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ARTICLE INFO ABSTRACT

PACS: The interaction between dislocation loops of interstitial nature with %2(111) and (100) Burgers vectors

75.50.Bb and point defects in Fe has been studied molecular dynamics. Comparative calculations have been carried

2}-33-}33 out using two interatomic potentials for pure Fe ([G.J. Ackland, M.I. Mendelev, D.J. Srolovitz, S. Han, A.V.
WA

Barashev, |. Phys.: Condens. Mater. 16 (2004) 1; S. Dudarev, P. Derlet, J. Phys.: Condens. Mater. 17 (2005)

7097]). The results of this study are range and energy of the interaction as functions of size and mutual
position of defects. The applied potentials predict somewhat different strain field structure for (100)
loops and therefore different lengths of interaction. However, both potentials suggest that, contrary to
common belief, the distance of cluster-defect interaction within the glide prism of a ¥2(111) cluster is
significantly longer than that of a (100) cluster of similar size, in spite of the longer Burgers vector in

the latter case.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The presence of dislocation loops in pure Fe and ferritic alloys is
an essential feature of radiation damage. Two types of dislocation
loops are experimentally known to form in these metals, with dif-
ferent Burgers vectors, namely ¥2(111) and (100) [3-5]. The rate of
nucleation and growth of these loops defines the evolution of the
microstructure in many respects and depends on their interaction
(range and strength) with other radiation-induced defects, such as
point defects and their small mobile clusters. It is believed that
1%(111) and (100) loops are sinks with different bias for point de-
fects and that the magnitude of the bias increases with the length
of Burgers vector [6,7]. This hypothesis was used to explain the low
swelling in bcc Fe and ferritic steels (including high-Cr steels) [7,8].
However, not much is known about the interaction of different
types of dislocation loops with point defects and their small clus-
ters at the atomic scale level. It has been shown that self-intersti-
tial atom (SIA) clusters of size up to a few nanometers cannot be
described as perfect dislocation loops using an isotropic continuum
approach [9], therefore an atomistic approach is required. The
interaction of ¥2(111) loops with point defects in bcc Fe has been
studied already [9], but it is useful to revise the currently available
results in the light of the recent advances in the development of
interatomic empirical potentials (EPs) for Fe. On the other hand,
no results on the interaction between (100) dislocation loops
and point defects are so far available to our knowledge.
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In this work a molecular static study of the interaction of
1%(111) and (100) dislocation loops with point defects in Fe is pre-
sented. Comparative calculations have been carried out using two
EPs for pure Fe (Ackland, Mendelev et al. [1], and Dudarev and Der-
let [2]). The main goal of this study is to estimate range and energy
of the interaction as a function of size and mutual position of de-
fects, which can be used in the parameterization of microstructure
evolution models.

2. Method

Static calculations were used to estimate the interaction energy
between SIA clusters containing up to 442 interstitials and point
defects using the molecular dynamics code Dymoka [10]. Calcula-
tions have been carried out using two many-body interatomic EPs:
one derived by Ackland, Mendelev et al. [1] (henceforth ‘Mend-
elev’s potential’) and the other by Dudarev and Derlet [2] (hence-
forth ‘Dudarev’s potential’). The relaxation of the atomic
configurations of interest has been performed at constant volume.
The simulation boxes used in this type of calculations contained
from 100 to 800 thousand atoms, thereby guaranteeing indepen-
dence of the result from the box size. In all these static calculations
the system was frozen at a temperature close to 0 K using a quench
procedure to relax the atomic system at the equilibrium lattice
constant. 3D periodic boundary conditions were employed. The re-
sults of test calculations of the cohesive energy, the equilibrium
lattice constant at zero temperature and the converged formation
energy of point defects are given in Table 1 for the mentioned EPs.
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Table 1

Converged values of bulk properties, estimated in a box of 8192 atoms, using constant volume static relaxation

Potential ao (A) Cohesive energy (eV) Formation energies (eV)

Vacancy (100) dumbbell® (110) dumbbell (111) dumbbell®
Mendelev 2.8553 —4.013 1.71 417 3.53 4.01
Dudarev 2.866 -4.316 1.97 4.48 3.64 4.13

2 Constraint has been applied, otherwise the configuration is unstable.

The interaction energy between a point defect (N;) and a cluster
of Nger interstitials was estimated as

Naer+N1 _ pNaer+N1 Naer Ny
Einte - forem - (Eforem + Eform) (1)
Nger+N1 3 . EE
where E 2T is the formation energy of the system containing

cluster and point defect in the configuration of interest, while
E'f\gdl% and E?(’)‘rm are the converged formation energies of a cluster

and a point defect, separately calculated as

Ey% = E(No + Naer) — Econ % (No + Naer) 2)

form

where E(Ng + Ngef) is the relaxed energy of a system of Ny atomic
sites containing Nqer defects (self-interstitials) forming a cluster
and E.p, is the cohesive energy of the perfect crystal at the equilib-
rium lattice constant. (Clearly, in the case of the single vacancy
N] = 7])

3. Results

Since the long range interaction between defects occurs via
interplay between their displacement fields, it is useful to recall
its main features in the case of ¥2(11 1) SIA clusters, already studied
elsewhere [9] using another EP, and to extend the study to (100)
SIA clusters. SIA clusters have platelet shapes and are composed
by a collection of parallel crowdions. It is known that the main dis-
tortion of the lattice is produced within the cluster glide prism, i.e.
within the prism that contains all crowdions and whose axis is par-
allel to the Burgers vector direction [9], which is (100) or (111) in
the cases studied here. This distortion is extended over a long dis-
tance from the cluster habit plane that depends on the size of the
cluster and, as will be shown, on its Burgers vector as well. The net
distortion near a cluster can be attributed to the distortion from
each individual defect, which is a (111) or a (100) crowdion,
depending on the cluster type. The properties of each individual
defect inside the cluster depend on its position in it [11], i.e. a
crowdion located at the centre of the cluster will contribute to
the displacement field differently from a crowdion located at the
edge or somewhere in between. Local distortion also exists outside
the glide prism, close to the habit plane of the cluster, in terms of
an expanded region. In what follows, we show and discuss the dis-
placement field of (100) and ¥4(111) SIA clusters as reproduced by
the applied EPs. Next we shall focus on the interaction of both
types of clusters with point defects.

3.1. Displacement field of ¥2(111) and (100) SIA clusters with different
interatomic potential

The displacement field produced by a SIA loop can be character-
ized by the distribution of the relative interatomic distance (RID)
between two adjacent atoms along the Burgers vector direction
on the line perpendicular to the cluster habit plane (HP), normal-
ized to the equilibrium distance between atoms in the perfect crys-
tal, as has been done in [9]:

Xk —Xg-1—Db

RID = . (3)

where xx and xi_; are the coordinates of the two adjacent atoms
along the direction of the Burgers vector of the loop and b is the
modulus of the Burgers vector, coincident with the equilibrium dis-
tance between them along the chosen direction.

It is known from work done with other EPs that the distribution
of the atomic displacements for a defect at the centre of the loop
depends on the cluster size. For small clusters (up to a few tens
of defects) the largest distortion occurs at the HP, while for larger
clusters the maximum is reached a few planes away from the HP.
Such a behaviour was observed for ¥2(111) SIA clusters for exam-
ple in [11,12]. The same effect is found with the presently used EPs
and an illustration of this effect is shown in Fig. 1, where the RID
distribution as a function of distance from the HP for crowdions lo-
cated at the centre, middle, edge and near the edge of a ¥2(111)
hexagonal SIA cluster of 331 interstitials is presented, as calculated
with Mendelev’s potential (equivalent results where obtained with
Dudarev’s). Other test calculations carried out with both EPs have
shown that the threshold size of the SIA cluster for this effect to be
seen is between 19 and 37 interstitials.

The RID distributions estimated for ¥2(111) clusters of different
sizes (from 7 up to 331 interstitials) were found to be practically
the same using both Dudarev’s and Mendelev’s EPs, for all studied
positions of the crowdion along the HP. A difference between EPs
was found, however, in the RID distribution of the crowdions situ-
ated on the HP at the centre and between centre and edge of (100)
clusters. The RID distributions are plotted in Fig. 2 for crowdions
located in different positions in a (100) SIA cluster consisting of
442 defects, calculated using both EPs. It can be seen that with
Dudarev’s EP the maximum of the RID for a central defect is located
a few planes away from the HP (see Fig. 2(b)), similarly to the case
of ¥2(111) loops, while according to Mendelev’s EP the maximum
value is reached at the centre (see Fig. 2(a)). The absolute value
of the RID at the HP was therefore found different from one poten-
tial to the other for the defects at the centre of the HP; however,
exactly the same result was obtained for the defects at the edge

Relative interatomic distance
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12

Distance along <111> (a3 /2)

Fig. 1. The RID distribution as a function of distance from the HP for the crowdions
at the centre, middle, edge and near the edge of a %2(111) hexagonal SIA cluster
consisting of 331 interstitials.
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Fig. 2. Relative distance between two adjacent atoms for a (100) SIA cluster of 442 defects along the line perpendicular to the cluster habit plane that crosses the cluster at its
centre, edge, between edge and centre (so called middle) and near edge (outside of the cluster glide prism), estimated using Mendelev’s (a) and Dudarev’s (b) EPs.

and in the expanded region. In Fig. 3 the RID distribution at the HP
for both a (100) and a ¥2(111) SIA cluster is illustrated in more de-
tail as predicted by the two EPs: the comparison shows clearly that
the strain field associated to the (100) cluster is different depend-
ing on the potential (Fig. 3(a)), though it is the same for a ¥5(111)
SIA cluster (Fig. 3(b)). Qualitatively it can be said that according to
Dudarev’s potential the displacement field associated with a (100)
loop is more similar to the displacement field of a ¥2(111) loop
than according to Mendelev’s potential.

3.2. Interaction between point defects and ¥2(111) clusters

The interaction energies between a ¥2(111) cluster of 91 SIAs
and a vacancy versus distance are shown in Fig. 4(a), as estimated
using Mendelev’s EP. The vacancy was placed in the gliding prism
of the cluster and the interaction energy was calculated after relax-
ation as a function of the distance from the cluster HP to the va-
cancy. Each curve given in the figure corresponds to the defect
being located along the line passing through different crowdions
of the cluster, from the centre towards the cluster edge and right
outside it. The interaction is always attractive if the vacancy is in-
side the glide prism or just nearby its edge. The strength of the
interaction (absolute value of the interaction energy) depends on
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the distance from defect to cluster HP and on the position of the
defect in the cluster glide prism, since the RID distribution depends
on it as well. The capture of a vacancy, finally leading to recombi-
nation, by this particular cluster size occurs at a distance which is
less than ~6 lattice constants (7e+/3ao/2, ao is the lattice constant)
at the edge of the cluster. The recombination could also occur at
the centre of the cluster, although the energy state thereby reached
is much less favourable than when the recombination occurs at the
edge. In intermediate position the recombination is not possible
because the vacancy finds a lower energy state slightly away from
the cluster HP. Thus, the recombination should occur at the edge of
the cluster. This interpretation is consistent with the results ob-
tained in Ref. [13] using a different EP. Totally equivalent results
have been also obtained using Dudarev’s potential.

A similar picture is found in the case of interaction between a
single interstitial and a %2(111) cluster. The main difference from
the vacancy case is the existence of a quite strong repulsion when
the SIA approaches the cluster within its glide prism, until a
threshold distance is overcome. The only region where attraction
always occurs is by the edge region (see Fig. 4(b)). This is a natural
effect of the different nature of the displacement fields of the SIA
(oversized object) and the vacancy (undersize object). From
Fig. 4(b) it can be seen that there is a drop of the interaction energy
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Fig. 3. Distribution of the interatomic distance between two adjacent atoms at the habit plane of a SIA cluster along the direction of the Burgers vector, as a function of the
distance from the centre of the cluster, according to Mendelev’s and Dudarev’s EPs. (a) for a 442 (100) loop; (b) for a 331 %(111) loop.
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Fig. 4. Interaction energy of a ¥2(111) SIA cluster consisting of 91 interstitials with a vacancy (a) and a single self-interstitial (b), as a function of distance between the defect
and the cluster habit plane, when the point defect approaches the cluster along the Burgers vector direction, estimated for lines crossing the cluster at different positions,

using Mendelev’s EP.

at a distance of about 9 lattice units when the SIA approaches the
edge of the cluster. This effect is due to the rotation of the (110)
dumbbell into a (111) crowdion parallel to the crowdions in the
cluster. As soon as the rotation occurs, the crowdion easily glides
towards the cluster and joins it at its edge. Qualitatively and quan-
titatively the same interaction of single SIA with %2(111) SIA clus-
ters was found with Dudarev’s EPs. It should be noted that the
spontaneous recombination distance for an SIA (corresponding to
the energy drop) is slightly longer than for a vacancy, again due
to the different nature and size of the displacement fields of SIA
(oversized object) and vacancy (undersize object). However, the
range of attractive interaction, although very weak at the begin-
ning, is more extended for the vacancy than for the SIA.

3.3. Interaction between point defects and (100) clusters

The interaction energies between a (100) cluster of 122 SIAs
and a vacancy are shown in Fig. 5 for both EPs. Again the interac-
tion is attractive everywhere inside the glide prism, but the lowest
energy state is reached at the edge and just nearby, where recom-
bination will occur, whereas in other positions the lowest energy
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state is found away from the cluster HP. The involved energy dif-
ferences between vacancy locations close to the HP are, however,
small, much smaller than in the case of ¥2(111) loops. More impor-
tantly, this time the vacancy is captured at a distance which is less
than 3 lattice constants, i.e. almost twice as small as the recombi-
nation distance found for a %2(111) cluster of similar size
(Fig. 5(a)), with Mendelev’s EP. Dudarev’s EP provides a somewhat
larger interaction radius, close to 4 lattice constants (Fig. 5(b)), but
for the rest the results are qualitatively the same and also quanti-
tatively close to those obtained with Mendelev’s EP.

The case of the interaction with a self-interstitial is illustrated in
Fig. 6, where a direct comparison is made with vacancy capture for
both types of loops (the curves refer to the case of point defects
approaching the edge of the loop). All curves here were obtained
with Mendelev’s EP. It can be seen that also in the case of the SIA
the absorption by a (100) loop occurs at a distance of 3-4 lattice
units, which is again much smaller than in the case of a 12(111)
loop, as shown in the figure. Thus, (100) clusters clearly have a
smaller capture radius for point defects. Another difference is that
the dumbbell keeps its (110) configuration when approaching a
(100) cluster.
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Fig. 5. Interaction energy of a (100) SIA cluster with a vacancy as a function of the distance between defect and cluster habit plane, when the point defect approaches the
cluster along the Burgers vector direction, estimated using Mendelev’s (a) and Dudarev’s (b) EP.
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Fig. 6. Interaction energy along the edge of the glide prism between a loop and a
point defect for both ¥2(111) and (100) loops, with both SIA and vacancy, as cal-
culated using Mendelev’s EP.

Setting a numeric cut-off criterion for the interaction energy (let
us take 0.05 eV, which is the order of the thermal kinetic energy of
an atom at 600 K), the effective ‘length’ of the cluster strain field
along the direction of its Burgers vector can be estimated. The re-
sults are given in Fig. 7, where this ‘length’ as a function of cluster
size (diameter of the cluster in its HP, as schematically shown in
the figure) is presented for the two used EPs. It can be seen that
both applied EPs agree on that the length of the %4(111) clusters
is significantly larger then the length of (100) clusters having sim-
ilar size. This is reflected by both EPs, although in the case of Duda-
rev’s EP this effect is less pronounced, due to the different
description of the strain field, as explained in Section 3.1.

4. Discussion

The most puzzling result obtained in the present study is that
the capture radius for defects of a ¥2(111) cluster is significantly
larger than the capture radius of a (100) cluster, which is not a
trivial fact. The length of the Burgers vector is normally assumed
to define the extension of the displacement field around a disloca-
tion loop and the strength of their interaction with point defects
[14], therefore (100) clusters would be expected to have longer
capture radius and stronger interaction with point defects than
1(111) clusters. But this is not the case, if we rely on the atomistic
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Fig. 7. The effective length of the SIA cluster versus its diameter estimated using
Mendelev’s and Dudarev’s EPs.

studies. The origin of this may lie in the fact that in a (100) cluster
there is a double layer of self-interstitials and this seems to reduce
the anisotropy of the displacement field, compared to the ¥5(111)
case, via a reduction of the crowdion length inside the cluster. This
reasoning seems to make sense if one compares the length of (100)
clusters as predicted by the two different EPs and takes into ac-
count the differences in the displacement field of these clusters
at the HP described in Section 3.1 (Fig. 3(a)). The origin of the long-
er length given by Dudarev’s potential may be related to the bigger
length of central (100) crowdions in the cluster (Fig. 2) as com-
pared to the results provided by Mendelev’s EP.

These differences in the displacement field of (100) clusters re-
quire further investigation to decide which potential is closer to
reality, because the details of the cluster displacement field may
be also related to the facility for migrating. From the simple anal-
ogy with the fast migration of %2(111) clusters, Dudarev’s EP might
provide lower migration energy for a (100) cluster than Mend-
elev’s EP. This aspect is going to be considered in forthcoming
work, where the dynamics of cluster-defect interaction will be con-
sidered as well.

Another result of interest concerns the fact that, although the
distance at which the energy interaction drop between SIA cluster
and point defect occurs is larger for the absorption of an SIA than
for the recombination with a vacancy, the larger range of the elas-
tic interaction with the vacancy suggests that in practice the cap-
ture radius will be approximately the same for both point
defects. The difference, however, is made by the mobility of SIA
clusters, information on which is available e.g. from Ref. [15].
1(111) SIA clusters can absorb SIAs and vacancies with equal effi-
ciency because: (i) they exhibit similar long range interaction with
both types of point defects; (ii) they can glide with low migration
barrier towards a vacancy [16] and absorb it, whereas their recom-
bination with an SIA occurs via simultaneous fast motion of both,
particularly after the transformation of the (110) dumbbell into
a (111) crowdion [17]. Thus, the reaction kinetics will be governed
by the mobility of the cluster, which is higher than the mobility of
point defects. The (100) SIA clusters, on the contrary, are expected
to move with much less facility than %2(111) clusters (if they move
at all). Therefore in the case of the reaction with a vacancy or a SIA,
the point defect will have to move towards the cluster to be ab-
sorbed at its edge. Thus, the kinetics of the reaction will be gov-
erned by the mobility of the single defects and will be slower
than in the case of ¥2(111) clusters. If in addition we recall that
1(111) clusters have longer displacement field, it appears that
the net flux of point defects on these clusters should be higher than
on (100) clusters. From the viewpoint of rate theory models it
means that %2(111) clusters should be described as sinks with
preferential absorption for 3D migrating defects as compared to
(100) clusters, something hitherto never explicitly included in
existing models to our knowledge (for example [6,8,18]).

Under irradiation conditions the kinetics is governed by the
interplay between several reactions whose occurrence depends
on the concentration of the reactants. The evolution of the system
is not intuitive. For instance in the case of two reaction channels
between two reactants, depending on the (two) kinetic constants,
the solution may be the disappearance of one or the other reactant,
a steady state or an oscillatory behaviour. Here we have two types
of loops reacting with the same flux of point defects. Because of the
larger displacement field and faster mobility, the transient for
1(111) clusters is expected to be faster than in the case of
(100) clusters. Since they seem to be equally efficient in absorbing
vacancies and SIA (and their respective clusters), the processes of
growth or recombination will depend on the relative concentration
of vacancies and their small 3D mobile clusters versus the concen-
tration of SIA and their small clusters. Since at steady state the
concentration of the former is expected to be higher than the
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concentration of the latter, eventually %(111) clusters are bound
to disappear, even if they fail to annihilate at sinks such as disloca-
tions or grain boundaries. On the contrary, (100) loops will grow at
a rate governed by the difference in fluxes of the two point defects,
as well as by the flux of small 3D mobile clusters falling into their
displacement field. Since the mobility of the single SIA is higher
than the mobility of the single vacancy, eventually, (100) loops
will have more chances of surviving and growing than %(111)
loops. These considerations may thus provide a (so far) qualitative
explanation for the observed (100)-to-%2(111) concentration ratio
versus dose and temperature under neutron or electron irradiation
experiments, when the density of visible (100) loops is found to be
higher than the density of 2(111) loops, particularly with growing
dose and rising temperature [3-5]. However, temperature and sink
distribution are expected to play a major role on the actual micro-
structure evolution, which cannot be properly addressed using MD
tools due to limitations in space and time scale. Further investiga-
tions and systematic application of the results in radiation-induced
microstructure evolution models are therefore required to draw
definitive conclusions.

5. Conclusions

1. The applied EPs provide different displacement fields at the
habit plane for (100) clusters, and therefore different lengths
of interaction of these clusters with point defects. However,
the description they provide for ¥5(111) clusters is very similar
and both agree in predicting a more extended displacement
field for these clusters than for (100) clusters, contrary to what
should be expected based on their respective Burgers vectors.

2. Due to longer interaction distance and higher mobility, ¥2(111)
SIA clusters should be described as preferential and unbiased
sinks for small 3D mobile defects, as compared to (100) clus-
ters. Establishing further implications of these results will

require further investigation using microstructure evolution
models, to see if indeed they can explain the experimentally
observed concentration ratio in the population of (100) and
14(111) SIA loops.
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