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Abstract

The isochronal resistivity recovery in high purity o-iron irradiated by electrons was successfully reproduced by a mul-
tiscale modelling approach. The stability and mobility of small self-defect clusters determined by ab initio methods were
used as input data for an event based Kinetic Monte Carlo (KMC) model, used to explore the defect population evolution
during the annealing and to extract the resistivity recovery peaks. In this paper, we investigate the possibility of using an
efficient mesoscale model, the Cluster Dynamics (CD), instead of KMC in this approach. The comparison between the two
methods for various CD initial conditions shows the importance of spatial correlations between defects, which are
neglected in the CD model. However, using appropriate initial conditions, e.g. starting from the concentration of Frenkel
pairs after the uncorrelated stage Ig, the CD model captures the main characteristics of subsequent defect population
evolution, and it can therefore be used for fast and semi-quantitative investigations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction and migration mechanisms [1-3]. They are
computationally very demanding and are
The behavior of materials under irradiation is a therefore usually limited to structure optimi-
typical multiscale phenomenon since the micro- zations using supercells of a few hundreds of
structural evolution over hours or years results from atoms.

atomic-scale defects evolving at the picosecond (i1) Empirical-potential molecular-dynamics is
scale. The predictive simulations of such phenom- widely used to investigate properties of defects
ena in metals in general, and in iron in particular, on the nanosecond scale, their formation dur-
rely on various models covering these different time ing irradiation [4], their migration [5,6] and
and length scales: their clustering [7]. However, the validity of
such an approach is restricted to the validity

(1) First principles calculations provide accurate of the interatomic potential used.
information concerning point defect energetics (iii) Kinetic Monte Carlo (KMC) simulations are

capable of simulating long time (hours and
beyond) behavior of material microstructure
" Corresponding author. evolution [8,9]. However the validity of kinetic
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Monte Carlo simulations are restricted to the
validity of defect properties included in the
input database: primary irradiation damage,
migration and stability of defects.

(iv) Cluster Dynamics (CD) models based on rate
theory are widely used to simulate the behav-
ior of materials under irradiation over even
longer times. The CD method requires small
computational resources and therefore its abil-
ity to explore time scales on the order of a
reactor lifetime constitutes one of its most
important advantage. In addition to the limi-
tation regarding the input data, which is the
same as for KMC, the CD method suffers
from another drawback coming from the basic
hypothesis of uniform spatial distribution of
defects: it can not deal with spatial correla-
tions between defects.

On the experimental side, detailed information
on defect properties can be extracted from resistivity
recovery experiments. The principle of the experi-
ment is to irradiate materials at low temperature
and to raise the temperature gradually in order to
thermally activate a sequence of mechanisms of
defect migration, dissociation or reaction. In the
experiments by Takaki et al. [10], high purity iron
— with a carbon content lower than 1 atomic part
per million — is irradiated by electrons at low tem-
perature (4.5 K). A sequence of abrupt sample resis-
tivity changes (recovery stages) are observed during
isochronal annealing. The plots of the derivative of
the resistivity recovery (DRR) as function of tem-
perature show peaks associated to the different
stages. According to the experiments and interpreta-
tions of Takaki et al. [10] the different stages are
identified as follows:

o Close-pair stages are observed at 23, 39, 51, 67,
89 and 101 K. They are associated to the recom-
bination of self-interstitial atoms, I, and vacan-
cies, V, forming bound pairs.

e The stage observed at 107.5 K, named Ip, for
historical reasons, is connected to the recombina-
tion of correlated pairs of defects: freely migrat-
ing self-interstitial atoms recombine with their
own respective vacancies.

e Stage Ig (in the range 123-144 K for the doses
considered) is the uncorrelated recovery stage:
freely migrating self-interstitial atoms now escape
from their original vacancies and recombine with
vacancies from other Frenkel pairs.

e Stage II (164-185 K) is proposed to result from
the migration of di-interstitials, /5.

o Stage III (220-278 K) is suggested to result from
V migration.

e Stage IV, the extra stage observed only at high
doses between 520 and 550 K, is attributed to
the break-up of clusters formed near stage III.

In a previous article [1], we proposed a multiscale
simulation of these experiments that succeeded in
reconciling the theoretical approach with experi-
mental evidences presented by Takaki et al. [10].
First, detailed ab initio calculations were performed
to determine the energetics and migration properties
of defects induced by electron irradiation; next,
these results were used as input data for an event
based KMC model [11,12]. The evolution of the
defect population as a function of temperature
increase was simulated up to 700 K. Resistivity
recovery and then DRR were calculated and
compared with the experimental data. In the present
paper, we focus on the ability of CD-type models —
which are faster but more approximate — to replace
KMC for the kinetic step of the multiscale simula-
tion of this particular experiment, using the same
ab initio data as inputs.

The damage accumulation under irradiation is a
critical test for the CD method [13]. The irradiation
damage induces important spatial correlations in
particular for neutron irradiation since defects are
created in displacement cascades. Even under elec-
tron irradiation, the positions of the self-interstitial
atom and of the vacancy are still correlated in the cre-
ation of a Frenkel pair. A comparison between differ-
ent KMC models and the CD approach was
performed in the case of the irradiation of a thin plate
by electrons considering that 7 and V' are created
homogeneously in the volume (spatial correlations
between defects are thus avoided) [9]. An overall
agreement was obtained, with a better agreement
for the slowest defects. Here we investigate how the
CD method performs in a more realistic case, with
an initial damage with moderate spatial correlation
between defects, but where a rather high accuracy is
needed for the comparison with experiments.

2. Simulation methods
2.1. Ab initio defect energetics

The ab initio calculations were performed in the
framework of the Density Functional Theory within
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the Generalized Gradient Approximation (GGA)
with spin polarization using the SIESTA code
(Spanish Initiative for Electronic Simulations with
Thousands of Atoms) [14]. Core electrons were
replaced by nonlocal norm-conserving pseudopo-
tentials, and 10 numerical pseudo atomic orbitals
per atom were used to represent valence electrons.
This allows to reach an accuracy similar to that of
conventional plane wave methods but with less
computational cost. All calculation details were
the same as in Ref. [1]. The calculations were per-
formed at zero pressure in the body centered cubic
structure of ferromagnetic o-Fe using supercells of
128 atomic sites and a 3 x 3 x 3 shifted k-point grid.

The results obtained for vacancy and interstitial-
type clusters are summarized in Fig. 1. Vacancy-
type clusters tend to form compact structures, with
the peculiar point that di-vacancies are second-
neighbors. Their migration proceeds by successive
nearest-neighbor jumps of the mono-vacancies. In
contrast with previous empirical potential calcula-
tions, V3 and ¥V, are found to have migration
energies significantly lower than that of V and V.
Interstitial-type clusters up to I; are found to be
made of parallel (110) dumbbells. 7, I, and I3
migrate by simultaneous or successive nearest-
neighbor jumps of the dumbbells, via the Johnson
mechanism [2].
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Fig. 1. Properties of small vacancy and interstitial clusters in
iron, as obtained from ab initio calculations. For each defect, the
lowest energy configuration is schematically represented, and the
calculated migration and binding energies are indicated.

2.2. Event-based Kinetic Monte Carlo

We have used an event-based KMC model [11] as
implemented in the JERK code [12]. In this model
the different defects are considered as objects
i.e. the detailed atomic configuration is not treated.
The objects are characterized by their continuous
space coordinate, their nature (here we consider
point defects, 7 and V, and defect clusters made of
n self-interstitial atoms or vacancies, I, and V),
shape (spherical here), mobility and dissociation
rates. When mobile a defect can diffuse to interact
with another one either to form a cluster or to anni-
hilate on an anti-defect. These processes are the
result of elementary diffusion jumps (e.g. exchange
mechanism for a vacancy to a nearest neighbor lat-
tice site). Instead of considering these elementary
jumps, the jumps of mobile objects are bunched into
trajectories and the migration and reaction of
objects constitute an event that is proceeded in a sin-
gle Monte Carlo step. This is the major difference
between the present and other KMC models,
namely atomistic [15] and object [8] ones. One defect
may interact with all other defects in the simulation
cell and the defects in the image cells resulting from
periodic boundary conditions. The reaction between
defects in such a medium is a many body question
that is approximated in JERK through the super-
position of binary interactions of defects in the sim-
ulation cell and through an average interaction
method using concentric shells of image defects as
detailed in Ref. [12].

The JERK method was shown to reproduce
defect concentrations with an accuracy of less than
5% in test cases where analytical or numerical solu-
tions could be obtained [12].

2.3. Cluster dynamics

The CD technique describes the time evolution of
the cluster size distribution through time and length
scales in the macroscopic range [16]. The concentra-
tions of clusters C, (number of clusters per site)
containing n defects obey the differential equations
[17]:

d n
d—(; =G, + ;Wmﬂ,,cm — ;Wnﬂmcm (1)

where G, is the production rate of clusters of size n
by the irradiating particles, w,,_,, is the transition
rate per unit concentration from the cluster of size
m to the cluster of size n.
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The irradiation produces defects and anti-defects
(overlined in the following) i.e. self-interstitial atoms
and vacancies in equal numbers. The second term of
the right hand side of Eq. (1) can be divided into
three contributions: (i) larger clusters can emit clus-
ters of size k restricted here to k =1, which is the
dominant reaction, (ii) smaller clusters can capture
defects, (iii) larger clusters can capture anti-defects:

g Wmﬂncm = an+1,ncn+1 + E ﬂn—k,kckcnfk
m k

+ Z Bk iCrCoihs (2)
k

and similarly, we can write:
an—»an = 05,17,,,1Cn + Z(l + 571k)ﬂn,kckcn
m k

+ Z B,7CiCos 3)
k

where o, , is the rate of emission of a single defect
from a cluster of size n+ 1, and S, ,Cy is the
agglomeration rate of clusters of size k on a cluster
of size n.

The agglomeration coefficient of clusters is given
by [18]:

(1 - 5nk22Dn + Dy 4)

where D,, is the diffusion coefficient of a cluster of
size n, r,. the capture radius given in [12], and Q
the atomic volume.

The dissociation rates are deduced from the equi-
librium condition of zero flux:

[(1 - 5nk)Dn +Dk]
Q
where E?, is the binding energy of a cluster of size n

and a cluster of size k, kg is the Boltzmann constant
and T the temperature.

ﬁnﬁk = 4757',1/(

Unhk = AT eXP[EZ,k/kBT] (5)

2.4. Kinetic Monte Carlo and Cluster
Dynamics setup

The input parameters for the KMC and CD cal-
culations are essentially the same: diffusion coeffi-
cients, reaction distances and binding energies of
point defects to clusters. In a dissociation event,
we have chosen to attribute random positions for
the emitted defects [12] in the KMC simulation, this
choice being consistent with the hypothesis of uni-
form concentration averaging in the CD method.
The concentrations of defects produced by the irra-
diation are obtained from the experimental values

of the resistivity of the sample and that of a Frenkel
pair [19]. The experimental results are in the dose
range of ~2x107%-200x 107® displacement per
atom (dpa). The JERK simulations start at
77.2 K, after the close pair recombination stages
and far before the correlated pair recombination
stage Ip, which results from the free migration of
self-interstitial atoms. The remaining Frenkel pair
concentration before stage Ip, is estimated from
experiments to be 60% of the initial damage [10].
In the CD simulations we start with various initial
conditions. (i) Only Frenkel pairs (noted FP) are
created and the simulations start at 77.2 K. The ini-
tial conditions are identical to the KMC simulations
except that [I-JV spatial correlations are not
accounted for in the CD simulations. (ii) Only Fren-
kel pairs are created but the simulation starts after
stage Ig. The concentration of Frenkel pairs is
obtained from the total damage remaining after
stage I in the KMC. (iii) The detailed concentra-
tions of I, V, I, and V, are extracted from the
KMC simulations after stage Ig and serve as input
for the CD simulation. More simulation setup
details are described in Ref. [1].

2.5. Kinetic Monte Carlo results

It was shown that starting from these ab initio
defect properties, the JERK KMC method success-
fully reproduces the resistivity recovery experiment
of Takaki et al. in pure iron [1]. The different peak
positions Ip,, Ig, II, and IIT as well as the dose
effects (shifts of peaks as dose increases) are indeed
quantitatively reproduced. The discrepancies
between experimental and simulated peak positions
are compatible with the accuracy expected for the
ab initio input energies, in view of the approxima-
tions in the pseudopotential and exchange correla-
tion functional (GGA). For instance the
discrepancy observed for stage III corresponds to
an error of 0.1eV on migration energies of
vacancy-type defects.

From the simulated evolution of the defect pop-
ulation it can be concluded that stages Ip, and Ig
are the results of the three dimensional migration
of self-interstitial atoms, and that stage II is pro-
duced by the migration of I, and I;. More surpris-
ingly, V but also small V), clusters contribute to
stage III. This result supports the interpretation of
vacancy-type defect migration in stage III. At high
dose, immobile V,, form during stage IIT and disso-
ciate during stage 1V.
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3. Results

The CD simulation results with the three different
initial conditions are now compared with the refer-
ence KMC results described above, as shown in
Fig. 2(a) and (b) which correspond to low and high
dose respectively. For initial conditions (i), we find
in the CD simulation that stages Ip, and Ig fuse into
a single stage, as expected from the fact that the
splitting into two distinct stages is the direct conse-
quence of the spatial correlation between the I and
V. The intensity of the CD first peak is much smaller
than the Ip, peak of the reference KMC simulations
indicating that a small fraction of Frenkel pairs
recombines in the CD simulations, with direct
consequences on the following stages. The intensity
of stages II, Il and IV in the CD simulations are
indeed about 10 times more intense than in the
KMC simulations. The defects that have not recom-
bine in the CD first stage namely contribute in the

subsequent stages. The positions of stages II and
III are shifted to lower temperatures. This is a
dose-like effect and the apparent improved agree-
ment with experiments results from a cancellation
of errors.

For initial conditions (ii), the peak intensities
resulting from CD are too low by a factor of two,
and the peak positions of stages Il and III are
shifted toward higher temperature when compared
with the KMC. The initial concentration of defects
in the CD does not represent properly the defect
concentration in the KMC: all the interstitial type
defects are single self-interstitial atoms in the CD
simulations, while after stage I they are all in clus-
ters according to KMC simulations. As a conse-
quence a large fraction of I recombines with V' at
the very beginning of the CD simulations and the
subsequent defect population is underestimated.

It appears that initial conditions (iii) are the only
ones which are appropriate to accurately reproduce
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Fig. 2. Isochronal resistivity recovery in iron after irradiation by 3 MeV electrons at (a) low (2 x 107® dpa) and (b) high (200 x 10~ dpa)
doses. The CD results are reported with initial conditions (i), (ii), and (iii) as detailed in the text. They are compared with the reference
KMC results. 4pg and Ap(T) are the radiation induced resistivity at 4.2 K and temperature 7 respectively.
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the kinetics of the defect annealing. In Fig. 2(a) and
(b) the agreement turns out to be excellent, the
intensity and peak positions are very satisfactory.
In Fig. 3, we examine in more detail the population
of interstitial- and vacancy- type defects as predicted
by the KMC and the CD simulations after stages 11
(204 K) and III (309 K) in the high dose simulation.
The populations match well for both interstitial-
and vacancy-type defects. The vacancy-type defects
present a gap between V, and Vs because of the high
mobility of V3 and V.

Note that there is a small discrepancy between
CD and KMC in the high dose simulations: the
intensity near 150 K in the KMC is higher than in
the CD. The KMC simulations indicate a sustained
recombination of defects between stage Ig and II
that may reveal some remaining of spatial correla-
tions between defects.
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Fig. 3. Size distributions of (a) interstitial-type and (b) vacancy-
type clusters after stage II (204 K) and stage 111 (309 K), as given
by KMC and CD simulations at the highest dose. The dashed
horizontal line (noted 1 cluster) indicates the concentration
corresponding to a single cluster in the simulation cell.

In order to evidence spatial correlations, we have
calculated the radial distribution function G(r)
between defects — without discriminating between
vacancy- and interstitial-type defects for simplicity
— in the highest irradiation dose. G(r) is the ratio
between the average density at a distance r from
any given defect and the equivalent density in an
ideal gas with the same average density. It is com-
puted from defects contained into spherical shells
of thickness la, where «a is the lattice parameter of
iron. This definition implies that G(r) =1 corre-
sponds to an homogenous distribution of defects
such as in the CD case while deviations from 1 are
associated to spatial correlations. Below the recom-
bination distance, we expect G(r) =0. The results
for temperatures corresponding to the maximum
of the stages Ip,, Ig, I, and III respectively are plot-
ted in Fig. 4.

At stage Ip,, G(r) shows a single peak with a
maximum near 4a, which is the initial distance
between a vacancy and an interstitial within a Fren-
kel pair in the simulation. This peak remains during
the annealing until stage III is reached. During Ip,
only I~V pairs contribute to the G(r) peak. At
higher temperatures we find two contributions to
the peak. The first one results from the fact that /-
type defects are at about 4a from the vacancy-type
defects as expected from the initial damage. The sec-
ond contribution comes from correlations between
pairs of V-type defects. The latter can be explained
through three body correlations of one I-type defect
with two V-type defects as follows. During the
initial dose accumulation, some Frenkel pairs are
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Fig. 4. Radial distribution functions, G(r), between defect-
clusters at different stages of the high dose resistivity recovery.
The distances are expressed in units of the lattice parameter of
bec iron, a =2.87 A.
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initially so close from each other that L-V-V
arrangements form spontaneously since the reaction
distance between [ is larger than that between V.
The same three body I,— V-V arrangements can also
be obtained when 7 migration is activated: when one
of the self-interstitial atom of a set of two Frenkel
pairs migrates it can indeed either annihilate on
one of the vacancies or form a di-interstitial with
the other self-interstitial atom. These I»—V-V
arrangements are frozen until the migration of one
of the three defects is activated. At increasing tem-
perature, the average density of defects decreases
but these arrangements remain and strongly con-
tribute to the G(r). At stage II, I, and I3 begin to
migrate and the G(r) peak intensity decreases, but
e.g. I4—V-V can also be formed due to reactions
between migrating I-type defects, contributing to
an increase in the G(r) intensity. The correlation is
completely lost at stage III, when vacancies become
mobile (Fig. 4). Small V-type clusters are formed in
this stage, but they do not preserve the spatial
correlations due to their high mobility.

4. Conclusions

We have investigated the ability of cluster
dynamics methods based on rate equation theory
to replace the KMC method for the multiscale sim-
ulation of resistivity recovery experiments in high
purity iron, starting from an ab initio data base of
defect properties. We found that:

1. The CD simulation yields only one stage associ-
ated with interstitial migration, instead of two
(Ip» and Ig). The splitting into two peaks is indeed
the consequence of the initial spatial correlation
between the 7/ and V in a created Frenkel pair.

2. A quantitative agreement for the remaining
peaks is obtained only when the CD simulations
start after stage Ig and when the exact population
of defects (1, I,,, V and V,,) after stage Ig deter-
mined from the kinetic Monte Carlo simulations
are used as input data. A cluster dynamics simu-
lation therefore requires a preliminary KMC sim-
ulation to obtain a realistic distribution of defect
population after the two first stages but this part
of the simulation is the most computationally
demanding one with JERK. However, using
intermediate initial conditions, namely starting
from the concentration of Frenkel pairs after
stage Ig, cluster dynamics captures the main
characteristics of stages II and III, and it can

therefore be used for fast and semi-quantitative
studies.

3. Spatial correlations under high dose electron
irradiation are evidenced by the KMC simula-
tions. I-V correlations dominate in the initial
stage (Ip,), but unexpected three body defect
arrangements (/,—V-V) formed in early stages
are found to cause V-V correlations that become
important above stage Ip, and remain until stage
I11.

This comparison evidences that after electron
irradiation in iron subtle spatial correlations
between defects remain far after the recombination
of correlated pairs, in particular at high doses. How-
ever the cluster dynamics method is expected to
capture the main characteristics of defect popula-
tion evolution, after correction for the recombina-
tion of correlated interstitial-vacancy pairs.
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