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Determining defect evolution beyond the molecular dynamics (MD) time scale is critical to bridging the
gap between atomistic simulations and experiments. The recently developed self-evolving atomistic
kinetic Monte Carlo (SEAKMC) method provides new opportunities to simulate long-term defect evolu-
tion with MD-like fidelity to the atomistic processes involved. To demonstrate this capability, three
examples are presented in which SEAKMC has been used to investigate the evolution of typical radia-
tion-induced defects in bcc iron. Depending on the particular example, SEAKMC results are compared
with those obtained using two other on-the-fly KMC techniques, object KMC, and MD. The three exam-
ples are: (1) evolution of a vacancy-rich region similar to the core of a displacement cascade, (2) the sta-
bility of recently reported interstitial clusters with a structure similar to the C15 Laves phase, and (3)
long-term aging of atomic displacement cascade debris. In the various examples, the SEAKMC approach
provides better agreement with MD simulations, highlights the importance of the underlying atomistic
processes, and provides new information on long-term defect evolution in iron.

Published by Elsevier B.V.
1. Introduction

The evolution of defects created by energetic particles, such as
neutrons and ions, controls the microstructural changes and mate-
rial properties [1]. From defect production in displacement cas-
cades on the time scale of picoseconds to material service times
up to sixty years or more, the span of more than twenty orders
of magnitude in time creates tremendous challenges for both
experiments and simulations [2]. Molecular dynamics (MD) has
been very useful in studies of defect production and short-term
evolution generally up to nanoseconds [3,4] and experimental
techniques are naturally suitable for the time scale of seconds or
more. However, the investigation of defect evolution in the interval
between nanoseconds and seconds requires other techniques.

Kinetic Monte Carlo (KMC) [5–12] and accelerated dynamics
[13–16] are two computational techniques that can be employed
to investigate the relatively long-term defect evolution. In this
study, we focus on a comparison of different KMC models. Depend-
ing on whether atomistic details are included, KMC approaches can
be generally separated into two categories: object KMC (OKMC)
[17] and atomistic KMC (AKMC) [18]. The OKMC has been widely
used in radiation damage studies [5–12,19]. However, it suffers
from several limitations. For instance, each diffusion path or poten-
tial reaction and its associated energy barrier must be provided as
input parameters in OKMC, which requires predetermining a large
number of possible events. Furthermore, since each defect is trea-
ted as an abstract object, the details of defect interactions are lost
and parameters such as the interaction radius are essentially arti-
ficial. On the contrary, defect diffusion and interaction can be rea-
sonably described using AKMC. However, most AKMC models have
employed an on-lattice approximation [18], making them unsuit-
able for describing interstitial defects.

Recently, several off-lattice on-the-fly KMC methods have been
developed, such as adaptive KMC [20], kinetic activation-relaxation
technique (kART) [21], autonomous basin climbing (ABC) + KMC
[22–24] and self-evolving atomistic KMC (SEAKMC) [10,11]. The
common feature of these methods is that the saddle points are
found on-the-fly during the simulation, based on the current con-
figuration of the system. The primary differences between these
methods reside in how the saddle points are determined and used.
However, the accuracy of these methods has not been extensively
tested and there have been no direct comparisons between any of
these new methods and the traditional OKMC approach.

Here, we report on an investigation of the evolution of radia-
tion-induced defects using SEAKMC and compare the results with
other methods; three examples are provided. The first is the evolu-
tion of a vacancy-rich region in bcc iron [23], which is compared
with the ABC + KMC and kART techniques and benchmarked using
MD simulations. In this case, the time required for vacancy clusters
to grow above a certain size is compared. The differences observed
in the results are highlighted and the origin of the differences is
discussed. The second is the evolution of sessile interstitial clusters
that are observed in cascades [4,25], particularly those with the re-
cently reported C15 Laves structure [26], which can form directly
in displacement cascades and has been investigated using
kART. The stability of these defect clusters is estimated and the
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probability of their growth is discussed. Finally, cascade annealing
using SEAKMC is compared to our previous OKMC results [12]. In
particular, we focus on the fraction of the interstitial-type defects
that escape the cascade region as a key parameter, which is critical
for microstructural evolution. This study provides a specific evalu-
ation of the atomistic fidelity of SEAKMC along with the other on-
the-fly KMC methods and new insights into defect evolution in bcc
iron.
2. Methodology

As described in Refs. [10,11], the SEAKMC consists of four major
components: selection of active volumes in which defects exist and
where transition states and reactions may be expected, saddle
point searching for possible reactions, kinetic Monte Carlo to select
reactions and advance time, and atomic relaxation of defect config-
urations. The details of this technique have been described else-
where; it has been validated and benchmarked using MD
simulations. Similar to MD, an atomic structure and the inter-
atomic potential are the only required material inputs. In this
study, active volumes with radii of 2.7 and 4.2 lattice constants
(ao) have been employed based on convergence tests and efficiency
consideration. The dimer method [27] was used for saddle point
searches, with 12–96 searches in each active volume to evaluate
the sensitivity of the results to the number of searches. A constant
attempt frequency of 1.0 � 1012 s�1 was used in all simulations. For
each case of cascade annealing, thirty simulations were carried out
to obtain the requisite statistical precision. In previous studies, we
determined that the number of dimer searches required to com-
pletely describe the catalog of possible reactions is too high to be
computationally tractable [11]. This limitation in the reaction cat-
alog may introduce some error into the physical time calculated
during the simulation. However, this does not affect any of the con-
clusions that are described in this paper.

In addition, for the fifty-vacancy evolution and C15 Laves struc-
ture clusters, MD simulations were carried using the same initial
input structure as for SEAKMC for each case studied. The simula-
tions were carried out within the microcanonical (NVE) ensemble
at different temperatures. The Verlet algorithm was used to inte-
grate Newton’s equations of motion with a time step of 0.1 fs. Sim-
ulations were run up to a few nanoseconds and Wigner–Seitz cells
were used to determine the location and structure of defects. The
Ackland 04 potential [28] was employed in both SEAKMC and
MD simulations.
3. Results and discussions

3.1. Vacancy evolution and clustering

The long-term evolution of 50 randomly distributed vacancies
in iron has been recently studied using ABC combined with KMC
[23] and subsequently using the kART [29]. The vacancy evolution
involves a relatively simple clustering process, which lowers the
system energy. As a measure of the completeness of the process,
Fan et al. [23] applied the ABC + KMC approach and used the time
required for the average cluster size to exceed 6.5 vacancies as a
figure of merit. At this point, the system energy was about
�7760 eV and the time required was more than 20,000 s at
150 �C. In contrast, Brommer and Mousseau [29] used kART with
same material parameters and predicted this same condition
would be reached in less than one millisecond at the lower temper-
ature of 50 �C. The ABC + KMC method finds only a limited number
of saddle points for each configuration [22–24], while kART devel-
ops a much more complete catalog of possible reactions. It is most
likely that the difference of more than seven orders of magnitude
between the two arises from this difference in the possible reac-
tions identified. This clearly demonstrates how the accuracy of
KMC simulations depends on the degree to which a given method
samples the complete catalog of possible saddle points.

We have carried out the same study using SEAKMC with the
same simulation setup as the kART, including the same empirical
potential, temperature, prefactor, and defect configurations. Both
SEAKMC and kART find the saddle points on-the-fly. However,
there are several differences. SEAKMC employs the dimer method
for the saddle point searches while kART is based on the Lanczos
method [30]. Saddle point searches in SEAKMC are carried out
within defined ‘‘active volumes’’ that are associated with the loca-
tion of defects while kART searches the whole system based on a
topological analysis of the local environment. Finally, the two
methods employ different criteria for determining when to stop
searching for additional saddle points. Similar to kART, the times
obtained from SEAKMC for a given level of evolution in the vacancy
cluster size distribution are much shorter than those predicted by
ABC + KMC. However, the results predicted by SEAKMC are about
one order of magnitude faster than kART (Fig. 1) to reach a given
system energy, average vacancy size, and monovacancy fraction.
This may be due to the kART topological analysis missing certain
long-range cooperative movements that have low energy barriers
since only a small number of atoms are involved with the initial
searches.

Since information on the catalog of saddle points obtained in
Ref. [29] is not available, it is impossible to directly determine
whether the difference between SEAKMC and kART is a result of
how complete the saddle point catalogs were. In order to further
explore the accuracy of the SEAKMC predictions, we carried out
simulations at higher temperatures of 500, 700, 900, and 1100 K
to enable direct comparisons between SEAKMC and MD simula-
tions. The MD simulations are carried out using the same inter-
atomic potential, atomic configuration and temperature within
the NVE ensemble. The energy of a given atomic system in SEAKMC
is the equivalent of the energy obtained when the MD version of
the same system has been quenched. Nevertheless, the system en-
ergy changes with time in a similar way in both SEAKMC and MD
in accordance with the vacancy evolution, due to the binding ener-
gies of vacancy clusters. Therefore, to enable the system energy
from the MD and SEAKMC to be directly compared, several config-
urations obtained in the MD simulations at each temperature were
quenched at various times and the energy of the quenched MD sys-
tem was used as the basis for comparison. When all the MD points
in Fig. 4 were shifted down in energy by the corresponding tem-
perature-dependent value, we found that the lower limit of the
shifted MD energy values were in good agreement with the SEA-
KMC energies. However, the time predicted by SEAKMC to reach
a given system energy or vacancy cluster distribution was a factor
of five slower than the MD prediction at all simulation tempera-
tures. Since the ratio of the SEAKMC time to the MD time was inde-
pendent of temperature, it seems unlikely that the difference was
the result of missing saddle points since this would have changed
the kinetics differently at different temperatures. This suggests
that the prefactor assumed in these KMC studies may not be an
accurate representation of that obtained from the interatomic po-
tential in MD. Changing the prefactor from 1.0 � 1012 to
5.0 � 1012 s�1 led to excellent agreement between the SEAKMC
and MD predictions, as shown in Fig. 2 where the SEAKMC curves
match the lower limit of the MD results. The agreement between
SEAKMC and MD across a wide temperature range is strong evi-
dence that the approach of saddle point sampling in SEAKMC is
sufficiently complete for simulations such as these. This implies
the difference observed between SEAKMC and kART for this case
may well be related to SEAKMC obtaining a more complete catalog
of relevant saddle points.



Fig. 1. Results of twelve different runs beginning with 50 vacancies with the same configuration in a 10a � 10a � 10a supercell using SEAKMC: (a) potential energy
dependence, (b) average cluster size, and (c) monovacancy fraction. Dashed lines indicate the statistical variation of system energy and monovacancy fraction when average
cluster size reaches 6.5.

Fig. 2. Comparison of vacancy evolution using SEAKMC and MD. In order to
compare the energy from the MD simulations with a static method such as
SEAKMC, it was necessary to reduce the MD energy by an amount equivalent to
quenching the MD configuration. (See discussion on MD quenching in text).
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3.2. Interstitial cluster with C15 Laves structure

The formation of sessile interstitial clusters has long been ob-
served in MD cascade simulations [4,25]. Recent analysis indicates
that some of these clusters appear to have the same structure as
C15 Laves phase [26]. On the MD time scale, these defects are
immobile and stable. Marinica and Willaime [26] claimed that
these clusters may grow by capturing self-interstitials based on
kART simulations, and therefore affect the microstructural evolu-
tion of iron and iron-based alloys. In order to determine the
long-term stability of these C15 defect clusters, two different sizes
of the defect clusters were simulated using the Ackland 04 poten-
tial [28] in SEAKMC. The first is the basic building block of the C15
Laves structure, which involves twelve atoms sharing ten lattice
sites, resulting in a di-interstitial, here identified as IC2. The second
is the next larger defect cluster, involving eighteen atoms sharing
fourteen lattice sites, which is a tetra-interstitial, here identified
as IC4.

From the SEAKMC simulations, these C15 interstitial clusters
appear to be immobile and highly stable, which is consistent with
the previous study [26]. However, they were observed to transform
into a glissile h111i configuration on the time scale of seconds or
more at room temperature. The key steps of the corresponding
transformation processes are shown in Fig. 3. The IC2 transforms
into a junction-like structure (Fig. 3b) as an intermediate step, then
converts to a h111i configuration (Fig. 3d). For IC4, the transforma-
tion process is more complicated. The IC4 first changes to an IC2
with two adjacent self-interstitials (Fig. 3f). Then the defect con-
verts to a complex defect structure (Fig. 3g) and eventually con-
verts to the h111i configuration. The energy barriers associated
with transformation for IC2 and IC4 are estimated to be �0.69 eV
and �0.89 eV, respectively, which corresponds to 2.66 � 10�2 s
and 3.88 � 103 s at room temperature. As temperature increases,
the time needed for the transformation is much shorter. For in-
stance, the IC4 will transform into the h111i configuration on the
milli-second time scale at 600 K. The transformation process for
both IC2 and IC4 was subsequently confirmed using MD simula-
tions at higher temperatures. Essentially, the same transformation
process has been observed using SEAKMC and MD.

The potential employed here, Ackland 04 [28], is different from
the potential used in the previous study, which was identified as
M07 [26]. With different potentials, the stability of the clusters
and energy barriers associated with transformation process are
very different. Compared with DFT data for IC2 and IC4 [26], A04
significantly underestimates the stability of C15-structured clus-
ters. On the contrary, M07 substantially overestimates the stabil-
ity. Therefore, the true stability lies in between the prediction of
A04 and M07. In addition, this stability analysis is based on the
internal energy, not the free energy. The C15 Laves structure is a
much more complex configuration than a h111i interstitial cluster,
involving many atoms sharing fewer lattice sites. Compared with
½ h111i interstitial loops, which can explore a larger volume and
phase space per unit time [31], the entropy of these C15 clusters
should be significantly less. Therefore, the configurational entropy



Fig. 3. Transformation process of IC2 and IC4 at room temperature using Ackland 04 potential [28].
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works against the stability of C15 defect clusters. This can be seen
from the fact that the IC4 transforms into an IC2 with two adjacent
self-interstitials as an intermediate configuration (Fig. 3f). We have
not observed the process of this intermediate structure changing
back to its original IC4 configuration using the A04 potential. Fur-
thermore, under irradiation conditions, not only self-interstitial
atoms can be captured, but also vacancies, since both defects are
mobile on the relevant time scale. Vacancy capture might easily
destroy the C15 Laves configuration. In addition, the cluster–clus-
ter interaction could also change the configuration of these inter-
stitial defects [32]. Therefore, more simulations are needed with
multiple potentials in order to determine the fate of these C15
structured clusters. For example, the difference between the point
defect absorption discussed in Ref. [25], which used the Finnis–Sin-
clair potential [33] and that in Ref. [26].

3.3. Cascade annealing

The high fidelity demonstrated in simulating both vacancy and
interstitial clusters makes SEAKMC a good tool for investigating the
annealing of displacement cascade debris. The initial system con-
figurations were obtained from MD cascade simulations. For the
OKMC simulations, two cases with cascade energies of 10 keV
and 25 keV were annealed at 650 K [12]. The system sizes for
10 keV and 25 keV were 128,000 atoms and 250,000 atoms, respec-
tively. An absorbing boundary condition [12] was applied in all
cascade annealing simulations. Surviving interstitial defects are
defined as those which reach the boundary of the simulation cell.
In the OKMC simulations, about 70% of interstitial-type defects
Fig. 4. Comparison of cascade annealing sim
escaped the cascade volume. These defects can subsequently inter-
act with other extended defects, such as dislocations, and contrib-
ute to microstructural evolution. A substantial fraction of these
interstitials is in the form of clusters as indicated by the blue cross-
hatched portion of the bar charts in Fig. 4. Additional details can be
found in Ref. [12].

Under the same simulation setup, SEAKMC predicts signifi-
cantly fewer surviving interstitial defects as shown in Fig. 4. For
both 10 keV and 25 keV, SEAKMC predicts �50% of the intersti-
tial-type defects survive. Therefore, the long-term in-cascade
recombination probability from SEAKMC is much higher than
OKMC. Furthermore, the fraction of surviving interstitials that are
in the form of clusters is also very different between SEAKMC
and OKMC. The SEAKMC predicts the cluster fraction to be much
lower. The origin of this difference is likely to be the loss of atom-
istic details associated with the assumed interaction radii and reac-
tion mechanisms in the OKMC. Since both the total defect survival
fraction and the fraction in clusters are significant to subsequent
evolution, the difference between SEAKMC and OKMC might have
important consequences in the kinetic models used to predict
microstructural evolution of structural materials.

Due to the complicated nature of the defect interactions in SEA-
KMC, each of which depends on particular defect configurations, it
is impossible to determine the relative accuracy of any given input
parameter in the OKMC. Nevertheless, OKMC may be improved by
fitting the interaction radii using the results of SEAKMC simula-
tions. In our previous study [12], it was found that simply changing
all interaction radii by the same ratio has little effect on the surviv-
ing defect fractions [12]. A systematic SEAKMC investigation may
ulations using both SEAKMC and OKMC.
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provide a basis for varying the relative ratio of interaction radii be-
tween different defects and thereby enable improved accuracy for
OKMC models.

4. Conclusions

In summary, the evolution of cascade defects in bcc iron beyond
the MD time scale has been investigated using SEAKMC. For the
evolution of a vacancy-rich region, the SEAKMC predictions were
compared to those of ABC + KMC and kART. The SEAKMC predic-
tions are more similar to kART, but the predicted time is about
one order of magnitude faster. The possible reason for this differ-
ence was discussed. To further explore the accuracy of SEAKMC,
comparisons were made with MD simulations carried out at higher
temperatures. The temperature dependence of the SEAKMC results
match the MD simulations quite well, indicating the saddle point
sampling in SEAKMC is sufficiently complete. For the C15 Laves
structure interstitial clusters, we found the defect cluster is highly
stable, which is consistent with previous work. However, in con-
trast to the previous work, we found the defect clusters can trans-
form into a h111i glissile configuration instead of growing by
capturing self-interstitials, presumably due to the effects of inter-
atomic potentials. Therefore, their potential effects on microstruc-
tural evolution should be re-evaluated. For the cascade annealing
simulations, SEAKMC predicts substantially fewer surviving de-
fects than OKMC. Furthermore, the relative fractions of surviving
interstitials in the form of single defects and clusters are also sig-
nificantly different between SEAKMC and OKMC. This difference
is likely to be caused by the lack of information on atomistic inter-
action in the OKMC. The results from SEAKMC can be used as
benchmarking data to improve the accuracy of OKMC by fitting
the interaction radii based on a series of SEAKMC simulations.
These studies provide an assessment of the atomistic fidelity of
SEAKMC along with the other on-the-fly KMC methods and dem-
onstrate the ability of SEAKMC to provide new insights into the
long-term defect evolution in iron and iron-based alloys.
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