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On-lattice Monte Carlo shows strong carbon segregation at a screw dislocation in bcc iron for carbon
contents that vary from 20 to 500 ppm, typical in ultra low and low carbon steels. Molecular dynamics
simulations are then carried out using the atomic coordinates of equilibrated Cottrell atmospheres. The
stresses required to make the screw dislocation break free of the carbon cloud are very high compared
to carbon in solid solution; the locking time is also much longer. All simulations are performed at 300 K.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Static strain ageing (SSA) refers to the hardening of a material
that has undergone plastic deformation and is then aged for a cer-
tain period of time. The underlying atomistic mechanism behind
SSA, according to the theory proposed by Cottrell and Bilby [1], is
the segregation of solute atoms to dislocations forming the
so-called ‘‘Cottrell atmospheres’’, which hinders dislocation
motion. Higher stresses are then required to free the dislocations.
SSA is of great importance for a number of applications of metallic
alloys. It is, for instance, the phenomenon behind the
bake-hardenable [2–4] and quenched-and-partitioned [5] steels
used in the automotive industry. Despite being an old topic in
physical metallurgy, the study of the role of solute-dislocation
interactions in steel plasticity has benefited from advances in
experimental characterization and computational methods, as
can be seen in recent works [4,6,7].

Cottrell and Bilby treated carbon atoms as hydrostatic dilatation
centers and used Maxwell–Boltzmann statistics to predict both the
atmosphere formation and the associated hardening. This model
fails to handle site saturation (i.e., for high carbon contents, it
predicts many carbon atoms at the same octahedral site). To
overcome this limitation, other authors rather used Fermi–Dirac
statistics [8–11]. However, since Fermi–Dirac statistics assumes
non-interacting particles, it also results in unrealistically high
carbon concentrations in the dislocation core, where carbon–car-
bon interactions play an important role. More recently, Veiga
et al. [12] combined Louat formulation with an estimate of the
saturation concentration in the dislocation core to improve the
description of carbon occupancies near dislocations. All these mod-
els are very crude approximations and none of them considered
properly the wide range of elastic/chemical interactions within
the atmosphere.

Carbon interaction with the tensile stress field of edge disloca-
tions is stronger than with the pure shear stress field of screw dis-
locations [12,13]. Molecular dynamics simulations were used to
model the effect of a single carbon atom [14] and many carbon
atoms in solid solution [7] on the glide of an edge dislocation.
Given the prominent role of screw dislocations in the plasticity
of iron, it is also worth studying the effect of carbon in their mobil-
ity. The binding energy of a single carbon atom to a screw disloca-
tion reaches 0.41 eV [13,15], thus it may behave as an important
carbon sink. In this work, Monte Carlo (MC) is employed to build
Cottrell atmospheres around a 1

2 111½ � 11 �2
� �

screw dislocation in
bcc iron. Based on an appropriate interatomic potential, this
approach circumvents most of the weaknesses of the simplest
models mentioned above. The dislocation unpinning from the
resulting carbon cloud, in turn, is simulated by molecular dynamics
(MD). We used in all simulations a simulation box built according
to the following procedure. The carbon-free simulation box con-
sists of about 250,000 iron atoms arranged on a bcc lattice with
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1 The iron atoms in the core of a screw dislocation are defined by means of the
Common Neighbor Analysis criterion.
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lattice parameter a0 ¼ 0:286 nm. The approximate simulation box
volume is 15� 20� 10 nm3, with the axis oriented in the
ð11 �2Þ; ð1 �10Þ and ð111Þ directions. A screw dislocation was
inserted in the center of the simulation box with the dislocation
line parallel to the ð111Þ direction. The screw dislocation was cre-
ated using the anisotropic elasticity theory as implemented in the
Babel code [16]. Periodic boundary conditions are used along the
ð111Þ and ð11 �2Þ directions, following the procedure proposed by
Osetsky and Bacon [17]. Free surfaces are used in the ð1 �10Þ
direction.

Atomic interactions are described by an embedded atom
method (EAM) [18] Fe–C potential. The Fe–Fe part [19] reproduces
fairly well the core of a screw dislocation in bcc iron compared to
first principles calculations. To take into account the Fe–C and C–C
interactions, we used the interatomic potential initially proposed
by Becquart and Raulot [20] and later modified by Veiga et al.
[21]. Despite the lack of C–C pairwise interaction explicitly imple-
mented in the interatomic potential, the manybody part of it has
shown to be able to account for the C–C interactions in the iron
matrix in good agreement with ab initio calculations [21,22]. This
Fe–C potential has been widely used to model Fe–C systems, with
a particular focus on carbon-dislocation interactions [20,15,13,23–
25,12,7].

On-lattice MC in the NVT ensemble is used to model the equi-
librium Cottrell atmosphere as a function of the carbon content
c0. Carbon atoms occupy octahedral sites in the bcc iron matrix,
with the maximum occupancy of one carbon atom per site. The
MC algorithm maps all the N octahedral sites found in the simula-
tion box defined above into the components of a vector
q ¼ q1; q2; q3; . . . ; qNf g. In the first MC iteration, given the amount
of carbon atoms initially in solid solution, the values of a number
of randomly chosen components of q are set to 1 (occupied) and
the remaining are set to 0 (empty). At every subsequent MC itera-
tion, the code selects a component qi ¼ 1 and changes its value to
0; then a component qj ¼ 0 has 1 assigned to it. Hence the allowed
MC move consists of exchanging the occupations of two octahedral
sites. Both i and j are positive integer indexes chosen at random;
however, in order to enhance the sampling in the vicinity of the
dislocation, the selection of the empty site is biased by assigning
different probabilities fwjg to the components fqjg ¼ 0, as shown
below:

wj ¼
e�lrj

W
ð1Þ

In Eq. (1), l is a parameter that defines the steepness of the bias,
rj is the distance of the jth octahedral site from the dislocation line

and W ¼
PN

k¼1e�lrk normalizes the probability. In this work, we
used l ¼ 0:005 nm�1; this value implies that the probability of
choosing an empty site within 5 nm from the dislocation line is
about 50%. After the MC move, q is remapped into the fresh simu-
lation box, with carbon atoms being inserted at the octahedral sites
that correspond to the components fqig ¼ 1. The energy change
due to the MC move is then obtained from conjugate gradient
energy minimization carried out with the LAMMPS code [26] using
the Fe–C potential. To obey the detailed balance condition, the
modified acceptance rule for the MC move from the old (o) to
the new (n) state is given by:

accðo! nÞ ¼ min 1;
wðn! oÞ
wðo! nÞ exp

�EðnÞ þ EðoÞ
kT

� �� �
ð2Þ

In Eq. (2), wðo! nÞ and wðn! oÞ are the probabilities to select
the empty site to perform a move from the old state to the new
state and vice versa, and EðnÞ and EðoÞ are the total energies of
the new and old configurations, respectively. As usual, k is the
Boltzmann constant and T is the temperature of interest (300 K
in this work). As to what concerns structural relaxation, the contri-
bution of the thermal fluctuations of the atomic coordinates is
neglected: only the elastic contribution due to carbon insertions
is taken into account by means of conjugate gradient optimization.
In spite of that, the MC simulations capture the main driving forces
for carbon segregation (dislocation-carbon elastic interactions) and
local saturation (carbon–carbon chemical interactions). Carbon
contents in the 20–500 ppm (0.0005–0.01 wt.%) range are consid-
ered. After equilibration, ensemble averages are performed over
10,000 MC steps. When an MC simulation ends, carbon segregation
at the screw dislocation is evident, as visually identified in Fig. 1,
where the last MC snapshots for c0 ¼ 20, 140 and 500 ppm are
shown.

Fig. 2 presents the ensemble-averaged local carbon concentra-
tions near the line defect for some values of c0. At equilibrium,
the carbon atoms in the Cottrell atmosphere are
Gaussian-distributed around the dislocation. In the inset of Fig. 2,
the linear carbon density along the dislocation core1 is depicted,
indicating that, on average, the core of a screw dislocation is able
to absorb up to about 5 carbon atoms per nanometer at 300 K. If
the carbon content is low enough (c0 6 50 ppm), almost all carbon
atoms are able to find interstitial positions in the dislocation core.
However, as more and more carbon atoms arrive to a volume in
the vicinity of the dislocation, carbon–carbon interactions (in gen-
eral repulsive at short separations, see Refs. [20,22]) play a role as
important as carbon-dislocation interactions. This leads to the satu-
ration of that volume, which is not able to accommodate any extra
carbon atom. Consequently, the atmosphere starts to spread out,
as we observe for c0 ¼ 70 ppm, reaching about 3 nm for
c0 ¼ 500 ppm. In the latter, the carbon atoms are distributed in a
three-lobed cloud, a feature already reported in three-dimensional
atom probe images for a much higher carbon content [27]; Zener
ordering is not observed.

Subsequent MD simulations are performed with the LAMMPS
code to investigate the effect of segregated carbon on the disloca-
tion mobility, taking the last configurations from MC as models of
equilibrated Cottrell atmospheres. In order to make the dislocation
glide, shear has to be applied in the direction of the Burgers vector.
To this purpose, we follow the procedure used by Domain and
Monnet [28]: the iron atoms on one of the free surfaces are dis-
placed with constant velocity in the ð111Þ direction whereas the
iron atoms on the opposite free surface are kept frozen in their ini-
tial positions. To compute the shear stress ryz at every MD step, the
Fz component of the force acting on the center of mass of the iron
atoms on the moving free surface is divided by the total area of the
free surface. The simulated physical time is 6 ns (after 1 ns of ther-
mal equilibration), enough to observe the dislocation glide due to
the imposed strain rate of 107 s�1. Dislocation motion in both the
twinning and antitwinning sense was considered.

Fig. 3(a) displays, for each value of c0, the highest stresses rmax,
which are the stresses required to unpin the screw dislocation in
the MD simulations. As a general trend, rmax increases with carbon
content and, for the same c0, it is higher when the dislocation
glides in the antitwinning sense [29]. However, for very low c0 –
situation in which the dislocation usually has to break free of a sin-
gle row of carbon atoms in order to glide –, we observe important
deviations. This indicates that the force exerted by the carbon
atoms arranged on a particular manner in the dislocation core
may counterbalance the lattice resistance, thus favouring the glide
in the antitwinning sense in some cases. If c0 is significantly higher,
in turn, besides the contribution of the carbon atoms momentarily
in the dislocation core, the resulting force also comes from a ‘‘tug of



Fig. 1. MC-equilibrated carbon Cottrell atmospheres at T ¼ 300 K for the systems with (a) 20, (c) 140 and (b) 500 ppm of carbon. Only non-bcc iron atoms (small red balls)
and the carbon atoms (big blue balls) are shown for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2. Ensemble-averaged local carbon concentrations around the screw disloca-
tion. (Inset) Linear density of carbon atoms along the core of the screw dislocation.
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Fig. 3. (a) Stress required to unpin the screw dislocation from the Cottrell
atmosphere as a function of carbon content. (b) Stress–strain curves associated
with the systems containing 500 ppm of carbon: ATM is Cottrell atmosphere; SS is
solid solution.
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war’’ between the carbon atoms left behind and those still on the
dislocation way. At 300 K, the carbon atoms do not have sufficient
mobility to follow the line defect. Therefore, as the dislocation
moves, the carbon distribution around it becomes skewed and
those pulling forces are unbalanced. This behavior differs from that
of carbon in solid solution [7], in which only the carbon atoms in
the dislocation core effectively anchor the dislocation.

Because of the high strain rate required by MD due to the short
physical time that can be simulated, rmax thus obtained is also too
high compared with the experimental yield stress [30]. On the
other hand, it is worthwhile comparing with MD simulations of
carbon in solid solution (the first stage of SSA) to assess how
rmax is affected by the atmosphere formation. Fig. 3(b) shows the
MD-simulated stress–strain curves corresponding to carbon ran-
domly distributed inside the simulation box and a Cottrell atmo-
sphere, both for c0 ¼ 500 ppm. As the screw dislocation glides
through the solid solution, many pinning/unpinning events with
the duration of a few picoseconds are present as the dislocation
encounters one or more solute atoms on its way, thus resulting
in many unpinning stresses. This is in clear contrast with the single
pinning/unpinning event of the Cottrell atmosphere system. For
c0 ¼ 500 ppm of carbon in solid solution, rmax � 270 MPa, far
below rmax of the corresponding Cottrell atmosphere but close to
the critical stress in the absence of carbon and the unpinning stress
of a single carbon atom (about 200 and 240 MPa, respectively).
Therefore a Cottrell atmosphere strongly locks the screw disloca-
tion at its initial rest position. The time it remains immobile also
is much longer, in the order of nanoseconds.

The dislocation unpinning from the atmosphere, illustrated in
Fig. 4 for c0 ¼ 270 ppm, is a very quick process, not lasting more
than a few tens of picoseconds in the MD simulations. When the
stress approaches rmax, the kink mechanism comes into play,
allowing the dislocation to pass through the carbon cloud up to



Fig. 4. Dislocation unpinning (c0 ¼ 270 ppm). (a) Immediately before the stress
reaches rmax . (b) Dislocation kink (red arrows). (c) The dislocation moves one step
from its rest position; rmax is reached. (d) The dislocation is ‘‘ejected’’ from the
atmosphere; the stress drops sharply. Only non-bcc iron atoms (small red balls) and
the carbon atoms (big blue balls) are shown for clarity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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emerge out of it. Once rmax is reached, the dislocation is suddenly
‘‘ejected’’ from the atmosphere, slowing down after a few picosec-
onds and then gliding with constant velocity as straining proceeds.
In the stress–strain curve, the latter corresponds to the sharp drop
in the stress that is characteristic of SSA, in accord with the theory
of Cottrell and Bilby.

In conclusion, on-lattice MC revealed strong carbon segregation
near a screw dislocation in bcc iron for carbon contents in the 20–
500 ppm range. Atomic coordinates corresponding to
MC-equilibrated Cottrell atmospheres were used as input coordi-
nates in MD simulations. Particularly for the highest carbon con-
tents of this study, the MD results showed very high unpinning
stresses compared to carbon in solid solution. This indicates that,
at the end of SSA, screw dislocations end up strongly locked at their
rest positions by Cottrell atmospheres, remaining immobile for
much longer times and possibly constituting important obstacles
to other moving dislocations. In a broad sense, this MC + MD
approach can be used to model the role of segregation in a variety
of phenomena of interest in materials science (plasticity, grain
growth, heat transfer, and so on).
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