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1.  Introduction

Body-centred cubic (bcc) iron alloys are typically used in the 
nuclear industry, especially for reactor pressure vessels. Due 
to the high formation energy of self-interstitial atoms (SIA) 

in iron, defects such as SIA dislocation loops are found in 
materials that have been exposed to irradiation such as neu-
tron irradiation: the concerned Fe–C alloys are the nuclear 
reactor vessel and the nuclear reactor internal parts. ½ 〈1 1 1〉 
dislocations loops are known to have a very low migration 
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Abstract
A static and kinetic study of the interaction between a 19 ½ 〈1 1 1〉 self-interstitial atoms 
loop and C atoms in body-centred cubic iron is presented in this work. An empirical potential 
matching the density functional theory calculations is used to study the static properties of 
the system. The usual kinetic Monte-Carlo (KMC) on-lattice restriction is not valid when the 
material is highly distorted, especially in the presence of a dislocation loop. Therefore, the 
dynamics of the system are investigated using both molecular dynamics simulations and k-ART, 
a self-learning/off-lattice atomic kinetic Monte-Carlo. The presented work is thus a full study of 
the C-loop and the C2-loop systems. A good agreement is observed between the statics and the 
kinetics (e.g. the discovery of a zone of stability of the C atom around the Fe cluster where the 
C can almost freely move), even though the kinetics show some unexpected behaviours of the 
studied systems. The pinning time of the loop induced by the C atoms is also estimated.
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energy along the 〈1 1 1〉 direction [1] in pure Fe thus making 
it a mobile defect which can easily interact with other defects, 
as presented in the mechanism proposed by Xu et al leading 
to the formation of 〈1 0 0〉 loops by the interaction between 
two ½ 〈1 1 1〉 loops [2]. While the very mobile 〈1 1 1〉 loops 
may migrate to grain boundaries, the almost immobile 〈1 0 0〉 
loops are expected to accumulate in the microstructure and 
act as sinks for mobile defects [2] and may as well hinder the 
dislocations movement. Therefore, quantifying the change of 
mobility of 〈1 1 1〉 loops due to the C atoms is of primary 
importance to have a better understanding of the evolution 
of the microstructure of irradiated steels. The addition of 
alloying elements in pure bcc Fe matrix has an influence on 
the loop mobility. Arakawa et al observed a lowering in the 
loop motion due to Cr segregation at the loop periphery for 
temperatures above 450 K [3]. As for interstitial impurities, 
the presence of even very small amount of carbon affects 
properties of Fe and Fe-based ferritic alloys. This comes 
from the fact that carbon exhibits strong interaction with lat-
tice defects—see for instance [4]—and therefore influences 
their mobility [5], thus affecting the evolution of the micro-
structure. As an example, the strong affinity of carbon with 
vacancies in α-Fe leads to the formation of carbon–vacancy 
(C–V) complexes that can trap SIA loops [6]. Indeed, molec-
ular dynamics (MD) simulations showed that v–C and v–C2 
complexes can be responsible for the slowing down or even 
the complete stopping of ½ 〈1 1 1〉 SIA clusters [7]. The same 
authors showed that C decorated loops acted as strong obsta-
cles for dislocations [8]. A single carbon atom was shown to 
hinder the movement of dislocations [9, 10] or 〈1 0 0〉 dislo-
cation loops [8] in Fe, whereas Khater et al [11] showed that 
the stress level at 0 K due to a solid solution of C around an 
edge dislocation is lower than the Peierls stress leading to a 
softening of the material. On the contrary, these C atoms will 
tend to migrate towards the dislocation thus creating a well-
known Cottrell atmosphere [12]. In these atmospheres, due to 
C atoms that occupy pinning positions, the unpinning stress 
is higher as shown very recently in a study combining Monte 
Carlo and MD [13].

The aim of this work is to study the interaction between 
C atom(s) and an ½ 〈1 1 1〉 dislocation loop composed of 19 
iron SIA (i19 loop) within bcc Fe matrix. The i19 loop is 
expected to be representative of larger 〈1 1 1〉 loops because 
only the last shell of the loop and the first shell outside the 
loop are found not to be in a bcc environment [14]. Firstly, 
the static properties of the system are studied by density 
functional theory (DFT) and compared with the results of a 
well-assessed empirical potential [15] in order to determine 
the stability of the different configurations. This is done by 
calculating the binding energy between the C atom(s) and 
the loop. Secondly, the dynamic properties of the system 
are investigated at different temperatures for the different 
initial configurations given by the static study of the system. 
The aim of this dynamic study is to investigate the evolution 
in time of the loop and the C atom(s). A discussion will 
summarize the principal results of this work and show the 
consequences induced by the presence of C atoms near the 
loop.

2.  Method

2.1.  DFT calculations

DFT has been used within the projector augmented wave 
method as implemented in the Vienna ab initio simulation 
package (VASP) [16–19]. The Perdew and Wang [20] param
eterization of the generalized gradient approximation has 
been used. For the spin interpolation of the correlation poten-
tial, the improved Vosko–Wilk–Nusair interpolation has been 
applied. Supercells of 1458 bcc positions (9  ×  9  ×  9 bcc two 
atoms unit cell with a0 2.831 Å) were used with Gamma point 
representation of the Brillouin zone as the supercells are large. 
The plane wave energies were cut off at 300 eV. All the atoms 
were relaxed under constant volume condition.

The perfect interstitial 〈1 1 1〉 loop is introduced in the 
middle of the supercell and the influence of the pressure due 
to the use of constant volume has been evaluated using the 
method proposed by Varvenne et al [21] to take into account 
long range interactions. Once point defect energies have been 
calculated using VASP, they are corrected by subtracting arti-
factitious interaction energy arising from periodic boundary 
conditions. Because the introduction of an i19 〈1 1 1〉 loop 
can induce a large pressure on the simulation box, the calcul
ations were also done using a box size enlarged by 19 atomic 
volumes. The new lattice parameter a19 was then adjusted to 
match the new volume of the box. More precisely, this is done 
as such:

a19 =
a0

Nbox

3

…
N3

box +
19
2

where Nbox is the duplication of the unit cell in each direction 
(Nbox  =  9 for the DFT calculations).

It was found that these two methods to take into account 
the pressure applied return results that differ by less than 4% 
in the binding energies in average thus allowing one to con-
firm that the addition of 19 atomic volumes in the box is a 
valid correction. The local magnetic moments are calculated 
by taking the spin from the charge density difference inte-
grated over spheres on each atom.

2.2.  Cohesive model for the empirical potential calculations

Energy minimizations were done using the MD code 
DYMOKA [22] with simulation boxes of the same size as the 
ones used in the DFT calculations, i.e. 9  ×  9  ×  9 boxes (1458 
Fe atoms on a bcc lattice) with an i19 loop and a C atom. The 
empirical potential chosen is the one derived by Becquart et al 
[15] which was slightly modified by Veiga [23]. This Fe–C 
potential has been previously used to model Fe–C systems, 
with a particular focus on carbon-dislocation interactions 
[13, 24, 25] and the dynamics of carbon in bulk Fe15 [26]. 
It was also used to model internal friction experiments [27], 
martensite properties [28], and C ordering in Fe–C crystallites 
at high C concentrations [29]. Periodic boundary conditions 
were applied along all the directions and the total energy of 
the system was minimized on both boxes with and without 
the correction on the lattice parameter due to the pressure 
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induced by the introduction of the i19 loop. Just like for DFT 
relaxation, a difference in the binding energies between the C 
atom and the loop was observed whether we adjust the lattice 
parameter or not to take into account pressure added by the 
addition of the loop.

2.3.  Static properties

2.3.1.  Binding energy.  In a bcc Fe lattice containing N atomic 
sites, the total binding energy between n objects, i.e. vacancies, 
self-interstitial atoms, Fe or solute atoms, is the energy differ-
ence between the configuration where all the objects interact 
and the system where all the objects are far enough from one 
another to not interact anymore. Due to the limited supercell 
size, the total binding energy is calculated as follows:

Eb (A1, A2, ..., An) =
∑

i=1,...,n

E (Ai)

− [E (A1 + A2 + ... + An)+(n − 1)Eref]

where Eref  is the energy of the supercell without any 
defects, E (Ai) is the energy of the supercell with Ai, and 
E (A1 + A2 + ... + An) is the energy of the cell containing 
all Ai interacting defects. All the supercells contain the same 
number of lattice sites, i.e. have the same size. More precisely, 
here are the binding energies for a system containing a loop 
with a C atom and a loop with two C atoms in a pure Fe matrix 
respectively, so for the systems studied in this paper:

Eb (C − loop) =E (C) + E (loop)
− [(E (C_and_loop) + E(perfect_lattice)]

Eb (2C − loop) = 2 × E (C) + E (loop)
− [(E (2 C_and_loop) + 2 × E(perfect_lattice)].

With this definition, positive values correspond to binding 
(or attractive) configurations. The binding energy depicts 
the attraction/repulsion between the defects and so the 
overall stability of the system. Indeed, the higher the binding 
energy between a C atom and the loop, the more stable the 
configuration.

2.3.2.  Distances between the loop centre of mass and the C 
atom.  The loop centre of mass (CM) is defined as the cen-
troid of all the Fe atoms composing the loop, i.e. all Fe atoms 
that are not close to the perfect bcc lattice. The C-CM distance 
is not enough to fully describe the carbon environment espe-
cially because the same distance may correspond to different 
configurations. Two variables are thus defined: D(C-CM), the 
distance between the CM and the C atom projection on the 
(1 1 1) plane comprising the CM and H(C-CM), the distance 
between the C atom and the (1 1 1) plane comprising the CM. 
In the square triangle defined by the C atom, the CM and H 
the orthogonal projection of the C atom to the (1 1 1) plane 
comprising the CM, the two variables are D(C-CM) and H(C-
CM) are respectively the opposite side and the adjacent side of 
the right angle. Figure 1 represents these variables for a better 
understanding.

2.3.3.  Local atomic volume.  The local atomic volume of an 
atom corresponds to the space closer to this atom than to any 
other atom. It thus characterizes the real space an atom has. 
This local atomic volume was computed according to the 
methodology described by Domain and Becquart [14].

2.3.4.  Coordination.  In this work, the coordination is defined 
as the number of Fe atoms within a 2.3 Å radius sphere around 
the C atom. In an iron bcc lattice (lattice parameter at 0 K 
predicted by the EAM potential used throughout this work 
a0  =  2.855 32 Å), interstitial C atoms position themselves in 
octahedral sites rather than tetrahedral sites [30]. In pure iron, 
in an O site, the coordination is 6; there are two iron atoms 

at a0
2 = 1.43 Å and four iron atoms at 

√
(2)a0

2 = 2.02 Å. The 

third closest neighbours of the C atom are eight iron atoms at √
(5)a0

2 = 3.19 Å. According to the interatomic potential we 

use in this work, when a C atom is introduced in the O site 
and the structure is relaxed, the two Fe 1st nearest neighbours 
move away from the C atom from 1.43 Å to 1.79 Å whereas 
the four Fe 2nd nearest neighbours move closer to the C atom 
from 2.01 Å to 1.98 Å. Therefore, a coordination non-equal to 
6 would mean a distorted lattice around the C atom because it 
would mean that an Fe atom moved by at least 0.3 Å.

2.4.  Dynamic calculations: kinetic-ART

Contrary to standard AKMC methods, kinetic-ART (k-ART) 
is an off-lattice/self-learning AKMC, i.e. that it does not 
constraint atomic positions to a rigid lattice, and an event 
catalogue is constructed on-the-fly by the program as the sim-
ulation proceeds. It makes this technique especially suitable 
for the study of activated diffusion processes [31, 32] such as 
carbon diffusion in Fe [26] and reproduce the lattice even in 
distorted systems. K-ART identifies all the possible transitions 
for each local topology, defined by the graph composed of the 
links between the different atoms. For a given system, with a 

Figure 1.  Representation of the variables D(C-CM) and H(C-CM) 
in the presence of an i19 loop (green atoms) and a C atom (in red) 
in a pure Fe matrix with CM the loop centre of mass and H the 
orthogonal projection of C on the (1 1 1) plane containing CM. For 
the sake of simplicity, the Fe matrix is not represented.
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specific potential, there is a bijection between the topology 
and the real lattice. Another important assumption made is 
that for a given topology, the possible transitions will remain 
the same. This means that for a topology, the transitions have 
to be computed only once. The relevant energy barriers, i.e. 
those with an occurrence probability of 0.01% or more, are 
recalculated at each step to ensure that the transitions, even 
if they are the same, have the right energy. This implies that 
k-ART, unlike more standard KMCs include exactly the effect 
of elastic deformations on minima and barriers, allowing 
one to study the diffusion of carbon near a dislocation core. 
The topologies of the system are managed by NAUTY [33]. 
K-ART uses a local transition searching method which finds 
all the jumps associated with a given system and their associ-
ated energies [34]. The method works by directly computing 
the lowest curvature using the iterative Lanczos algorithm, 
an efficient method allowing to follow a local eigendirection 
[35]. From a configuration in a local minimum, the program 
will find all the associated transitions barrier as well as the 
local minimum after the jump. Contrary to other saddle point 
searching methods such as the nudged elastic band method, 
only one local minimum is needed to find a transition barrier.

The simulations were launched in order to study the 
impact of the addition of C atom(s) near the i19 dislocation 
loop. Therefore, we introduced an i19 loop in a perfect Fe 
matrix with one or two C atoms. For all k-ART simulations, 
the temperature was set to 300 K or 600 K in a 9  ×  9  ×  9 bcc 
supercell.

3.  Results

3.1.  Static properties

Figure 2 represents the C  −  ½ 〈1 1 1〉 loop binding energy for 
the DFT calculations as well as the empirical potential, and 
for the two investigated box sizes (the 1458 atomic volume 
box and the 1458  +  19 atomic volume box). The binding 
energy is defined so that the most stable configurations are the 
ones with the highest binding energy (section 2.3.1).

Regarding the influence of the box volume on its energy, 
one could expect that it would only cause a shift in the simu-
lation box energy (hence in the binding energy) equal to the 
constraint added by the 19 SIAs. However, figure 2 indicates 
that the addition of 19 atomic volumes to the simulation box 
volume does not induce a strict shift in the binding energy. 
This can be due to the fact that the lattice does not relax in 
the exact same configuration when the relaxation is done in 
the two different boxes or that deformations are sufficiently 
important to sample non-linear parts of the interaction. As 
seen on figure 2, the difference in binding energies between 
configurations relaxed by DFT with and without the addition 
of 19 atomic volumes is higher than the difference in binding 
energies between configurations relaxed by EP with and 
without the addition of 19 atomic volumes. Therefore, it is 
possible to deduce that DFT is more sensitive to the change of 
pressure than the empirical potential.

We can observe on figure 2 that the most stable configura-
tions for the C atom are the ones at the external periphery 

of the loop (D(C-CM)  >  2 lattice unit (l.u.)), with a binding 
energy of 0.44 eV (resp. 0.50 eV) for the DFT (resp. for the 
empirical potential) calculations in the 1458 atomic volume 
box. The covalent Fe–C interaction potential derived by 
Hepburn [36] predicts binding energies of the same order. 
Note, however, that the Hepburn potential has been found 
to disagree with DFT calculations regarding the carbon-
dislocation interaction. Indeed, as highlighted by Terentyev 
et al [7], the saddle point predicted by this potential as the C 
atom migrate is not the tetrahedral site, whereas the potential 
used in this work [15, 23] agrees qualitatively with the DFT 
calculations regarding the attractive carbon dislocation inter-
action of about 0.1 and 0.4 eV for carbon–carbon separations 
of 1b and 2b respectively [37]. Using a combination of an Fe 
potential developed by Ackland [38] and an FeC potential 
developed by Johnson [39], Tapasa et al [9] observe that the 
binding energy of C with small 〈1 1 1〉 loops decreases with 
the loop size from 0.86 eV for a four SIA loop to 0.42 eV for 
a 19 SIA loop, close to the value of 0.55 eV predicted by the 
potential used in this work for the binding energy between 
C and a 19 SIA loop. The strength of the C-loop interaction 
predicted by the empirical potential used through this work 
is in between that of the highest binding energy of C atom 
in a screw dislocation core (0.41 eV) and the highest binding 
energy of a C atom in an edge dislocation core (0.65 eV) [24] 
obtained with the same potential before the slight adjustment 
done by Veiga [23].

Even if the binding energies predicted by the DFT and the 
empirical potential are not strictly the same especially for 
repulsive configurations, there is an excellent agreement in the 
trend of the curves figure 1 thus confirming that the empirical 
potential is in good agreement with the DFT calculations. One 
can furthermore observe on figure 2 that for the same D(C-CM) 
different binding energies can be obtained. The main reason 
for this behaviour is due to the fact that the dumbbells consti-
tuting the loops have low migration barriers along the 〈1 1 1〉 
direction; these can then move easily, therefore the energy of 

Figure 2.  Binding energy between the C atom and the 〈1 1 1〉 loop 
(DFT and empirical potential calculations labelled as DFT and EP) 
versus D(C-CM) for lattice parameter taking and not taking into 
account the loop pressure induced dilatation (labelled as a19 and a0 
respectively). The results are presented for simulations containing a 
loop and a C atom as only defects in a 9  ×  9  ×  9 bcc Fe matrix.
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the box changes and so does the binding energy between the 
C and the loop. Despite this issue, figure 2 provides a good 
overview of the system: for a C-loop centre of mass distance 
under 1.9 l.u., all the binding energies are repulsive meaning 
that the loop and the C atom are likely to go far away from 
each other. Conversely, the most attractive configurations are 
the ones with the C atom at the external periphery of the loop 
(2–2.2 l.u.). Finally, one can observe that the empirical poten-
tial tends to underestimate the repulsion between the defects 
compared to DFT.

A correlation between the local atomic volume and the 
binding energy is emerging from figure 3(a): the more space a C 
atom has, the more attractive the interaction energy between the 
two defects. All configurations where the local atomic volume 
of the C atom is below 0.6 are repulsive. One can deduce from 
figures 2 and 3(a) that the most spacious configurations for the 
C atom are the ones where C is at the external periphery of 
the loop. Conversely, that the most stable configurations are the 
ones where the C atom is at the external boundary of the loop 
because this is where the carbon has the most space thus dis-
turbing the less the iron matrix. Figure 3(a) also points out that 
the potential predicts smaller atomic volumes than DFT.

Figure 3(b) provides interesting information: the highest 
binding energies are obtained when the C atoms have seven Fe 
atoms closer than 2.3 Å to them. These configurations share 
a particular characteristic: the C atom is 2.3 Å close to only 
one or two atoms of the loop which corresponds to the carbon 
atom being at the external boundary of this loop. Inside the 
loop, the coordination is 6, which confirms that inside the loop 
the organization of Fe atoms is the same as for the bcc iron 
matrix. The surprising result is that the C atom is strongly 
bound to the loop when there are 7 Fe atoms close to it, so 
more than the C atom in pure iron. Strong binding energies 
also correspond to the largest local atomic volumes leading 
to the counter-intuitive fact that the more iron atoms in a  
2.3 Å sphere around the C atom the larger the space around 
the C atom. A plot of the local atomic volume versus the coor-
dination confirms that the C atoms having a coordination of 
7 do have a high local atomic volume thus a strong binding 
energy between the defects.

Figure 4 summarizes the binding energy datasets obtained 
in this work. The main difference on these datasets is the 
change in the repulsive binding energies: on figure 4(a), (b) 
and (d), the most repulsive configurations have a binding 
energy below  −0.4 eV when on figure 4(c) the most repulsive 
configurations have a binding energy close to  −0.1 eV. This 
is due to the differences in configurations, because for the 
empirical potential relaxation without the 19 atomic volumes, 
no C atom was found far within the loop after the relaxation 
and the closer the C atom to the loop centre of mass the greater 
the repulsion.

To summarize, one can observe in figure 5 that the most 
attractive configurations are the ones where the carbon is 
at the external boundary of the loop and close to the plane 
(1 1 1) containing the loop centre of mass. The sudden drop 
of the surface occurs at the loop boundary, confirming that 
the binding energy becomes repulsive when the C atom enters 
the loop.

A closer look at the binding energies of all the configura-
tions leads us to sort the configurations in three sets of binding 
energies. Because no configuration relaxed by EP with the 
addition of 19 atomic volumes was found to have a binding 
energy between 0 eV and 0.069 eV and between 0.28 eV and 
0.37 eV, we decided to classify the configurations depending 
on their binding energy into three distinct categories, namely 
high binding energies category (Eb  >  0.3 eV), low binding 
energy category (0 eV  <  Eb  <  0.3 eV) and repulsive category 
(Eb  <  0 eV). We thus expect to find the same kinetic behav-
iour for configurations in the same category.

Figure 6 summaries these three categories of initial con-
figurations depending on the C position with respect to the 
loop: high binding energy configurations when the C is at the 
external periphery of the loop in green, low binding energy 
configurations when the C is far from the loop in red and 
repulsive configurations when the C is within the loop in blue 
(this colour code will be used throughout the whole paper). A 
precision must be added to the repulsive category, because the 
configurations with a repulsive binding energies close to 0 eV 
(−0.01 eV and  −0.03 eV) are the ones where the C atom is not 
directly within the loop and not even in the plane comprising 

Figure 3.  C-〈1 1 1〉 loop binding energies (DFT and empirical potential calculations) versus (a) the local atomic volume (b) the 
coordination number for lattice parameter taking and not taking into account the loop pressure induced dilatation. The results are presented 
for simulations containing a loop and a C atom as only defects in a 9  ×  9  ×  9 bcc Fe matrix.
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Figure 5.  Binding energy surfaces constructed with the binding energy of initial configurations of simulations containing a loop and a C 
atom as only defects in a 9  ×  9  ×  9 bcc Fe matrix (blue dots). The results for the different relaxation techniques are presented: (a) DFT 
without 19 atomic volumes added, (b) DFT with 19 atomic volumes added, (c) empirical potential without 19 atomic volumes added, d) 
empirical potential with 19 atomic volumes added. The x axis is D(C-CM) and the y axis is H(C-CM). The surface’s colour refers to the Eb 
colour code.

Figure 4.  Binding energies in eV between the C atom (small colourized atoms) and the loop (large green atoms) for different 
configurations using the different relaxation techniques presented: (a) DFT without 19 atomic volumes added, (b) DFT with 19 atomic 
volumes added, (c) empirical potential without 19 atomic volumes added, (d) empirical potential with 19 atomic volumes added. The C 
atoms are colourized according to their binding energy with the loop. The perfect loop is showed for comprehension sake because the loop 
shape is different for each initial configuration.
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the loop (e.g. figure 7). These configurations are thus the ones 
where H(C-CM) is high and D(C-CM) is lower than 2 l.u. 
Still, a repulsive energy between these defects suggests that 
the loop will likely go away from the C atom. This result may 
be easily explained by the fact that if the loop goes towards the 
C atom until the C is within the loop, the resulting configura-
tion will be less stable than the original configuration, i.e. the 
configuration has a lower energy when the C atom is above the 
loop than the one where the C atom is within the loop.

3.1.1.  K-ART simulations.  In order to have a good overview of 
all the simulations, a summary of each MD and KMC simu-
lation is given in the table  ‘Summary of all simulations’ in 
supplementary material (stacks.iop.org/JPhysCM/30/335901/
mmedia).

3.1.1.1.Loop mobility in a pure Fe matrix.  In pure iron, the i19 
loop is known to be a very mobile defect. A simulation was 
launched with an i19 dislocation loop as only defect in a pure 
Fe matrix in a 9  ×  9  ×  9 box at 300 K to confirm that result. 
The highest energy barrier found in a 176 step simulation is 
approximatively 0.05 eV for a crowdion to move as seen on 
figure 8.

Even if not a single crowdion was found far from the others, 
meaning that the loop will move as fast as its slowest crow-
dion, the energy barriers are so low that the overall mobility of 
the loop is enormous. For this simulation, the timestep of the 
different events were found to be between 10−13 s and 10−16 s.

3.1.1.2.Loop interaction with one C atom.  We have run 
40 k-ART simulations for an average computing time of 
2.5  ×  105 s at 300 K starting on the configurations relaxed by 
empirical potential with the addition of 19 atomic volumes, 
so for 9  ×  9  ×  9 bcc Fe boxes with a C atom and an i19 loop. 
One first important result is that the average time step for a 
C jump is approximatively 107 times higher than the average 
time step for a crowdion displacement. The loop moves thus 
a lot faster than the C atom and the difference in the defect 
velocities suggests that the dislocation loop will move until it 
encounters a C atom.

The energy needed for the C atom to jump in the first step 
of all the simulations with 1 C atom at 300 K is presented 
figure 9. The simulations are divided in the three categories 
defined in 3.1. Knowing that the C migration energy predicted 
by our potential in a perfect Fe lattice is 0.815 eV, one can 
deduce from figure 9 that the loop has a high influence on the 
mobility of the C atom. When the C atom is initially inside 
the loop (repulsive category), the C migration energies are 
lower than the C migration energy in a perfect Fe bcc lattice 

Figure 6.  Classification of initial configurations depending 
on the C position. The green atoms represent the perfect loop 
for simplification sake. For C atoms in the blue zone, the 
configuration is repulsive (Eb  <  0 eV); for C atoms in the red 
zone, the configuration is in the low binding energy category 
(0 eV  <  Eb  <  0.3 eV); for C atoms in the green zone, the 
configuration is in the high binding energy category (Eb  >  0.3 eV).

Figure 7.  Configuration relaxed by the empirical potential with a 
binding energy, Eb  =  −0.13 eV indicating a repulsion between the 
C (red atom) and the loop (green atoms) even if the C atom is not 
on the same 〈1 1 1〉 plane as the loop. This system contains a loop 
and a C atom as only defects in a 9  ×  9  ×  9 bcc Fe matrix (not 
represented for simplification sake).

Figure 8.  Migration energy of the events chosen by the KMC for 
a 176 step simulation containing the i19 loop as only defect in a 
9  ×  9  ×  9 bcc Fe matrix.
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(Emig  <  0.8 eV). This reflects that the loop will be likely to 
unpin from this C atom. For initial low binding energy con-
figurations, the C jump energy is close to the migration energy 
of C in a perfect bcc lattice. From these configurations where 
the C atom is far from the loop, one can deduce that the inter-
action between the two defects is weak. More interestingly, 
for initial high binding energy configurations, two main areas 
divide the carbon migration energy. On the one hand, it was 
logically found that the C atom strongly linked to the loop has 
a close to or a higher jump energy than 0.8 eV. On the other 
hand, a lot of C migration energies are below that threshold 
of 0.8 eV, leading to the counter-intuitive idea that the C atom 
may move easily. A possible explanation linked to this obser-
vation is that a zone of stability around the loop exists thus 
allowing the C atom to move almost freely around the loop 
and staying in a strong binding position with it.

Representative simulations of the three categories are 
represented in figure 10(a) (for the high binding energy con-
figurations), figure 10(b) (for the low binding energy configu-
rations) and figure  10(c) (for the repulsive configurations). 
These representative simulations represent all the behaviours 
observed for the three categories of initial configurations with 
a loop and 1 C atom at 300 K.

As seen on figure 10(a), when the initial binding energy is 
high, the C-CM distance does not change much meaning that 
the loop does not move away from the C atom. For all these 
simulations, we never observed the loop leave the C atom. 
Even if in a few of these simulations the loop tends to go away 
from the C atom, it never really leaves it, e.g. when only one 
crowdion of the loop is close to the C atom while the others 
are far. This shows the pinning power the C atom has on the 
loop: strongly bound to a crowdion and because the cohesive 
force of the loop prevents its break-up, it is hard for the loop 
to move in these particular conditions.

Figure 10(b) represents the two different behaviours 
observed for initial low binding energy configurations 
(0 eV  <  Eb  <  0.3 eV). The first one (solid line) shows the 
ability of the loop to go away from the C atom when the two 

defects are not so close i.e. the interaction is low. On the con-
trary, the second one (dashed line) shows the ability of the 
C atom to move towards a more stable position, so towards 
the loop external periphery. Therefore, there is a competition 
between the C atom weakly pinning the loop and the loop 
movement. One can think that among the low binding energy 
configurations, the ones with the highest binding energy will 
lead to the migration of the C atom to the external periphery of 
the loop and the ones with the lowest binding energy will lead 
to the migration of the loop, but in fact it was found that even 

Figure 9.  C migration energy for different initial configuration 
binding energy categories at the first step of the simulation: high 
binding energies category (Eb  >  0.3 eV), low binding energies 
category (0 eV  <  Eb  <  0.3 eV) and repulsive category (Eb  <  0 eV). 
The simulation boxes contain a loop and a C atom as only defects in 
a 9  ×  9  ×  9 bcc Fe matrix.

Figure 10.  Evolution of the distance between the C atom and the 
loop centre of mass for representative simulations of the different 
categories of initial configurations: initial high binding energy 
configurations (a), initial low binding energy configurations (b) and 
initial repulsive configurations (c). The simulations contain a loop 
and a C atom as only defects in a 9  ×  9  ×  9 bcc Fe matrix.
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with binding energies of 0.17 eV the C atom can be found at 
the external periphery of loop and that the highest binding 
energy configuration (0.28 eV) lead to the loop moving with 
no movement of the C atom. This proves the stochastic char-
acter of this effect. This competition is found in two simu-
lations, namely the ones with a binding energy 0.17 eV and 
0.20 eV, in which the two effects are occurring at the same 
time: the loop moves a little away from the C atom but the 
C will still come to a strong binding position; at the end of 
these simulations, both defects have moved from their original 
places thus showing a weak enough anchoring of the loop for 
it to move but also a strong enough interaction between C and 
the loop for the C to migrate.

Figure 10(c) represents the two typical evolutions of the 
C-loop system found for initial repulsive configurations, 
namely the drive-away process of the loop from the C atom 
and the repositioning of the C atom to the most stable con-
figurations. The first one (solid line) is simple to explain: the 
loop will move away from the C atom hindering the stability 
of the system. The simulation of the second behaviour (dashed 
line) shows a jump by jump migration of the C atom from 
within the loop through its external periphery. As shown in 
figure 9, the C migration energy within the loop is lower than 
the C migration energy in a perfect Fe lattice, suggesting a 
low energy migration pathway of the C atom to the external 
periphery of the loop. Once again, a competition occurs 
between the loop wanting to move and the C atom wanting 
to migrate to the most stable configurations. But for the C to 
migrate, the loop must be anchored a minimum. Therefore, 
even a C atom within the loop has a pinning effect on the loop 
although the two defects have a repulsive interaction.

To conclude on this first set of results at 300 K, only two 
different endings were found to all these simulations. Either 
the C atom is found at the external periphery of the loop, to the 
strongest pinning positions, or the pinning was not sufficient 
enough and the loop was found far from the C atom.

3.1.1.3.Loop interaction with two C atoms.  We now investi-
gate the impact of two C atoms on the mobility of the dislo-
cation loop by launching 20 k-ART simulations at 300 K in 

9  ×  9  ×  9 bcc Fe supercells with two C atoms and the i19 
loop. Considering that there are three different categories for 
one C atom (see figure 6), six different combinations of ini-
tial configurations are possible for two C atoms simulations. 
However, as seen on figure 9, for initial low binding energy 
configurations where the C atom is far from the loop, the influ-
ence of the loop on the C migration energies is weak. We thus 
decided to focus our attention on simulations with C atoms in 
repulsive positions or in high binding energy positions. There-
fore, only three different categories of initial configurations 
are possible: two C atoms within the loop, two C atoms at 
the external periphery of the loop and one C atom within the 
loop with one C atom at the external periphery of the loop. 
Looking at all the different initial configuration binding ener-
gies with two C atoms, we classify the configurations in three 
categories: repulsive category (Eb  <  0 eV, two C atoms within 
the loop), low binding energy category (0  <  Eb  <  0.4 eV,  
one C atom within the loop and one C atom at the external 
periphery of the loop) and high binding energy category 
(Eb  >  0.4 eV, two C atoms at the external periphery of the 
loop). The choice for these categories is, again, justified by 
the gap in the binding energies of the configurations: no con-
figurations are found with an Eb between  −0.36 eV and 0 eV 
and neither between 0.35 eV and 0.56 eV.

Figure 11 puts on display the migration energy of the C 
atom for all the simulations with two C atoms for the first step 
(a) and for all the steps (b). Doing the comparison between 
the initial C migration energy for configurations with one C 
atom (figure 9) and two C atoms (figure 11(a)) leads to the 
following observations.

	 –	�For initial high binding energy configurations, there are 
still the two distinct sets of migration energies, i.e. the 
low migration energy set (Emig  <  0.8 eV) and the high 
migration energy set (Emig  ⩾  0.8 eV) meaning that the 
zone of stability of the C atom around the loop still exists. 

	 –	�For initial repulsive configurations, whether one or two C 
atoms are within the loop, almost all the migration ener-
gies are low (Emig  <  0.8 eV) suggesting that the C atom 
and the loop are still likely to move away from each other. 

Figure 11.  C migration energy for different initial configurations with two C atoms and a loop for the first step (a) and for the whole 
simulation (b). The initial configurations are divided into three categories: high binding energy (Eb  >  0.4 eV), low binding energy 
(0  <  Eb  <  0.4 eV) and repulsive (Eb  <  0 eV). The simulation boxes contain a loop and two C atoms as only defects in a 9  ×  9  ×  9 bcc Fe 
matrix.
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	 –	�For initial low binding energy configurations, a differ-
ence in the C migration energies is observed whether the 
box contains one C atom or two C atoms. Indeed, when 
there is only one C atom (figure 9), C migration energies 
are close to C migration energy in a perfect bcc lattice 
(Emig0  =  0.815 eV) whereas when there are two C atoms, 
C migration energies are mostly low (Emig  <  0.8 eV). 
Remember that this is due to the differences in configu-
rations: for the configurations in the initial low binding 
energy category with two C atoms, one C atom is in a 
strong attractive position and one C atom is in a repulsive 
position. Therefore, one should expect to observe low C 
migration energies due to the C atom in a repulsive posi-
tion as well as both high and low C migration energies due 
to the C atom in a high binding energy position (as seen 
on figure 9). However, very few high energy barriers were 
found for the initial low binding energy configurations in 
figure 11. This means that the interaction between the two 
C atoms helps the C atom in a strong binding position to 
overcome the high energy barriers. The consequence of 
the interaction between the C atoms is then a lowering of 
the high energy barriers.

The evolution of the C-CM distance for the three categories 
of initial configurations with two C atoms is represented on 
figure 12. For the simulation initially in the high binding ener-
gies category so with two C at the external periphery of the 
loop (figure 12(a)), one can observe that the C-CM distance 
between the interstitials and the loop centre of mass did not 
evolve much. In fact, as seen on figure 13, the C atoms simply 
moved in the stability zone around the loop. An interesting 
phenomenon occurred in one of the simulations in the high 
binding energies category: the loop moved during the simula-
tion while dragging the C atoms with it as seen in figure 14 
through very-low migration energy transitions (around the 
meV). All the simulations in the high binding energies cate-
gory were found to have the same ending, i.e. the two C atoms 
were situated in strong attractive positions at the end of the 
simulations.

For initial low binding energies configurations (with one C 
atom in a strong binding position and another one within the 
loop), two different endings of the simulations were reached. 
On the first scenario, the loop moves away rapidly from the C 
atoms because one C atom is within the loop. On the second 
scenario presented on figure 12(b) and illustrated on figure 15, 
the C atom within the loop moves as far as the loop periphery 
thus becoming strongly bound with the loop. Instead of 
having one C within the loop and only one anchoring point 
as the C atom at the external periphery like at the beginning 
of the simulation, there are now two strong anchoring points 
for the loop: the initial low binding energy configuration 
figure 15(a) became an initial high binding energy configura-
tion figure 15(b) and just like other simulations of this cat-
egory, the two C atoms moved freely around the loop (figure 
15(c)). However, if the outcomes of the simulations in the low 
binding energies category are different, they share a particular 
detail: the C atom within the loop never moved towards the 
loop centre. This behaviour can be easily explained because 

the closer the C atom to the loop centre of mass, the higher the 
total energy and so the lower the stability of the system.

The addition of another C atom tends to enhance all the 
phenomena occurring with one C atom, whether it is the loop 
unpinning from a C atom within it or the free movement 
of C interstitials around the loop. It can be easily explained 
for the first case because two repulsive forces will make the 
loop move faster. As for the second case, adding a C atom 

Figure 12.  Evolution of the distance between the loop CM and 
the C atoms for k-ART simulations at 300 K with two C atoms 
representative of the three binding energy categories: high binding 
energies category (Eb  =  0.91 eV (a)), low binding energies category 
(Eb  =  0.23 eV (b)) and repulsive category (Eb  =  −1.29 eV (c)). The 
simulation boxes contain a loop and two C atoms as only defects in 
a 9  ×  9  ×  9 bcc Fe matrix.
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provides another anchoring point allowing the other C atom 
to move freely.

It seems obvious that two C atoms can pin the dislocation 
loop more efficiently than a single C atom because the second 
C atom provides an additional anchoring point; higher energy 

is therefore needed for the loop to unpin. Furthermore, just as 
in the case of the double kink mechanism [40], the whole loop 
can be dragged by the displacement of a single crowdion, there-
fore locking down two crowdions instead of one will result in 
lower chances for the loop to provide mobile crowdions which 

Figure 13.  Initial (left) and final (right) configurations exhibiting the movement of the C atoms (red atoms) around the loop (green atoms) 
for a simulation with 2 C atoms bound to the loop at the beginning (Eb  =  0.91 eV). The simulation contains a loop and two C atoms as only 
defects in a 9  ×  9  ×  9 bcc Fe matrix (not represented for simplification sake).

Figure 14.  Snapshots of a k-ART simulation exhibiting the dragging effect of the loop (green atoms) which stays close to the C atoms (red 
atoms) when moving for a simulation with two C atoms bound to the loop at the beginning (Eb  =  0.91 eV). The different snapshots were 
taken in a range of 20 steps with activation energies around 1 meV (steps with very low movements were skipped). Each step represents a 
simulated time between 10−15 s and 10−11 s. The box contains a loop and two C atoms as only defects in a 9  ×  9  ×  9 bcc Fe matrix (not 
represented for simplification sake).

Figure 15.  Representation of the evolution of a system with two C atoms (red atoms) and loop (green atoms) for an initial low binding 
energy configuration where 1 C is at the external periphery of the loop and the other one is within the loop (a). The snapshot (b) represents 
the moment the C atom within the loop went at the external periphery and (c) represents the end of the simulation. The simulation contains 
a loop and 2 C atoms as only defects in a 9  ×  9  ×  9 bcc Fe matrix (not represented for simplification sake).
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can drag the whole loop. However, no simulation with two C 
atoms has a simulated time higher than 10−4 s at 300 K so it 
is impossible to compare it with the simulations with one C 
atom. The main reason for that difference in the simulated 
time is linked to the presence of the second C atom. As this 
atom adds more possible transition at each step, with more low 
energy barriers (mainly between 0.2 and 0.5 eV, figure 11(b), 
the effective transition rate increases thus lowering drastically 
the time step. As seen previously, the great increase of the time 
step is due to a strong pinning of the loop removing the loop 
crowdions very-low barrier transitions thus leaving the C atom 
the only mobile defect. So adding another mobile C atom in 
this configuration results in a lower time step.

3.2.  Influence of temperature

The temperature was then set at 600 K to investigate the effect 
of temperature. The main effect we observed is the enhanced 
mobility of the loop. Even in the simulations done with two C 
atoms, at this temperature, very few movements of the C atoms 
were found. The main drawback of this observation is the dif-
ficulty to interpret the results given by the simulations. Indeed, 
very-low migration energy events (flickers) lead to a signifi-
cant decrease in the time step of KMCs and so on the simulated 
time. Fortunately, the simulated time of these simulations is 
reachable by molecular dynamics. Therefore, the effect of the 
temperature will be discussed only on MD simulations.

3.3.  MD simulations

Simulations matching the KMC conditions were launched by 
MD, so with one and two C atoms, at 300 K and 600 K in a 
9  ×  9  ×  9 box. For these simulations, the timestep is set to 1 
fs in the NVE ensemble for a total simulated time of 100 ns. 
The same trends were found with both methods, even if some 
differences are observable: the C atoms still want to move 
towards the external periphery of the loop, the loop can be 
pinned by C atoms and when it is done, the C atoms can freely 
move around the loop. The main difference between KMC and 
MD simulation is the fact that for every simulation in the low 
binding energies category launched by MD with one C atom, 
the competition between the loop wanting to move and the C 

atom wanting to go towards the loop periphery does not appear 
anymore. Indeed, at 300 K and even at 600 K, the C atom was 
never found to move to the external periphery of the loop, and 
while it can move a little, the loop rapidly goes away from it.

For all the simulations in the repulsive category launched  
(two C within the loop), at 300 K and 600 K, done by MD 
and KMC, the loop promptly goes away from the C atoms. 
Comparing this result with the simulations in the repulsive cat-
egory with one C atom leads to the conclusion that even if the C 
atoms are pushed towards the loop external periphery, as proved 
by figures 11(a) and (b) where the migration energies of the C 
atoms are mostly lower than the migration energy of the C atom 
in a perfect Fe lattice, the repulsion between the loop and the 
two C atoms is too high for the loop to wait for the migration of 
the C atoms and so it rapidly moves away from the interstitials. 
The reason why the loop moves promptly can be explained by 
the high distortion of the loop induced by the presence of the 
two C atoms inside, even going as far as changing the crow-
dions alignment as seen on figure 16. The only possibility for 
the system to be stable again is the displacement of the loop. To 
prove the strength of this effect, even for an initial configuration 
with two C atoms very close (Eb  =  −0.6 eV), thus repelling 
each other, we observe that the loop moves first away from the 
C atoms, and then the two C atoms move away from each other. 
In only a very few number of simulations did we observe one of 
the C to jump before the loop went away, but the C atom never 
reached the loop external periphery. To conclude, the addition 
of a second C atom within the loop distorts the loop so much 
that it cannot stay close to the C atoms. They may rearrange but 
only after the loop has moved away.

Finally, the MD simulations with two C atoms were launched 
again but in a larger box, i.e. a 20  ×  20  ×  20 box (16 000 lat-
tice Fe atoms, 19 SIA loop atoms and two C atoms) in order 
to check the impact of using small boxes and in particular 
interaction with the periodic images. An interesting phenom
enon was observed for initial repulsive configurations. For all 
these simulations, at 300 K and 600 K, the loop rapidly moves 
away from the C atoms. However, when the loop comes back 
towards the C atoms because of the periodic boundary condi-
tions, it moves back almost all of the time without crossing 
over the C atoms: the C atoms do not return back within the 
loop and so the loop is trapped in a back and forth movement 

Figure 16.  Loop distortion effect induced by the presence of two C atoms (red atoms) within the loop (green atoms), Eb  =  −0.60 eV (b) 
and Eb  =  −1.29 eV (c) comparing with the loop alone (a). The simulation contains a loop and two C atoms (only for (b)) and (c)) as only 
defects in a 9  ×  9  ×  9 bcc Fe matrix (not represented for simplification sake).
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between two C atoms. This indicates that a repulsion is occur-
ring between the two C atoms and the loop even if the two C 
atoms are not directly within the loop: the loop needs a high 
energy in order to cross over these atoms. This can be seen on 
figure 7 where the C atom and the loop have a repulsing inter-
action even if the C atom is not within the loop.

This effect was not observed in 9  ×  9  ×  9 simulations for 
two main reasons:

	 –	�the 9  ×  9  ×  9 box is small, therefore the probability of 
the loop going back to the C atoms after it left is higher 
than in a 20  ×  20  ×  20 and so is the probability of over-
coming the energy barrier needed for the two C atoms to 
be in the loop again; 

	 –	�as seen on figure 7, a repulsion is occurring between the 
loop and the C atom even if the C atom is not within the 
loop. In a 9  ×  9  ×  9 box, the periodic images of C atoms 
help the loop to go through the C atoms in the initial box. 
In a 20  ×  20  ×  20 box, the periodic images of C atoms are 
too far away from the loop to have an interaction with it.

4.  Discussion

The interaction of solutes with interstitial loops stabilizes the 
i19 loop and reduce its mobility, which should slow down its 
growth. This is indeed observed with the effect of Mn and Ni 
(which have the largest concentration among other solutes in 
reactor pressure vessel materials) [41] in agreement with DFT 
calculations [14].

As seen in throughout this paper, the main effect of C 
atoms on loops is their pinning. The pinning time of the loop 
by the C atom can be estimated using an Arrhenius law with 

an attempt frequency equal to 1013 Hz, the same as the one 
used by k-ART:

1
t
= ω0e−(

Ed
kBT ),

where t is the estimated average pinning time, ω0 is the attempt 
frequency and Ed = Eb + EmigC is the dissociation energy of 
the C-loop system. It was estimated that the loop will unpin 
from one C atom in 6.92 × 108 s at 300 K and in 0.008 32 s  
at 600 K. For the C2-loop system, if we suppose that the 
C atoms dissociates successively from the loop and do not 
recombine with it, the loop will unpin from the two C atoms in  
1.38 × 109 s at 300 K and in 0.0166 s at 600 K. Therefore, at 
300 K, the loop will never unpin from C atoms suggesting that 
the C-loop and the C2-loop systems needs to interact with 
other defects for the loop to unpin. However, at 600 K, the 
unpinning of the loop can occur with no external defects influ-
ence. The C2-loop system may even be hard to form because 
of the low pinning time of the loop by one C atom. Note that 
these calculations were done using the lowest value of a disso-
ciation energy (i.e. Ed = Eb + EmigC = 0.5 + 0.8 = 1.3 eV) 
and that the pinning may be stronger between the loop and C 
atoms. This phenomenon is similar to what Veiga observed to 
C atoms in the vicinity of a screw dislocation [42] which have 
to overcome a high energy barrier to leave the dislocation. The 
pinning effect of C atoms can be extended to the study of the 
diffusion of carbon in a dislocation which is less mobile than a 
loop and then easier to pin (for same length defects). The main 
factor on the loop mobility is then related to the C concentra-
tion and more precisely the C atom placements. C atoms at 
the periphery of the loop will act as strong anchoring points, 
allowing other C atoms to come near.

Figure 17.  Relative efficiency of k-ART compared with MD for simulations with: one C atom at 300 K (a), two C atoms at 300 K (b),  
one C atom at 600 K (c) and two C atoms at 600 K (d).
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Figure 17 summarizes the efficiency of the KMC and the 
MD methods for simulations at 300 K with one and two C 
atoms. The relative efficiency of the KMC compared to MD is 
calculated as such:

η =
EfficiencyKMC

EfficiencyMD
=

SimulatedtimeKMC
CPUtimeKMC

SimulatedtimeMD
CPUtimeMD

.

By looking at figure 17, one can observe the direct effect 
of the temperature on the relative efficiency of k-ART com-
pared to MD: the rising of the temperature influenced only the 
KMC efficiency. The main reason of the lowering of the KMC 
efficiency can be seen in such that higher temperatures lead to 
higher transition rates and thus lower residence time. In order 
to enhance the KMC efficiency especially for high temper
atures, a combination between a soft lattice where the system 
is distorted and a rigid lattice in the matrix can be made. 
Indeed, it seems wiser to develop a new method around the 
k-ART method than to a combination of meta-dynamics (for 
the thermodynamics of the system) and temperature acceler-
ated dynamics to reach simulated times [43] of the second 
time scale at high temperatures.

5.  Conclusions

We have determined the binding energy of a single C atom 
with a perfect 〈1 1 1〉 loop containing 19 SIA using DFT 
and a Fe–C empirical potential. Our results indicate that the 
most attractive configurations are the ones with the C atom 
at the external boundary of the loop (0.55 eV) because this 
is where they disturb the less the iron matrix and the most 
repulsive configurations are the ones with the C atom within 
the loop. Turning to kinetics, the main observation is the C 
atoms turning around the loop along a low-migration energy 
pathway at 300 K and 600 K.

At 300 K, when the C atom(s) are strongly bound to the 
loop, the pinning effect is so strong that the loop is never 
observed to go far from the C atoms in the simulation length 
spans (~0.2 s with one C atom and 10−5 s with two C atoms). 
When, in these configurations, the loop manages to move 
slightly, it drags the C atom(s) with it. At 600 K, one C atom 
does not provide a strong enough anchoring point to ensure 
that the loop will not unpin from it, however two C atoms in 
strong binding positions do most of the time. The dragging of 
the C atoms by the loop appear more often than at 300 K.

Within the short physical time simulated by accurate off 
lattice k-ART KMC, three possible mechanisms have been 
identified: unpinning of the loop from the almost immobile C 
atom, migration of the C atom around the loop, small motion 
of the loop dragging the C atom. Due to the time simulated, 
we have not been able to quantify these mechanisms in terms 
of diffusion coefficient or trapping time, indeed, the loop–C 
atom object is not immobile and some diffusion can be 
expected, as observed experimentally [44].

The k-ART method offers thus the possibility to explore 
complex mechanisms such as correlated migration of the SIA 
within the loop and the C atom migration in the distorted 
region around the loop. For the simulation of larger systems, 

k-ART needs however to be coupled to metadynamics and/or 
lattice KMC.
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