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Abstract

Static and dynamic properties of clusters of self-interstitial atoms and their complexes with carbon (C) atoms in a-iron
are studied by molecular dynamics method using a pairwise interatomic potential for iron–carbon interaction and a many-
body potential for iron. The effect of C atoms on the configuration, stability and migration of 1

2
h111i, 1

2
h110i and h100i

interstitial clusters is investigated. In the framework of the simple model of interstitial solute used here, C atoms enhance
the relative stability of h100i over 1

2
h11 1i clusters, but not enough to explain their common occurrence under irradiation.

Clusters of seven interstitials or smaller are able to co-migrate with C atoms with a reduced mobility compared with pure
iron. Bigger clusters have dislocation structure and are immobilised: C migrates along the core of their periphery as in the
core of a straight edge dislocation. C dissociates from all clusters at high enough temperature.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.80.Az; 61.82.Bg
1. Introduction

It is known from experiment that interaction of
interstitial carbon (C) atoms with lattice defects
affects mechanical properties of ferritic steels, such
as their strength [1], properties of single vacancies
and interstitial atoms [2], and microstructure devel-
opment under irradiation conditions [3,4]. Under-
standing of the latter process is still poor, even in
pure iron (Fe), where for example, the occurrence
of interstitial-type loops with the Burgers vector
b = h100i [5,6] remains unexplained. Eyre and Bul-
0022-3115/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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lough [7] proposed that a h100i loop can form as a
result of 1

2
h1�10i shear of a faulted 1

2
h1 10i loop.

However, calculations with existing empirical inter-
atomic potentials for a-Fe do not provide support
for this reaction, for 1

2
h111i loops are found to be

the most stable. Furthermore, molecular dynamics
(MD) simulations of displacement cascades predict
that only 1

2
h111i clusters of self-interstitial atoms

(SIAs) are produced in Fe under irradiation with
energetic particles [8]. Finally, although it is
observed by MD that segments of h100i type are
formed as a result of the interaction between two
mobile 1

2
h111i clusters [9,10], these are dynamically

unstable and a single 1
2
h111i dislocation loop even-

tually forms.
.
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One of the reasons for these results may be an
incorrect description of the relative stability of
single SIAs of different configuration. MD studies
mentioned above used a many-body interactomic
potential of Finnis–Sinclair-type (F–S) due to Ack-
land et al. [11], which gives the formation energy of
the h110i dumbbell to be only 0.13 eV lower than
that of a h111i crowdion. With the embedded-
atom-method-type (EAM) potential proposed
recently [12], this difference is �0.5 eV and hence
closer to the value 0.7 eV obtained by ab initio cal-
culations based on the density-functional theory
(DFT) [13]. Furthermore, the h110i configuration
is more stable with respect to the h1 11i for clusters
of up to four SIAs with this newer potential [13],
which is why we use it here.

Another possibility is that interstitial impurities,
such as carbon, may affect relative stability of differ-
ent SIA clusters. However, development of inter-
atomic potentials for the Fe–C system required for
study of stability has lagged behind those for a-Fe
with substitutional solutes, and only a few Fe–C
potentials have been proposed to date. Johnson
et al. [14] developed a pairwise potential for Fe–C
for use with a pair potential for Fe by fitting to
the experimental value of 0.86 eV for the migration
energy of a C interstitial [15], zero activation volume
of migration [16] and a vacancy-C binding energy of
0.41 eV [17]. C–C interaction was not considered in
this model. This potential reproduces satisfactorily
the experimental value of the energy of solution of
a C atom in a-Fe relative to that in Fe3C [18], and
gives the octahedral site as the most stable one for
the C interstitial and the tetrahedral site as the sad-
dle-point for C jump from one octahedral site to
another, which is consistent with experiment [19]
and DFT calculations [20]. Although the volume
expansion due to a C atom is �0.3X, where X is
the Fe atomic volume, compared with �0.8X
deduced from the experimental value of lattice
parameter change with C composition [21], the
relaxation of Fe atoms neighbouring a C atom
obtained in Ref. [22] by a combination of the Fe–
C potential of Johnson et al. and the EAM-type
potential of Ackland et al. [12] is in good agreement
with that found from a recent ab initio calculation
by Domain et al. [20].

With regard to other Fe–C potentials in the
literature, the rescaled version of the potential of
Johnson et al. proposed by Rosato [23] for use with
a F–S-type potential for Fe yields 1.14 eV for the C
migration energy, which is much too high. An
EAM-type potential fitted to ab initio data on meta-
stable carbide FeC with B1 structure developed by
Ruda et al. [24] gives the tetrahedral site as the most
stable position for a C atom, which is in contradic-
tion with experiment and ab initio results. Lee [25]
has developed very recently a modified EAM poten-
tial for Fe–C. It produces a C–V binding energy of
0.9 eV, which is close to the value 0.85 eV deduced
from experiment by Vehanen et al. [2], but much
higher than the values 0.41, 0.47 and 0.51 eV
obtained from experiment by Arndt and Damask
[17], ab initio calculation by Domain et al. [20]
and the potentials used here (see [22]), respectively.

Another unresolved problem in understanding
and describing C interaction with point defects
concerns the sign of the interaction energy with
self-interstitial atoms (SIAs). For example, the
DFT calculations of Domain et al. [20] show repul-
sion between a C atom and a single SIA in h110i
dumbbell configuration for the largest model con-
sidered (128-atom cell), with a binding energy of
�0.19 eV in nearest neighbour coordination (dis-
tance a0/2, where a0 is the lattice parameter) and
�0.31 and �0.09 eV for the two C–SIA pairs with
second-neighbour spacing ða0=

ffiffiffi

2
p
Þ. (These three

arrangements are labelled 1, 2 and 3 in Fig. 13 of
[20].) In contrast, experiments offer evidence that
SIAs are immobilised by C atoms at low enough
temperature and the recovery stage IE in Fe–C solu-
tions is attributed to dissociation of SIA–C com-
plexes, the binding energy of which is estimated to
be �0.1 eV [2,26]. The potential set used here gives
0.58, �0.10 and 0.31 eV for the three C–SIA pairs
1, 2 and 3 in [20] and the EAM potential of Lee
[25] results in 0.68 eV for pair 1. In addition, the for-
mation of carbon atmospheres around dislocations
[1] implies existence of strong binding between these
defects. The corresponding binding energy is esti-
mated in the framework of elasticity theory to be
equal to 0.70 eV [27], which is consistent with the
value of 0.75 eV [28] calculated using the Fe–C
potential set of Johnson et al. [14].

Clearly, there are several anomalies between
atomic-level simulation, ab initio calculation and
experiment that are not yet resolved. All empirical
potentials proposed to date have some deficiencies.
As far as the relative stability of SIAs and their clus-
ters is concerned, the EAM potential of Ackland
et al. [12] for Fe–Fe interaction currently provides
the best description. For dilute Fe–C solid solution,
the Fe–C potential of Johnson et al. [14] remains a
good choice, and so we have used a combination
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of these potentials for the present work. A complete
account of the effect of carbon and point defect
properties is presented in a separate paper [22].

For the present work, atomic-scale computer
simulation has been applied to study the effect of
C atoms on the configuration and migration of
1
2
h111i, 1

2
h110i and h100i SIA clusters. Migration

of carbon in the core of the periphery of clusters
has also been analysed. The paper is organised as
follows. The calculation methods are described in
Section 2 and the properties of different types of
SIA cluster in pure iron and their interaction with
C atoms at 0 K are presented in Section 3. Results
of MD simulation of the motion of SIA clusters in
the presence of C solute and the motion of C in
the core of interstitial loops are presented in Section
4. The conclusions are drawn in Section 5.

2. Calculation model

Two atomic-scale simulation techniques were
applied. Molecular statics relaxation was employed
via a combination of conjugate gradients potential
energy minimisation and quasi-dynamic quenching
to study defect configurations at temperature
T = 0 K and to calculate formation, binding and
migration energy. MD was used to model configura-
tions at T > 0 K and provide data for thermally
activated motion of defects. In both cases the calcu-
lations were performed using periodic boundary
conditions at constant volume. The shape and size
of the simulation box depended on the type and par-
ticular property of defects under consideration. The
MD calculations were performed by adjusting the
lattice parameter, a0, for zero pressure conditions.
The integration of equations of motion was per-
formed using the velocity Verlet-leapfrog algorithm
[29] with variable time step, which was controlled by
fixing the maximum displacement of the fastest
atom at each step to be equal to 0.005a0. The mean
time step was from 0.6 to 0.8 fs depending on the
temperature.

SIA clusters with Burgers vector b ¼ 1
2
h111i,

1
2
h110i and h10 0i were studied. (We use the term

Burgers vector throughout, although small clusters
of a few SIAs do not develop full dislocation charac-
ter.) Clusters were formed by creating closely packed
dumbbells of appropriate orientation in a perfect
crystal and then relaxing to minimise the potential
energy. 1

2
h110i and h100i clusters have habit planes

perpendicular to their Burgers vectors, i.e. {110}
and {10 0}, respectively. The habit plane of 1

2
h1 11i
SIA clusters was found to depend on cluster size,
being {111} for clusters of less than about seven
SIAs and tending towards {11 0} for larger clusters.
In most calculations, the cluster shape was the clos-
est to that of the most stable configuration, i.e. hexa-
gon or rhombus for 1

2
h111i, rhombus for 1

2
h110i and

square for h100i clusters. These correspond to loop
sides oriented along closely packed directions.

3. Results of static simulations

3.1. Configuration and formation energy of SIA
clusters

The static relaxations were performed in a simu-
lation box with axes along h100i directions and size
(20a0)3. Generally, 1

2
h111i and 1

2
h110i clusters were

observed to have regular shape with corresponding
Burgers vectors clearly identifiable. Small h100i-
type clusters of two to five SIAs have distorted con-
figurations with individual SIAs tilted into different
directions. The most interesting observation is that
1
2
h110i clusters larger than seven SIAs do indeed

have a tendency to shear to h100i configuration,
as predicted by Eyre and Bullough [7].

Fig. 1(a) and (b) presents two examples of the
relaxed configuration of clusters of nine and 25 SIAs
initially in 1

2
h1 10i type configuration. A slice of

three (001) atomic planes through the middle of
the cluster is shown, with the light spheres indicat-
ing positions of pairs of atoms that formed the
initial ½1�10� dumbbell interstitials. The dislocation
core of the cluster perimeter is indicated in the
figures and a Burgers circuit is plotted in each case.
This shows that the small cluster in Fig. 1(a)
remains a b ¼ 1

2
½1�10� defect, albeit with a small

½110�ð�110Þ shear across the cluster plane. The shear
displacement is 1

2
½110� for the larger cluster in

Fig. 1(b), so that b has transformed to h100i type
by the process 1

2
½1�10� þ 1

2
½110� ¼ ½100�. The loca-

tion of the edge dislocation symbols shows that
the loop has rotated on its glide prism away from
the ð1�10Þ orientation. Thus, static simulations sug-
gest that 1

2
h11 0i SIA clusters of about 16 SIAs and

larger may transform into h100i configuration. This
possibility is verified by MD in the next section.

Fig. 2 shows the binding energy of SIA clusters,
normalised by the number of SIAs, as a function
of cluster size. The reference state is a set of isolated
SIAs in h1 10i dumbbell configuration, each with
the formation energy of 3.53 eV. It is seen that for
clusters containing four SIAs or fewer, the most
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Fig. 1. Relaxed configuration of (a) 9- and (b) 25-SIA clusters
initially in 1

2
h110i configuration. A slice of three (001) atomic

planes through the middle of the cluster is shown. The Burgers
circuit construction used to define b is shown and the position of
the loop core is indicated by the edge dislocation symbols.
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Fig. 2. Binding energy per SIA of interstitial clusters as a
function of cluster size.
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stable configuration is a set of h110i dumbbells,
while the arrangement of crowdions in h1 11i con-
figuration is preferable for bigger clusters. Some
results on the formation and binding energy of the
clusters (for which the interaction with C atoms
was also studied) are collected in Table 1. The for-
mation energy values for the 4-SIA clusters in Fe
are close to those given by Willaime et al. [13] using
the same potential.
3.2. Interaction of SIA clusters with C atoms

Carbon atoms were introduced near clusters of
the three principal types consisting of four, seven,
nine, 16 and 19 SIAs. The simulation boxes were
of cuboid shape elongated along the direction of
the cluster Burgers vector. For h10 0i clusters, a
cubic box was used with axes along h10 0i directions
and box size (20a0)3. For 1
2
h1 11i and 1

2
h1 10i clusters,

a box with [11 1], ½11�2� and ½1�10� axes was used,
elongated along the direction of the Burgers vector
and of size up to 23

ffiffiffi

3
p
� 5

ffiffiffi

6
p
� 10

ffiffiffi

2
p
ða0Þ3 and

12
ffiffiffi

3
p
� 9

ffiffiffi

6
p
� 15

ffiffiffi

2
p
ða0Þ3, respectively. One or two

carbon atoms were placed in all possible sites in
the vicinity of a cluster and the binding energy
was computed after atomic relaxation. (Note that
C–C interaction is not treated in our model, so when
the effect of two C atoms was considered, one was
placed in the site of maximum attraction to the
SIA cluster and the other was placed in the equiva-
lent site on the opposite side of the cluster.)

Results for the formation and binding energy for
each cluster are given in Table 1, together with the
binding energy of the C–SIA cluster complexes.
For the latter energy the reference state is a set of
isolated SIAs in h11 0i dumbbell configuration and
isolated C atoms. (For large clusters of 16 and 19
SIAs, it was not possible to ensure that all possible
positions of the C atom were considered by static
simulation and we cannot be certain that the energy
in the table is the maximum binding energy.) In our
simulations the 1

2
h110i clusters of seven and nine

SIAs with one C atom relaxed into 1
2
h111i configu-

ration, but those with two C atoms did not.
Fig. 3 shows two examples of how the binding

energy of a C atom with 1
2
h111i and h100i clusters

of nine SIAs depends on the position of the C atom.
The values of the energy when the C atom is placed
near the cluster are shown in the atomic projections
of the Fe interstitials in Fig. 3(a) and (b), and the
variation of energy with distance from the habit
plane along the rows labelled A and B is shown in



Table 1
Energy (in eV) of SIA clusters with and without C atoms

Cluster type Number of SIAs in cluster

4 7 9 16 19

Formation energy of cluster 1
2h111i 11.18 16.70 20.62 – 33.43
1
2h110i 11.03 17.53 21.97 34.79 –
h100i 11.84 18.50 21.58 31.74 –

Binding energy of cluster 1
2h111i 2.94 8.02 11.16 – 33.67
1
2h110i 3.09 7.20 9.83 21.71 –
h100i 2.28 6.22 10.20 24.76 –

Max binding energy of C with cluster 1
2h111i 0.86 0.74 0.66 – 0.42
1
2h110i 0.72 –a –a 2.04 –
h100i – – 1.22 1.13 –

Binding energy of C-cluster complex 1
2h111i 3.80 8.76 11.82 – 34.09
1
2h110i 3.81 –a –a 23.75 –
h100i – – 11.42 25.89 –

Binding energy of 2C atoms with cluster 1
2h111i 1.96 1.13 0.76 – –
1
2h110i – – 1.56 2.04 –
h100i – – 2.32 2.03 –

Binding energy of 2C-cluster complex 1
2h111i 4.90 9.15 11.92 – –
1
2h110i – – 11.39 23.75 –
h100i – – 12.52 26.79 –

a Relaxed configuration was 1
2h111i cluster.
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Fig. 3(c). The maximum binding energy was found
to be 0.86 and 1.22 eV for 1

2
h11 1i and h100i clus-

ters, respectively. It is a general observation that
the most stable position for a C atom is near the
periphery of a cluster, but the binding energy for
other sites, both inside and outside the cluster
perimeter, is also high. The distance dependence of
the binding energy is not symmetric for the h1 11i
defect because of the threefold stacking sequence
of the {111} planes.

We note the following interesting observation in
Table 1. Consider 9-SIA clusters. The 1

2
h11 1i and

1
2
h110i clusters exhibit the highest and lowest value

of the total binding energy in pure iron, respectively,
with the h100i defect in-between. The difference
between 1

2
h1 11i and h100i is 0.96 eV. With the addi-

tion of one C atom, the difference between the bind-
ing energies reduces to 0.38 eV. (The 1

2
h110i defect

relaxed to the 1
2
h111i configuration during the

simulation.) With two extra C atoms, this difference
is �0.60 eV and hence the h100i configuration
becomes more stable. Thus, static simulations pre-
dict that the h1 00i configuration can be the most
stable if a sufficient number of C atoms is added.
The possibility of stabilising the h10 0i cluster by
C atoms is verified by MD in the next section.
4. Results of MD simulations

4.1. Influence of C atoms on dynamic stability of

SIA clusters

MD calculations were performed for clusters of
various sizes in the range from four to 19 SIAs at
temperatures of 300–1200 K. The shape and size
of simulation boxes were the same as in the static
simulations (see Section 3.2). The initial atomic con-
figurations were obtained by static relaxation prior
to imposition of kinetic energy to each atom appro-
priate to the desired temperature. The simulation
time varied from 1 to 19 ns. The following behav-
iour was observed.

In pure iron, all clusters larger than seven SIAs
transform quickly into 1

2
h11 1i configuration and

migrate one-dimensionally (1-D) along their crow-
dion axis direction. The 4- and 5-SIA clusters, for
which the energy difference between 1

2
h111i and

1
2
h110i forms is small, occasionally change their axis

between equivalent h111i directions. This rotation
of the crowdions occurred only a few times during
a simulation, the frequency apparently increasing
with temperature. When a carbon interstitial is pres-
ent, the behaviour is different.
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A 4-SIA cluster initially created in 1
2
h111iconfig-

uration co-migrates with a C atom. It does not have
clear 1

2
h111i or 1

2
h110i configuration because the

energy difference between these two configurations
is reduced further in the presence of a C atom (see
Table 1). The migration is significantly slower than
in pure iron, for it is controlled by the frequency of
C atom jumps in the direction of the cluster axis.
For the 5-SIA cluster with one C atom at 900 K,
however, we observed formation and survival of
the immobile configuration shown in Fig. 4(a) for
the period of simulation. In this figure, all individual
SIAs are in h110i dumbbell configuration.

A 7-SIA cluster initially created in 1
2
h111i config-

uration with one or two C atoms was essentially
immobilised at 300 K. It co-migrated with C atoms
at 600 and 900 K, and dissociated from them and
hence diffused at 1200 K. Co-migration of a C atom
along the h111i cluster axis was achieved by jumps
both around the perimeter of the cluster and, occa-
sionally, through sites inside it. Accurate statistical
analysis of migration of the cluster-C complex was
not possible because of the low statistics of jumps.
However, it is clear that the cluster jump frequency,
i.e. the frequency with which its centre of gravity is
displaced by 1

2
h111i steps, was significantly reduced

by the presence of a carbon atom.
The 19-SIA cluster exhibited no mobility when

a carbon atom was trapped at the periphery of
the cluster, except at 1200 K when dissociation
occurred. The cluster retained 1

2
h111i configuration
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and goes back and forth around the position of the
C atom.

Most of the clusters initially in 1
2
h11 0i and h100i

configurations with one or two C atoms were found
to transform quickly into a 1

2
h111i configuration.

Hence, the presence of C atoms was unable to stabi-
lise these clusters against transformation to this
form. Some effect of C was observed in individual
cases, however. For example, at 600 K two C atoms
formed a sessile complex with a 9-SIA cluster (ini-
tially in h10 0i configuration) shown in Fig. 4(b),
whose lifetime extended to the end of the simulation,
and delayed the conversion of a 16-SIA h100i cluster
into a h111i configuration for �0.9 ns.

In summary, the dynamic behaviour of clusters
containing more than four SIAs in pure Fe simu-
lated with the EAM-type potential of Ackland
et al. [12] is similar to that reported previously
[30–32] with the F–S-type potential of [11]. In par-
ticular, independently of the starting configuration,
the clusters transform into 1

2
h1 11i configuration. In

Fe–C solution, C atoms may immobilize clusters
containing a few SIAs for the period of simulation
time. Two C atoms may delay transformation of
h10 0i loops or even form a sessile configuration.
However, the present MD simulations do not pro-
vide evidence for transformation of either 1

2
h1 11i

or 1
2
h110i clusters into h100i defects. The main

effect of C atoms on SIA clusters is thus seen in
the reduction of their mobility, which is controlled
by C atom jumps within the core of the cluster
perimeter. This is considered next.

4.2. Core migration of C atoms around SIA

clusters

For this study, MD simulations of hexagonal
clusters of 19, 37 or 61 h111i crowdions with one
carbon atom trapped at the perimeter were under-
taken. Times of up to 29 ns were simulated at
temperatures of 600 to 1200 K. As noted above,
the 7-SIA hexagonal cluster was able to migrate
along its h111i crowdion axis when a carbon atom
was present. The larger clusters considered in this
section were not mobile, except when dissociation
of the interstitial solute from the cluster occurred
at 1200 K. Despite the immobilisation of clusters
by carbon at the other temperatures, motion of
the interstitial solute in the cluster periphery was
observed and is analysed here.

The model hexagonal cluster has sides lying in
h11 2i directions and a glide prism with {110} faces
of the [111] zone axis. The crystallography for the
[111] defect is shown schematically in Fig. 5. As
described in detail elsewhere [33], it has characteris-
tics of a small dislocation loop with perfect Burgers
vector b ¼ 1

2
½1 11�. The C atom was found to migrate

around the periphery of the cluster for the entire
simulation time.

Two kinds of C jump could be distinguished. The
majority involved the C atom moving back and
forth in the core region of a cluster side. Interest-
ingly, the direction of motion was neither the
[111] direction of the prism axis, nor the h1 12i
direction of a loop side nor a h1 00i direction to
the nearest octahedral site, as occurs in Fe far from
a cluster. It was found to be the h11 1i direction
lying in a {110} face of the glide prism at 70.5� to
[111]. The jump directions are shown for two of
the glide prism faces in Fig. 5. The step vector was
�1

4
h111i with projected length along the cluster side

equal to the distance a0=
ffiffiffi

6
p

between {11 2} atomic
planes. We denote these as A-type jumps. They
are the same as those that have been found by com-
puter simulation to occur in the core of a straight
1
2
h111if110g edge dislocation in Fe and are

described in detail in [34]. The other jumps occurred
less frequently and took the C atom around a vertex
of the cluster to an adjacent side: we denote these as
B jumps. The frequency of these jumps was of the
order of 10 and 1 ns�1 for A and B, respectively,
and rather insensitive to cluster size. MD simulation
timescale imposes restrictions on their statistical



Table 2
Summary of the properties of C jumps around SIA clusters

Cluster size T (K) Time (ns) No. of C jumps Jump frequency (s�1)

A B A B

19 SIAs 600 28.70 224 20 7.80 0.70
800 16.30 141 49 8.65 3.00
900 17.54 143 45 11.80a 3.71a

37 SIAs 600 19.26 166 17 8.62 0.88
900b 14.87 178 40 11.97 2.69

61 SIAs 600 10.41 92 1 8.84 0.10
900 6.20 104 9 16.78 1.45

a Averaged values as several C-cluster complex dissociation events occurred during simulation.
b A few C-cluster complex dissociation events occurred, but it took very short time for each event (less than 0.25 ns).
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analysis. For example, we observed between 92 and
224 A-type jumps (for the 61-SIA and 19-SIA
clusters, respectively, at 600 K), but only 9 and 45
B-jumps (for the 61-SIA and 19-SIA clusters,
respectively, at 900 K). The jump data are summa-
rised in Table 2 and presented as Arrhenius plots
in Fig. 6.

Fig. 6 contains three additional plots for the pur-
poses of comparison. One uses data obtained from
MD simulation of C diffusion in pure Fe using the
same interatomic potential model as here (open
circles) [22]. The second uses frequencies extracted
from experimental data on the diffusion coefficient
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Fig. 6. Estimates of the jump frequency of a C atom in the core
of the periphery of 1

2
h111i 19-, 37- and 61-SIA clusters. Data are

also included for the jump frequency of C atom in the core of a
straight 1

2
h111i edge dislocation obtained by MD simulation

using the same Fe–C model as here (filled squares) [34] and for
MD results [22] and experimental data [35,36] for C in the bulk of
bcc iron.
of C in the bulk of a-Fe (dashed line) [35,36]. The
third shows frequencies for A-type jumps of C in
the core of a straight 1

2
h11 1if110g edge dislocation

in Fe obtained by simulation by [34], again using the
same model potential as in the present work. The
values for the dislocation core jumps are higher than
those in the bulk by three orders of magnitude at
600 K and an order of magnitude at 900 K. The
activation energy in the Arrhenius relationship
between the jump frequency and temperature
obtained from the straight-fit line shown in Fig. 6
is 0.1 eV for the cluster of 61 SIAs. This is much
lower than the value of 0.7 eV for bulk diffusion in
the same MD model. Taking into account the lim-
ited statistics inherent in our calculations, we con-
clude that this activation energy for jumps along
the side of a cluster compares well with the value
of 0.2 eV for those in the core of an infinite straight
edge dislocation [34]. It is interesting to note that the
plots of the A-jump data intersect that for the bulk
diffusion of C in Fe between 1000 and 1200 K: this
corresponds to the temperature range in which dis-
sociation of C from an SIA cluster was observed in
the MD simulations.

Although the number of B-type jumps, in which
the C solute migrates from one side of a cluster to
another, obtainable by MD is small (see Table 2),
it is clear that the ratio of B to A jump frequencies
for the 19- and 37-SIA clusters increases with tem-
perature, and that the number of B jumps observed
is sufficient for an approximate analysis. (We
exclude the 61-SIA defect from this because only
small number of B migrations occurred at each tem-
perature.) Within the uncertainty of the analysis, it
is seen that the activation energy associated with
the B jumps is 1.5–2 times higher than that for the
A mechanism.
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4.3. Implications for mobility of h111i SIA clusters

Several key results stand out from the preceding
subsections. First, over the timescale possible in
MD simulation, a C interstitial immobilises a cluster
of seven SIAs at 300 K and dissociates from the
cluster at 1200 K. At the intermediate temperatures
considered (600 and 900 K), the cluster-C complex
can co-migrate 1-D along the [111] direction of
the crowdion axis. The length of the side of the 7-
SIA defect is too short (2a0/

p
6) for true dislocation

core structure to develop, and this is the reason why
this cluster exhibits 1-D motion, albeit with a much
reduced jump frequency compared to that in pure
iron.

Second, the larger clusters of 19, 37 and 61 SIAs
modelled here trapped a C solute in their perimeter
core at all temperatures except 1200 K when disso-
ciation of the complex occurred. Although the C
atom was able to jump in the core of the perimeter
segments of the larger clusters at 600 and 900 K, the
clusters were immobilised by the presence of C and
were unable to diffuse along their [111] axis. This is
explained by the fact that with increasing number of
SIAs, cluster structure becomes more dislocation-
like, with the result that C motion is only possible
within the dislocation core [34]. The activation
energy for this process approaches 0.2 eV as cluster
size increases, which is the same as that for an infi-
nite, straight edge dislocation (see Fig. 6). This is
about a quarter of the value in the bulk crystal.

Third, although the dislocation core of a cluster
provides an environment for rapid jumping of car-
bon at moderate temperature, it is significant that
the vector of A-type jumps is �1

4
h111i at 70.5� to

[111], and so is in neither the direction of b nor
the h112i line direction of the core. When the C
atom makes such a jump, the dislocation segment
has to move by � 1

12
½111� in order to retain the same

C-cluster configuration. Thus, the SIA cluster can
only move forward and backward by a small dis-
tance if a C interstitial stays trapped in the core of
one side. Furthermore, if the C atom reaches a cor-
ner site by the cluster moving in, say, the [111]
direction and then makes a B-type jump to an adja-
cent side, the only A steps available to it are those
which force the cluster to move back in the reverse
direction ½�1�1�1�. This can be seen from the directions
drawn on the glide prism faces in Fig. 5. Thus,
although core migration of C around interstitial
loops has been revealed here, the nature of the jump
steps is such that only short back-and-forth dis-
placements of the C-loop complex can occur. Car-
bon entrapment essentially immobilises the loops
and long-range transport of carbon and loop is
prevented.

5. Conclusions

(a) At 0 K, the most stable configuration of clus-
ters containing less than five SIAs is 1

2
h110i,

while the 1
2
h111i configuration is preferable

for larger clusters.
(b) At 0 K, rhombus-shaped 1

2
h110i SIA clusters

of about 16 SIAs and larger transform by
the Eyre–Bullough mechanism [7] into h1 00i
configuration, while retaining a habit plane
between {110} and {100}.

(c) At 0 K, addition of two C atoms to a 9-SIA
cluster makes h100i the most stable configura-
tion, within the limitation of the model of non-
interacting C atoms.

(d) In pure Fe, the dynamic behaviour of SIA
clusters simulated here with a recent EAM-
type potential [12] is similar to that obtained
previously with a F–S-type potential [11]. In
particular, independently of starting configu-
ration, clusters with more than four SIAs
transform into 1

2
h111i configuration.

(e) At non-zero temperature, C atoms may form
sessile complexes with clusters containing a
few SIAs. Large clusters with one or two C
atoms transform into 1

2
h111i-type configura-

tion. Two C atoms may delay the transfor-
mation of h10 0i clusters or form sessile
configurations.

(f) At non-zero temperature, there is no evidence
of 1

2
h110i to h100i transformation.

(g) C atoms captured by SIA clusters significantly
reduce or prevent cluster mobility.

(h) C atoms migrate along the periphery of 1
2
h111i

clusters containing 19 or more SIAs with jump
frequency similar to that for pipe diffusion
along a straight edge dislocation.

(i) The C jump vector in (h) is the same as that in
the core of a straight edge dislocation. As a
result, long-range transport of carbon and
loop is prevented.
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