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Simulations of displacement cascade annealing were carried out using object kinetic Monte Carlo based
on an extensive MD database including various primary knock-on atom energies and directions. The sen-
sitivity of the results to a broad range of material and model parameters was examined. The diffusion
mechanism of interstitial clusters has been identified to have the most significant impact on the fraction
of stable interstitials that escape the cascade region. The maximum level of recombination was observed
for the limiting case in which all interstitial clusters exhibit 3D random walk diffusion. The OKMC model
was parameterized using two alternative sets of defect migration and binding energies, one from ab initio
calculations and the second from an empirical potential. The two sets of data predict essentially the same
fraction of surviving defects but different times associated with the defect escape processes. This study
provides a comprehensive picture of the first phase of long-term defect evolution in bcc iron and gener-
ates information that can be used as input data for mean field rate theory (MFRT) to predict the micro-
structure evolution of materials under irradiation. In addition, the limitations of the current OKMC model
are discussed and a potential way to overcome these limitations is outlined.
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1. Introduction

The properties and performance of structural materials in
nuclear reactors are governed by the fate of defects produced by
irradiation [1]. The evolution of these defects may lead to various
phenomena, such as void swelling, hardening and embrittlement,
and irradiation creep [2]. Therefore, the knowledge of defect
formation and subsequent evolution is essential for understanding
and predicting the radiation effects. As a key component of struc-
tural materials, iron has attracted enormous amount of attention
and various techniques have been used to explore the fundamental
properties of its point defects [3].

Molecular dynamics (MD), due to its wide success in investigat-
ing atomistic processes and phenomena, has been extensively
employed to study the primary damage in materials [4]. For in-
stance, cascade simulations in bcc iron have been carried out to
elucidate the effects of temperature, primary knock-on atom
(PKA) energies, and PKA directions on the surviving point defects
[5,6]. The accumulation of this fundamental information lead to
the establishment of an MD database from which many insights
and useful information has been extracted [7]. However, due to
the requirement of time step in MD, the long-term defect evolution
is beyond its scope and other techniques are needed. Kinetic Monte
B.V.
Carlo (KMC) and mean field rate theory (MFRT) are two such
methods [8].

Object KMC (OKMC) has been employed to investigate the defect
evolution in several previous studies using different diffusion data
and simulation setups [9–12]. For example, Gao et al. claimed that
nearly 60% of the self-interstitial atoms (SIAs) produced by primary
damage escaped the cascade region above Stage I [9]. However,
some aspects of the defect evolution are still unknown. Barashev
et al. found that the mean-free path of interstitial clusters could be
several lm for typical irradiation conditions [11], which raised the
compatibility issue of simulating both one-dimension (1D) diffusion
of interstitial clusters and three-dimension (3D) diffusion of SIAs in
the same simulation box. The previous studies were performed
using a range of different PKA energies, temperatures, and system
sizes (Table 1). The work presented here represents a significant
extension of the previous studies, with a larger range of cascade
energies, simulations temperatures, and cell sizes. In addition, the
work evaluates two alternative parameterizations and includes a
systematic study of the effect of diffusion mechanism.

In this paper, we present annealing simulations of primary
damage in bcc iron based on an extensive MD database with
cascade energies from 0.1 keV to 200 keV using the OKMC method.
The fraction of stable cascade-produced interstitials that escape
the cascade region is determined and the time associated with this
process is identified. The defects that escape the cascade region are
those which contribute to the long-term microstructural evolution.
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Table 1
Simulation setup of several previous object kinetic Monte Carlo studies on bcc iron. For boundary condition, ABC stands for absorbing boundary condition and PBC stands for
periodic boundary condition. The use of the term ‘Cascade’ indicates that defect input configurations are taken from MD cascade simulations. The number in system size is the
edge length of a cubic simulation box and unit is lattice constant.

Code This study ALSOME [9] Barashev’s [11] BIGMAC [10] LAKIMOCA [12]

Material a-Fe a-Fe a-Fe a-Fe a-Fe and Fe–0.2%Cu alloy
Cascade energy 0.1–200 keV 2–40 keV 2–10 keV 20 keV 20 keV
Temperature 100–900 K 10–600 K Below Stage III 363 K 600 K
Boundary condition ABC PBC PBC and ABC Finite PBC
Defect input Cascade Random Cascade Cascades Random
Diffusion data EAM,DFT FS Calder-93 EAM EAM
System size 100–500a 300a 150a 100a
KMC type Object Object Object Object Atomic and object
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In the context of mean-field models, it is useful to compare this
number to the number initially created by the MD cascades and
the number predicted by the standard secondary displacement
model by Norgett-Robinson-Torrens (NRT) [13]. In order to deter-
mine the sensitivity of the results, a systematic comparative study
has been carried out to reveal the effects of various factors, such as
input defect configuration, defect reaction distance, and defect
diffusion mechanism. The relative importance of these factors is
evaluated, providing a comprehensive picture of the first phase of
long-term defect evolution in bcc iron and generates information
that can be used as input data for MFRT to predict the microstruc-
ture evolution of materials under irradiation. In addition, limita-
tions of the current OKMC method are discussed and a potential
way to overcome these limitations is suggested.
Fig. 1. Defect formation energy calculated using eight different interatomic
potentials and two ab initio techniques <110> represent self-interstitial atom
(SIA) in the dumbbell configuration <111> represent SIA in crowdion configuration
<100> represent SIA in <100> configuration. TET stands for SIA in tetrahedral site.
OCT stands for SIA in octahedral site. I-2 represents di-interstitial; I-3 represents tri-
interstitial. I-4 represents quad-interstitial. To emphasize the difference between
<110>, <111>, and <100> configurations, the y-axis is not in linear scale.
2. Methodology

Point defects, such as vacancies, SIAs, interstitial clusters, and
vacancy clusters, are considered as objects in OKMC [14]. These ob-
jects can migrate in the system and interact with other objects. To
calculate the probability of a particular object to undergo a partic-
ular event, the migration energy and attempt frequency for each
event is required. An event is then randomly chosen among all
the possible events based on the probabilities. The time is corre-
spondingly advanced using the residence time algorithm [15].
Two defects are assumed to react when the distance between them
is shorter than a critical distance. These defect reaction distances
are estimated based on MD simulations wherever possible and
are otherwise proportional to the physical size of defects following
common assumptions [10–12,16]. The effects of this uncertainty in
the defect interaction distance on the results are given in Section
3.4. Due to the stochastic nature of OKMC, a number of simulations
ranging from hundreds to tens of thousands are carried out to
obtain statistical results for each case studied.

In this study, the following events are included:

(i) Diffusion of SIAs, interstitial clusters, vacancies, di-vacancies
and tri-vacancies.

(ii) Large vacancy clusters (size above three) are assumed to be
immobile.

(iii) Rotation between <111> directions for mid-size interstitial
clusters (I5 and I6).

(iv) Vacancy-SIA recombination.
(v) Growth of interstitial clusters and vacancy clusters.

(vi) Interstitial cluster shrinkage due to vacancy recombination
or dissociation.

(vii) Vacancy cluster shrinkage due to SIA recombination or
evaporation.

(viii) Reactions between interstitial clusters and vacancy clusters.

Thus, the model includes the diffusion of all defects except for
large vacancy clusters because their mobility is extremely low
and the time involved in their motion is much greater than the
time scale of these simulations.

Absorbing boundary conditions were applied to the OKMC
simulation boxes in this work. The physical interpretation of this
boundary condition is that once a defect reaches the boundary, it
is considered to have become spatially uncorrelated with the
original cascade region and can be removed from the simulation.
In a physical system, these uncorrelated defects will continue to
interact with the rest of the microstructure features, leading to
microstructural changes. Therefore, the absorbing boundary condi-
tion reveals the fraction of the MD-produced defects that survive
and contribute to long-range diffusion and damage accumulation.
This fraction is termed the ‘free interstitial fraction’ in this paper
and is a critical parameter in MFRT treatment of microstructure
evolution [8].

Since there is a large amount data on point defect properties in
bcc iron from both ab initio and interatomic potentials [17–31], the
data are first evaluated with respect to stability and mobility of
defects and defect clusters. The defect formation energies (DFEs)
of SIA in different configurations, such as <110> dumbbell,
<111> crowdion, <100>, tetrahedral and octahedral sites, together
with several small interstitial clusters, are compared in Fig. 1. It is
found that the <110> dumbbell configuration has the lowest DFE
among all considered data on SIA, although the value varies signif-
icantly, from 3.50 eV to 4.87 eV (Table 2). The difference between
alternate DFT calculation (Siesta vs. VASP) is also non-trivial
(3.64 eV vs. 3.94 eV), probably due to differences in setup and



Table 2
Defect formation energies of point defect in bcc iron from various interatomic potential and ab initio calculations. The unit is eV.

Potential <110> <111> <100> TET OCT I-2 I-3 I-4 V-1

DFT-Siesta [31,35,36] 3.64 4.49 4.80 4.28 4.97 6.99 9.81 12.31 2.07
DFT-VASP [18,19,36] 3.94 4.34 5.04 7.15 10.25 13.30 1.95
Ackland-97 [20,22,31,36] 4.87 5.00 6.10 5.63 6.00 8.57 12.13 14.24 1.70
Ackland-04 [21,22,31] 3.59 4.00 4.32 4.15 4.17 6.21 8.84 11.04 1.71
Dudarev-05 [22,23,31] 3.65 4.24 4.60 4.29 4.48 6.42 9.15 11.47 1.86
Mendelev-03 [22,24,31] 3.50 3.99 4.33 4.41 4.19 6.14 8.85 10.81 1.71
Mendelev-07 [25,31] 3.69 4.36 4.76 4.31 4.90 6.30 8.95 10.94 2.10
Calder-93 [26] 4.76 7.76 10.76 13.76 1.83
Guellil-91 [27] 5.76 9.14 11.98 14.51 2.59
Osetsky-95 [28] 4.06 3.92 2.05
Muller-07 [22] 4.19 4.59 5.51 1.56
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supercell size. In spite of the difference in absolute value of DFEs,
all ab initio and interatomic potential data predict a similar trend
when comparing the relative stabilities.

In Fig. 2, the migration and rotation energy of SIA, the migration
energies of a single vacancy and small clusters (di-vacancy and tri-
vacancy), and the migration energies of small di- and tri- intersti-
tial clusters are compared. In contrast to the defect stability, the
migration energy data sets exhibit significantly more difference
between one other, in both value (Table 3) and trend. For example,
DFT-Siesta [17] and Mendelev-07 [25] predict that SIA moves fas-
ter than I2 whereas Ackland-97 [20], Osetsky-95 [28], and Guellil-
91 [27] predict the opposite. The Ackland-04 [21] and Dudarev-05
[23] give similar energies for SIA and I2. This difference in the
migration energies may lead to quite different predictions of
long-term defect evolution. This difference also indicates no single
interatomic potential or DFT data set can be assumed to reliably
reproduce all the required fundamental properties of point defects.
Due to difficulty in experimentally measuring most of these quan-
tities, it is extremely challenging to determine which set of simu-
lation data is closest to reality. Therefore, more than one set of
data is used in this study to explore the range of possible outcomes.

We chose to focus on the Ackland-04 [21] and DFT-Siesta [17]
data based on their divergent predictions of the diffusion behavior
of small interstitial clusters. The values are given in Table 3,
together with the values of other data. Since the diffusion mecha-
Fig. 2. The transition state energy barriers of various defects and configurations
using different interatomic potentials and ab initio techniques. I-1, I-2, I-3, V-1, V-2,
and V-3 are SIA, di-interstitial, tri-interstitial, single vacancy, di-vacancy, tri-
vacancy, respectively. The energy barriers for these defects correspond to migration
energy barriers <011>R denotes rotation between <110> directions; <111>R
denotes rotation from <110> to <111>. For these processes, the energy barriers are
the rotation energy barriers.
nism for different defects, especially for interstitial clusters with
different sizes, can be only obtained though MD simulations [32],
it has been used in combination with both ab initio and interatomic
potential migration energy data. For the 1D interstitial cluster dif-
fusion, the Burger’s vector is randomly assigned. As for the
prefactor or attempt jump frequency, the data is very limited.
Therefore, to simply the scenario, the prefactor for all events is
assumed to be 1012 s�1. Theoretically, this may introduce certain
error in the simulation time of KMC model. However, in practice,
it will not significantly affect any results since migration energy
has a much larger effect on the time compared with the prefactor.
In addition, such uncertainty in the prefactor for each event can be
easily corrected once the data is available. The conclusions drawn
in this paper will not be significantly affected by modifying the
value of the prefactor.

3. Results and discussions

The current paper focuses on two important quantities: (i) the
fraction of the interstitials that escaped the cascade region (leaving
the simulation box) and, (ii) the time associated with this escape
process. This fraction can be used as an input parameter in MFRT
to describe the microstructure evolution of materials. The time
associated with the escape process of point defects can be used
as guidance in experimental measurement of defect configurations
at short times. In this section, the dependence of these quantities
on the input defect configuration, assumed migration energy
barrier (interatomic potential vs. ab initio), defect diffusion mech-
anism, dissociation and evaporation, defect interaction distance,
and temperature and simulation box size are investigated.

3.1. Input defect configuration

Although the defects produced by primary damage events are
spatially correlated, some of the previous OKMC simulations used
a random distribution of point defects. Therefore, it is necessary
to examine the effects of an input defect configuration. The current
study is based on an MD database that contains the defect config-
urations from cascades simulated with various cascade energies
(from 0.1 keV up to 200 keV) and directions (<100>, <110>,
<111>, <135>, etc.) at 100 K, 600 K, and 900 K. For a particular cas-
cade energy and direction at certain temperature, several different
defect configurations are randomly chosen to cover more configu-
rational space of defects.

The results are summarized in Fig. 3. It can be seen that the
standard deviation at low cascade energies is larger than at high
cascade energies. This occurs because the number of point defects
in low cascade energy simulations is significantly smaller. Never-
theless, the statistical errors become very small when cascade en-
ergy is higher than 20 keV. About 55–70% of the stable interstitials



Table 3
Transition state energy barriers of several processes from various interatomic potentials and ab initio calculations <01 1>R denotes rotation between <11 0> directions; <111>R
denotes rotation from <110> to <111>. The unit is in eV.

I-1 I-2 I-3 <110>R <111>R Crowdion V-1 V-2 V-3

DFT-Siesta [17,31,35] 0.34 0.42 0.43 0.56 0.72 0.67 0.62 0.35
DFT-VASP [18,31] 0.64 0.68
Ackland-97 [20,31] 0.18 0.16 0.074 0.23 0.16 0.002 0.78 0.75 0.83
Ackland-04 [21,31] 0.304 0.31 0.14 0.45 0.52 0.003 0.63 0.63 0.46
Dudarev-05 [23,31] 0.26 0.26 0.39 0.59 0.004 0.84 0.83 0.8
Mendelev-03 [24,31] 0.31 0.31 0.43 0.50 0.003 0.63 0.62
Mendelev-07 [25,31] 0.29 0.33 0.50 0.68 0.002 0.68 0.7 0.53
Guellil-91 [27] 0.17 0.08 0.06 0.87
Osetsky-95 [28] 0.16 0.02 0.02 0.02 0.71
Johnson-89 [29] 0.19 0.08 0.06 0.87
Muller-07 [22] 0.17 0.57

Fig. 3. Cascade annealing simulations using OKMC with different input defect
structure, cascade energies, and temperatures. The temperature in cascade anneal-
ing simulations using OKMC is the same as the cascade simulations using MD.
Simulations with PKA of 50 keV or less were carried out using a cubic box with an
edge length of 150a; 100 keV or above using 300a.

Fig. 4. Comparison of defect production predicted by NRT model, MD stable defects,
and interstitials escaping OKMC simulation cell.
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produced by the primary damage event have escaped the cascade
regions, which is consistent with previous results by Gao et al. [9]
for cascade energy from 2 keV to 40 keV. This fraction reflects the
recombination probability between interstitials and vacancies
within the debris of a single cascade and appears to be nearly
independent of the cascade energy. The average surviving fraction
from OKMC simulations is compared with the number of defects
produced in MD simulations and the NRT model for each cascade
energy in Fig. 4. MD results are �30% of the NRT value and OKMC
is about two thirds of MD. Thus, OKMC predicts only �20% of the
NRT value survive. This value accounts for in-cascade recombina-
tion between interstitials and vacancies and is appropriate for
use in MFRT models.

To illustrate the statistical dependence of defect number on the
simulation time, cascade-annealing simulations have been carried
out using a 20 keV input defect configuration in a cubic simulation
box size with an edge length of 150a at 600 K as shown in Fig. 5.
The SIAs and interstitial clusters are observed to leave the simula-
tion box at 10�8 s while vacancies leave at 10�3 s. This distinction
in time scale between interstitials and vacancies reflects the differ-
ence in migration energies between interstitials and vacancies.
However, the difference between SIAs and 1D glissile interstitial
clusters in time scale is not so obvious, even though the migration
energy barrier of glissile clusters is lower than that of single SIAs.
Interstitial cluster glide is nearly athermal, leading to migration
even at very low temperature (Stage I) [17]. The SIAs do not diffuse
at low temperature although they are fully mobile at 600 K. There-
fore, by reducing the simulation temperature, the distinction
between interstitial clusters and SIAs may become more obvious.
This information can be used in interpretation of experimental
resistivity recovery results [17]. In addition, it is noted that this
time is both temperature and simulation box size dependent.
Additional discussion is given in given in Section 3.5.

3.2. Interatomic potential vs. ab initio data

When analyzing the diffusion data from the Ackland-04 inter-
atomic potential and DFT-Siesta ab initio calculations, a noticeable
difference was found. This difference was assessed in the context of
the OKMC simulations results. The same simulation setup, includ-
ing the same input defect configuration, temperature and simula-
tion box size, was used with both the interatomic potential and
ab initio data. It is noted that only migration barriers were different
between the two calculations. The diffusion mechanisms (i.e. 1D or
3D) observed in MD simulation [32] were applied in both cases.

The free interstitial fractions obtained are given in Fig. 6. It is
found that taking the migration energy barrier from either an
interatomic potential or ab initio data has little effect on the
fraction. However, the time associated with the escape process
for SIAs is very different between interatomic potential and ab ini-
tio data (Fig. 6). The time using ab initio data is larger than the
interatomic value at all temperatures considered (100–900 K),
which is consistent with the fact that ab initio migration energy



Fig. 5. The dependence of number of the defects that remain inside the simulation box on the simulation time. The simulations are carried out with a 20 keV defect input
structure in cubic simulation box with an edge length of 150a at 600 K.

Fig. 6. The free interstitial fraction calculated using migration energy barrier data
from Ackland-04 potential [21] and DFT-VASP-Siesta [17] at different temperatures.
The time at which all the SIAs and interstitial clusters escape the simulation box is
given in the right y-axis. The simulations were carried out using a 100 keV input
defect structure in a cubic simulation box with an edge length of 300a.

Fig. 7. The effect of mid-size interstitial (I5 and I6) cluster rotation on the free
interstitial fraction. In the reference simulations, rotation is neglected. Ten different
input defect structures are used and labeled as 1–10 in the x-axis. The simulations
are carried out using 100 keV input defect structures in a cubic simulation box with
an edge length of 300a at 100 K.

106 H. Xu et al. / Journal of Nuclear Materials 423 (2012) 102–109
barrier for SIA is higher. By converting Fig. 6 into an Arrhenius’s
plot, the effective migration energy of SIAs is calculated to be
0.44 eV and 0.35 eV for the ab initio and interatomic potential,
respectively.

3.3. Diffusion mechanism and mid-size interstitial cluster rotation

The current knowledge of interstitial cluster diffusion mecha-
nism mainly comes from MD simulations. A recent study using
the Ackland-04 potential showed that the small interstitial clusters
(I2, I3, and I4) diffuse through a 3D random walk diffusion mech-
anism while larger interstitial clusters (larger than I6) diffuse
through a 1D crowdion mechanism [32]. However, the diffusion
mechanism of mid-size interstitial cluster (I5 and I6) is not clear.
It was speculated to be 1D diffusion, but with a possible change
between <111> directions through rotation, defined as 1D+R in
this paper. Due to this uncertainty in the diffusion mechanism of
mid-size interstitial clusters, additional simulations were carried
out to illustrate the effects of rotation. The simulations employed
the same setup with one set of calculations including rotation
while the other does not. Ten different defect input configurations
were used to remove the effects of other variables. The results are
shown in Fig. 7. The fraction of interstitials surviving the primary
damage is �5% lower when rotation is included. This is because
recombination is higher when rotation is considered, since the
rotation will increase the cross section of interactions between
interstitial clusters and vacancies.

The diffusion mechanism predicted by MD simulations is also
interatomic potential dependent. To illustrate the effects of
diffusion mechanisms, two limiting cases are considered: (i) all
interstitial clusters diffuse through the 1D crowdion mechanism



Fig. 8. The effect of interstitial cluster diffusion mechanism on the free interstitial
fraction. The number n on the x-axis is the size for which the diffusion mechanism
changes. Interstitial cluster sizes less than or equal to n perform 3D random walk
diffusion; and interstitial clusters sizes larger than n perform 1D crowdion
diffusion. An exception is 7 for which all the interstitial clusters of any size move
3D. The simulations are carried out using 100 keV input defect structures in a cubic
simulation box with an edge length of 300a at 100 K.

Table 4
Defect interaction distance employed in this study. Vac
represents single vacancy; IC represents interstitial cluster;
VC denotes vacancy cluster. The unit of distance is lattice
constant.

Interaction Distance

SIA + Vac 1.685
SIA + SIA 2.385
SIA + IC 2.385
SIA + VC 1.685
Vac + Vac 0.985
Vac + IC 1.685
Vac + VC 0.985
IC + IC 2.385
IC + VC 1.685
VC + VC 0.985

Fig. 10. The effects of defect interaction distance on the free interstitial fraction. All
the defect interaction distance are rescaled simultaneously according to the ratio in
x-axis. The simulations were carried out using defect configurations from 100 keV
cascades in a cubic simulation box with an edge length of 300a at 100 K.
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and (ii) all interstitial clusters diffuse through 3D random walk. It
is noted that neither limiting case represents the actual situation.
These two limiting cases correspond to minimum and maximum
recombination respectively. The intermediate cases between these
two limiting scenarios are also investigated, as shown in Fig. 8. The
value of n on the x-axis indicates the size where the diffusion
mechanism changes. SIA cluster sizes less than or equal to n
perform 3D random walk diffusion; and the clusters with sizes
larger than n perform 1D crowdion diffusion. For instance, n = 5
means clusters I2–I5 move 3D while I6 and above move 1D. From
this figure, it can be seen that the diffusion mechanism of intersti-
tial clusters has a strong effect on the free interstitial fraction of the
stable defects. As more and more SIA clusters move 3D, less and
less point defects escape the cascade region. It is noted that when
Fig. 9. The fraction of interstitials that escape the cascade region when dissociation
of SIAs from interstitial clusters or vacancy evaportion from vacancy clusters is
considered. The reference system does not include either dissociation or evapora-
tion. Ten different input defect structures are used and labeled as 1–10 in the x-axis.
The simulations are carried out using 100 keV input defect structures in a
simulation box with an edge length of a 300a at 100 K.
all interstitial clusters move 3D, about 10% of the NRT value escape
in-cascade recombination, compared with about 20% for 1D
migration.

3.4. Dissociation, evaporation, and defect reaction distance

The dissociation of SIAs from interstitial clusters and evapora-
tion of vacancies from vacancy clusters leads to more 3D defect
diffusion, which may affect the simulation results. The energy bar-
rier for such processes is the sum of the migration energy and bind-
ing energy for both SIAs and vacancies. Therefore, the probability is
much lower than diffusion. To demonstrate the effect of dissocia-
tion and evaporation, these two effects are included in the simula-
tion and compared with a reference system in which such effects
are neglected. From Fig. 9, it is seen that neither dissociation nor
evaporation has a significant effect at all the temperatures
considered.

Since it is difficult to determine the separation distance at
which two defects react, most of the values used in this study
are assumed. The reaction distances used are typical of similar
studies [10–12] and are given in Table 4. To investigate whether
the OKMC results are sensitive to these assumed parameters, we
carried out simulations in which the critical separation was varied



Fig. 11. The free interstitial fraction as a function of temperature and simulation
box size, based a 20 keV input defect structure. The number in the axis of ‘Box Size’
is the edge length of a cubic simulation box and the unit is the lattice constant of
bcc iron.
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from �50% to +100%, shown in Fig. 10. As the ratio changes, the
free interstitial fraction is slightly modified. However, the overall
trend indicates that the current OKMC results are not too sensitive
to the defect reaction distance.

3.5. Temperature and simulation box size

After determining the effects of the parameters mentioned in
the previous sections, simulations were carried out to explore the
effects of temperature and simulation box size. A 20 keV input
defect configuration was chosen. The temperature was varied from
100 K up to 900 K while the simulation box size was changed from
150a � 150a � 150a to 500a � 500a � 500a. The impact of these
parameters on the free interstitial fraction is shown in Fig. 11. As
simulation box size increases, the free interstitial fraction
decreases. This is because defects remain in a larger simulation
box size for longer times, resulting in an increased probability of
recombination. The dependence of free interstitial fraction on the
temperature is more complicated. It reached a maximum value
around 450 K. At high temperature, this fraction is lower and found
to be caused by the 3D diffusion of vacancies. However, the reason
the free interstitial fraction decreases below �450 K is not obvious.
It is suspected to be due to the interplay between the competing
migration mechanisms of SIA and interstitial clusters mentioned
Fig. 12. The time for all the interstitials to escape the cascade region as a funciton of
temperature and simulation box size, based a 20 keV input defect structure. The
number in the axis of ‘Box Size’ is the edge length of a cubic simulation box and the
unit is the lattice constant of bcc iron.
previously. The effects of temperature and simulation box size on
the time associated with the escape process are demonstrated in
Fig. 12. As usual, at a particular simulation box size, the time
follows an Arrhenius dependence on temperature. The effect of
simulation box size is much weaker than that of temperature.

The simulation box size in combination with an absorbing
boundary condition defines a criterion for determining when de-
fects have migrated far enough from the cascade to be considered
spatially uncorrelated with their origin. Such a criterion cannot be
experimentally determined or theoretically calculated. Therefore,
studying a range of simulation box sizes is equivalent to exploring
the possible criteria. The OKMC results demonstrate that the free
interstitial fraction is slightly different when choosing different
criteria. However, the general implication for the long-term defect
evolution remains the same. For instance, after studying both small
and large simulation box sizes, only a modest difference in the free
interstitial fraction was found. This could resolve Barashev’s
concern [11] about the compatibility of simulating 1D crowdion
diffusion of interstitial clusters and 3D random walk diffusion of
SIAs in the same simulation box. Although the mean free path of
interstitial clusters is much larger than the SIAs, they still can be
simulated in the same box.
3.6. Limitation of the current OKMC models

Since the defects are considered as objects in the OKMC model,
no atomistic details are included. Therefore, information of the
atomistic defect configuration is lacking. This leads to several lim-
itations of the OKMC. The migration energy barrier of a particular
defect depends on its configuration. Because no defect configura-
tion is included in OKMC, the properties that depend on the partic-
ular configuration, such as the migration energy barrier, cannot be
treated accurately. For instance, di-interstitials have been observed
to have different migration energies for different configurations
[32]. However, in OKMC, the migration energy barrier for all di-
interstitials is the same. This issue may be alleviated by using an
effective migration energy calculated from MD. However, generally
speaking, it is not trivial to obtain the effective migration energy
barriers from MD since a large amount of sampling over all the de-
fect configurational space is needed. Furthermore, due to the lack
of atomistic details in OKMC, the defect-defect interactions have
to be assumed. This introduces more uncertainty into the method,
since the interaction between defects may change the defect con-
figuration completely. True defect evolution, which depends on
the defect configuration, may deviate significantly from that in
an OKMC simulation such as the one presented here.

To overcome these limitations, a kinetic Monte Carlo with
atomistic detail is needed. Most current atomistic KMC models
have employed the on-lattice approximation [33]. However, to
achieve the desired accuracy, the method has to be able to find
the migration energy barriers for interstitials, which requires
knowing the state of an off-lattice system during the simulation.
Furthermore, the defect-defect interaction has to be explicitly
included according the potential energy surface and the defect
configuration. As for cascade annealing applications, the method
also needs to be efficient enough so that a large number of point
defects can be included. A general framework to address the above
issues has been proposed in [34].
4. Conclusions

In summary, we carried out simulations of the extended anneal-
ing of displacement cascades using object kinetic Monte Carlo
based on the input defect configurations from an extensive MD
database that includes cascade simulations with energies from
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0.1 keV up to 200 keV and various PKA directions at different
temperatures. The sensitivity of the results to a broad range of
material and model parameters was determined. This included
the effects of initial defect configuration in the cascade debris,
migration energy data from both an interatomic potential and ab
initio calculations, properties of SIA clusters (such as diffusion
mechanisms and rotation of the mid-size clusters and dissocia-
tion), properties of vacancy clusters (such as evaporation and diffu-
sion of small clusters), defect reaction distance, temperature, and
simulation box size. The SIA cluster diffusion mechanism was iden-
tified as having the most significant impact on the fraction of SIAs
that escape the cascade region. Furthermore, the maximum level of
recombination between interstitials and vacancies was found for
the limiting case of 3D diffusion of all interstitial clusters. Little dif-
ference was found between the surviving interstitial fraction ob-
tained using parameterizations based on Ackland-04 potential
and the DFE-Siesta, although the kinetics of the escape process
was dependent on the parameterization. The effects of dissociation
of SIAs from interstitial clusters and evaporation of vacancies from
vacancy clusters were found to be insignificant. The observation
that 55–70% of the stable interstitials escape the cascade region
for intermediate cascade energies is consistent with a previous
study; neither simulation cell size nor temperature had a strong
impact on this fraction. The limitations of OKMC models were
discussed and a potential way to overcome these limitations has
been suggested.
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