Current Opinion in Solid State and Materials Science 16 (2012) 115-125

Contents lists available at SciVerse ScienceDirect

Current Opinion in Solid State and Materials Science

journal homepage: www.elsevier.com/locate/cossms

Solute-point defect interactions in bcc systems: Focus on first principles

modelling in W and RPV steels

C.S. Becquart *“*, C. Domain ¢

2 Unité Matériaux Et Transformations (UMET), UMR CNRS 8207, Université de Lille 1, ENSCL, F-59655 Villeneuve d’Ascq Cedex, France
Y EDF-R&D, Département Matériaux et Mécanique des Composants (MMC), Les Renardiéres, F-77818 Moret sur Loing Cedex, France
¢ Laboratoire commun EDF-CNRS Etude et Modélisation des Microstructures pour le Vieillissement des Matériaux (EM2VM), France

ARTICLE INFO ABSTRACT

Article history:
Available online 27 January 2012

Keywords:

Solute atom

Point defect

Modelling

Microstructure

Bcc metals

Iron

Tungsten

Ab initio

Density Functional Theory
Electronic structure calculation

The microstructure of materials and its evolution are influenced by the interaction of point defects with
the solute atoms, already present or introduced by irradiation. Electronic structure calculations are now-
adays intensively used to characterise these interactions. Prediction of the consequences of these inter-
actions on the microstructure evolution, for instance on the diffusion properties, can be obtained from
raw first principles data or more often, by introducing these data in higher scale models. This paper
reviews the current knowledge, gained from recent intensive sets of first principles calculations, of the
interactions between point defects (vacancies and self interstitial atoms) in Fe and W matrix, and solute
elements, both substitutional (mostly 3d, 4d and 5d transition metals) and interstitial (C, N, H and He).

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Solute atoms, whether they are voluntary added to tailor the
properties of a metal, left from the elaboration process, or intro-
duced during the component lifetime as a result of radiation dam-
age, can affect the properties of materials. One of the reason is that
many of them interact strongly with the point defects and change
their mobility. One characteristic example is C, a typical impurity
found in bcc metals, whose prominent influence on point defect
properties, specially the vacancies, is demonstrated in Fe in the iso-
chronal experiments of Takaki et al. [1], or in the positron annihi-
lation experiment of Vehanen et al. [2].

In this paper we review the knowledge gathered on the interac-
tion between solute atoms with point defects in two materials of
interest in the field of radiation damage: ferritic steels which are
used for pressure vessel reactors and tungsten which is one of
the promising candidate for the divertor plate in the International
Thermonuclear Experimental Reactor (ITER). Under typical uses of
structural materials, the only point defect one worries about is the
vacancy as the Self Interstitial Atom (SIA) has a very large forma-
tion energy and diffuses so quickly that it disappears at material
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sinks such as dislocations, grain boundaries and so on. The vacan-
cies are thus the dominant self-defects at equilibrium in metals.
However, under irradiation conditions, both kinds of point defects
are introduced in large amount and during their migration can in-
duce many reactions in the material. A typical example is the non-
equilibrium segregation process called radiation-induced segrega-
tion (RIS), which can occur as a consequence of either an inverse
Kirkendall Effect, or if a strong interaction between solutes and
the point defects generated during irradiation exist, by the forma-
tion of tightly bound and mobile solute-point defect clusters lead-
ing to a dragging of the solute by the point defect. As a result a
coupled transport of the solute atoms by the point-defect fluxes
to and away from sinks (voids, dislocations, dislocations loops,
grain boundaries and so on) can take place. The magnitude of the
solute-point defect binding energies as well as the migration bar-
riers for the point defect to jump determine whether the solute
flow will be towards or away from the sinks at the temperature
of interest. The influence of solute atoms on the point defect mobil-
ity can arise from either a chemical interaction between the solute
atom and the point defect or more indirectly from the strain in-
duced by the solute, which modifies the saddle points encountered
by the point defect during its migration.

We will distinguish between substitutional solute atoms which
can be either voluntary added to tailor the properties of a metal or
left from the elaboration process, and foreign interstitial atoms
(FIAs). In the later case, we will make a distinction between fast
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diffusing species such as He and H and slower ones: C and N. De-
spite the fact that He ground state configuration is substitutional
in Fe and W, we will consider it as a FIA in this article.

In the case of substitutional solute atoms, one of the main issues
related to their interactions with point defects is the possibility for
the solute atoms to migrate, as these elements are too big to mi-
grate without the help of vacancies or SIAs. The introduction of a
large amount of point defects, can, as a result of the solute atom
diffusion, lead to the formation of radiation-induced or radiation-
enhanced phases usually associated with changes in the mechani-
cal properties of the materials. Substitutional solute atoms can also
act as traps for the point defects and/or modify the structure and
therefore the stability and migration properties of point defect
clusters. For He and H, the issues are the formation of bubbles
and voids, and in that regards, the point defects tend to act as traps
for the fast diffusing FIAs. For C and N, interactions with point de-
fects will also impact on their diffusivity. On the other hand, all the
FIAs can themselves modify the migration properties of the point
defects and as a result have an influence on the microstructure
formed under irradiation.

Experimental data about interactions between point defects
and solute atoms are scarce and difficult to obtain. Electronic struc-
ture, i.e. first principles calculations which provide information at
the atomistic level are thus essential to obtain this kind of data,
more especially as, today, supercells containing a large number
of atoms can be used. However, predicting the impact of these
interactions on the microstructure evolution requires a multi-scale
approach as different time and length scales are involved which
must be tackled using different modelling techniques. Since the
last 10 years, a large amount of studies have been devoted to these
issues, using complementary techniques such as Density Func-
tional Theory (DFT) calculations, Molecular Dynamics (MD),
Kinetic Monte Carlo (KMC), Mean Field Rate Theory (MFRT) and
Dislocation Dynamics (DD). It is out of the scope of this paper to
present and discuss these techniques, but an overview of the strat-
egy followed nowadays to model the evolution of metallic alloy
microstructures under irradiation can be found in [3] which pro-
vides a large number of references to the different techniques
involved.

This paper is organised as follows. A short section is first de-
voted to provide a brief insight on the current understanding about
point defects and their clusters in bcc Fe and W. We then present
the existing knowledge, mostly obtained through the use of elec-
tronic structure calculations, regarding the interactions of substi-
tutional solute atoms, slow diffusing FIAs (C and N) and fast
diffusing FIAs (He and H) with point defects and their clusters.
The discussion section tries to draw a general picture of the data
presented in the previous sections. The last section presents what
we believe are the tracks for future research in this field.

2. Point defect and point defect clusters in bcc Fe and W

In bcc metals, the SIAs are dumbbells, i.e. two atoms sharing one
crystallographic site. The relative stability of the possible configu-
rations ((100), (110) dumbbells or (111) crowdion) has proven to
be significant in predicting the SIA migration behaviour in Fe [4].
Experiments [5] and DFT calculations [6,7] agree that the (110)
dumbbell configuration is the most stable in a-Fe, at variance with
the (111) crowdion found in most of the other bcc metals [8,9].
These calculations are quite tricky because of the strain field in-
duced by the SIA and they need to be performed with large super-
cells. Indeed, our DFT calculations in W lead to an energy
difference between the (110) dumbbell and the (111) crowdion,
AE111)_(110), very close to 0 eV for a 54 atom supercell, 0.26 eV for
a 128 atom supercell and 0.38 eV for a 250 atom supercell.

Because the SIA most stable configuration differs for W and Fe,
their migration properties are also quite different. In Fe, DFT calcu-
lations [7] showed that the (110) dumbbell migrates via first near-
est neighbour jump combining both a translation and a 60°
rotation as proposed by Johnson [10] with a barrier of 0.34 eV. In
W, the (111) crowdion moves along (111) directions. Its migration
energy is very low in agreement with the experimental finding of
Tanimoto [11] who proposed that the SIA is mobile below 1.5 K.
It was found to be close to 0.005 eV according to the DFT calcula-
tions in [12] or 0.013 eV according to MD simulations performed
with an empirical potential fitted on DFT data [13]. Further studies
with this interatomic potential indicate that the SIA changes (111)
direction with a rotation energy of 0.38 eV.

The structure and mobility of SIA clusters have also a pro-
found importance on the microstructural evolution of irradiated
materials. Studies of SIA cluster production in cascades indicate
that they form following the collapse of displacement cascades,
at the shell of vacancy rich cores, and can develop into perfect
dislocation loops. Up to 50% of the SIAs produced in high energy
cascades can be found in the form of interstitial clusters [14].
The importance of understanding the production, mobility, and
character of the SIA clusters has been emphasised in a vast range
of irradiation effects including irradiation-induced hardening and
embrittlement, creep, and swelling and is not the subject of this
paper. We will just recall that all the theoretical work done so
far indicate that they are stable in both Fe and W and very
mobile.

The stability and mobility of vacancy clusters is also important.
In Fe, di-vacancies and small voids are stable. The vacancy binding
energy to small vacancy voids using DFT can be found for instance
in [15]. The most stable configuration for the di-vacancy is when
the two vacancies are second nearest neighbour from one another
[6]. In tungsten, the situation is completely different as the di-va-
cancy is not stable [9], the tri-vacancy binding energy is close to
zero, and it is only when one aggregates together four vacancies
that an attractive interaction does form.

Regarding the vacancy cluster mobility, it was found in Fe
[16,17] that the jumps of matrix atoms at the surface of a vacancy
cluster, which result in cluster shape change and movement, can
have noticeably lower activation barriers than the vacancy migra-
tion energy in the bulk. As a result, small vacancy clusters (of size
two or three), are as fast as or even faster than a mono-vacancy.
Note however, that their low stability against thermal dissociation
at the temperatures of interest indicate that they will not contrib-
ute in a significant manner to self-diffusion.

The information related to the interactions of point defects with
solute atoms is in many cases obtained experimentally using
recovery techniques [1,18-20]. Point defects are introduced in
the sample, usually at low temperatures, using for instance elec-
tron irradiations. The samples are then heated up according to a
predefined ramping program and the evolution of a property such
as the sample resistivity is monitored during the heating of the
sample. Changes in the property are then associated with changes
in the point defect population. These methods are thus indirect. In
the case of fast diffusing FIAs such as He or H atoms, the FIAs are
introduced in the sample, for instance by implantation. The sam-
ples are heated up, and desorption of the FIAs is monitored versus
temperature. The temperature at which a given change is observed
in the resistivity or in the desorption spectrum is then associated
to an activation energy using simple models. For desorption, most
of the time first order kinetics [18,21-23] is assumed. The temper-
ature at which a peak is observed is associated with the maximum
dissociation rate and the activation energy for the process (i.e. the
dissociation energy) E,, associated to that temperature T (or vice et
versa) is the solution of the following equation:
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where v is an attempt frequency, f = dT/dt, is the heating rate and k
is Boltzmann constant.

The relation between the defect migration energies E,, and the
temperature T at which peaks are observed in resistivity recovery
experiments can be obtained from an estimate of the point defect
mean free path L [1]. When the sample is maintained during ¢t sec-
onds at temperature T, the mean free path L can be obtained as
follows:

L=+vDt=

where D is the diffusion coefficient, a the jumping distance. The
migration energy can then be deduced:
L2
En,=—kTIn—-
m vatt

va® exp(—E, /kT)t,

The value chosen for L is typically of the order of a few nanometers.
For instance, in [1], a mean free path of 5 nm in Fe provides a good
estimation of migration energies associated with the temperatures
at which resistivity peaks are observed.

These simple models underline the fact that the estimate of the
activation energy from the temperature at which a change is ob-
served depends, aside from the model chosen, on the choice of
the attempt frequency and of the mean free path.

If the solute atom cannot diffuse with the defect as in the case of
helium in a single vacancy in W, the energy which will characterise
“de-trapping” (the release of the most mobile species) is the disso-
ciation energy i.e. the sum of the migration energy of the most mo-
bile species and its binding energy. For most of the experimental
conditions encountered in the literature, “de-trapping” will hap-
pen typically at room temperature for dissociation energies
roughly above 0.8 eV. When exchange mechanisms between the
solute atom and the point defects are involved, such as in the case
of solute-vacancies (Cu in Fe) or mixed dumbbells (Mn in Fe), the
mobility depends also on different intermediate migration barriers.

3. Substitutional solute atoms in Fe and W

The substitutional solute atoms which have been investigated
so far are for Fe, the main alloying elements of the RPV steels,
mainly, Cu, Ni, Mn, Si et P, as well as Al and Cr; whereas in W
the studies which are less advanced than in Fe have focused on
Re as it can be obtained by transmutation of W and is also com-
monly used as an alloying element of W to increase its re-crystal-
lisation temperature and its ductility, Mo as it is the native
impurity of W and Os which can be obtained from transmutation
of Re.

To determine the behaviour of a solute atom in the presence of
point defects, and more precisely whether the flux of solute atoms
will move in the same direction as or against the flow of point de-
fects, one has to determine the transport or phenomenological
coefficients L; more commonly known as the Onsager matrix
[24]. This can be done theoretically [25,26] or using kinetic Monte
Carlo [27,28]. The description of the diffusion properties in terms
of solute and solvent jump frequencies and interaction energies
for the vacancy is usually obtained following the framework pro-
posed by Le Claire [29]. According to this diffusion model, the
self-diffusion coefficient and the diffusion coefficient of an impu-
rity in crystal can be expressed through analytical expressions
depending on the atomic jump frequencies of the vacancy.

The atomic parameters impacting on the migration of the solute
atoms are thus their binding energies with the point defects for dif-
ferent configurations as well as the different barriers the point de-
fect has to overcome in order to be able to migrate in the

neighbourhood of the solute. This is now easily obtained using
electronic structure calculations [30,31,26].

In this article, by convention, positive binding energies corre-
spond to attractive interactions. Some of the DFT data obtained for
W and Fe are new results. They have been performed using the Vien-
na Ab initio Simulation Package VASP [32], with Blochl’s projector
augmented-wave (PAW) method within the Generalised Gradient
Approximation (GGA) of Perdew and Wang. The pseudo-potentials
were taken from the VASP library. Calculation details can be found
in[41].

3.1. Interactions of substitutional solute atoms with the vacancies

In the case of the vacancy, it was shown [33] that if the interac-
tion energy is significant in the first nearest neighbour shell, the
migration of the solute can only take place in the opposite direc-
tion to the vacancy flux. If the range of interaction is longer and
attractive, then the vacancy can move around the solute atom,
remaining bound to it and co-migration can take place. The va-
cancy can thus drag the solute atom as a bound complex [27].
Whether or not co-migration will effectively take place depends
of course on temperature.

The determination of the binding energies and migration barriers
for solute atoms in a-Fe and the study of their coupling with point
defect fluxes either using KMC or analytical expression has been
done so far only for P, Cu, Ni and Cr. These studies indicate that P
[27] and Cu can migrate through a vacancy drag mechanism [28]
at all temperatures for which the bcc structure is preserved. Further-
more, Soisson and co-workers [34-36] showed that because of the
strong interaction of the vacancy with Cu, the migration of small
Cu clusters of all sizes, including large ones (i.e. full coherent precip-
itates), are mobile, as a consequence of complex series of vacancy
hops at their surface or near the surface. They also observed direct
coalescence of clusters, as the result of migration. On the other hand
the attractive interaction energies between Ni and Cr and a vacancy
in the first and the second nearest neighbour shell are low and drag-
ging of these two solutes by vacancies can only take place at very low
temperatures and not at the temperatures of interest in the context
of pressure vessels operation [26].

Systematic studies [37,38] of the interactions of transition me-
tal (TM) solutes in o-Fe indicate that most of them bind with
vacancies in the first nearest neighbour shell. However, for all early
elements, the interaction of the second nearest neighbour shell is
often repulsive and that of the third nearest neighbour shell usu-
ally very weak. A vacancy drag mechanism can thus be expected
for late transition metal solutes in Fe and not for early transition
metal solutes with the exception of Mn, Zr and Hf. This remains
however, to be confirmed by the calculations of the proper migra-
tion barriers. For Al, according to [39], the interaction energy be-
tween the vacancy and an Al solute atom is significant only in
the first coordination sphere. The migration of Al should thus take
place in the opposite direction to the vacancy flux.

The influence of substitutional atoms in W has not been inves-
tigated in the length of what has been done in Fe. Binding energies
between solute atoms and point defects in this material published
so far [40,41] concern only C, Mo and Re. According to [42] in cer-
tain applications and after long service as many as 25% of the W
atoms can be transmuted. We have recently determined the bind-
ing energies with many of the solute atoms found in a commercial
tungsten used to study He implantation [43] as well as Ta and V
which are nowadays investigated as these two elements have been
proposed for use as functionally graded tungsten for joining pur-
poses. Our DFT results indicate that unlike what was observed in
Fe, early 3d transition metals do not bind with the vacancy in
the first nearest neighbour shell, early 4d and 5d transition metal
bind with the vacancy in the first nearest neighbour shell but the
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Fig. 1. Binding energies (eV) between solute atoms and a vacancy in W as predicted by DFT calculations. (a) First nearest neighbour configuration, (b) second nearest
neighbour configuration. The calculations were performed using the VASP code, in the PAW approach and 128 atom supercells. All the solute elements were found to be

nonmagnetic.

interaction is repulsive in the second coordination sphere. Based
on binding energy considerations only, our results indicate thus
that a vacancy drag mechanism can be expected at temperatures
of interest for Fe, Rh, Os and Re (Fig. 1). Among the other solutes
we have investigated, P, Pb and K are also plausible candidates
for a vacancy drag mechanism.

All TM solutes bind to the vacancy in the first coordination
sphere in Fe, the same is true for tungsten except for early 3ds
and Ta. However, similarly to the conclusions drawn in Fe [38], size
effects are not sufficient to predict the overall behaviour of solute
atoms in the presence of point defects in W and the interactions re-
sult from a delicate balance between the electronic structures and
size effects which need to be investigated in more details.

3.2. Interactions of substitutional solute atoms with SIAs

Solute transport via an interstitial mechanism can take place if
mixed dumbbells form and migrate [44]. Similarly to the case of
vacancies, one needs thus to know what kind of interaction the sol-
ute establishes with the SIA, and the appropriate migration barri-
ers. These data have been determined in a-Fe for Cu [6] P [30,45]
Mn and Si [31], Ni [31,26], and Cr [46,47,26]. The results obtained
so far indicate that Mn, P and Cr can bind to the SIAs and form mo-
bile mixed dumbbells, which implies that for these elements solute
transport can take place via the motion of these mixed dumbbells.
The mixed (110);._p, dumbbell was found to be mobile but trapped
by other P atoms in the matrix, and the effective diffusion coeffi-
cient of interstitials are reduced consequently [30,45]. The interac-
tion of two phosphorus atoms with a (110) self-interstitial atom
may also lead to some stable and a priori sessile configurations.
The systematic DFT study in [38] confirms that Mn and Cr seem
to be the only transition metal solutes for which transport can be
achieved by an interstitial mechanism in Fe. Regarding other pos-
sible interactions between solute and the (110) dumbbell in Fe, it
was found that Si [31], Mn, but also Ni and Cu [38] to a lesser ex-
tent, can bind with the SIA in a compression zone, whereas all tran-
sition metal solutes but Cr and Co bind with the SIA when situated
in a tensile zone. The discrepancy between the earlier results of
Vincent et al. [31], and the more recent ones [38] is very likely
due to the DFT method used, the Ultra Soft Pseudo Potentials
(USPPs) being less appropriate in most cases than the more precise
Projector Augmented Wave (PAW) according to [38]. Using DFT
calculated barriers and the model proposed by Barbe et al. [25],
Choudhury and co-workers [26] found that Cr is a faster diffuser
than Fe which in turn diffuses faster than Ni when considering
interstitial mediated diffusion.

Under irradiation conditions, Cr, Mn and P appear to be then
capable of diffusing via both interstitial and vacancy mechanisms
in Fe. Cr should migrate opposite the vacancy flux and in the same
direction as the interstitial flux, whereas P and Mn should migrate
in the same direction as the point defect flux for both kinds of point
defects.

In tungsten, we found that Re is stable as a mixed (111) crow-
dion, however, whether the solute can be transported or not during
the migration of the dumbbell has not been investigated so far.

The case of solute interactions with SIA clusters is much more
complicated and at the moment not many results are available.
The energy landscape of small interstitial clusters is already not
so easy to produce, and adding solute atoms will definitively in-
crease the difficulty. The road towards such an accomplishment
is probably through the use of very good interatomic potentials
and methods that systematically search for the minima and saddle
points such as the ARTn method [48].

One last issue which needs to be mentioned is that when the
formation of small nv-mX or nl-mX complexes is favourable, these
complexes can trap edge or screw dislocations affecting thus the
mechanical properties of the material. Advanced atomistic kinetic
Monte Carlo simulations, parameterised on DFT data, that include
not only thermodynamics driving forces, but also a correct descrip-
tion of the diffusion of solute atoms, via both vacancy and SIA
mechanisms, thereby allowing for the effects of irradiation, were
used to model Fe-0.18Cu-1.38Mn-0.69Ni-0.47Si-0.01P neutron
irradiated under 5.8 x 107> dpas~! at 300 °C. At 20 mdpa a large
number of solute clusters were observed to form, the largest ones
always associated with point defect clusters. Clusters associated
with interstitials are mostly enriched in Mn, and P/Ni, whereas
clusters associated with vacancies are enriched in Si/Cu/Mn
(mostly) and Ni. These simulations indicate that a radiation in-
duced segregation mechanism can account for the formation of
these clusters and underline thus the significant role of point de-
fect interactions in the microstructure evolution under radiation
as the mechanism of solute cluster formation in this alloy is mainly
heterogeneous nucleation on point-defect clusters.

4.Cand N

Carbon is one of the most commonly found residual impurity in
bcc metals. It is also added to iron to increase its hardness, whereas
nitrogen is well known for its ability to improve the pitting and
crevice corrosion resistance of stainless steels. Below their solubil-
ity limits, the presence of even a very little amount of these
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impurities in interstitial positions (a few tens ppm), can have a
drastic influence on the steel properties, as they build strong inter-
actions with the lattice defects available. It is for instance well
known that the interaction of C with dislocations and/or substitu-
tional atoms has important effects on the yield stress and the sub-
sequent mechanical properties of the materials. Finally, FIA
diffusion in steels is of real technological importance as, among
other effects, they have been found to segregate around disloca-
tions forming what are called Cottrell atmospheres which have
been proposed to be responsible of strain ageing in steels.

Similar to the case of substitutional solute atoms, a lot of stud-
ies have been devoted to the case of Fe. The results in W come from
our own work, not all of which has been published.

Being small enough, C and N both occupy octahedral sites of the
bcc matrix in Fe [49] and W. As these two FIAs most stable inter-
stitial configuration is the octahedral site, the minimum energy
path (MEP) for their diffusion goes through a tetrahedral site. Their
migration energy is simply given by the difference in energy be-
tween the two possible interstitial sites as the tetrahedral site is,
according to our DFT calculations, a saddle point. According to
the DFT data presented in Table 1, in Fe, C and N atoms will start

Table 1
Summary of the properties of C and N in Fe and W as predicted by DFT calculations.
W Fe
FIA binding energy with a vacancy (eV)
C+v-Cv 2.01 [40] 0.47 [49]
1.38 [52] 0.65°
0.41 [53]
0.52 [50]
0.65 [50]
N+v->Nv 25° 0.71 [49]
1.91 [52] 0.92°

FIA binding energy with a SIA (eV)

C+I-ClI (110) 0.51. conf. 1 of Fig 2a
(111) 0.62. conf. 1 of Fig 2b

N+I- NI (110) 0.64° conf. 1 of Fig. 2a
(111)® 0.72. conf. 1 of Fig 2b

(110): 0.17% conf. 7 of Fig. 2a

(110): 0.18° conf. 7 of Fig. 2a

FIA and vacancy migration energy (eV)

EC. 1.47° 0.91 [49]
mig
1.24 [52] 0.85%
BN 0.712 0.77 [49]
0.72 [52] 0.71°
e 1.66 [9] 0.65 [6]
0.6

2 Unpublished data obtained using VASP, 250 atom supercells, in the PAW
approach, with the Vosko-Wilk-Nusair (VWN) interpolation of the correlation
energy.

 Unpublished data obtained using VASP, 128 atom supercells, in the PAW
approach.

diffusing at higher temperatures than the vacancy as their migra-
tion energy is close to 0.2 or 0.3 eV higher than the vacancy migra-
tion energy, whereas in W, it is the opposite, i.e. the two FIAs will
start diffusing at lower temperatures than the vacancies.

4.1. Interactions of C and N with the vacancies

Both C and N bind strongly with the vacancy in Fe [49] and W
but the interacting energy is always higher for N than for C. Neither
FIAs become substitutional, i.e. they do not fall in the vacancy but
remain close to the octahedral site position (at half lattice param-
eter from the vacancy site). In Fe, DFT results done in our group but
not published yet indicate that C atoms will stabilise voids. In W,
less results are available, however, the di-vacancy which is unsta-
ble can be stabilised by the presence of C atoms in its vicinity [41].

The formation of v-nC complexes is energetically favourable for
small n (n<3), with ©.2C clusters being the most stable one
[50,51]. We showed that this stability can be linked to the forma-
tion of a covalent bond between the two C atoms [49]. Note that
such a covalent bond was not observed to form for a 2.2N cluster.
In Fe supersaturated with both vacancies and C atoms, the three
most abundant species are the mono and di-vacancies and the
2.2C clusters [51]. As could be expected, the vacancy diffusivity
was shown to be significantly modified by the formation of va-
cancy-carbon complexes, exhibiting non-Arrhenius behaviour
[50]. Furthermore, Kabir et al. found that the diffusivity decreases
with increasing C content and becomes negligible when the C con-
centration exceeds twice that of vacancies [51].

4.2. Interactions of C and N with the SIAs

Regarding the interactions of C and N with SIAs, DFT results
indicate, that the binding energy between a C or N and the (110)
dumbbell in Fe, is repulsive when the two objects are close to each
other, and more precisely as far as configuration 7 in Fig. 2a. The
situation is completely different for W, as in this case the interac-
tion with a C atom is attractive for both the (110) crowdion and the
(111) dumbbell in W even at short distances. The introduction of
SIA induces a large strain of the matrix. As a result, the octahedral
sites close to the SIA become smaller. One possible explanation for
the different behaviours mentioned above can be that the lattice
parameter of tungsten being larger (3.17 A versus 2.87 A), the octa-
hedral site remains large enough for a C atom to stay in, even for
the high strains induced by the SIA nearby.

5. He and H

The behaviour of He in metals has been investigated for a long
time, in particular in relation with radiation damage. Because it is

(a)

Fig. 2. a: the eight octahedral positions investigated around (a) (110) dumbbell, (b) the three octahedral configurations investigated around the (111) crowdion.

(b)
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almost insoluble in all metals, He precipitates and the technologi-
cal consequences of helium clustering are numerous: blistering,
swelling, flaking, radiation creep and more generally helium-in-
duced degradation. Modelling He in metals started more than
40 years ago [21,54] and a good understanding of He behaviour,
in the presence of point defects or not was obtained using a com-
bination of simulations and dedicated experiments such as ion
channelling and Thermal Desorption Spectroscopy (TDS). Hydro-
gen has also been studied at great length and for decades as it
can greatly change the mechanical properties of structural metals
and alloys and cause material failure. Despite intense studies, the
mechanism of H embrittlement in metals remains poorly under-
stood but it seems now well established that the trapping of H to
vacancies impacts the mechanical behaviour [55], has important
implications for fuel recycling and tritium inventory in the walls
of tokamak fusion reactors, and also bears on radiation embrittle-
ment in fission and fusion reactors [56].

He, and even more H, being light atoms, their study using DFT is
quite debated. For H, there is no question that the Zero Point En-
ergy (ZPE) has to be taken into account in the calculations, but
the reliability of the results can still be questioned [57]. However,
studies of a bulk metal containing He and H using DFT is the only
possible alternative at the moment.

DFT calculations indicate that both He and H most favourable
interstitial site is the tetrahedral site [12,58-63]. As a result, as a
tetrahedral solute may migrate between two equivalent sites with-
out passing through an octahedral one, their migration energy is
very low (in agreement with experiments [64,65,56]) as can be
seen in Table 2, in contrast with C and N whose stable interstitial
site is the octahedral site.

Regarding the formation of interstitial clusters, it was found
that both in Fe and in W, the H-H states are unstable for small
interatomic distances whereas He-He states are strongly bound
[60,66-68]. A DFT investigation of this effect in W [67] indicates
that the He-He interaction is purely elastic in nature and, as such,
highly binding at close separation distances whereas the H-H
interaction is almost negligible since the elastic binding effect is
compensated for by the change in effective position of the H states
in the electronic structure. If the H ions are at short separation dis-
tances, the bonding and anti-bonding states are asymmetrically
shifted upwards in energy, thus raising the interaction energy to
result in a weak repulsion instead of the weak attraction suggested
by a pure elastic analysis. The asymmetric split depends on dis-
tance in the same manner as the elastic interaction does. As a re-
sult the formation of H blisters in Fe and W can only take place
in the vicinity of a defect or a solute atom, whereas He can form
stable clusters in an otherwise perfect matrix. These results con-
firm the effective-medium theory of Nerskov [69] which indicates
that in most metals, the He-He and He-metal interactions are al-
most purely elastic whereas H is attracted to anywhere that has
a low electron density.

First principles MD simulations performed in tungsten indicate
that small He clusters are very mobile [70]. 2He clusters perform a
1D motion along (111) directions at low temperatures and migrate
thus as fast or even faster than a single He atom. As the tempera-
ture increases, the motion becomes more and more 3D like. No
such simulations have been done for Fe, however, there is no rea-
son why small He interstitial clusters would not be mobile in Fe.

5.1. Interactions of He and H with vacancies

The formation of blisters and bubbles is directly connected to
the strength of the interactions with vacancies and to a lesser ex-
tent with SIAs. Both species bind strongly with vacancies in Fe
and W as can be seen in Table 2. Vacancies appear thus as potential
traps for He and H atoms both in Fe and W. Enhanced accumula-
tion of additional vacancies and helium or hydrogen atoms can
thus take place, leading to bubble formation, and possible void
swelling.

The DFT calculations indicate that for both W and Fe, H occupies
a site displaced slightly towards an octahedral site (at half lattice
parameter from the vacancy site), whereas He occupies the centre
of the vacancy. Both He and H were also found to stabilise the di-
vacancy in W [71,67].

The formation of small nHe-mv clusters has been investigated in
Fe [22,60] as well as in W [40]. All the results indicate that helium
stabilises vacancy clusters which, at temperatures relevant for fu-
sion conditions, are mobile but unstable and dissociate, by reduc-
ing the vacancy emission rates. For both materials, the stability
of small nHe-mv clusters against the thermal emission of vacancies
or interstitial He atoms depends mainly on the relative concentra-
tions of He and vacancies in the cluster, i.e. the n/m ratio. Clusters
with large n/m ratios tend to emit a He atom whereas clusters with
low n/m ratios tend to emit vacancies [22,60,40]. The cross-over
between the He and vacancy dissociation curves provides informa-
tion on the composition of the most stable clusters and on their
stability. It is close to n/m = 1.3 in Fe according to [60] and roughly
closer to n/m =1.1 in W according to our calculations [41]. If small
nHe-mv clusters seem to be more stable in W than in Fe, for high n/
m ratio, the energy required to remove one He atom seems to be
close to 2 eV for both materials.

One way of releasing a He atom trapped in a vacancy, is through
the arrival of a SIA which will recombine with the vacancy. Such an
event requires a small amount of activation energy depending on
the local configuration [74], however, at the operating tempera-
tures at which these materials will work in the conditions of nucle-
ar power plants, the activation barriers will be easily over gone.
The migration of substitutional He appears to be possible in Fe
with the help of a second vacancy [60], however, the barrier is
1.1 eV and the diffusion will thus be much slower than for intersti-
tial He. According to Caturla and co-workers [75] some controversy
remains about the dominant mechanism for He migration under

Table 2
Properties (in eV) of He and H in W and Fe as predicted by DFT calculations.
W Fe
H He H He
X+X - 2X 0.01 [67] 1.01 [61] 0.01 [68] 0.43 [60]
X+1 - X1 0.43 [23] 0.33 0.94 [41] - 0.26 [74]
X+v - Xy 1.43 (1.28)* [23] 4.57 [41] 0.68 [72] 2.30 [60]
1.22° [67] 0.57 [73]
0.55 [58]
0.51 [68]
Migration energy (eV) 0.21 [12] 0.06 [61] 0.04 [59] 0.06 [60]
X+C— XC 0.37 [40] 0.02 [68] Repulsive [53]
0.09 [73]

2 Without the ZPE correction.
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irradiation conditions. Introducing the DFT data of [60] in a rate
theory model, Ortiz and co-workers [76] find that He migration
through the vacancy mechanism for conditions with low ratios of
Frenkel Pairs (FPs) per He atom is negligible. Borodin et al. [77]
on the other hand, introducing similar DFT data in a lattice kinetic
Monte Carlo model find He-v clusters to be very mobile. Their sim-
ulations indicate even that small nHe-mv clusters (with m > n) in Fe
are quite mobile, at least up to m=4-5 and they can contribute
noticeably to He transport at helium concentrations exceeding
100 appm [77]. In W, because of the instability of the di-vacancy,
this kind of migrating event is more unlikely and has not been
investigated so far.

The formation of nH-mv clusters has also been studied in Fe as
well as in W. The total number of H which can be accommodated
by a single vacancy varies from one author to another. Liu et al.
[78] find that a single vacancy can accommodate up to 10 H atoms
in W, but they do not provide an explanation on what they refer to
as the H embedding energy and their definition of the ZPE is a bit
unclear. For Ohsawa et al. [79] this number increases to 12 H
atoms, whereas Heinola and co-workers [23] reports data up to 6
H atoms. Taking into account the H migration energy, the DFT data
[79,23] indicate that at room temperature, a mono-vacancy will be
capable of holding up to 5 H atoms. In Fe, the same kind of discrep-
ancies is observed. An approach based on Effective Medium Theory
[80] indicates that a vacancy can trap as many as 6 hydrogen atoms
whereas DFT calculations reduce that number to 3 [58]. These
authors also find that the 2H-v complex is the most stable and that
the presence of hydrogen will induce anisotropic clusterizations of
the vacancies in o-Fe.

In the context of fusion, the materials will be in contact with
both He and H isotopes, the interactions of these two species with
the point defects is thus also interesting, specially in the light of the
quite complicated behaviour observed of W implanted with both
He and D atoms as shown for instance in [81].

The formation of nHe-n'H-v (n + n’ < 6) was investigated in [67].
For the cluster sizes investigated, the binding energy, for He as well
as for H, was found not to depend very much on the number of He
and H present within the vacancy. The He binding energy is in the
range 3-4 eV and the H binding energy is around 0.8-1 eV. The re-
sults indicate that removing an He atom from a mixed nHe-n'v
cluster requires always more energy (between 2 and 3 eV more)
than removing an H atom from a cluster of identical size.

The binding energy of the H-He.v complex indicates that when a
moving H atom comes close to an He-v complex, the H atom will
bind strongly to the substitutional He atom (or He-v complex), as
the reaction He - v+ H — H - He - v will lead to an energy gain close
to 1 eV. Furthermore, an H atom cannot destroy an He-v complex,
which is very stable. The stability of the H-He-v complex was con-
firmed by Jiang et al. [82] who decomposed the strong He-H inter-
action into three parts, namely, an attractive force induced by
valence electron depletion around He, repulsive forces contributed
by elastic compression of the He-H separation and a H-H repelling
in high-density electron gas. Mixed clusters 4He-4H-6v clusters
were investigated by Lee et al. [83]. Their work confirms that an
He atom occupies the vacancy centre whereas a H atom moves
slightly away from it.

5.2. Interactions of He and H with SIAs

Regarding the interactions of He and H atoms with SIAs, little
results are available. The SIA was found to bind with H [23] and
He [41] in tungsten, the former being a lighter trap than the later.
In Fe, He was also found to bind weakly with the SIA [74]. Regard-
ing SIA clusters, Caturla and Ortiz [84] showed that their migration
had a real impact on the desorption of He during isothermal
annealing. Indeed, when all SIA clusters are considered mobile,

they migrate and can annihilate at the various sinks (in the case
studied, surfaces). No SIA is then available to release the He atoms
trapped in the vacancies.

One final note on the topics of the interaction of He with point
defects concerns trap mutation. Trap mutation or loop punching
mechanism is a mechanism which takes place when an interstitial
He cluster is large enough to spontaneously create a FP in order to
release the pressure created by the He atoms. This is quite an
important reaction as, as stated above, the point defects created
can trap the He clusters. Trap mutation was proposed by Caspers
et al. to explain the appearance in the thermal desorption spectrum
of new peaks after implantation in pre-implanted Mo [85] of
0.15 keV He. They attributed these new peaks to the formation of
a FP from He clusters trapped in a vacancy. This mechanism was
also proposed to explain the experimental results of Thomas and
Bastasz in Au [86] and there are now enough experimental proofs
that clusters of helium atoms can displace metal atoms from their
lattice sites. Preliminary calculations [70] indicate that trap muta-
tion in W does not take place as easily as in Fe, i.e. for 5 He atoms
[74] very probably because W is a stiffer material than Fe, and the
formation energy of a SIA is higher.

5.3. Interactions of He and H with solute atoms

The influence of impurities on the behaviour of He or H in atoms
has also been investigated as they have consequences on their dif-
fusivity, as well as inhibit clustering or at least prevent the occur-
rence and consequently the outburst of large bubbles by providing
many traps leading to the formation of very many small clusters
rather than few large ones. On the other hand, Iwakiri et al. [87] ar-
gued that impurities could also affect trap mutation by providing
strong traps for the otherwise mobile He atoms and lead to the for-
mation of clusters large enough to induce loop punching or trap
mutation.

Counts and co-workers [73] examined the interaction between
3d and 4d transition substitutional solutes in Fe as well as sp va-
lence elements with H in Fe. They found that most of them, except
Si, Cr, Mn, Co, and Mo trap H with positive binding energies up to
0.25 eV. The H-substitutional solute binding energies appeared to
be roughly correlated with the solute atom’s electronegativity and
size, and the presence of a solute atom near a vacancy did not af-
fect the vacancy-hydrogen binding provided the solute atom was
not significantly larger than Fe. We have determined the binding
energies in W of selected impurities with He and small He clusters
[70]. In agreement with van der Kolk et al. [88] we find that most of
the substitutional impurities we have investigated can trap He
atoms as well as small He clusters. The exception is Re, and we
anticipate thus that the introduction of Re, either to improve the
mechanical properties or because of transmutation will not affect
He transport in W. Unlike Kornelsen [21], we find that both C
and O are also capable of trapping He atoms. The data in Fig. 3
clearly show the influence of the solute size, as the interaction of
3d TM solute is always larger than that of the bigger 4d and 5d
TM solutes. 4d and 5d TM solutes are closer in sizes and their bind-
ing energies with He atoms are closer also. Furthermore, we find
that, in general, early TM bind with He atoms less than late ones.
The relationship between the trends obtained and the electronic
structure is not obvious and requires further investigations.

Finally, an interesting result is that H or He atoms do not bind
with C atoms in the absence of vacancies in Fe [68,53,73]. In con-
trast, in the presence of a vacancy, they form energetically stable
complexes. The vacancy has thus the ability to bind two point de-
fects that would otherwise repel one another. Furthermore, hydro-
gen is unable to displace C atoms from point defect clusters and
instead binds to them [68]. In W, the situation differs as the
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Fig. 3. Binding energy (eV) between substitutional TM solute atoms and He in W as
predicted by DFT. The calculations were performed using the VASP code, in the PAW
approach and 128 atom supercells. All the solute elements were found to be
nonmagnetic.

binding energy between C and He has been found to be close to
0.37 eV without a vacancy [70].

5.4. Comparison between H, He, C and N

The four foreign interstitial atoms reviewed here bind attrac-
tively with the vacancy. As a result, the vacancy concentration in
the form of solute-vacancy clusters is expected to increase as com-
pared to that in pure W or pure o-Fe.

The data in Tables 1 and 2 indicate that the interaction strength
of the FIAs with point defects increases according to the following
order: H, C, N and He for both W and bcc Fe. The interactions of He
in o-Fe or W metallic matrices are purely of elastic origin, whereas
for H, C and N solute atoms, both elastic and chemical aspects con-
tribute. For these later elements, the trends in their interaction en-
ergy with point defects (Tables 1 and 2) indicate that the size effect
is important as the interaction strength increases with the atom
size. Because of the balance between elastic and chemical interac-
tions, H, C and N in the vicinity of a vacancy will also prefer an off
centre position whereas He favours the substitutional position
rather than an interstitial one.

The fact that in the W matrix, the interactions of the FIAs are
usually larger is certainly due to the fact that W having a larger lat-
tice parameter than o-Fe, the FIAs have more space.

6. Challenges and issues

The discussion presented above underlines the fundamental
role played by electronic structure calculations in materials re-
search nowadays. Despite their limitations, which can be assessed
by the range of data provided in Tables 1 and 2, they are at the mo-
ment the most reliable techniques to investigate the interactions of
solute atoms and point defects and are nowadays very commonly
used. However, one needs to keep in mind that these techniques
remain quite tricky and for instance, the enormous amount of data
gathered so far indicate that magnetism and relaxation effects in
DFT calculations are important to correctly predict the formation
energies of the defects in Fe. Regarding He and H, as already
pointed out, one needs to exert even more care to obtain meaning-
ful data. Important issues in this field probably involve also more
precise treatment of the van der Waals forces for He and the
non-Born-Oppenheimer quantum mechanics for H [82].

Another important issue is that DFT calculations are done at 0 K
and imported in models aiming at predicting the behaviour of a
component in use, i.e. at room temperature at the least. In that re-
gard, nonclassical effects at low temperatures (e.g. below 200 K in
W for H diffusion [12]) may have effect in modelling TDS experi-
ments but may not affect the microstructure evolution of radiation

damage conditions which take place at elevated temperatures.
However, it would be highly desirable to introduce more systemat-
ically entropy contribution in the static DFT calculations as was
done for instance in [89] with an empirical potential.

As pointed out above, another very difficult issue is the assess-
ment of the clusters behaviour (i.e. their stability, their life time,
their diffusivity...). Finding the most stable configuration of clusters
is also a very difficult task as (too) many possible configurations
have to be investigated. Determining the mobility of these clusters
is even more complicated as it can involve complex and correlated
motion of the species it is composed of. The mobility of solute
atoms or small solute clusters is very dependent on the details of
the point defect diffusion mechanisms, especially on the way their
formation energies and diffusion barriers depend on the local envi-
ronment. In real materials, because of all the solute atoms and the
impurities, the local environment will be very different from one
place to another. It is thus desirable to develop techniques that sys-
tematically search for the minima and saddle points such as the
ARTn method [48] in a DFT calculations.

For fast diffusing species such as He atoms, the most pertinent
way to determine their mobility is probably through the use of
dynamical methods such as MD in which the entropy contribution
is automatically taken into account. First principles MD appears to
be of fundamental importance and improvements in this regard
concern the size of the cells as well as the simulation time which
can be modelled in reasonable amount of CPU times. For larger
clusters, one will have to turn to empirical potentials. This is not
an easy task as can be judged by the number of Fe-He or Fe-C
interatomic potentials developed so far and it is very important
to introduce more of the knowledge acquired through electronic
structure calculations in the building of the potentials. A nice
example published recently is the Fe-He potential developed by
Gao and co-workers [90] to study the mobility of He and He clus-
ters in o-Fe. Regarding magnetic materials such as Fe, magnetism
and its evolution as a function of temperature needs to be more
properly accounted for in the empirical potential calculations, as
defect properties may depend on magnetism. A noteworthy
improvement in this regards which needs however, to be further
developed has been proposed by Ma et al. [91]. The next challenge
will then be to build multi-element empirical potentials, including
solute elements, carbon and/or nitrogen as well as H and He.

Another issue stemming out this short review is that the deter-
mination of the correct migration barriers is not enough to predict
macroscopic behaviours and one needs to use larger scale model
such as MFRT, KMC techniques or more theoretical models to have
access to “materials properties” such as the diffusion coefficients. A
typical example is the diffusion of C atoms in a-Fe in the presence
of Si [92] which was performed with a DFT calculation fed atomis-
tic KMC code. This study shows that the interaction between Si and
C strongly depends on distance, and its sign changes depending on
the neighbour shells. At temperatures of about 1000 K, the strong
repulsion between C and Si in the first and second coordination
shells dominates and a mild reduction in the C diffusivity is ob-
served, due to a decrease of the number of diffusion paths as the
C atom cannot reach sites very close to Si. At lower temperatures
of about 500 K, a balance between the strong repulsion of the first
shells and the weak attraction of the further ones leads to a de-
crease of C diffusivity through both labyrinth mechanism and
entrapment of C in the vicinity of Si. Such a complex behaviour
could not have been deduced easily from a simple examination
of the different binding and migration energies.

Another possible way of providing information closer to the
macroscopic scale is the use of analytical methods which deter-
mine, from the interaction energies between, for instance, the
vacancies and He atoms constituting a nHe-mv cluster, the cluster
lifetime and diffusion coefficient, provided that the cluster lives
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sufficiently long to pass many times through its various possible
configurations. All these methods need to be further developed,
the assumptions they rely on must be checked out and their limi-
tations removed if possible.

Finally, before going on a “material behaviour” prediction mode
with confidence, it is necessary to compare the atomistic data ob-
tained with experimental results. However, this comparison is
never straightforward as the experimental signal has to be inter-
preted using models which rely on the knowledge one has of the
physics involved. Furthermore, “simulated materials” are perfect
in contrast with real materials. A typical example is the binding en-
ergy of the mono-vacancy with C in Fe. Arndt and co-workers [93]
examining a neutron irradiated Fe found by calorimetric measure-
ments a large binding energy (0.41 eV) of C with a defect, which
they postulate to be probably a vacancy. However, Wuttig et al.
[94] examined by magnetic measurements the carbon and nitro-
gen trapping in Fe following low-temperature electron and neu-
tron irradiation. They concluded that interstitial clusters formed
during the low-temperature neutron irradiation acted as traps for
carbon and nitrogen atoms, whereas vacancies were the trapping
defects following electron irradiation. Little and Harries [95] also
considered that the binding energy measured by Arndt and co-
workers [93] very likely corresponds to the binding energy of car-
bon to an interstitial cluster. On the other hand, Takaki et al. [1]
doing careful resistivity measurements in very pure Fe and C doped
Fe following low temperature electron irradiations, estimated that
the binding energy of a carbon atom with a vacancy is 1.1 eV, while
Vehanen et al. [2] doing positron lifetime measurements on elec-
tron-irradiated high purity and C doped Fe found this binding en-
ergy to be 0.85 eV. Many of the experiments available nowadays
were made 30 or 40 years ago. Since then, the influence of impuri-
ties, even in very residual amount, has been pointed out, and one
research direction that needs to be pursued to characterise more
properly the interactions between point defects and solute atoms
is the setting up of new sets of simple experiments, such as the
recovery experiments mentioned in this paper, on materials with
the highest purity possible in order to eliminate unwanted effects,
as well as experiments on model alloys with increasing chemical
complexity to validate the models developed.

The use of a collaborative approach involving experiments, the-
ories and modelling is, to our point of view, the most promising
way to understand the many aspects of the solute point defect
interactions and their consequences on the evolution of the
microstructure.

7. Conclusions

The recent advances in the field of solute atoms (including He
and H) interactions with point defects in iron and tungsten ob-
tained mostly using electronic structure calculations have been re-
viewed. The interaction of solute atoms with point defects
(vacancy and self-interstitial atom) in the Fe or W matrix has both
elastic and chemical origins. For large size solutes, elastic effects
are predominant, whereas for solute atoms with different elec-
tronic structures (which have very different number of d electrons)
the chemical effects appear to be more important. For similar size
solutes and matrices (e.g. 3d elements in the bcc Fe matrix) chem-
ical interactions also seem to come into play strongly. The strength
of the interactions of He with substitutional elements appears to
depend on the element size in W.

Regarding the foreign interstitial atoms investigated in this re-
view (C, N, H and He), all bind to vacancies and self interstitial
atoms. The strength of the binding energy with the point defects
increases according to the following order: H, C, N, He. The interac-
tions are always stronger in W than in Fe. For both materials, the

stability of small nHe-mv clusters against the thermal emission of
vacancies or interstitial He atoms depends mainly on the relative
concentrations of He and vacancies in the cluster.

Regarding the diffusion properties, in the case of Fe, transport of
the solute via an interstitial mechanism seems possible for Cr, Mn
and P, whereas a vacancy drag mechanism can be expected for late
transition metal solutes and not for early transition metal solutes
with the exception of Mn, Zr and Hf. In W, less results are available,
and the data indicate that a vacancy drag mechanism can be ex-
pected at temperatures of interest for Fe, Rh, Os, Re, as well as P,
Pb and K.

Among the issues raised by the review, the stability of point de-
fect clusters as well as solute point defect clusters appear to be one
of the most challenging. In order to solve this issue, advances are
required both regarding the static methods used to determine
the activation energies as well as dynamic ones, for electronic
structure as well as empirical potential calculations. For the devel-
opment of upper scale modelling of the microstructure, empirical
potentials for classical MD simulations are required and an impor-
tant challenge is to treat accurately multi-component elements
representative of experimental alloys, as well as magnetic temper-
ature effect for steels. In addition, the microstructure modelling
techniques have to be validated thanks to dedicated experiments.
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