TÞ ¼ Dðm;n; TÞ=6D2 ð2Þ

where D is the 1nn distance and T is the absolute temperature.
Dissociation of the cluster by the emission of a vacancy. The asso-

ciated frequency, denoted as CV, can be measured directly as the
inverse of the average time taken for one vacancy to escape from
the cluster. The latter time is denoted as lifetime, slife, vacancy
emission being the most frequent cluster dissociation mechanism.
We thus write:

CV ðm;n; TÞ ¼ 1=slifeðm;n; TÞ ð3Þ

Dissociation of the cluster by the emission of a vacancy–Cu pair.
These events are quite rare, and are not easily observed during
AKMC simulations. Simulations should consequently be run a very
large number of times to collect enough statistics on them. Even
though we did calculate the frequency of emission of VCu pairs
from VCun clusters (m = 1 and n = 20 to 6000) in Ref. [30], we did
not undertake this task in this work for m > 1, because of the pro-
hibitive computing time it would require. Instead, emission fre-
quencies can be roughly estimated, e.g. using the formulas for
the binding energies derived by Al-Motasem et al. in Ref. [25].

3.1. Calculation method

Given a VmCun cluster, we first create it in an AKMC simulation
box, in a configuration close to the one that is assumed to be its
most stable one: the m vacancies are arranged within a sphere in
the centre, and the n Cu atoms are placed on its surface, equally fill-
ing the layers of close neighbours one after another, as necessary.
with NEB. (Left) Jumping Fe case: the average error is 25.5 meV, and the correlation
correlation coefficient R2 is 0.985.



Fig. 7. Evolution with the number m of vacancies in the cluster of the fitted ED
mig, D0, EV

diss and s0 from Eqs. (5) and (6), for different numbers m of Cu atoms in the cluster (thinly
coated clusters).

Fig. 8. Evolution with the number m of vacancies in the cluster of D and s at 550 K, for different numbers n of Cu atoms in the cluster. Values have been calculated using Eqs.
(5) and (6), using the coefficients in Fig. 7.
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Note that both Al-Motasem et al. [25] and Kulikov et al. [24] showed
that Cu coating can be inhomogeneous in some cases, with the out-
er Cu crown non-concentric with the inner vacancy core. However,
for simplicity we initially created all clusters without accounting
for this information, thereby letting the algorithm itself lead the
system to the most favourable atomic distribution and allow its
migration as a consequence of 1nn vacancy jumps, at a given
temperature. The simulation is stopped when the cluster has disso-
ciated, i.e. when a vacancy escaped from it and migrated signifi-
cantly far away from it. Repeating this simulation a large number
of times, Nsim, enough statistics can be collected to calculate the dif-
fusion coefficients and to estimate the lifetime of each cluster, for a
given temperature, following the methodology already applied in
[22], i.e. using the following equation:
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DðTÞ ¼ 1

Nsim

XNsim

i¼1

R2
i

6si
life

ðTÞ ð4Þ

where R2
i is the square of the total displacement of the centre of

mass of the cluster in simulation i, during its lifetime si
life in the

same simulation. slife (T) is obtained as average of the different
si

life .
The temperatures at which Cu precipitation should be studied

in connection with RPV steel embrittlement are 290 �C (563 K)
for pressurized water reactors, and 265 �C (538 K) in the case of
boiling water reactors. In principle, AKMC simulations could be
performed directly and only at the desired temperature. It is diffi-
cult, though, to achieve sufficient statistics and therefore accuracy
in this way, especially for the biggest clusters, because of the
strong binding between vacancies and Cu atoms, as already de-
bated in Ref. [30]. The best way to proceed is thus by calculating
D and slife at higher temperatures, and then extrapolate to the de-
sired temperature using Arrhenius functions:

Dðm;n; TÞ ¼ D0ðm;nÞ � expðED
migðm;nÞ=kBTÞ ð5Þ
Fig. 9. Evolution with the number m of vacancies in the cluster of the mean free
path d before dissociation (Eq. (7)).

Fig. 10. Examples of Arrhenius plots for the diffusion coefficient. Points are values
calculated with AKMC: circles show values for a V4Cu400 cluster, and squares for a
V14Cu1400 cluster. Lines are fitted expressions using Eq. (5). At low temperature, the
vacancies form a stable cluster inside the bulk of Cu. Only a few vacancies escape,
and make the whole cluster migrate, by hopping at the Fe–Cu interface. At higher
temperatures, the vacancy cluster is completely dissolved in the bulk of Cu, so
diffusion becomes more efficient.
slifeðm;n; TÞ ¼ s0ðm;nÞ � expðE�V
dissðm;nÞ=kBTÞ ð6Þ

where the pre-factors D0 and s0, the migration energy ED
mig and the

dissociation energy E�V
diss are coefficients fitted with a linear regres-

sion in an Arrhenius plot (ln(D) versus 1/kBT). This way of proceed-
ing has two advantages. Firstly, high temperatures make the
lifetime, and therefore the simulation time, shorter, thereby en-
abling the collection of much more statistics. Since the model does
not allow phase change to fcc or melting and the migration energy
is temperature independent by definition, there is no real danger of
seeing new phases appear at high temperature, so this procedure is
numerically appropriate, even though the temperatures chosen can
be physically meaningless (above the temperature where the bcc
phase becomes unstable or even above melting temperature). There
is, however, a risk of activating new migration and/or dissociation
mechanisms, especially for clusters containing many vacancies
coated by many Cu atoms, if the temperature is high enough to
make the dissociation of the inner vacancy core unstable and disso-
ciate into a collection of single vacancies. Secondly, by studying the
process in a wide enough range of temperature any change in the
migration mechanism can be detected by non-linearity in the
Arrhenius plot: the points sampled in the low temperature range,
at the price of a long computing time, are thus used to validate
the extrapolations performed from higher temperatures.

Overall we performed 500 AKMC simulations at 11 tempera-
tures that are roughly equidistant on the reciprocal temperature
(1/kBT) axis between 2500 K and 550 K, obtaining D and slife for a
wide variety of VmCun clusters: m = 2,. . .,250 and n/m = 0,1/4, 1/2,
1, 3, 5, 10, 100. For every cluster, there is a temperature below
which the number of AKMC events required to observe its dissoci-
ation increases so much that it becomes computationally prohibi-
tive: this temperature is around 650 K for the smallest clusters, up
to 900 K for the biggest ones. In these cases, the AKMC simulations
were run up to �109 events: by following the evolution with time
of the centre of mass of the cluster, D could still be calculated; but
the lifetime slife could not.

The results we obtained are described and discussed in the two
following sections, differentiating between vacancy clusters with
thin Cu coating (including cases where the coverage is not com-
plete), and those with thick Cu coating, i.e. Cu precipitates with
an inner vacancy core that does not have any contact with the Fe
atoms. The reason to separate these two cases is that the physical
behaviour is significantly different.
3.2. Vacancy clusters with thin Cu coating

In this section, we consider VmCun clusters that are coated with
a thin layer of Cu atoms, or not completely coated. If we consider
coating to be complete when the last layer of Cu atoms covers
the surface of the vacancy cluster up to the 2nn distance, in a bcc
crystallographic structure this corresponds to n/m 6 �2 for
m 6 100, and n/m 6 �1 for 100 < m 6 250. We thus consider clus-
ters with n/m 6 5. The calculated D and slife show perfect linear
trends in Arrhenius plots, thereby suggesting that migration and
dissociation mechanisms do not change with temperature.

Fitted coefficients from Eqs. (5) and (6), i.e. migration and disso-
ciation energy, as well as pre-factors, are shown in Fig. 7 as func-
tions of the m/n ratio. Values of diffusion coefficients and
lifetimes at 550 K are shown in Fig. 8. We see that, as a general
trend, the diffusion coefficient D always decreases when the cluster
grows (larger n or m), and the lifetime slife increases. This is the



Fig. 11. Evolution with the number n of Cu atoms, for different numbers m of vacancies, of: (left) the migration energy ED
mig; (centre) the diffusion coefficient pre-factor D0;

(right) diffusion coefficient at 550 K. Values for m = 1 are taken from Refs. [22], [30].

Fig. 12. Dissociation energies EV
diss of Vm clusters in bcc Cu, fitted using Eq. (6) from

AKMC data at low temperature, as compared to the same energy in bcc Fe.
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natural consequence of the strong binding between vacancies and
Cu. The scaling however is not smooth and special configurations
with specific ‘‘magic’’ numbers m of vacancies with decreased
mobility and increased stability are found: the corresponding D
and slife deviate from the trend by several orders of magnitudes.
Those ‘‘magic’’ numbers indeed correspond to particularly stable
configurations, in which shells of close neighbours around a central
vacancy are completely filled: the 1nn shell for m = 9, the 2nn shell
for m = 15, the 5nn shell for m = 59, and the 9nn shell for m = 137.
The magnitude of the deviation from the trend is progressively
damped if the Cu coating increases.

We can deduce from the obtained data the mean free path d
of the clusters, i.e. the average distance they travel before
dissociation:

d ¼
ffiffiffiffiffiffiffiffiffi
6Ds
p

ð7Þ

Values at 550 K are shown in Fig. 9. We see that vacancy clusters
with incomplete or very thin Cu coatings migrate without dissocia-
tion up to relatively large distances. The mean free path rapidly de-
creases, however, when the Cu coating becomes thicker.

To conclude this section, our results show that vacancy clusters
coated with a thin layer of Cu atoms largely behave like pure va-
cancy clusters, dragging their Cu coating along (which explains
why the migration and dissociation mechanism did not change sig-
nificantly in the large range of temperatures we considered). They
can therefore potentially play an important role in the process of
Cu precipitation under irradiation, due to their large mobility, be-
cause of their ability to drag away a few Cu atoms to distances
as large as a few lattice units.
3.3. Vacancy clusters with thick Cu coating

In this section, we consider VmCun clusters that are coated with
a thick layer of Cu atoms: n/m = 10 and 100, i.e. clusters that can be
defined as hollow precipitates, with an inner core of vacancies not
in contact with Fe atoms (in their most stable configuration).
Differently from thinly coated clusters, here a significant change
in the diffusion and dissociation mechanisms versus temperature
is observed, as illustrated in Fig. 10. This change has its origin in
the fact that above a certain temperature the inner vacancy core
becomes unstable and is replaced by a collection of single vacan-
cies migrating inside the precipitate and sometimes reaching the
interface with Fe atoms, thereby allowing rapid migration. Below
this temperature, on the contrary, the vacancy core evolves
remaining inside the precipitates, making the diffusion of the clus-
ter as a whole extremely inefficient. In the lower temperature
range vacancy emission from the cluster never occurs (within rea-
sonable simulation times). As a consequence, no cluster lifetime
can be estimated in this range and any extrapolation to around
550 K from values calculated at high temperature would underes-
timate it by many orders of magnitudes.

Migration and dissociation energy, as well as pre-factors, fitted
from Eqs. (5) and (6) in the low temperature range, are shown in
Fig. 11. Results obtained in the previous section were also included
in the figure to look at their global evolution with the number n of
Cu atoms in the cluster. Comparison is performed with clusters con-
taining a single vacancy. We see that VmCun clusters can be classi-
fied in two groups. In the first group, m < 6, clusters behave
apparently in a similar way as clusters with one vacancy: from a
certain m, the migration energy saturates, and the pre-factor D0

decreases by several orders of magnitudes. This indicates that
vacancies are trapped inside the bulk of the Cu cluster, whose vol-
ume increases, and have therefore less opportunity to hop at the
Fe–Cu interface. The surface of the latter, with increasing m, is more
and more regular, and its curvature remains almost identical: this
explains why the cluster migration energy remains nearly constant.
In the second group, m P 6, the coefficients follow a significantly
different evolution: from a certain m, the migration energy
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increases substantially, while the pre-factor slightly increases. This
suggests that the cluster behaviour is, in this case, dictated by the
increasing stability of the inner core of vacancies. The Fe–Cu inter-
face being essentially insensible to the number of vacancies (Cu
coating is thick enough), only a large increase of the stability of
the vacancy core can explain the large increase of the cluster migra-
tion energy. The increase of the pre-factor is then merely a numer-
ical effect. To check this statement, we have calculated the
dissociation energy of vacancy clusters in bcc Cu, as shown in
Fig. 12 and compared with the same energy in bcc Fe. AKMC simu-
lations are, in this case, relatively fast, and the lifetime can be calcu-
lated even at low temperature. We see that the dissociation energy
substantially increases with m, in agreement with our conclusion,
while being much smaller than in Fe, thereby explaining the fact
that thinly coated vacancy clusters in Fe have much longer life-
times. The important consequence of these results is that there is
no reason to expect big Cu clusters to become significantly more
mobile if more than�16 vacancies are added, i.e. the diffusion coef-
ficient decreases instead of further increasing.

This is clearly shown in the right part of Fig. 11, where the val-
ues of D at 550 K are indicated. It is also interesting to observe that
the mobility of Cu clusters is almost never improved if they contain
more than one vacancy. Deviations from m = 1 are especially large
(by several orders of magnitude) for the smallest clusters, i.e. for
the most mobile ones. For the largest Cu clusters, on the contrary,
diffusion coefficients are less sensitive to the number of vacancies,
as well as to the number of Cu atoms.
4. Conclusive remarks

We have calculated the diffusion coefficient and lifetime of va-
cancy–copper clusters, in a large variety of sizes and compositions,
using a fully atomistic model with limited and reasonable approx-
imations and simplifications about the migration and dissociation
mechanisms, as they spontaneously take place as a consequence
of elementary migration events (single vacancies of the cluster to
a 1nn position). The only physical input of the model is the inter-
atomic potential by Pasianot et al. [54], which has already been
shown to predict the correct kinetics of precipitation [30]. The
numbers obtained here can be used as input data for coarse-
grained models such as object kinetic Monte Carlo, to simulate
radiation-enhanced precipitation in Fe–Cu alloys, as model
systems for RPV steels.

The main reason that motivated us to perform this work is the
fact that the mechanism under which Cu precipitates in Fe during
thermal annealing is driven by the mobility of Cu clusters, because
of the vacancy hops at their surface, as demonstrated in [30]. Our
results reveal that, contrary to what intuition might firstly suggest,
the mobility of Cu precipitates under irradiation is reduced by the
presence of a large amount vacancies inside. As a consequence,
the rate of Cu precipitate coarsening under irradiation is expected
to be also reduced and this might partly explain why under irradi-
ation copper precipitation takes the form of a large density
(�1024 m�3) of small-size (2–4 nm) clusters in Fe–Cu alloys
[8,59], as opposed to large precipitates produced after annealing.
Of course, only the implementation of the data we calculated in this
work in appropriate OKMC or equivalent models can provide a full
confirmation to this surmise. This will be the subject of future work.
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