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Object Kinetic Monte Carlo models allow for the study of the evolution of the damage created by irradi
ation to time scales that are comparable to those achieved experimentally. Therefore, the essential Object 
Kinetic Monte Carlo parameters can be validated through comparison with experiments. However, this 
validation is not trivial since a large number of parameters is necessary, including migration energies 
of point defects and their clusters, binding energies of point defects in clusters, as well as the interaction 
radii. This is particularly cumbersome when describing an alloy, such as the Fe-Cr system, which is of 
interest for fusion energy applications. In this work we describe an Object Kinetic Monte Carlo model 
for Fe-Cr alloys in the dilute limit. The parameters used in the model come either from density functional 
theory calculations or from empirical interatomic potentials. This model is used to reproduce isochronal 
resistivity recovery experiments of electron irradiated dilute Fe-Cr alloys performed by Abe and Kuram-
oto. The comparison between the calculated results and the experiments reveal that an important param
eter is the capture radius between substitutional Cr and self-interstitial Fe atoms. A parametric study is 
presented on the effect of the capture radius on the simulated recovery curves. 

1. Introduction 

Development of optimal materials for fusion applications and 
next generation fission reactors can greatly benefit from the use 
of reliable models capable of describing the production and 
evolution of lattice defects. These models can be used to limit 
the number of experiments performed to test these materials, 
and, up to some extent, to extrapolate the available experimental 
data, since the range of parameters to consider (fluence, flux, 
temperature, alloy composition, etc.) is extremely large. Recently, 
multi-scale modeling has been advancing in the direction of build
ing validated models starting from first principles calculations (see 
for example [1,2]). 

Ferritic/martensitic steels are considered as good candidates for 
structural materials in both fusion and generation IV reactors [3,4]. 
The Cr concentration considered in these materials is in the range 
of a few at.% (7-17 at.% of Cr). In this work we present an Object 
Kinetic Monte Carlo approach (OKMC) to study damage accumula
tion and evolution in Fe-Cr alloys with input from recently 
published density functional theory (DFT) and empirical potential 
calculations. As a first test of the model being developed for Fe-Cr 
alloys, we consider low Cr concentrations, below 1 at.% of Cr, for 
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which systematic experiments addressing the mobility of point de
fects have been performed in the past [5]. 

2. Model 

In order to model the recovery of the resistivity during anneal
ing measured experimentally in electron irradiated Fe and dilute 
Fe-Cr alloys, we use an OKMC approach. The OKMC method is 
based on the residence time algorithm [6] and it has been ex
plained extensively elsewhere (see for example Refs. [7,8]). Briefly, 
this method follows the evolution in time of defects and defect 
clusters, resolving their positions in 3D space. The information nec
essary to evolve the system is the migration energy of each type of 
defect as well as the dissociation energy for each cluster of defects, 
and the barrier for the defect formation in case it exists. This infor
mation is usually taken from DFT calculations or simulations using 
empirical interatomic potentials. For the purpose of this article, it 
is important to point out that another parameter in these simula
tions is the capture radius considered for the interaction between 
different defects to form clusters. The interaction between two 
defects occurs when their distance is equal or smaller than the 
capture radius. 

The OKMC algorithm computes the rate of each possible 
event in the simulation. The events are (i) the diffusive jump of a 
defect, (ii) the dissociation of a defect from a cluster and (iii) the 
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introduction of a new defect or a cluster of defects (a cascade) due 
to the irradiation. The rate for events of type (i) and (ii) are calcu
lated from the defect migration and dissociation energies, respec
tively. The rate of introduction of a new cascade is given by the 
dose rate of the experiment being simulated. The total rate for each 
event is the product of the rate of the event and the number of ob
jects in the simulation setup that can perform that event. The total 
rate for each simulation step is the sum of these terms for all pos
sible events. At each OKMC step an event is selected randomly 
from the total rate, and the simulation time, obtained from the in
verse of the total rate, is updated. For more information about the 
OKMC algorithm see Refs. [7,8]. 

In the calculations presented here the type of defects consid
ered are Fe self-interstitials (I) and their clusters (In where n is 
the number of Fe atoms in the cluster), vacancies (V) and vacancy 
clusters (Vn), Cr atoms in substitutional positions (Cr), and mixed 
(i.e. Fe-Cr dumbbells) self-interstitials (ICr). Clusters of mixed 
self-interstitials are also considered up to size two. These clusters 
are I2Cr (i.e. the cluster contains two dumbbells, one Fe-Fe and 
one Fe-Cr) and I2Cr2 (with two Fe-Cr dumbbells). In addition, we 
also consider the formation of the immobile configuration ICr2 

due to the trapping of the ICr by substitutional Cr atoms. Higher or
der clusters or trapping configurations are not considered in the 
present calculations. 

Table 1 shows the migration energies of the defects considered 
in the calculations. Self-interstitials and vacancies up to size four 
are mobile while clusters of a larger size are treated as immobile 
in these simulations, as is done in previous kinetic Monte Carlo 
models for pure Fe [11]. The mixed self-interstitial (ICr) is also mo
bile and note that its migration energy is lower than for the Fe self-
interstitial (I), according to the calculations done using empirical 
potentials and DFT [9,10]. Clusters can also emit defects with a dis
sociation barrier given as the sum of the corresponding binding en
ergy of the defect to the cluster plus the migration energy of the 
defect that is emitted. The values of binding energies, migration 
energies and dissociation energies used in these calculations are 
summarized in Table 2, together with the corresponding references. 

Considering the information about defect energetics described 
above, we have simulated the evolution of those defects produced 
under the experimental conditions described in Ref. [5]. In these 
experiments, pure Fe and dilute Fe-Cr alloys were irradiated with 
1 MeV electrons at 77 K and then isochronally annealed to measure 
the recovery of electrical resistivity. To simulate these experiments 
an OKMC box size of 287 nm x 287 nm x 287 nm was used with 
periodic boundary conditions and no sinks such as dislocations or 
grain boundaries, conditions previously used by Fu et al. to simulate 
the recovery of the resistivity in electron irradiated Fe [11]. In the 
case of the Fe-Cr alloys, we have performed simulations for three 

Table 1 
Migration energies of defects used in the OKMC simulations. 

Table 2 
Dissociation energies of defects used in the OKMC simulations. Values of binding 
energies and migration energies with their corresponding references. 

Species Migration energy (eV) Reference 

I 
h 
h 

u 
I5 and up 
V 

v2 
v3 
v4 
V5 and up 
ICr 
I2Cr 
All other I„Crm clusters 

0.34 
0.43 
0.43 
0.40 

Immobile 
0.67 
0.62 
0.35 
0.48 
Immobile 
0.23 
0.30 
Immobile 

[11] 
[11] 
[11] 

[11] 
[11] 
[11] 
[11] 

[9] 
[15] 

Species 

ICr 
ICr2 

ICr2 

I2Cr 
I2Cr 
I2Cr2 

I2Cr2 

I2Cr2 

I2Cr2 

12 
13 
14 
In(n>4) 
V2 
V3 
V4 
Vn 

Dissociation 
reaction 

Cr + I 
Cr + ICr 
Cr2 + I 
ICr + I 
Cr + I2 

Cr + I2Cr 
Cr2 +12 

ICr + ICr 
ICr2 +1 
I + I 
12 +1 
13 +1 
In-1 +1 
V2 + V 
V3 + V 
V4 + V 
Vn-1 + V 

Binding energy (eV) 
and reference 

0.08 
0.08 
0.39 
0.65 
0.02 
0.06 
0.32 
0.63 
0.63 
0.8 
0.92 
1.64 

* 
0.30 
0.37 
0.62 

15,16] 
15,16] 
15,16] 
15,16] 
15,16] 
15,16] 
15,16] 
15,16] 
15,16] 

HI 
11] 
11] 
11] 
11] 
11] 
11] 
HI 

Dissociation 
energy (eV) 

0.42 
0.31 
0.73 
0.88 
0.45 
0.36 
0.75 
0.86 
0.97 
1.14 
1.26 
1.98 

0.97 
1.04 
1.29 

Extrapolation law as described in [11] 

Table 3 
Initial concentration of Frenkel pairs used in the OKMC calculations for the 
experimental conditions of [5], calculated considering a Frenkel-pair resistivity of 
30 |iC2 cm/at.% [5,12). 

Cr concentration Initial resistivity 
from [5] 

Number of Frenkel-pairs 
in the OKMC model 

Pure Fe (Cr = 0) 
FeCr 0.019 at.% 
FeCr 0.047 at.% 
FeCr 0.095 at.% 

71.2 nil cm/at.% 
80.5 nil cm/at.% 
72.6 nil cm/at.% 
140 ni l cm/at.% 

24000 (24 appm) 
27000 (27 appm) 
24000 (24 appm) 
47000 (47 appm) 

This value was assumed based on the values for smaller interstitial clusters. 

different values of the initial Cr concentration, corresponding to 
those used in the experiments: 0.019 at.%, 0.047 at.% and 
0.095 at.% [5]. Substitutional Cr is distributed randomly in the sim
ulation box with the appropriate ratio for each concentration. 
Regarding the initial distribution of Frenkel pairs created by 
the electron irradiation, we have taken into account that the 
initial resistivity values given in [5] are different for each material. 
Table 3 shows the values of the initial resistivity as given by Abe and 
Kuramoto [5] and the corresponding initial number of Frenkel pairs 
used in the calculations. In order to obtain the initial concentration 
of Frenkel pairs we have used a value of resistivity per Frenkel pair 
of 30 uI2 cm/at.% corresponding to pure Fe [5,12]. However this is 
not appropriate when considering concentrated Fe-Cr alloys due 
to departure of the Matthiessen's rule [12]. The Frenkel-pairs are 
also distributed randomly in the simulation box. 

An isochronal annealing with a temperature step of 3 K and a 
time step of 3 min, as in the experiments [5], is performed. The to
tal number of defects as a function of temperature is related to the 
resistivity recovery curves obtained experimentally. In the experi
ments of [5] the resistivity change has been renormalized to the 
initial resistivity value after the electron irradiation, therefore, in 
order to compare, the total number of defects has also been renor
malized to the initial number of defects in the simulation. The 
derivative of these curves with temperature can then be compared 
to the experimental data presented in [5]. 

3. Results 

Fig. 1 shows the evolution of the derivative of the number of de
fects during the annealing, normalized to the initial number of de
fects after irradiation, as obtained from the OKMC calculations 
performed in: pure Fe, 0.019 at.% Cr, 0.047 at.% Cr and 0.095 at.% Cr. 
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Fig. 1. Derivative with temperature of the total number of defects (normalized to 
the initial number after irradiation) as a function of temperature for the case of pure 
Fe and three different Fe-Cr alloys. 

In the temperature range of 80-150 K two peaks are observed, 
as already described with event kinetic Monte Carlo by Fu et al. 
for the case of pure Fe [11]. The first peak, named ID2 [13], corre
sponds to the correlated recombination of I and V pairs belonging 
to the same Frenkel pair. The second peak, named IE, is attributed 
to the recombination between I and V due to the long range migra
tion of I. Note that in the case of pure Fe, the IE stage, located at 
around 140 K, has a much smaller amplitude than that of the ID2 

stage. 
The main effect that can be observed in the presence of Cr is the 

shift of the IE peak towards lower temperature as the Cr concentra
tion increases, just as observed experimentally [5,14]. The reason 
for this shift is the formation of ICr defects which have lower 
migration energy than Fe-Fe self-interstitials (0.23 vs. 0.34 eV). 
The ICr, however, also has a low dissociation energy (0.42 eV), 
yet it performs several jumps prior to the dissociation, and there
fore may recombine with vacancies which are immobile up to 
about 220 K (given that their migration energy is about 0.6 eV). 

The shift of the IE stage with Cr concentration has also been 
reproduced by rate theory calculations [15] using similar defect 
energetics as those presented here, although with different initial 
conditions. In the case of rate theory, the ID2 stage is not obtained 
since its reproduction requires the spatial correlations to be in
cluded in a mean field approach. 

In order to further understand the effect of Cr on defect evolu
tion, we present in Fig. 2 the number of defects, normalized to the 
initial number after irradiation, as a function of temperature for the 
case of pure Fe (Fig. 2(a)) and Fe-0.047 at.% of Cr (Fig. 2(b)). We 
have selected this particular Cr concentration for the comparison 
since the initial number of defects is the same as in the case of pure 
Fe, (see Table 3), so that the differences cannot be attributed to a 
dose effect. In Fig. 2(b), only pure Fe defects are included for clarity. 

The most significant difference that can be observed for these 
two conditions is the higher recombination between vacancies 
and self-interstitials occurring in the presence of Cr. In the case 
of pure Fe, 83% of the defects have recombined at a temperature 
of 150 K and only 17% of the defects remain, while for the case of 
0.047 at.% of Cr, 94% of the defects produced by the irradiation have 
recombined at this same temperature. As can be observed in 
Fig. 2(a), in pure Fe at 150 K defects are mainly single vacancies 
and self-interstitials in small clusters, mostly of size 2 and 3, but 
self-interstitial clusters of size 4 and higher also exist. In the case 
of Fig. 2(b), the remaining defects at this temperature are also 
mostly single vacancies and clusters with two self-interstitials 
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Fig. 2. Evolution of the concentration of defects versus temperature (normalized to 
the initial number of defects after irradiation) for (a) pure Fe and for (b) a Fe-Cr 
alloy with 0.047 at.% Cr. In Fig. 2(b) only pure Fe self-interstitials are shown for 
comparison. 

(I2) but the concentration of I3 clusters is very low and no higher 
order interstitial clusters are present at this temperature. 

For the case of the Fe-Cr alloy we also have to take into account 
the evolution of mixed clusters, InCrm, as a function of temperature. 
This is shown in Fig. 3 for the same case as in Fig. 2(b) 0.047 at.% of 
Cr. The concentration of the ICr complexes is always very low, but 
one must keep in mind that these defects have both low migration 
and dissociation energies. As a result, they form by the interaction 
of I and substitutional Cr, but they also migrate at low tempera
tures (their migration energy is only 0.23 eV), and therefore recom
bine with immobile vacancies or form higher order clusters. In fact 
ICr can recombine with vacancies leaving a substitutional Cr which 
will contribute to the enhanced defect recombination observed in 
the presence of Cr. Since the dissociation energy of ICr is also very 
low (0.42 eV) it can also emit an Fe-Fe self-interstitial leaving a 
substitutional Cr atom. Consequently, the ICr defects constantly 
form, dissociate and interact with other defects. 

Besides vacancy recombination, ICr can also form other com
plexes. It can interact with another ICr forming I2Cr2, with substi
tutional Cr forming ICr2 or with Fe-Fe self-interstitials forming an 
I2Cr, as can also be observed in Fig. 3. In the case of I2Cr, since it is 
also considered as mobile, it again contributes to a higher recom
bination than in pure Fe. Note, however, that all these clusters dis
appear at ~150K due to their low dissociation energy. The I2Cr 
complex dissociates through the emission of an I2 self-interstitial 
cluster, which explains the increase in the number of I2 self-inter-
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Fig. 3. Evolution of the concentration of ImCr„ complexes versus temperature for an 
Fe-Cr alloy with 0.047 at.% of Cr. 
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Fig. 4. Dependence of the position and shape of the IE peak on I-Cr capture radius, 
calculated for a Fe-Cr alloy with 0.019 at.% of Cr. 

stitials observed at around 130 K in Fig. 2(b), which is the temper
ature at which the total number of I2Cr complexes starts decreas
ing (see Fig. 3). As a result, the total number of I2 at 150 K both 
in pure Fe and the particular Cr concentration described here, are 
similar. 

As shown in Fig. 1, higher Cr concentrations lead to a higher 
number of ICr and therefore a stronger shift in the IE peak. The con
centration of ICr is, consequently, an important parameter. In turn, 
the rate of formation of ICr is determined by the concentration of 
substitutional Cr and I, by the mobility of I and also by the capture 
radius (R_iCr) considered for the interaction between I and Cr. The 
concentration of substitutional Cr and Fe-Fe self-interstitials are 
given by the particular conditions of the experiment, the alloy 
composition and the irradiation dose respectively. For the particu
lar experimental conditions considered here, the concentration of 
Cr exceeds that of defects produced by the irradiation. For example, 
for the lowest Cr concentration case, 0.019 at.%, the initial number 
of defects is 0.0012%, as can be calculated from the number of Fren-
kel pairs in Table 2. As a result, a large number of ICr complexes is 
expected to form, and the capture radius used for the interaction 
between self-interstitials and Cr will have an important effect. 
For the case of pure Fe, a capture radius between a self-interstitial 
and a vacancy of 0.95 nm (3.3a0, where a0 is the lattice parameter 
of a-Fe) was used following reference [11]. Using this value the po
sition of the ID2 peak in pure Fe obtained from the simulations 
coincides with that measured experimentally. The effect of R_ICr 

on the position of the IE peak has been evaluated by varying R_iCr 

while keeping all other parameters in the simulation constant. 

Fig. 4 shows the derivative with temperature of the normalized 
defect concentration as a function of temperature for the case of 
0.019 at.% Cr and for R_ICr equal to 0.95 nm (3.3a0), 0.66 nm 
(2.3a0) and 0.28 nm (1.0a0). The case of pure Fe is also included 
for comparison. It is interesting to note that if R_iCr is taken as 
R_iv (i-e. 3.3a0), the IE peak almost disappears by merging with 
the ID2 peak, contrary to what is observed experimentally. This ef
fect is even more pronounced when calculations are performed for 
higher Cr concentrations (not shown here). The best agreement ob
tained with respect to the experimental observations is for a cap
ture radius of 0.28 nm which corresponds to the radius of a 
second neighbour shell, and is the value used for the calculations 
reported in Fig. 1. This result indicates that the interaction between 
I and Cr is essentially of the short range type, unlike in the case of a 
self-interstitial and vacancy. Moreover, DFT calculations show that 
the sign of the interaction depends on the specific position of a 
substitutional Cr and spatial orientation of the (110) Fe-Fe dumb

bell, so that there is a number of sites where the interaction is 
attractive and others where it is repulsive [16,17]. Hence, the ac
tual interaction range is larger than the value of a0 obtained in 
these calculations, but not all pairs of I and Cr within the interac
tion range will be oriented such that an attractive interaction 
would occur. Given that in these particular OKMC calculations 
the orientation of I is not taken into account, the obtained capture 
radius can be interpreted as an effective value, smaller than the ac
tual interaction range, to account for the configurations with repul
sive interactions. Nevertheless, validation of the capture radius by 
other means, such as atomistic simulations or experiments would 
be desirable since it plays an important role in the defect evolution, 
especially at higher temperatures. For example, although it not 
shown here for lack of space, if one sets R_ICr as 3.3a0, the experi
mentally observed peak in the resistivity recovery at 180 K [5] can
not be reproduced. 

As can be seen from the results presented above, in a complex 
system such as an alloy, even in the dilute limit, the number of 
reactions included in the OKMC calculations is quite large. Ideally, 
we would like to have a model with the minimum number of inter
actions that is capable of reproducing different experimental con
ditions. However, often understanding the importance of a 
particular reaction is not obvious from the results of a simulation. 
In the model proposed in this work InCrm clusters can grow up to 
size n = m = 2. We have seen that the formation of I2Cr clusters oc
curs at low temperatures in significant numbers and, since they are 
considered as mobile species, they contribute to defect recombina
tion with vacancies, and therefore I2Cr clusters affect defect evolu
tion. It is not clear from the results presented above if higher order 
clusters also have an important influence in the simulation results 
in terms of recovery of the resistivity. In order to understand the 
importance of clusters with more than one Cr atom we have elim
inated from the simulations the formation of ICr2 and I2Cr2 clus
ters, and repeated the calculations for all three Cr concentrations. 
Fig. 5 shows the derivative of the normalized defects with temper
ature for the case of the highest Cr concentration, 0.095 at.%, both 
when these reactions are included and when they are excluded 
from the calculation. The case of pure Fe is also shown in Fig. 5 
for comparison. It is clear from this figure that, at least for the tem
perature range considered, these clusters have a small impact on 
the defect evolution. The reason for such behavior is the low disso
ciation energy of these clusters; ICr2 dissociates into Cr and ICr 
with a barrier of 0.31 eV, while I2Cr2 dissociates into Cr + I2Cr with 
a barrier of 0.36 eV. Therefore, at the temperatures at which these 
defects are formed, the dissociation is also very likely. The growth 
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capture radius for the interaction between a substitutional Cr 
and self-interstitial Fe. A small capture radius, of the order of the 
lattice parameter, a0, must be considered in order to reproduce 
the experimental observations. Finally, the influence of clusters 
with high Cr content on defect evolution has been evaluated. We 
have observed that below 150 K, a simplified model where ICr2 

and I2Cr2 complexes are not included in the calculation, also pro
vides a good agreement with the experimental measurements of 
resistivity recovery. 
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