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A B S T R A C T

Biased Metropolis Monte-Carlo is employed to build a carbon Cottrell atmosphere around an edge
dislocation. A novel method involving only local minimisation during the Metropolis scheme allows to deal
with a million-atom system within a reasonable computation time. In this study, it is discovered that (i) the
carbon atoms occupy interstitial sites not only in the traction zone, but also in the compression zone; (ii)
local carbon concentrations of approximately 10at% are in good agreement with experimental values; (iii)
the saturation of the Cottrell atmosphere does not originate from the stress-field around the atmosphere
but from repulsive carbon-carbon interactions only.

© 2016 Elsevier Ltd. All rights reserved.

Steel has long been known to be subjected to ageing phenomena
that limit its life span. In the pioneering contribution of Cottrell
and Bilby [1], it is shown that carbon atoms segregate around dis-
locations, which leads to the formation of the so-called “Cottrell
atmospheres”. These atmospheres hinder the dislocation motion,
inducing, at a macroscopic scale, an increase in the upper yield stress
and strain instabilities visible in the form of Lüders bands [2].

Over the course of many years, various attempts to probe Cottrell
atmospheres have been carried out. Experimental techniques such
as spectroscopy [3], thermoelectric power [4] and atomic tomogra-
phy [5,6] witnessed to the carbon segregation in bcc iron, its extent
and the rate of atmosphere saturation as a function of the tempera-
ture. However, at the atomic level, the distribution of carbon atoms
around the dislocation core or the effect of the atmosphere on the
stress field around the dislocation cannot be directly derived from
these experimental techniques. On the one hand, these experiments
suggest that the size of the carbon segregation around the Cottrell
atmosphere zone is about 10 nm, which can be treated using atom-
istic simulations. On the other hand, it takes several months to reach
saturation for a Cottrell atmosphere at room temperature [4], which
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explains the difficulty of describing it at an atomistic level. A number
of recent works have investigated the interaction of straight disloca-
tions with a carbon atom using the elasticity theory, molecular statics
and dynamics, and ab initio calculations [7–11]. These researches
provide important knowledge about carbon behaviour as it inter-
acts with the dislocation stress field. For instance, it has been proved
in ref. [10] that the stress field of the edge dislocation introduces
a bias in the diffusion of a single carbon atom sufficiently close
to the line defect. This bias is expected to be the driving force for
the atmosphere to grow. However, none of these works offer an
insight into the consequences of having more than one carbon atom
around a dislocation. In ref. [12], a simple crude estimate of car-
bon distribution in Cottrell atmospheres was obtained by statistical
physics using carbon-dislocation binding energies from molecular
statics. By performing first-principles calculations, Ventelon et al.
have recently found that carbon segregation induces the reconstruc-
tion of the screw dislocation core [13]. Furthermore, the effect of
Cottrell atmospheres on the mobility of a screw dislocation in low
carbon Fe-C alloys has been investigated by molecular dynamics sim-
ulations, with the atmospheres themselves being built via on-lattice
Metropolis Monte Carlo (MMC) [14]. Molecular dynamics simula-
tions performed by Khater et al. have also shown the role of carbon
in solid solution (i.e., randomly distributed in the simulation box) on
the glide of an edge dislocation in bcc iron [15].
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This letter presents a framework for creating carbon Cottrell
atmospheres around an edge dislocation by MMC. It enables the
convergence of the MMC simulation in a reasonable amount of time,
even considering a large simulation box. Furthermore, this letter
examines the effect of Cottrell atmospheres on the stress field sur-
rounding the line defect. Edge (rather than screw) dislocation was
investigated because it offers larger hydrostatic stress field compo-
nent, which is believed to act as the driving force for atmosphere
construction. The question addressed in this paper is whether or not
the atmosphere cancels out and saturates the “attractive” stress field
of the dislocation.

A simulation box containing two edge dislocations with oppo-
site supplementary planes (cf. Fig. 1) was created, in order to be able
to adopt periodic boundary conditions in all directions. In order to
minimise the size effect of the simulation box, a large simulation box
of 100 nm × 40 nm × 2.8 nm (9.5 × 105 Fe atoms) was used. This box
size corresponds to a dislocation density of 5 × 1014 m−2, which is
approximately of the same order as the specimen used in the atom
probe tomography by Wilde et al. [6]. The distance between the
dislocations is half the box size in the x direction.

Atomic interactions were modelled using the interatomic poten-
tial first introduced in ref. [16] and later modified in ref. [17]. This
potential does not contain an explicit C-C pairwise term, but it has
been shown that C-C interactions are reasonably described by the
many-body term compared to first-principles results [16,18]. The
potential predicts correctly that carbon atoms destabilise the usual
easy core to the benefit of the hard core configuration of the screw
dislocation, which is unstable in pure metals [19] in agreement with
very recent Density Functional Theory (DFT) results [13]. C atoms
stay in octahedral sites for low as well as high concentrations [14].
Furthermore, it correctly gives the binding energy of a C atom near
an edge dislocation [8].

Initially, C atoms are homogeneously distributed inside the
left half of the simulation box. Two neighbouring C atoms are not
allowed to sit within a distance of one lattice parameter (0.286 nm)
in order to avoid overly high energy configurations, which might
destabilise the system. The right half of the simulation box (x >
50 nm) was created by (i) duplicating the left half of the simulation
box, (ii) rotating it by 180◦ and (iii) mirroring it on the xy-plane.
Next the energy and pressure of the whole simulation box were
minimised with the conjugate gradient method by relaxing both the
atomic positions and the simulation box size and shape.

In order for the MMC simulation to converge within a reasonable
amount of time, the minimisation is carried out only in the cylindri-
cal region, as shown in Fig. 1. In the following, this region is referred
to as the MMC zone.

One MMC step is carried out according to the following scheme:
1© Calculation of the current potential energy of the simulation

box Eo; 2© random selection of one C atom inside the MMC zone;
3© selection of an interstitial site; 4© relocation of the C atom to this

interstitial site; 5© energy minimisation with the conjugate gradient
method and calculation of the new potential energy En; 6© accep-
tance or rejection of new state with the probability a explained

Fig. 1. Simulation box containing two dislocations with a cylindrical zone (MMC
zone) around a dislocation core (depicted in green) for MMC simulation.

below. In the basic MMC, the probability of selecting one interstitial
site (cf. step 3©) is the same for all the interstitial sites. Consequently,
the segregation of the C atoms around the dislocation line cannot
be simulated in a reasonable amount of time. In order to speed up
the process, the selection probability was modified by favouring the
selection of the interstitial sites near the dislocation core over those
far away from the dislocation core. Therefore, the selection of the
interstitial site i is done according to the probability wi, defined as:

wi = exp(−kri)/W (1)

where W =
∑

j exp(−krj), ri is the distance between the interstitial
site i and the dislocation core. k is a parameter that determines the
strength of the bias [14]. k = 0.32 nm−1 was chosen in order for the
probability of choosing an interstitial site within 5 nm from the dis-
location core to be 50%. In order to counterbalance this bias and to
respect the detailed balance condition, the acceptance probability a

is calculated through [14]:

a = min
[

1,
wo

wn
exp

(
− En − Eo

kBT

)]
(2)

where wo and wn are the probabilities of choosing the old site and
the new site, respectively.

The main contribution of the proposed configuration (i.e. En − Eo

in Eq. (2)) to the energy difference after energy minimisation is made
through the rearrangement of iron atoms in the zones around the
old position and the proposed position of the C atom. Therefore, only
the cylindrical regions of 2 nm of radius around these positions are
minimised in step 5© of the MMC scheme described above, in order
to accelerate the simulation.

Since solely local minimisations are performed at each MMC step,
it is important to enable the entire simulation box to attain the global
energy minimum regularly, especially to deal with the tetragonal
deformation of iron atoms around C atoms, which potentially leads
to a global deformation of the simulation box. Then, every 104 MMC
steps, 1© the carbon concentration outside the MMC zone is adjusted
such that it corresponds to the concentration of the outer skin (thick-
ness of 1 nm) of the MMC zone in order to achieve a continuous C
concentration; 2© the left half of the simulation box is duplicated and
rotated (see above); 3© energy and all stress components of the entire
simulation box are minimised with the conjugate gradient method.

The simulations were launched for concentrations of 0.059, 0.29
and 0.59 at% C, which correspond to 100, 500 and 1000 C atoms
inside the MMC zone. The convergence of the potential energy can be
seen at 1.5 × 105 MMC steps (cf. Fig. 2 (a)), where a major decline in
energy is observed at each energy minimisation of the entire simula-
tion box. After reaching the equilibrium (after 1.5 × 105 MMC steps),
5 × 105 additional MMC steps were effectuated to obtain statistically
reliable results for the carbon density and the stress field around the
dislocation core. For the estimation of the carbon density (Fig. 2 (b))
and the stress field (Fig. 3), the measurement was performed over the
final 20 simulation snapshots, each of which were separated by 104

MMC steps. While the average values were taken for the C densities,
the median values were used for the stress field in order to correctly
measure the effect of the atmosphere saturation and not the local
stress field of the C atoms.

When the energy is converged, a large number of C atoms, which
initially were randomly distributed in the simulation box, segregates
around the dislocation line (cf. Fig. 2 (b)), which is in agreement
with the theory of Cottrell and Bilby [1]. At 300 K, 94 C atoms (94%)
were found to sit within a radius of 8 nm from the dislocation line
(i.e. within the atmosphere) for the system with 100 C atoms. This
number is 462 (92.4 %) for 500 C atoms and 768 (76.8 %) for 1000 C
atoms. To check the dislocation saturation for the 1000 C atoms
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Fig. 2. (a): Evolution of simulation box energy as a function of MMC steps with 1000 C for 600 K. (b): Averaged carbon density around an edge dislocation for 100, 500 and 1000 C
atoms (with the carbon concentrations of 0.059, 0.29 and 0.59 at% C) at temperatures of 300 K and 600 K.

system, an additional simulation was performed with 900 C atoms,
where is was found that 745 (83.7%) C atoms were discovered to
lie within the atmosphere. The “last 100 C atoms” are then dis-
tributed randomly since 23% enter the atmosphere, whereas 77%
remain into the rest of the MMC zone, in agreement with the volume
ratio of these regions. This repartition proves that the atmosphere
has reached saturation (the chemical potential of C is homogeneous
throughout the MMC zone).

We measured a concentration of 7.13 at% C within a radius of
1 nm for the simulation box containing 1000 C atoms at 300 K. In
refs. [6,20], a peak carbon concentration of the atmosphere was
found to be 8 at% C at room temperature with the atom probe tomog-
raphy. More recently, Veiga and co-workers estimated the carbon
saturation concentration in a dislocation core as 10 at.% [12]. Fur-
thermore, atom probe tomography experiments [6] indicate the
atmosphere radius to be 7 ± 1 nm, which is also in line with Fig. 2.
The calculation carried out in ref. [21] predicted the C concentration
at saturation to be inversely proportional to the distance from the
edge dislocation line. They predicted also a concentration of 7 at % C
at a distance of one Burgers vector from the dislocation line. A con-
centration of 8.14 at% C was measured at a distance of one Burgers
vector. These comparisons show a remarkable consistency of our
computer simulation study with the atom probe tomography and a
theoretical calculation.

Moreover, within a 10 × 10 nm2 region encompassing the dislo-
cation lines, 144 C atoms per nanometer of dislocation were observed

Fig. 3. Stress field around an edge dislocation for 0, 100, 500 and 1000C atoms inside
the MMC zone for 600K.

for the simulation box with 1000 C. This result is in good quantita-
tive agreement with the result of 133 C/nm, based on the Fermi-Dirac
statistics presented in ref. [12], regarding the same initial carbon
content.

It was also observed that at lower carbon concentrations, the
C atoms tend to occupy interstitial sites within the traction zone,
whereas at higher carbon concentration, interstitial sites in both
traction and compression zones were occupied.

The C concentration far from the dislocation drops from a nominal
concentration of 0.059 at% to 0 at%, from 0.29 at% to 0.0094 at% and
from 0.59 at% to 0.021 at%, for systems of 100, 500 and 100 C atoms,
respectively. This fact demonstrates a massive C depletion due to the
presence of dislocations, which is in agreement with ref. [6].

Finally, as expected, a comparison of the average C densities
obtained at 300 K and 600 K indicates that the extent of the Cottrell
atmosphere is larger at higher temperatures than at lower ones.

The stress field around an edge dislocation is shown in Fig. 3.
Increasing the number of C atoms in the Cottrell atmosphere leads
to a relaxation of the most prominent stress component sxx within
the compression zone, whereas it has the opposite effect within the
traction zone (i.e. the more C atoms there are in the atmosphere, the
higher the tensile stress component sxx is). The contrast between the
compression and traction zones for the syy component below the
dislocation that was clearly visible in the simulation box without C
atoms disappeared for 1000 C atoms (0.59 at% C).

The stress at a distance between 14 nm and 15 nm from the dis-
location line was measured as a function of the investigated angle
h (cf. Fig. 4). Also, while the stress magnitude in the compression
zone of sxx shrank, the stress in the traction zone increased when
adding more C atoms. For the two other components syy and sxy, no
clear convergence could be observed. In general, for all of the stress
components, the stress around the dislocation is not reduced after
the formation of Cottrell atmospheres, which implies that with the
growth of a Cottrell atmosphere, its stress induced “attraction force”
does not diminish. This result is in good agreement with a previous
calculation [22], which was performed with the isotropic elasticity
theory; afterward, it was concluded that the presence of interstitial
atoms around a dislocation does not have a global effect on its stress
field.

Therefore, the implication of this result is that Cottrell atmo-
spheres around an edge dislocation reach their saturation not
because of the decrease in stress, but because of the chemical
interactions between C atoms, which become more important than
the elastic interaction between the C atoms and the dislocation.
According to refs. [16] and [18], the repulsive interaction energy



O. Waseda et al. / Scripta Materialia 129 (2016) 16–19 19

Fig. 4. Stresses around an edge dislocation for 0, 100, 500 and 1000 C atom atmo-
spheres for 600 K at a distance of (14.5 ± 0.5) nm in the MMC zone. For stress
measurements, −180 to 180◦ angles were split into 50 bins, and the average stress
value over all atoms located inside each bin was calculated.

between two C atoms in neighbouring positions in the iron matrix is
mostly due to chemical interactions (rather than mechanical interac-
tions) and can be as high as 0.67 eV. When the Cottrell atmosphere
reaches a certain size, the thermal energy compensates for the long-
range elastic interactions of dislocations and the evolution of the
atmosphere stops.

In this research, MMC was used with atomistically informed
energies and configurations to build carbon Cottrell atmospheres
around an edge dislocation at 300 and 600 K for different carbon con-
tents. The carbon density around the dislocation and the correspond-
ing stress field were measured. Within the limits of our potential,
carbon concentrations around the dislocation line are in good agree-
ment with experimental results and theoretical calculations. It was
observed that while the compression zone shrank with the evolution
of Cottrell atmospheres, the traction zone grew larger. Overall, the
dislocation stress field was not saturated with the growing number
of C atoms in the Cottrell atmosphere, indicating that the saturation
of Cottrell atmospheres is not triggered by a decline in the attrac-
tion force as a consequence of shrinking stress, but by the chemical

interactions between C atoms that become important after a certain
number of C atoms reach the region around the dislocation.
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