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a b s t r a c t

Manganese and nickel solute atoms in irradiated ferritic steels play a major role in the nanostructural
evolution of reactor pressure vessels (RPV), as they are responsible for the formation of embrittling
nanofeatures even in the absence of copper. The stability and mobility of small vacancy–solute clusters
is here studied with an atomistic kinetic Monte Carlo approach based on ab initio calculations, in order to
investigate the influence of Mn and Ni on the early life of small radiation-induced vacancy clusters, and to
provide the necessary parameters for advanced object kinetic Monte Carlo simulations of the RPV long-
term nanostructural evolution. Migration barriers are obtained by direct ab initio calculations or through
a binding energy model based on ab initio data. Our results show a clear immobilizing and stabilizing
effect on vacancy clusters as the solute content is increased, whereas the only evident difference between
the two solute species is a somewhat longer elongation of the cluster mean free path in the presence of a
few Mn atoms.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The influence of manganese and nickel on the microstructural
evolution of reactor pressure vessel (RPV) steels under irradiation
has recently become of great interest. The observed formation of
Mn–Ni–Si-rich nanoclusters is responsible for a possible
unexpected acceleration of the RPV embrittlement process and
might jeopardize the RPV structural integrity in the long term
[1]. The analysis of neutron-irradiated model materials [2–4]
combined with atomistic simulations [5] suggests that such
clusters form from the very beginning of irradiation, despite the
apparently missing thermodynamic driving force, even in case of
low- or no-copper alloys.

The emerging mechanism for the nanocluster formation is
segregation of solute atoms (Mn, Ni, Si) on small point-defect
(PD) clusters, the mobility of which is progressively reduced by
the presence of the solutes themselves. Such complexes act then
as sinks for other mobile defects and small defect-solute com-
plexes. As a matter of fact, solute atoms can be transported by
defects towards these nucleation sites, causing the clusters to grow
in size. The effective ‘‘pinning effect’’ of solute atoms on SIA loops
emerges from several studies [6–8], whereas the systematic arising
of a vacancy drag effect in iron dilute alloys has been recently
shown [9] to be a very effective means of solute transport towards
defect sinks in RPV steels, and could hence confirm this mecha-
nism. In particular, Mn is expected to have a specifically strong
effect on SIA-loop mobility because of the strong interaction
between Mn and crowdion, in analogy with the effect of Cr [7]
and because it is known to efficiently diffuse via a dumbbell mech-
anism. However, no full nanostructural evolution model has been
yet developed to prove that this mechanism actually occurs.

Object kinetic Monte Carlo (OKMC) simulations are a powerful
tool to describe the evolution of materials under irradiation up to
approximately 1 dpa. In these simulations, the evolution of objects
such as single PD, PD clusters and mixed clusters is followed with-
out any atomic-level description of their structure, allowing for
better computational efficiency than atomistic kinetic Monte Carlo
(AKMC) simulations. The first steps towards the development of an
OKMC model for the Fe–MnNi system are described in [10]. The
necessary information about the stability and mobility of each
object is usually not available experimentally; however, such
quantities can be computed via AKMC simulations, as was recently
done for Fe–Cu alloys [11–13].

The objective of this work is therefore to obtain the stability and
mobility of small vacancy–solute complexes with AKMC simula-
tions, exclusively based on ab initio-computed binding energies
and migration barriers. This study provides a preliminary insight
kinetic
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on the effect of Mn and Ni on the small vacancy cluster behavior, as
well as the necessary parameters for the development of an OKMC
model for dilute Fe–MnNi alloys. In addition, it completes the
diffusion study in [9] by providing some kinetic properties of
solute–vacancy pairs in iron dilute alloys that could not be
obtained with the mean field approach therein applied.
2. Calculation method

2.1. AKMC algorithm

The LAKIMOCA code [14] is employed to perform the AKMC
simulations. In the AKMC approach, the evolution of the system
is modeled as a sequence of vacancy jumps occurring at a rate
C ¼ m expð�Ea=kBTÞ, where m is the attempt frequency and Ea is
the vacancy migration energy. At each jump, the time step is esti-
mated through the residence time algorithm [15].

Clusters containing up to two atoms of each kind and up to four
vacancies are here considered. The algorithm used in this work is
the same as in [12,13], where analogous calculations were per-
formed for vacancy-copper clusters. A given cluster is introduced
in the center of a 16,000-atom simulation box in its assumed most
stable configuration (a core of vacancies surrounded by solute
atoms progressively filling the nearest neighbor (nn) shells). The
position of the cluster center of mass (COM) is tracked until the
cluster dissociation. In this work, a cluster is defined by any con-
stituent (other than Fe) being within 5nn distance of each other.
In order to gather sufficient statistical data, each simulation (same
cluster and temperature) is repeated with 102 to 103 different
seeds.

At the end of each stack of calculations, the lifetime is given by
the average of the simulation times si

life at cluster dissociation. The
dissociation energy Ediss and the lifetime prefactor s0 can be then
calculated by linear regression in the Arrhenius domain:
sðTÞ ¼ s0 expðEdiss=kBTÞ.

For the diffusion coefficient calculation, the trajectories
obtained with different seeds are chained together to form a
unique long trajectory. Subsequently, this trajectory is divided in
small segments corresponding to a given Dt. The diffusion coeffi-
cient is then computed as:

DðTÞ ¼ 1
NTI

XNTI

j¼1

R2
j

6Dtj
; ð1Þ

where R2
j is the COM square displacement in segment j and NTI is

the number of segments. Note that the Dt of each segment might
differ slightly due to the stochastic advancement of the AKMC time.
The procedure is repeated for several values of Dt. The diffusion
coefficient DðTÞ is taken as the average diffusion coefficient in the
convergence zone [12]. The migration barrier Emig and diffusion
prefactor D0 are again obtained by linear regression:
DðTÞ ¼ D0 expð�Emig=kBTÞ.

Lastly, the mean free path (MFP) of the cluster is obtained from
Eq. (1):

dðTÞ ¼
ffiffiffiffiffiffiffiffiffi
6Ds
p

: ð2Þ
2.2. AKMC parametrization

The activation energies defining the event probability in the
AKMC simulations depend on the local atomic environment (LAE)
around the exchanging vacancy–atom pair. In this respect, two dis-
tinct approaches are here applied for two different sets of
simulations.
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In the binary dilute limit (only one vacancy and one solute atom
in the LAE), a limited amount of jump frequencies is needed; hence
the corresponding activation energies can be computed by means
of ab initio methods. In [9], a full set of activation energies was
obtained for dilute Fe–X alloys with density functional theory
(DFT), and the self-consistent mean field method [16] was applied
to analyze the drag tendency of a solute atom by a vacancy. How-
ever, no information about the migration and the lifetime of the
vacancy–solute pair was calculated. Therefore, in the first set of
simulations of this work, the Fe–X alloys are simulated in LAKIMOCA

by providing the complete table of DFT migration barriers, limited
to a 2nn-shell approximation (which entails 10 jump frequencies
totally). The mobility and stability of the vacancy–solute pairs
are computed, and the results are shown in the following section.

In the general case of a non-dilute alloy, the number of possible
LAE configurations is extremely large. In [12,13], the activation
energies were obtained by interpolation with an artificial neural
network algorithm on a (large) amount of barriers calculated by
means of an interatomic potential. This method is not viable at
the moment for the Fe–MnNi system, given the lack of fully reliable
interatomic potentials. Therefore, the common final-to-initial-
state-energy (FISE) approach is applied:

Emig ¼ E0
mig þ

Ef � Ei

2
: ð3Þ

E0
mig is the reference migration barrier of the jumping species and

Ei; Ef are the energy of the initial and final configurations. For the
latter parameters, pair-interaction cohesive models are usually
employed, as done in [17] with DFT-computed properties and fit-
ting on experimental data. Despite the good results obtained in
terms of resistivity recovery experiments [18] and cluster precipita-
tion [5], such a model fails in reproducing the drag effect that is
dominant at low temperatures [9].

Here the emphasis is on the vacancy–solute interaction, in order
to reproduce the drag effect as closely as possible. For this reason,
the energy of a given configuration is calculated as the total bind-
ing energy between vacancies, Mn and Ni pairs in 1nn and 2nn. The
energy difference appearing in Eq. (3) is therefore expressed as

DE ¼
XNobj

j¼1

Eb;i
V�Xj
� Eb;f

V�Xj

� �
þ Eb;i

AT�Xj
� Eb;f

AT�Xj

� �h i
; ð4Þ

where Xj are all the non-iron objects interacting with the jumping
atom (AT) and with the vacancy (V) and Nobj is the amount of such
objects.

Jump frequencies also depend on the attempt frequency m,
which is in principle a function of the LAE. Although the migration
barrier term is dominant, the attempt frequency might affect sol-
ute–vacancy correlations when the differences between migration
barriers in the LAE are small, as discussed in [9,19]. However, the
qualitative effect on the cluster stability and mobility tendencies
would be negligible. In consideration of the large amount of com-
putational time required for DFT attempt frequency calculations,
the Debye frequency (m ¼ 6 THz) is assumed throughout this work.

Table 1 provides a complete overview on the DFT data
employed in the AKMC parametrization. The binding energies were
taken from previous DFT calculations [20–22], with the exception
of the Mn-Ni interaction, which was computed in this work with
the Vienna ab initio simulation package VASP [23–25] and the same
parameters as in [20] for the sake of consistency. The reference
migration barriers were computed in [9]. The much lower migra-
tion barrier for Mn with respect to the previous AKMC parametri-
zation [17] results in time-consuming trapping effects at low
temperatures. For this reason, many of the cluster simulations
were not performed below 450 K.
all vacancy–solute complexes in Fe–MnNi and dilute Fe–X alloys: A kinetic
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Table 1
Ab-initio interaction energies between vacancies, Mn and Ni atoms and reference
migration energies E0

mig, as calculated in this work or in previous studies [9,20–22].
Positive signs stand for attractive (binding) interactions.

V–V [21] V–Mn [22] V–Ni [20] Mn–Mn [22] Mn–Ni Ni–Ni [20]

Interaction energies (eV)
1nn 0.16 0.17 0.12 0.26 0.04 0.02
2nn 0.23 0.11 0.20 �0.02 �0.01 0.01

Fe Mn Ni

Migration energies (eV) [9]

E0
mig

0.70 0.42 0.63
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3. Results and discussion

3.1. Vacancy–solute pairs in dilute alloys

In dilute alloys, vacancy drag affects all solutes observed in
radiation-induced nanoclusters (Cu, Mn, Ni, Si, P) at RPV tempera-
tures [9]. This analysis is now extended by calculating the diffusion
coefficient, mean lifetime and MFP of the vacancy–solute pairs. The
results are shown in Fig. 1, while the output of the Arrhenius fitting
is reported in Table 2(a).

The behavior of Cr is remarkably different due to the lack of
interaction with vacancies. Therefore, in dilute Fe(Cr) alloys the
vacancy–solute complex is very unstable and does not lead to
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Fig. 1. Mean lifetimes, diffusion coefficients and mean free paths of vacancy–solute
pairs in dilute binary alloys, as obtained by using the DFT-computed migration
barriers in [9] for the AKMC parametrization. The monovacancy lifetime is defined
as the average time intercurring between two consecutive vacancy jumps in a pure
Fe matrix.
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diffusion of Cr via vacancy drag. In the other cases, the mobility
of solute–vacancy pairs is influenced by the combined effect of
vacancy–solute exchange rates and kinetic correlations. Specifi-
cally, the latter ones reduce the diffusion coefficient of the pair,
since the vacancy performs many ineffective jumps (from a diffu-
sion standpoint) as it turns around the solute. For instance, the
mobility of the V–Mn complex is larger than that of V–P because
of the stronger V–P kinetic correlations, although the solute migra-
tion barriers would suggest the opposite trend. In the same way,
the V–Cr diffusion coefficient is higher than that of V–Cu and
V–Si. Therefore, vacancy drag has the counterintuitive effect of
reducing the solute mobility that would be expected in the absence
of drag, whereas it has the opposite effect on the solute diffusion
coefficient, as was shown in [9].

On the other hand, because of the strong binding tendency, the
V–Mn and V–P pairs are remarkably stable. The combination of
high stability and fast diffusion leads to very long MFP’s, which
in the case of P is consistent with the observed heavy segregation
at grain boundaries or dislocations [26]. Concerning the other spe-
cies, the V–Cu and V–Si complexes are more stable than V–Mn and
V–Ni because of the larger binding energy (in first approximation
Ediss can be estimated as the sum of binding and migration energy
[14]),

Finally, the computed MFP of the V–Ni pair is shorter than the
other solutes with similar drag tendencies (Mn, Cu). This is a direct
consequence of the reduced mobility of the V–Ni pair given by the
considerably higher migration barrier of Ni with respect to the
other solutes. The combination of high stability and short MFP is
likely to make Ni especially efficient in reducing the effective diffu-
sion coefficient of the single vacancy, comparable with the more
strongly bound Si and Cu.

3.2. Vacancy–solute clusters in Fe–MnNi

The lifetimes, diffusion coefficients and mean free paths as
functions of temperature for all analyzed clusters are shown in
Fig. 2(a), while the results of the linear regression in the Arrhenius
domain are listed in Table 2(b). The clusters are grouped according
to the number of vacancies, to understand how the evolution of a
given vacancy cluster is affected by the presence of solutes.

A comparison between the vacancy–solute pairs (V–Mn and
V–Ni) of this section and the previous one shows that the binding
tendency is well reproduced, as the obtained lifetimes and dissoci-
ation energies are comparable. On the other hand, this binding
energy model systematically yields smaller diffusion coefficients
and MFP’s. The reason lies on the sets of Fe–V migration barriers
around the solute, which are all larger than the corresponding
DFT values. The mobility of such pairs is therefore underestimated.

As far as the VxMnyNiz clusters are concerned, the cluster stabil-
ity (lifetime and dissociation energy) is enhanced by the addition
of solutes in all cases, sometimes significantly. By definition, this
model cannot reproduce as much as the previous one the differ-
ence in vacancy migration barriers around Ni and Mn solute atoms.
For this reason, at this preliminary stage no difference is observed
between these two solutes, aside from the isolated case of the V2

clusters, where a single Ni does not seem to affect much the life
of the di-vacancy. The addition of undistinguished solute atoms
has a strong effect, but no Mn–Ni synergy is found, as the lifetime
increment is always given by the superposition of the effect of each
species alone.

The expected decrease of diffusion coefficient with increasing
cluster size is quite significant (three orders of magnitude when
adding four solute atoms). This clearly suggests that small vacancy
clusters are severely hindered in their motion when encountering
solute atoms. Once more, no visible difference in the behavior of
Mn and Ni is observable. The sharp increase of migration energy
all vacancy–solute complexes in Fe–MnNi and dilute Fe–X alloys: A kinetic
b.2014.12.032

http://dx.doi.org/10.1016/j.nimb.2014.12.032


Table 2
Migration energies, dissociation energies, corresponding prefactors and mean free paths at 550 K (in atomic lattice units, a0 ¼ 2:855 Å) for: (a) vacancy–solute pairs in different
Fe–X dilute binary alloys, as obtained by using the DFT-computed migration barriers in [9]; (b) vacancy–solute complexes, as obtained by means of the DFT binding-energy
model.

Cluster D0 (10�8 m2/s) Emig (eV) s0 (10�15 s) Ediss (eV) MFP (550 K) (a0)

Vacancy–solute pairs in dilute alloys (a)
V–Cr 8.85 ± 0.68 0.70 ± 0.003 73.2 ± 5.3 0.72 ± 0.003 0.84 ± 0.06
V–Cu 9.11 ± 0.69 0.73 ± 0.003 14.7 ± 2.1 0.95 ± 0.007 3.03 ± 0.24
V–Mn 5.89 ± 0.39 0.66 ± 0.003 29.6 ± 4.4 0.84 ± 0.007 2.41 ± 0.15
V–Ni 10.2 ± 1.43 0.75 ± 0.006 24.4 ± 1.5 0.87 ± 0.003 1.49 ± 0.10
V–P 4.95 ± 0.10 0.67 ± 0.001 7.34 ± 4.86 1.10 ± 0.023 12.4 ± 0.8
V–Si 7.03 ± 0.21 0.74 ± 0.001 17.2 ± 3.5 0.98 ± 0.009 3.54 ± 0.14

One-vacancy clusters (b)
V1 47.3 0.70
V1Mn1 7.58 ± 0.32 0.74 ± 0.002 30.3 ± 6.3 0.85 ± 0.008 1.37 ± 0.07
V1Mn2 2.34 ± 0.12 0.71 ± 0.002 27.5 ± 3.2 0.93 ± 0.006 2.18 ± 0.09
V1Ni1 9.84 ± 0.55 0.75 ± 0.002 36.2 ± 2.0 0.85 ± 0.003 1.37 ± 0.05
V1Ni2 3.68 ± 0.23 0.79 ± 0.003 31.4 ± 1.8 0.93 ± 0.003 1.28 ± 0.08
V1Mn1Ni1 5.10 ± 0.43 0.80 ± 0.004 29.8 ± 3.1 0.94 ± 0.005 1.39 ± 0.06
V1Mn2Ni2 5.14 ± 0.68 0.93 ± 0.006 28.5 ± 4.9 1.07 ± 0.008 1.46 ± 0.12

Two-vacancy clusters (b)
V2 24.8 ± 0.6 0.74 ± 0.001 16.0 ± 1.1 0.88 ± 0.003 2.53 ± 0.10
V2Mn1 11.0 ± 0.2 0.79 ± 0.001 4.13 ± 0.41 1.05 ± 0.005 2.76 ± 0.11
V2Mn2 2.95 ± 0.45 0.76 ± 0.007 6.99 ± 2.12 1.08 ± 0.014 3.76 ± 0.18
V2Ni1 4.46 ± 0.60 0.73 ± 0.006 16.5 ± 3.2 0.93 ± 0.009 1.96 ± 0.15
V2Ni2 3.68 ± 0.09 0.79 ± 0.001 9.50 ± 1.32 1.03 ± 0.007 2.18 ± 0.10
V2Mn1Ni1 3.32 ± 0.23 0.78 ± 0.003 11.2 ± 2.4 1.04 ± 0.010 2.53 ± 0.12
V2Mn2Ni2 10.1 ± 1.0 0.98 ± 0.005 4.59 ± 2.05 1.22 ± 0.019 2.61 ± 0.20

Three-vacancy clusters (b)
V3 11.2 ± 0.4 0.73 ± 0.002 7.51 ± 1.22 0.98 ± 0.008 3.24 ± 0.14
V3Mn1 5.38 ± 0.46 0.77 ± 0.004 3.44 ± 0.72 1.12 ± 0.010 4.35 ± 0.26
V3Mn2 10.2 ± 1.0 0.87 ± 0.004 1.41 ± 0.32 1.25 ± 0.010 5.05 ± 0.32
V3Ni1 8.89 ± 0.60 0.80 ± 0.003 1.69 ± 0.27 1.15 ± 0.008 2.95 ± 0.19
V3Ni2 8.83 ± 0.71 0.87 ± 0.004 1.58 ± 0.52 1.22 ± 0.014 3.44 ± 0.20
V3Mn1Ni1 8.68 ± 0.56 0.87 ± 0.003 2.19 ± 0.45 1.21 ± 0.009 4.20 ± 0.22
V3Mn2Ni2 6.91 ± 1.92 0.98 ± 0.012 1.46 ± 0.54 1.34 ± 0.016 3.83 ± 0.29

Four-vacancy clusters (b)
V4 17.1 ± 1.2 0.82 ± 0.003 1.37 ± 0.21 1.19 ± 0.007 6.58 ± 0.36
V4Mn1 15.1 ± 1.3 0.88 ± 0.004 0.94 ± 0.42 1.28 ± 0.018 6.83 ± 0.44
V4Ni1 7.03 ± 0.35 0.84 ± 0.002 1.77 ± 0.50 1.23 ± 0.012 5.89 ± 0.39
V4Ni2 20.0 ± 1.0 0.98 ± 0.002 0.54 ± 0.15 1.37 ± 0.012 5.76 ± 0.33
V4Mn1Ni1 18.4 ± 1.5 0.97 ± 0.004 1.18 ± 0.47 1.33 ± 0.017 5.94 ± 0.37
V4Mn2Ni2 5.72 ± 0.43 0.99 ± 0.003 1.28 ± 0.30 1.39 ± 0.011 4.87 ± 0.31

Larger pure vacancy clusters (b)
V5 12.1 ± 1.7 0.85 ± 0.006 1.63 ± 0.33 1.23 ± 0.008 6.47 ± 0.42
V6 64.4 ± 9.6 1.05 ± 0.006 0.28 ± 0.07 1.44 ± 0.010 6.97 ± 0.39
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ensures that the vacancy clusters are slowed down, though not
completely immobilized.

The only visible difference between Mn- and Ni-containing
clusters is in the MFP: while it is clearly prolonged by Mn, it is
not affected (or is even decreased) by Ni atoms. In other words,
vacancy clusters show a capability of dragging Mn atoms, which
does not apply for Ni. This occurs because the addition of a second
Ni solute to the cluster always increases the pair effective migra-
tion barrier, while the latter is often lowered by the addition of a
second Mn atom. As a consequence, the diffusion coefficient of
Ni-containing clusters is smaller and the MFP shorter.

In summary, even at this early stage of the analysis it is possible
to establish that the addition of solute atoms systematically
increases the stability of the vacancy clusters and decreases their
mobility, in some cases at a large extent. On the other hand, it is
not possible to observe any significant difference between the
influence of Mn and Ni, at such small sizes, in terms of cluster sta-
bility and mobility, apart from a clearly longer MFP in presence of
Mn. A more systematic approach embracing larger clusters with a
smart sampling of the cluster composition (as in [13]), and with a
more reliable energy model for the migration barrier calculation, is
required in order to analyze more in depth possible disparities
between the two solute species. This preliminary study based on
Please cite this article in press as: L. Messina et al., Stability and mobility of sm
Monte Carlo study, Nucl. Instr. Meth. B (2015), http://dx.doi.org/10.1016/j.nim
few DFT data allows therefore to conclude that Mn and Ni are likely
to have a non negligible hampering effect on small vacancy clus-
ters, although the extent of such effect – and the possible total
cluster immobilization – cannot be assessed with certainty at this
point.

3.3. Comparison with previous work

The results of our calculations are compared to [13] in Fig. 2(b),
limited to the pure vacancy clusters from two to six elements. The
calculations of this study replicate the same trends, which ensures
the reliability of the results from a qualitative standpoint. The dif-
ference in lifetime (and lifetime prefactor) is due to the more
restrictive cut-off condition for cluster dissociation applied in
[13] with respect to this work (2nn vs 5nn). On the other hand,
the mobility and MFP are here considerably underestimated. It is
well known that the di-vacancy and the tri-vacancy are character-
ized by a lower migration barrier than the monovacancy
[13,21,27]. In the case of di-vacancies, the dominant migration
mechanism was identified in [21]: given the higher stability of
the 2nn configuration and a particular combination of jump
frequencies, the di-vacancy can easily switch from 2nn to 4nn
and diffuse through the lattice. Evidently, this mechanism is not
all vacancy–solute complexes in Fe–MnNi and dilute Fe–X alloys: A kinetic
b.2014.12.032
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is referred to the web version of this article.)
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well reproduced by our binding energy model. A close look to the
migration barriers for a di-vacancy complex reveals that the
x2nn!4nn frequency is excessively large compared to the DFT value
[21] and this atypical diffusion mechanism is therefore impeded.
Moreover, the more common 1nn-2nn mechanism described in
[27] is also underestimated, as the migration barriers predicted
by our model are not significantly lower than the background bar-
rier, as is the case for the DFT values [21]. A more accurate energy
model is therefore needed in order to reproduce the correct behav-
ior of vacancy clusters in bcc Fe and confirm the extent of the
vacancy cluster immobilization and stabilization. At any rate, this
does not affect the conclusions about the effect of solutes on
vacancy cluster mobility, as the effect is relative to the case of pure
vacancy clusters with no solutes.
4. Conclusions

The stability and mobility of vacancy–solute pairs in dilute
alloys and of small vacancy–solute complexes was quantitatively
analyzed with AKMC simulations. For the dilute alloys, DFT-calcu-
lated migration barriers were directly introduced in the AKMC
code, whereas for the Fe–MnNi alloy the migration barriers were
obtained with a DFT binding energy model including interactions
between vacancies, Mn and Ni.

In the dilute case, the results complete the vacancy–solute
interaction analysis performed in [9] and show that, even if the
drag tendency is equally strong, the dissociation energy and mean
free path of the various solute–vacancy pairs are considerably dif-
ferent. As for the Fe–Mn–Ni alloy, the trends in terms of mobility
and stability of vacancy clusters of increasing size are in good
agreement with previous calculations. This work shows that even
the presence of few solute atoms in the vacancy clusters reduces
their mobility and increases their stability significantly. Such con-
siderable effect raises the interest for the development of a more
accurate AKMC model, which will be the object of future work,
in order to estimate the change of vacancy cluster mobility and sta-
bility as function of Mn and Ni concentration. The final output will
provide the necessary parameters for the development of OKMC
models, which in turn will give valuable insights on the formation,
Please cite this article in press as: L. Messina et al., Stability and mobility of sm
Monte Carlo study, Nucl. Instr. Meth. B (2015), http://dx.doi.org/10.1016/j.nim
growth and long-term evolution of the embrittling nanofeatures in
RPV steels.
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