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Abstract

The embrittlement of pressure vessel steels under radiation has been long ago correlated with the presence of solute Cu.
Indeed the atom probe and the small angle neutron scattering, principally, have revealed the formation of Cu clusters
under neutron flux in reactor pressure vessel (RPV) steels and dilute FeCu alloys. Other solutes such as Ni, Mn and Si
which are also found within the clusters, are now suspected to contribute to the embrittlement. The interactions of these
solutes with radiation induced point defects need thus to be characterized properly in order to understand the elementary
mechanisms behind the formation of these clusters. We have investigated by ab initio calculations based on the density
functional theory the interactions of self-interstitials with solute atoms in dilute FeX alloys (X = Cu, Mn, Ni or Si). Dif-
ferent possible configurations of solute–dumbbell complexes have been studied. Their binding energies are discussed, as
well as their relative stability. The migration of dumbbells with a solute atom in their vicinity was also investigated. All
these results are compared to some experimental ones obtained on dilute FeX model alloys. Our results indicate that
for Mn solute atoms, diffusion via an interstitial mechanism is very likely.
� 2006 Elsevier B.V. All rights reserved.

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

The pressure vessels of light water reactors are
made of low alloyed steels (see an example in
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Table 1). Under neutron irradiation, microstruc-
tural studies have showed the formation of point
defect clusters and solute precipitates, concurrent
with the embrittlement of the steels. These neutron
radiation-induced clusters are enriched in Cu, Ni,
Mn and Si solute atoms but their composition is still
a debate [1]. Indeed, with small angle neutron scat-
tering and field emission scanning transmission elec-
tron microscopy, these clusters are similar to
precipitates [2,3] whereas with the tomographic
.
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Table 1
Chemical composition (wt%) of the DAMPIERRE 2 pressure vessel steel

C S P Si Cr Mo Mn Ni Al Co Cu

0.16 0.008 0.008 0.19 0.24 0.55 1.25 0.74 0.009 0.01 0.07
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atom probe, they appear to be more or less dilute
and are sometimes called ‘atmospheres’ [4–7].

Understanding the diffusion mechanisms which
lead to the formation of these solute clusters
constitutes, today, a crucial issue. Neutron irradia-
tion induces displacement cascades which lead to
the formation of many vacancies and interstitials.
The interactions between point defects and solute
atoms are a key factor in the understanding of the
diffusion mechanisms. However, experimental data
about interactions between point defects and solute
atoms are scarce and difficult to determine. Ab
initio calculations are thus essential to obtain
this kind of data, more especially as, today, super-
cells containing a large number of atoms can be
used.

In a previous paper [8], ab initio calculations of
solute atoms (Cu, Ni, Mn, Si) in substitution in an
a-Fe lattice were performed to determine the
vacancy–solute interactions as well as the solute
migration energies via vacancies. In this study,
ab initio results of interstitial–solute interactions,
followed by solute–dumbbell complexes migration
energies are presented.

2. Methodology

Our calculations have been done using the Vienna
Ab initio Simulation Package VASP (version 4.6)
[9,10]. They were performed in a plane-wave basis,
using fully non-local 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 pseudopotentials come
from the VASP library. Brillouin zone (BZ) sam-
pling was performed using the Monkhorst–Pack
scheme. The defect calculations were done at con-
stant 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. Calculations with 54
(respectively 128) atom supercells were done with a
BZ sampling of 125 (respectively 27) kpoints. More
details on the method and in particular a comparison
of full relaxation versus constant volume calcula-
tions for defects in Fe can be found in a previous
work [11].

The binding energy between a Self-Interstitial
Atom (SIA) and a solute atom, labelled respectively
I and X, in a bcc iron matrix containing N atomic
sites, is calculated as follows. The energy E(N + I)
of a supercell containing only the SIA is added to
that (E(N � 1 + X)) of the supercell containing
only the solute X in substitution. To that sum, one
subtracts the energy E(N � 1 + I + X) of the same
supercell containing the SIA and the solute atom
X now interacting added to that (Eref) of the super-
cell containing no defect. Thus,

EbðI ;X Þ ¼ ½EðN þ IÞ þ EðN � 1þ X Þ�
� ½EðN � 1þ I þ X Þ þ Eref �: ð1Þ

In this scheme, a positive binding energy indicates
an attractive interaction.

The migration energy is calculated by determin-
ing the energy at the saddle point, using the nudged
elastic band method [12,13]. The saddle point corre-
sponds to the configuration where the energy is
maximum for the migrating atom which is, in our
case, one of the two atoms constituting the dumb-
bell. Four possible jumps exist for the dumbbells
[14,15]: a translation jump of the dumbbell to a first
nearest neighbour position, parallel to itself, a trans-
lation–rotation one to a first nearest neighbour posi-
tion with a rotation of 60� of its axis, a translation-
rotation one to a second nearest neighbour position
with a rotation of 90� of its axis and a 60� rotation
jump around its site. These four jumps are illus-
trated in Fig. 1.
3. Results and discussion

3.1. Self-interstitial atom–solute interaction

In the a-Fe matrix, the most stable interstitial
defect is a dumbbell oriented along the h110i direc-
tion [14]. This result is also predicted by ab initio



Fig. 1. Illustration of the four possible jumps for a dumbbell. The arrows indicate the motion of the dumbbell atom.
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calculations [11,16]. Thus, only interactions between
a h110i SIA dumbbell and a solute atom have
been presented here in Table 3. There are three dif-
ferent relative positions for the solute atom up to
first nearest neighbour: two for which the sites are
under compression (mixed_h110i dumbbell and
1nnComp_h110i position) and one for which the
site is under tension (1nnTens_h110i) (Fig. 2). As
the relative stability of the dumbbells is important
to understand the dumbbell motion, the energy
difference between a mixed h111i and the most
stable h110i dumbbell configuration has also been



Fig. 2. h110i_SIA–solute configurations. The black circles cor-
respond to the solute atoms, the grey ones to the Fe atoms within
the dumbbell and the white circles to the Fe atoms in the matrix,
outside the dumbbell. Configuration (a) is under tension, whereas
(b) and (c) are under compression.

Table 2
Volume size-factor (Xsf, in %) of solute atoms in substitution in
Fe determined by King [20] and nearest neighbour shells
relaxations around the solute atoms (dsf) (in % of the non-relaxed
distance) determined in 128 atom supercells

Solute
atom

Xsf (%) Nearest neighbour shell relaxations

dsf (1nn) (%) dsf (2nn) (%) dsf (3nn) (%)

Si �7.88 0.02 �0.77 �0.08
Mn +4.89 0.59 �0.27 �0.10
Ni +4.65 0.28 �0.04 �0.04
Cu +17.53 0.93 �0.16 �0.04

1nn stands for first nearest neighbour and so on.
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added in the table (for pure Fe, DE(h111i�h110i) =
0.80 eV with a 54 atom supercell and 0.71 eV with
a 128 atom supercell). The results indicate that the
introduction of a solute atom within the dumbbells
does not change their respective stabilities: i.e. the
h11 0i SIA dumbbell is always the most stable
interstitial.

In fcc metals [17], it has been generally accepted
that oversized solutes, remaining at their lattice sites,
trap self-interstitials. In contrast to this, undersized
and some slightly oversized solutes combine with
self-interstitials to form mixed dumbbells, displacing
themselves from their lattice sites. In bcc metals,
Maury showed that in alloys such as Fe–Cr [18]
and Fe–Mn [19] the recovery of alloys, electron irra-
diated around 20 K, is enhanced compared to that in
Fe between stage ID and IE, even though both sol-
utes are slightly oversized: the volume size factor
for Cr is +4.36% [20] and that for Mn is +4.89%
[20]. They interpret these facts by the formation of
mixed dumbbells moving faster than the pure Fe
dumbbells at a given temperature. In FeSi alloys,
these authors also acknowledge the formation of
mixed dumbbells which may migrate [21]. Thus, in
bcc metals, contrary to fcc ones, the stability of a
SIA–solute complex does not seem to respect only
a size criterion. This result is in contradiction with
Table 3
h110i SIA–solute (Si, Mn, Ni and Cu) binding energies (eV) obtained w
For Mn, the antiferro-magnetic (af) or ferro-magnetic (f) states are ind
the mixed_h111i configuration and the most stable h110i SIA–solute c

Energy (eV) Si Mn

Supercell size (atoms) 54 128 54
1nnTens_h110i �0.26 �0.23 �0.36 f
1nnComp_h110i 0.24 0.27 0.09 af
mixed_h110i �0.05 0.01 0.36 af
DE(mixed_h1 1 1i�h1 1 0i) (eV) 0.66 0.52 0.66
the simple model of Dederichs et al. [22] which pre-
dicts that whatever the structure, mixed dumbbells
should be formed only for undersized solutes.

The ‘size/volume’ of the solute atoms, character-
ized by the shell relaxation of the surrounding Fe
atoms obtained by ab initio calculations, is com-
pared to their experimental volume [20] in Table 2.
The calculated relaxations around the solutes are
consistent with the experimental volumes. More-
over, we have calculated the solute atomic volumes
in the most stable structure as well as in the bcc one
(Table 4). Not surprisingly, the bigger the atomic
volume in the stable structure, the bigger the atomic
volume in the bcc structure. These data are in
really good agreement with the experimental stable
volumes at room temperature.

SIA–solute interactions have been determined for
the configurations illustrated in Fig. 2, and the
results are collected in Table 3. The energy
differences between the results obtained with 54
and 128 atom supercells are smaller than 0.07 eV
and remain within the uncertainty of these calcula-
tions (�0.1 eV). For each solute, the relative stabil-
ity of the three configurations studied is discussed.

According to our calculations (Table 3) and for
the configurations explored (Fig. 2), no interaction
between a SIA and Ni seems to exist. For the other
solutes, an attractive interaction, which increases
ith 54- and 128-atom supercells, for the configurations of Fig. 2.
icated. The last line corresponds to the energy difference between
omplex

Ni Cu

128 54 128 54 128
�0.36 f �0.14 �0.13 0.06 0.07

0.10 af �0.06 �0.06 �0.03 �0.01
0.37 af �0.36 �0.36 �0.53 �0.46
0.59 0.78 0.75 0.85 0.73



Table 4
Atomic volumes in the stable and in the bcc structure of solutes

Structure Si Mn Ni Cu Fe
Diamond Complex cubic fcc fcc bcc

First neighbour distance (nm) 0.235 0.224 0.249 0.256 0.248
X (10�2 nm3) 2.001 1.221 1.090 1.176 1.182
X (10�2 nm3) (ab initio) 2.030 1.095 1.207 1.163
X (10�2 nm3) bcc (ab initio) 1.485 1.197 1.104 1.210 1.163

The Mn atomic volume has not been calculated in the complex cubic structure. Experimental stable structures at room temperature of the
solute atoms as well as Fe and the corresponding first nearest neighbour distances and experimental atomic volumes [36].
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from Cu to Si to Mn, appears. Mn behaves differ-
ently than the other solutes: it is the only solute
whose most stable configuration is a mixed h110i
dumbbell. The configuration is very stable as the
binding energy is very high (0.37 eV). For the other
solutes, the mixed dumbbell configuration appears
either really unfavourable (Ni and Cu solute atoms)
or neutral. These effects can be explained by the
shell relaxation induced by each mixed dumbbell.
Compared to the distance between the two Fe atoms
in the pure Fe dumbbell (0.191 nm), the distance
between the Fe and Mn atoms in the dumbbell is
slightly reduced (�0.7%). The strain on the neigh-
bouring Fe atoms induced by the presence of the
dumbbell is thus decreased when one element of
the dumbbell is a Mn atom. On the other hand,
for Cu, Ni and Si, the Fe–solute distances in the
mixed dumbbells are greater than the Fe–Fe
distance in the pure iron dumbbell. Indeed, it is
increased by 6% for Ni and by 8% for Si and Cu.

Si establishes an attractive bond with a h110i
dumbbell only when it is in the 1nnComp configura-
tion. Being an undersized solute atom, its position
in the plane containing the dumbbell relieves partly
the strain induced by the later. Nevertheless, in
our calculations, the mixed dumbbell interaction
appears neutral maybe because it dislikes being in
too compact of a structure with a high co-ordinance
as can be deduced from the data of Table 4.

Ni, even if it is a bit oversized as compared to Fe,
is one of the smallest solute atoms studied both in its
stable structure and in the bcc one (see Table 4). The
most favourable position is the 1nnComp one but,
because of the low value of the binding energy
and the uncertainties of the calculations, it is diffi-
cult to conclude on the attractive or repulsive char-
acter of the bond. The mixed dumbbell, the most
compact configuration, is clearly the most unfa-
vourable position.

For Mn, the most stable configuration is the
mixed_h110i dumbbell. An attractive binding
energy seems to exist also in the 1nnComp configura-
tion. These results indicate that although Mn is an
oversized solute atom, it tends to adopt compact
configurations. This is in agreement with the short
experimental first nearest neighbour distance of
the Mn complex cubic structure. A high positive
Mn–SIA interaction (0.37 eV), higher than the
Mn–vacancy one (ab initio calculations: 0.12 eV
(1nn), 0.07 eV (2nn) [8]; experience: 0.15 eV [23])
can explain Wirth results [24] who observes a lack
of vacancy cluster formation and the formation of
smaller solute clusters, in irradiated FeCuMn ter-
nary alloys as compared to FeCu binary ones [25].
Indeed these interactions indicate a preference for
Mn to bind to SIAs than to vacancies.

Finally, Cu being the most oversized solute
(Table 2) is likely to join a site which is not too com-
pressed by the lattice surrounding. Table 3 indicates
weak interactions of a Cu solute atom with a SIA
(1nnComp configuration and 1nnTens configuration)
whose values are within the uncertainties of the
method. It is thus difficult to conclude. The forma-
tion of a mixed dumbbell appears to be really unfa-
vourable, in agreement with the first nearest
neighbour distance in fcc Cu being the largest in
Table 4. With the Fe–Cu many-body interatomic
potential of Ackland [26], Marian et al. [27] also
found negative binding energies for mixed
dumbbells.

To summarize, Mn seems to be the solute atom
which interacts the most with the SIA. Therefore,
it is the most likely to migrate through an interstitial
mechanism.

3.2. SIA–solute migration

Le Claire [28] showed that impurities diffuse by a
vacancy mechanism when their diffusion rates are
comparable with the host self-diffusion rate. When
the impurity diffusion rate greatly exceeds that of
self-diffusion, the vacancy mechanism is untenable
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and diffusion is believed to be dominated by some
form of interstitial migration [28]. Under irradia-
tion, many interstitials are created and some solutes
may migrate by an interstitial mechanism [29]. It is
thus important to study this kind of motion. In
Section 2, the four different possible jumps [14,15]
(Fig. 1) were described. Nevertheless, solute trans-
port can only occur if mixed dumbbells form and
migrate [29]. More precisely, solute transport can
occur when the solute atom of a mixed dumbbell
initiates a jump to one of the nearest sites, that is
to say undergoes one of the jumps illustrated in
Fig. 3(a.1), (a.2) or (b.1).

The migration energies necessary to estimate
whether these different jumps can occur or not were
determined by ab initio calculations using 54-atom
supercells. During the migration involving a transla-
Fig. 3. Possible jump configurations for a dumbbell in a vicinity of a
brackets and the configuration names correspond to the ones in Fig.
translation, (a.2) and (a.3) to two translation–rotation jumps. The jum
second line, (b.1) and (b.2) correspond to two second neighbour jumps
(b.1) leads to solute transport. In the last line, (c.1), (c.2) and (c.3) c
transport.
tion without rotation, the h110i dumbbell becomes
a h111i dumbbell when the migrating atom is at the
saddle point. Consequently, the corresponding
migration energy is simply given by the difference
of energy of the h11 1i dumbbell configuration and
of the h110i dumbbell one. Similarly, for the second
nearest neighbour jumps (Fig. 3(b)), the migrating
atom passes through a tetrahedral site. Thus, the
mixed to mixed migration energy, which corre-
sponds to the jump illustrated in Fig. 3(b.1), is
simply given by the difference of energy of the solute
atom in a tetrahedral configuration and of the
mixed_h110i dumbbell one. For the other mecha-
nisms, the nudged elastic band method was applied.
In Table 5, as a preliminary result, the dumbbell
migration energies in pure a-Fe, calculated with a
54-atom supercell and 125 kpoints are compared
solute atom (black circle). The axis of the dumbbell is written in
2. In the first line, (a.1) corresponds to a jump involving only a
ps represented in (a.1) and (a.2) lead to solute transport. In the

. They include a translation and a 90� rotation. Only the jump in
orrespond to three rotation jumps. They cannot lead to solute



Table 5
Dumbbell migration energies obtained in a pure a-Fe lattice
calculated in this work with a 54-atom supercell and 125 kpoints.
The results are compared with those of Fu et al. [16] obtained
with the SIESTA code and with a 128-atom supercell and 27
kpoints, as well as with those of Johnson obtained with an
empirical potential in [30]

Migration energy (eV) This work [16] [30]

Emig (h110i ! h110i via h111i) 0.80 0.78
Emig (h110i ! h011i) 0.37 0.34 0.33
Emig (h110i ! h1�10i) 0.57 0.5
Erot (h110i ! h011i) 0.63 0.56 0.33
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to that of Fu et al. [16] obtained with the SIESTA
code using supercells of 128 atoms and 27 kpoints.
The results are in good agreement, with an energy
difference inferior to the ab initio calculations uncer-
tainty and the relative stabilities are the same in
each series of calculations. This comparison shows
that the calculation is well converged with respect
to the supercell size. Moreover, each result indicates
that the jump combining a rotation and a transla-
tion is the most probable one. Some values are also
compared to the results of Johnson [30], who
described an a-Fe crystal using an empirical poten-
tial. He found the same value (0.33 eV) for the
migration-60� rotation motion and the pure 60�
rotation one. Our results are only consistent with
the migration-rotation jump. Experimentally, Tak-
aki et al. [31] found an energy of 0.3 eV for the
migration of the Fe–Fe dumbbell.

The barriers for the different possible jumps stud-
ied (illustrated in Fig. 3), are collected in Table 6 for
each solute atom, and for sake of clarity the barriers
are plotted in Fig. 4.

For Si (Table 6a), the energetic barriers to form
mixed dumbbells, represented in Fig. 3(a.3) and
(b.2), are globally not too high since they are below
the barrier of the most favourable pure iron dumb-
bell jump (0.37 eV). However, one of the barriers to
dissociate the mixed dumbbell is very low
(Fig. 3(a.3)). As a consequence, even if a Si atom
succeeds in forming a mixed dumbbell (which is a
non-stable configuration (Table 3)), its probability
to migrate through this configuration is very low.
Furthermore, the 1nnComp_h11 0i configuration is
very stable. The transport of Si solute atoms via
interstitials, which can be possible, only if mixed
dumbbells are formed and migrate, does not seem
to be plausible.

The Fe–Ni mixed dumbbell configuration is
unstable and the mixed to mixed migration energies
(Fig. 3(a.1), (a.2) and (b.1)) are high (Table 6b).
Moreover, the energetic barriers which enable to
dissociate a mixed dumbbell, represented in
Fig. 3(a.3) and (b.2), are favourable. Furthermore,
they are lower than the barriers that a solute
atom has to jump over to form a mixed dumbbell.
For instance, the energy needed to have a
1nnComp_h110i configuration from a mixed dumb-
bell one equals 0.13 eV as compared to 0.45 eV to
be in a mixed dumbbell configuration from a
1nnComp_h110i one. To summarize, since the Fe–
Ni mixed dumbbell configuration is unstable and
the migration energies which lead to dissociate a
mixed dumbbell are more favourable than the ones
which lead to the formation or the migration of
mixed dumbbells, Ni solute atoms are not supposed
to migrate through an interstitial mechanism.

For Mn, which is the only solute for which
the mixed dumbbell is a really favourable configura-
tion, the energy of the mixed to mixed dumbbell
migration, combining a translation and a rotation
(Fig. 3(a.2)), is low (Table 6c) and comparable to
the corresponding one of iron. The energetic barri-
ers that a pure Fe dumbbell has to jump over to
form a mixed dumbbell are lower than that of the
most stable jump of a pure iron dumbbell
(0.37 eV). Moreover, the barriers, which enable to
transform a mixed dumbbell in a pure Fe dumbbell,
are higher than that of the most stable mixed to
mixed jump (0.34 eV). As to the rotation of a mixed
dumbbell (Fig. 3(c.1)), it does not require much
energy. Consequently, in presence of Mn, Fe–Mn
mixed dumbbells are likely to form and to migrate
in the three space directions as they are able to reori-
ent themselves. This result appears clearly in Fig. 4.
Thus, the transport of Mn solute atoms via dumb-
bells seems to be possible. Due to the low energy
of the mixed to mixed migration (Fig. 3(a.2)) and
the fact that the mixed dumbbell configuration is
very stable, the Mn diffusion could be a long ranged
process.

The Fe–Cu mixed dumbbell configuration is
more unstable than the Fe–Ni one. Nevertheless,
some of the mixed to mixed migration (Fig. 3(a.1)
and (a.2)) energies, appearing in Table 6d, are
low. On the other hand, the lowest migration ener-
gies, whose values are close to zero, are the ones that
lead to the dissociation of the mixed dumbbell
(Fig. 3(a.3) and (b.2)). Consequently, even if the
mixed to mixed migration energies are low, the
dissociation of the mixed dumbbell is so favourable
and the interaction of the mixed dumbbell is so



Table 6
Dumbbell migration energies in the vicinity of a solute atom (Cu, Ni, Si or Mn)

Figure Energy (eV)

(a) Si

Emig (mixed_h110i !mixed_h110i via h111i) Fig. 3(a.1) 0.37
Emig (mixed_h110i !mixed_h011i) Fig. 3(a.2) 0.52
Emig (mixed_h110i ! 1nnComp_h011i) Fig. 3(a.3) 0.06
Emig (1nnComp_h011i ! mixed_h110i) Fig. 3(a.3) 0.35
Emig (mixed_h110i !mixed_h�110i) Fig. 3(b.1) 0.67
Emig (mixed_h110i ! 2nn_h�110i) Fig. 3(b.2) 0.26
Emig (2nn_h�110i !mixed_h110i) Fig. 3(b.2) 0.14
Erot (mixed_h110i !mixed_h011i) Fig. 3(c.1) 0.48
Erot (1nnTens_h110i ! 1nnComp_h011i) Fig. 3(c.2) 0.33
Erot (1nnComp_h011i ! 1nnTens_h110i) Fig. 3(c.2) 0.84
Erot (1nnComp_h110i ! 1nnComp_h011i) Fig. 3(c.3) 0.36

(b) Ni

Emig (mixed_h110i !mixed_h110i via h111i) Fig. 3(a.1) 0.46
Emig (mixed_h110i !mixed_h011i) Fig. 3(a.2) 0.45
Emig (mixed_h110i ! 1nnComp_h011i) Fig. 3(a.3) 0.13
Emig (1nnComp_h011i ! mixed_h110i) Fig. 3(a.3) 0.45
Emig (mixed_h110i !mixed_h�110i) Fig. 3(b.1) 0.84
Emig (mixed_h110i ! 2nn_h�110i) Fig. 3(b.2) 0.23
Emig (2nn_h�110i !mixed_h110i) Fig. 3(b.2) 0.45
Erot (mixed_h110i !mixed_h011i) Fig. 3(c.1) 0.36
Erot (1nnTens_h110i ! 1nnComp_h011i) Fig. 3(c.2) 0.52
Erot (1nnComp_h011i ! 1nnTens_h110i) Fig. 3(c.2) 0.60
Erot (1nnComp_h110i ! 1nnComp_h011i) Fig. 3(c.3) 0.45

(c) Mn

Emig (mixed_h110i !mixed_h110i via h111i) Fig. 3(a.1) 0.66
Emig (mixed_h110i !mixed_h011i) Fig. 3(a.2) 0.34
Emig (mixed_h110i ! 1nnComp_h011i) Fig. 3(a.3) 0.49
Emig (1nnComp_h011i ! mixed_h110i) Fig. 3(a.3) 0.22
Emig (mixed_h110i !mixed_h�110i) Fig. 3(b.1) 0.53
Emig (mixed_h110i ! 2nn_h�110i) Fig. 3(b.2) 0.80
Emig (2nn_h�110i !mixed_h110i) Fig. 3(b.2) 0.04
Erot (mixed_h110i !mixed_h011i) Fig. 3(c.1) 0.45
Erot (1nnTens_h110i ! 1nnComp_h011i) Fig. 3(c.2) 0.54
Erot (1nnComp_h011i ! 1nnTens_h110i) Fig. 3(c.2) 0.99
Erot (1nnComp_h110i ! 1nnComp_h011i) Fig. 3(c.3) 0.28

(d) Cu

Emig (mixed_h110i !mixed_h110i via h111i) Fig. 3(a.1) 0.26
Emig (mixed_h110i !mixed_h011i) Fig. 3(a.2) 0.32
Emig (mixed_h110i ! 1nnComp_h011i) Fig. 3(a.3) 0.00
Emig (1nnComp_h011i ! mixed_h110i) Fig. 3(a.3) 0.50
Emig (mixed_h110i !mixed_h�110i) Fig. 3(b.1) 0.59
Emig (mixed_h110i ! 2nn_h�110i) Fig. 3(b.2) 0.05
Emig (2nn_h�110i !mixed_h110i) Fig. 3(b.2) 0.33
Erot (mixed_h110i !mixed_h011i) Fig. 3(c.1) 0.32
Erot (1nnTens_h110i ! 1nnComp_h011i) Fig. 3(c.2) 0.58
Erot (1nnComp_h011i ! 1nnTens_h110i) Fig. 3(c.2) 0.49
Erot (1nnComp_h110i ! 1nnComp_h011i) Fig. 3(c.3) 0.62

The migrations correspond to a translation, a translation combined with a rotation or a pure rotation. They were obtained by ab initio
calculations with a 54-atom supercell and 125 kpoints.
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repulsive, that the diffusion of Cu solute atoms via
interstitials does not seem plausible either. This
result appears clearly in Fig. 4.
In conclusion, the calculations of specific migra-
tion and rotation energies of a dumbbell in the
vicinity of a solute atom lead to conclude that the



Fig. 4. Dumbbell migration barriers in the vicinity of a solute atom (Si, Ni, Mn or Cu). For the mixed to mixed dumbbell migration, the
four possible jumps are represented: the first nearest neighbour jump combining a translation and a rotation (Fig. 3(a.2)) is represented by
the continuous line, the first nearest neighbour translation jump (Fig. 3(a.1)) by the dashed line, the second nearest neighbour jump
combining a translation and a rotation (Fig. 3(b.1)) by the dotted line and the rotation jump (Fig. 3(c.1)) is represented by the dashed–
dotted line.
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transport of solute atoms via an interstitial mecha-
nism is plausible only for Mn.

Some experimental results dealing with the for-
mation and the migration of solute–dumbbell com-
plexes are available. Experiments consist of the
irradiation at low temperatures of Fe–X binary
alloys (X = Cu, Mn, Ni, Si, Au, Cr, . . .) and of
the analysis of the recovery of the irradiated materi-
als during isochronal annealings by electrical resis-
tivity, magnetic after-effect or internal friction
measurements. Maury et al. [19,21,32] electron
irradiated Fe–X (X = Cu, Ni, Mn and Si) binary
alloys which they analysed by electrical resistivity
measurements. Abe and Kuramoto [33] made the
same experiments for the Fe–Si binary alloy. Hasig-
uti [34] neutron irradiated Fe–Ni binary alloys ana-
lysed then using internal friction techniques. Blythe
et al. [35] electron and/or neutron irradiated Fe–X
(X = Cu, Ni, Mn and Si) binary alloys which were
examined by magnetic after-effect measurements.
These techniques can indeed bring information
about the trapping of SIAs, the formation (or not)
of mixed dumbbells, the possible migration of sol-
ute–dumbbell complexes and the temperature range
in which these events take place.

Our results for Si indicate that SIAs can be
strongly trapped by these atoms when they are in
the 1nnComp_h110i position which is in good agree-
ment with the conclusion of Blythe et al. [35]. As to
the formation of mixed dumbbells, our calculations
indicate that it is a neutral configuration, while
Maury et al. [21] and Abe and Kuramoto [33] both
interpret their results by the formation of mixed
dumbbells.

Maury et al. [19,32] conclude about the trapping
of interstitials by Ni atoms. It is difficult to obtain a
clear opinion about the existence of this kind of
trapping from our results because of the very low
absolute value of the binding energy obtained in
the 1nnComp_h110i compared to the calculation
uncertainty. Furthermore, Hasiguti concludes about
the trapping of interstitials by Ni atoms while
obtaining a binding energy of only 0.03 eV between
the two elements. This, we believe, is incompatible
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with a strong binding energy. Nevertheless, the
results of our calculations indicate also that the
Fe–Ni mixed dumbbell is very unstable, which is
not consistent with the interpretations of Maury
et al. [19,32].

Our results for Mn are in agreement both with
the data obtained by Maury et al. [19,32] and by
Blythe et al. [35]. The strong interaction we obtain
for the Fe–Mn mixed dumbbell associated with
low barriers for its migration is coherent with a high
probability for its formation and its migration, with
a mobility at least comparable with that of a SIA, as
constitute the main conclusions of Maury et al.

Blythe et al. [35] conclude about a strongly
reduced trapping of the dumbbells by Cu atoms as
compared to the FeSi system. From our calcula-
tions, similarly to the case of the Fe–Ni system,
the absolute values of the binding energies obtained
are too close to zero to be able to conclude unequiv-
ocally on the existence or not of trapping. In that
case also, Maury et al. [32] interpret the resistivity
curves by the formation of mixed dumbbells, while
our calculations predict that such a configuration
is not stable.

Some discrepancies exist between our calcula-
tions and electrical resistivity recovery measure-
ments. They can be due to uncertainties existing in
each method. On the one hand, ab initio calcula-
tions uncertainty on binding energies is about
0.1 eV. On the other hand, electrical resistivity
recovery is an experimental technique in which the
interpretation of the various peaks and stages is
not so obvious and different scenarios can be associ-
ated to the resistivity changes. SIAs trapping cer-
tainly takes place as it involves the disappearance
of the peak which is commonly admitted to corre-
spond to the h110i dumbbell motion in pure iron.
The mixed dumbbell migration is admitted to rely
both on the amplitude growth and the position shift
towards lower temperatures of the recovery peak IE

when the solute concentration increases. However,
the temperature shift can be difficult to identify as
it is of only a few degrees for a solute concentration
going from 50 to 400 at. ppm.

In a previous work [8], we had determined the
interactions between Cu, Ni, Si, Mn and a vacancy
in an a-Fe matrix. Our results agreed with experi-
mental data and indicated that for Ni, Cu and Si
solutes, diffusion via a vacancy mechanism could
be efficient. In this work, a careful examination of
the interaction of the SIA with the same solute ele-
ments seems to indicate that for Mn, transport
through a self-interstitial type mechanism is the
most probable.

4. Conclusions

Using ab initio approach, we had previously
established that for Cu, Ni and Si, diffusion in
a-Fe via a vacancy mechanism is very plausible, in
agreement with experimental results.

In this work, ab initio calculations of the binding
and the migration energies of solute–dumbbell
complexes have been performed in a dilute FeX
(X = Cu, Ni, Mn, Si) alloy. For Ni and Cu because
of the low values obtained, it is difficult to deduce
from our calculations, whether the trapping of SIAs
by these solutes can take place or not. On the other
hand, the formation of mixed dumbbells is clearly
not favourable. For Si, these new results indicate
that trapping of SIAs in bcc Fe by this solute can
take place, however the formation of mixed dumb-
bells can not be firmly established. For Mn, the
results of these calculations lead to think, that solute
transport in a-Fe through an interstitial mechanism
is very likely.
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