N

N

Point defect evolution under irradiation: finite size
effects and spatio-temporal correlations

Enrique Martinez, Frédéric Soisson, Maylise Nastar

» To cite this version:

Enrique Martinez, Frédéric Soisson, Maylise Nastar. Point defect evolution under irradiation: finite
size effects and spatio-temporal correlations. Journal of Nuclear Materials, 2020, 539, pp.152233.
10.1016/j.jnucmat.2020.152233 . cea-02927616

HAL 1d: cea-02927616
https://cea.hal.science/cea-02927616

Submitted on 7 May 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cea.hal.science/cea-02927616
https://hal.archives-ouvertes.fr

arXiv:2004.01629v1 [cond-mat.mtrl-sci] 3 Apr 2020

Point defect evolution under irradiation: finite size effects and
spatio-temporal correlations

Enrique Martinez,"'[f| Frédéric Soisson,>[[] and Maylise Nastar?[f]

! Theoretical Division, T-1, Los Alamos National Laboratory, Los Alamos, 87545 NM, USA
2DEN-Service de Recherches de Métallurgie Physique, CEA,
Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
(Dated: April 6, 2020)

The evolution of point defect concentrations under irradiation is controlled by their diffusion
properties, and by their formation and elimination mechanisms. The latter include the mutual
recombination of vacancies and interstitials, and the elimination of point defects at sinks. We
show here that the modelling of this evolution by means of atomistic kinetic Monte Carlo (AKMC)
simulations, necessarily using small system sizes, introduces strong space and time correlations
between the vacancies and interstitials, which may strongly affect the recombination rate and the
point defect concentrations. In such situations, standard rate theory models fail to predict the actual
point defect concentrations. The effect is especially strong when the elimination of point defects
occurs only by recombination, but can still be significant in the presence of sinks. We propose a new
Correlated Pair Theory that fully takes into account the correlations between vacancy and interstitial
pairs and predicts point defect concentrations in good agreement with AKMC simulations, even in
very small systems. The Correlated Pair Theory can be used to modify the elimination rates in
AKMC simulations to yield point defect concentrations as predicted by the standard rate theory,

i.e. representative of large systems, even when using small simulation boxes.

I. INTRODUCTION

In materials under irradiation, the elastic col-
lisions between the irradiation particles and the
atoms of the material produce vacancies and
self-interstitials. These point defects can mi-
grate by thermally activated diffusion and elimi-
nate by mutual recombination or annihilation at
sinks such as dislocations, grain boundaries, free
surfaces or point defect clusters. The balance
between these competing mechanisms results in
defect concentrations that may exceed the equi-
librium values by orders of magnitude ™

Since the diffusion coefficients of substitu-
tional atoms are proportional to point defect
concentrations, a direct effect of irradiation is
the acceleration of diffusive phase transforma-
tions, such as the precipitation of secondary
phases or the ordering of intermetallic phases.
In addition, fluxes of excess point defects to-
wards sinks lead to other phenomena such as
radiation-induced segregation, void swelling, ir-
radiation creep and growth2 All these phe-
nomena may have a significant (and usually
deleterious) impact on the material properties.

The reliable prediction of vacancy and intersti-
tial concentrations is therefore a critical part
of the modelling of irradiation effects. Since
the pioneering work of Dienes and Damask?
and Lomer # the most simple way to model the
evolution of point defect concentrations is to
used rate theories that account for the differ-
ent formation and annihilation mechanisms (see
Refs. Il and 2| for detailed reviews). These mod-
els introduce averaged concentrations that do
not fully take into account the time and space
correlations between point defects. On the
other hand, atomistic models, such as molecu-
lar dynamics (MD) and atomistic kinetic Monte
Carlo (AKMC) simulations take fully into ac-
count these correlations. Since they are usu-
ally limited to relatively small systems (say
N ~ 105 to 107 atoms) and since the point
defect concentrations remain small at a given
time (even when we take into account the in-
crease due to irradiation), the average number
of point defects in the system (vacancies N, and
self-interstitials IV;) can be close to or even be-
low one. In such case, finite size effects on the
formation and annihilation reactions of point



defects become critical.

One can consider this situation from two
points of view. If one deals with actual small
systems (defined as N,, N; < 1), one can use
atomistic simulations to test the rate theory,
and suggest a way to include an explicit treat-
ment of the spatio-temporal correlations be-
tween point defects. On the contrary, if one
wants to model big systems (where N,, N; >
1) with small simulation boxes (probably the
most frequent case), one may try to mod-
ify the atomic diffusion model in order to get
the spatio-temporal correlations — and therefore
point defect concentrations — that are more rep-
resentative of the real situation. The objective
of this paper is to deal with these issues. We
start with a quick summary of the standard rate
theory (SRT), and of its predictions concern-
ing the steady-state concentrations of point de-
fects (section . In section we present the
AKMC simulations of pure body centered cubic
(bee) iron under irradiation, first in a system
without sinks (where the elimination of point
defects occurs only by recombination). In this
case, one easily shows that SRT leads to an un-
derestimation of the recombination rate and to
an overestimation of the point defect concentra-
tions that can reach orders of magnitudes for
small system sizes. When sinks are present, we
show that the discrepancy is less spectacular,
but can be significant. In section [[V] we pro-
pose a revised rate theory (referred to as Cor-
related Pair Theory, or CPT) that gives a bet-
ter description of space and time correlations
and yields point defect concentrations in very
good agreement with AKMC results. In sec-
tion [V] we discuss how to modify the AKMC al-
gorithm in order to reproduce the correlations
and point defect concentrations of a big system,
in a small simulation box. Finally, we discuss
the relevance of these issues depending on the
properties of the materials and the irradiation
conditions.

II. STANDARD RATE THEORY

In SRT models,* the evolution of the average
vacancy (v) and self-interstitial (i) concentra-
tions under irradiation, X, and X;, are given
by chemical rate equations:

dX,
o= G — Ki, X; X, — Z k2,D, X,
’ (1)
dX;
L =G - KXo X — ) K2DX;
= >k

The first term in the RHS of Eqgs. (I, G/, is
an effective production rate. When the kinetic
energy FEy transferred to the primary knock-
on atom (PKA) exceeds a threshold energy Fy,
the number of Frenkel pairs initially produced
by elastic collisions is usually estimated by the
standard NRT model:? n = (Ey — E;)/(2Eq),
where F; is the energy lost in inelastic inter-
actions. The corresponding production rate
G gives the number of displacement per atom
(NRT dpa) per second.

During ion or neutron irradiations (Ey >
E,), Frenkel pairs are created in localized dis-
placement cascades and many close ¢ — v pairs
will immediately recombine or form point de-
fect clusters, leading to a lower effective produc-
tion rate G’ = £G. During electron irradiation,
Frenkel pairs are created more homogeneously.
Nevertheless, the initial distance between the
two defects of a Frenkel pair is sufficiently small
to produce close-pair recombination after a few
point defect jumps. It can be shown that in this
case £ = 1— R,/ Ry, where R, is the distance
of recombination and R, the initial average i —v
distance.”

This kind of close-pair correlations — either in
ion, electron or neutron irradiations — are well-
known physical correlations that do not depend
on the size of the system. They lead to the cor-
rection of the production rate by a constant fac-
tor. They may also affect point defects cluster-
ing within the cascades and resistivity recovery
experiments S0 It should be noticed that they
are different from the correlations studied in the



present study, which result from the finite size
of the system used in the simulations.

The second term in Egs. , K, X; Xy, is the
recombination rate, derived from Waite’s theory
of the kinetics of diffusion-limited reactions:®

K = 47TRT€CM5 (2)
Vat
where D; and D, are the diffusion coefficients
of point defects and V,; the atomic volume.
The last terms in Eqs. , > k%,D, X, and
> k%D, X,, are the rates of elimination at
point defect sinks. Each kind of sink s is char-
acterized by its sink strength k2, and k2. If
one neglects the sink biases (k2,=k2), Eqgs.
become

dXv
dt =G - KiUXUXU - KUX'Ua

(3)
dX;
- G' — Ky X, X; — K; X,

with Kd = ZS kngd.
One easily shows that at steady-state, with-

out point defect sinks (K4 = 0), the point defect
concentrations are

Gl

Xt =Xt = | —
v 1 Kiru

(4)

In the presence of point defect sinks X we have

K K\ ok 1V
Xst — 7 7 i 5
v 2K, | (2Kw> + K, K, (5)
1/2
K. K, \? G'K
Xt — v v v . (6
! 2K’£1}+ <2Kw> * Ki, K; ()

We deduce from the steady state point de-
fect concentrations, the ratio of the total point
defect recombination rate divided by the elim-
ination rate of both vacancy and interstitial at
sinks

n?ec _ K’iUXftht (7)
N Ko X3+ KiXSH

Many theoretical studies have been devoted
to the calculation of sink strengths, and specific
expressions have been established for the an-
nihilation of point defects at grain boundaries,
dislocations, cavities, etc.2 Most of the recom-
bination models focus on the intra-pair reac-
tions. They consider the population of point de-
fects as a sum of isolated Frenkel pairs, and deal
with the bimolecular recombination reaction of
an isolated pair 21U Aythors such as Kotomin
and Kuzovkov, tackled the spatial correlations
of a many-point particle density 12 They rely on
a continuous mean-field approach to investigate
the spatial fluctuations of the particle popula-
tion. Although they account for pair spatial cor-
relations, their approach does not give access to
the interplay between finite size effects and time
correlations of the point defect distribution on
the probability of recombination reactions.

The expression —K;, X5' X in Eqgs. (1) re-
lies on the assumption that the probability of
finding a pair ¢ — v is proportional to the prod-
uct of the averaged point defect concentrations
(or atomic fractions). This is a mean-field ap-
proximation that neglects the time and spatial
correlations between the two kinds of defect. It
is only justified on a large and homogeneous sys-
tem, for which X, = N,/Ng and X; = N;/N,
are defined over large numbers of vacancies NN,
and self-interstitials N; in Ny sites. In atom-
istic simulations, if one deals with realistic point
defect concentrations and limited system sizes,
these conditions are not always met, as shown
in the following sections.

III. MONTE CARLO SIMULATIONS
AND FINITE SIZE EFFECTS

In this section, we compare the steady-state
point defect concentrations predicted by the
SRT with those measured in AKMC simula-
tions, in a simple model of pure bcc iron under
irradiation.



A. Diffusion model and Monte Carlo
simulations

We rely on the AKMC simulations and the
diffusion model developed for the study of segre-
gation and precipitation in Fe-Cr bec alloys un-
der irradiation 14 We use Monte Carlo boxes
from N, = 2 x 643 to Ny = 2 x 256° bcc sites
and periodic boundary conditions. The various
events are chosen using a residence time algo-
rithm (RTA). Details can be found in Refs. [I3
and (14l

1. Diffusion

Vacancy diffusion occurs by jumps towards
one of the eight nearest-neighbor sites (jump
distance \ = \/§a/2, where ¢ = 0.287 nm is
the bce-Fe lattice parameter). Self-interstitial
atoms have a (110)-dumbbell configuration and
can jump towards four of the eight nearest-
neighbor sites with a 60° rotation, according to

the Johnson’s mechanism 1°

Following transitions state theory,
the v jump frequency in pure Fe is:
Iy, = wexp(S)/kp)exp(—H)"/kpT), with
constant entropy and enthalpy of migra-
tion, S]' = 2.1kp and H]® = 0.690 eV.
Similarly for the ¢ jump frequency:

I = wvoexp(S"/kp)exp(—H™/kpT) with
S = 2.1kp and H]" = 0.343 eV. The attempt
jump frequency is vy = 10'3s~! for both
defects.

2.  Formation

For the sake of simplicity, the mechanism
of formation of vacancies and interstitials used
in the AKMC simulations are representative of
a damage created under electron irradiations.
The Frenkel pairs are introduced individually
within the system, with a frequency G per bec
site (i.e. with a dose rate G in dpa.s™!): one
vacancy v is created by removing a randomly
chosen atom, and one interstitial 7 is created at

a distance R, in one of the eight (111) direc-
tions, randomly chosen. To illustrate the effect
of close pair recombinations, we have used two
values for R,, R, =20\ and R, = T\,

During ion or neutron irradiations, several
Frenkel pairs are simultaneously created within
small displacement cascades, and small point
defect clusters are also formed — which later act
as point defect sinks — and are not considered
in the present study.

8. Recombination and Elimination at sinks

After each jump, a point defect immedi-
ately recombines with an opposite defect if their
distance is below the recombination distance
Ryec = 3a.

To model the point defect elimination at
sinks, we use two approaches:

- We introduce in the simulation box, a ran-
dom distribution of point-like sinks, with an
atomic fraction Cs. The corresponding sink
strength can be evaluated by measuring the
steady-state values X5' and X' in AKMC sim-
ulations with various Cg and no recombination.
For Cs > 1/N;, one finds that k2 = kI =
8C,/(1.3a%) independently of temperature,
dose rates, or point defect properties.

- We do not introduce a static distribution of
sinks, but an annihilation rate given by K, per
defect for each type of defect that is sampled by
the AKMC in the same way as hopping rates.t%

In the simple problem considered here (point
defect concentrations in pure metals), both
methods give very similar results. The main
advantage of the second method is that it does
not introduce finite size effects on the elimi-
nation rate at sinks, even when Cy < 1/Nj.
Both methods can be combined to study com-
plex phenomena such as radiation-induced seg-
regation, requiring realistic geometries 37

4. Point defect concentrations

We measure the point defect concentrations
by computing the average values of N, /N, and



N; /N over a sufficient number of Monte Carlo
steps (MCS). We take advantage of the RTA
algorithm by weighting every MC configura-
tion by its residence time. These averaged
concentrations can be directly compared with
the solution of SRT, using Egs. [f| and [6] with
G/ == (I*Rrec/Rp)G, DU == aQFv, Dl == aQFi/2,
Var = a®/2 and k2 = k? = 8C/(1.3a?).
Examples for the evolution of X,(¢) and
X;(t), for different irradiation conditions, are
shown in Figs. [[] and Pl The results obtained
using both models of point defect elimination
at sinks, give similar results. In both cases,
measurements initially show large fluctuations,
because for short times the averaged concentra-
tions must be measured on a limited number of
MCS (each dot corresponds to a value of X, or
X; averaged on 10° MCS at the beginning of
the simulation, and on 108 MCS at the end).
The fluctuations become negligible at longer
times. In general, transient regimes are diffi-
cult to model with reasonable system sizes (in a
system containing initially no point defect, the
minimum accessible time is ¢, = 1/(N:G),
ie. ~ 2x1073 s for Fig. and ~ 2x 103 s for

Fig. 2
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FIG. 1. Evolution of point defect concentrations

at T = 300 K and G = 10 3dpa.s™?, k? = k2 =
5 x 10*%m™2. AKMC simulations with R, = 20\
and N, = 2 x 64, green dots: AKMC with a real
distribution of sinks, orange dots: AKMC with an
average elimination rate.

At high dose rates / low temperatures

(Fig. [1), one may nevertheless observe the end
of the transient regime : the decrease on X;(t)
when the elimination of interstitials at sinks be-
comes effective, driving an increase of X, (¢) due
to fewer recombination. The evolution of X, ()
and X;(t) measured in the AKMC simulation is
in good agreement with the predictions of SRT
(obtained by numerical integration of Egs. |3)).

10°

107 f SRT
10%fF T=600K o sink distribution, X,
10°fF G= 10° dpa.s” o sink distribution, X,
"o homogeneous annihilation rate, X,
107 homogeneous annihilation rate, X,
10" |
Xv 10—12 F .o
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107 10° 10° 10* 10°

FIG. 2. Evolution of point defect concentrations
at T = 600 K and G = 10 %dpa.s™?, k? = k2 =
5 x 10*%cm™2. AKMC simulations with R, = 20\
and N, = 2 x 643, green dots: AKMC with a real
distribution of sinks, orange dots: AKMC with an
average elimination rate.

For low dose rates / high temperatures, the
point defects concentrations are much smaller
and have their steady-state values as soon as
they can be measured. The AKMC values are
significantly smaller than the SRT prediction :
this discrepancy is a finite-size effect which will
be discussed in more detail in what follows.

B. Steady-state point defect
concentrations without point defect sinks

Without point defect sinks (K, = K; = 0),
the steady-state solution of SRT is X5t = X5t =
VG /K;,. The steady-state values of X3' and
X5t measured in AKMC simulations with dif-
ferent size samples N, at T = 300 K and G =
1073 dpa.s—!, are shown in Fig.[3| For large sys-
tems, the AKMC results are in good agreement



with the prediction of SRT, and independent
of Ns. As demonstrated in the literature® the
effect of close pair recombination results in a de-
crease in the effective production rate G’ = £G,
with & = 1 — Ryec/R, ~ 0.827 and 0.505 for
R, = 20 and 7), respectively. However, be-
low a given size, AKMC simulations give X3¢
and X 7' values which depend on the system size
(X5t = X#' oc N,) and are significantly smaller
than the SRT results.

10° —
— ——
107 L ‘,’
.
.
- 108 ./ ’
5 L
X -
M . T=300K
7 G=10°dpas’
B > 10°F 1 pa
x A
L7 R, =20 R =70
o ® AKMC AKMC
107 ——SRT ——SRT
- - GNJK, GNJ/K
10-|| 1 1 1 Il
10° 10 10° 10° 10 10°

FIG. 3. Steady-state point defect concentrations in
pure iron at 300K, G = 10~3dpa.s~! and no sinks,
as a function of the system size N (number of bce
sites) as given by AKMC simulations and SRT. The
figure also shows the effect of the correlated recom-
binations for R, = 20\ and R, = 7.

We observe the same kind of discrepancy at
various temperatures and production rates in
AKMC simulations performed with a simula-
tion box of Ny = 2 x 256% bec sites (Fig. [4). At
high dose rate G, the AKMC results are very
close to the SRT results. At low G, the concen-
trations measured in the AKMC simulations are
smaller than \/G’/K;,. One can see that X3¢
and X§' are then proportional to G (or G').
For G = 1079 dpa.s™!, the discrepancy reaches
a factor ~ 5 at 300 K and ~ 100 at 573 K.

The origin of the discrepancy is easy to un-
derstand. When the spatio-temporal average
values X5 and X' drop below 1/Nj, there is
either no point defect in the simulation box, or
one vacancy and one interstitial at the same
time. SRT neglects the fact that these two

10°f
10°
107
10° F
D - -9 = z
‘S( w00 T 300/K., _z R, =20
TR S % S
B > 10"f-7 o’ - = GNJK,
>< F L2
10" E _87  T=573K R =71
1 <z AKMC
107 & SRT
o z GNJK,

15 L L A L ul

) ) )
10° 10° 107 10° 10° 10* 10° 10° 10" 10°

G (dpa.s™)

FIG. 4. Evolution of the steady-state concentration
of point defects in pure iron at 300 and 573K, as
a function of the production rate, in a system of
N, = 2 x 256 bec sites without sinks. Effect of the
correlated recombination for R, = 20\ and R, =
7\. Comparison between AKMC and the standard
Rate Theory

defects are created together and disappear to-
gether. This correlation in time produces va-
cancy and interstitial pairs correlated in space,
due to the finite size of the simulation box. We
obtain an approximate solution for the concen-
tration of these pairs by considering that in such
conditions, a vacancy with the concentration X,
may recombine with an interstitial with a con-
centration 1/Ns. This leads to the steady state
solution X' = X#* = G' Ny /Ky, in good agree-
ment with the AKMC results (Fig. [3] and [d).
A full description of these correlations will be
given in section 4.

C. Steady-state point defect
concentrations with point defect sinks

An example of evolution of the steady-state
concentration of point defects in the presence of
sinks (sink strength k2 = 10'%cm~2) is given in
Fig.[f} AKMC simulations have been performed
in a simulation box with N, = 2 x 643 bcc
sites. At high dose rates (> 1072 dpa.s™!), the
concentrations measured in the simulations are
in good agreement with the predictions of SRT
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FIG. 5. Evolution of the steady-state concentration
of point defects in pure iron at 573K as a function
of the production rate in a system of N, = 2 x 643
bee sites with a sink strength of k2 = 10%cm™2.
Effect of the correlated recombination: R, = 20\
and R, = 7A. Comparison between AKMC and
the SRT.

(Egs. [5 and [6]). Interstitials diffuse and reach
the sinks more rapidly than vacancies, which
leads to X7 = X5'D,/D; < X5'. As in the
previous cases, close pair recombination only af-
fects X; and X, by slightly reducing G’ = £G
(always with £ ~ 0.827 and 0.505 for R, = 20
and T\, respectively).

At lower dose rates the SRT overestimates
the point defect concentrations. The discrep-
ancy increases as (G decreases and reaches a
constant values of ~ 20 below approximately
10° dpa.s™!.

IV. CORRELATED PAIR THEORY

The SRT model neglects any correlations in
space and time that may arise due to physical
correlations or finite size effects. We introduce a
correlated pair theory (CPT) accounting for the
correlations in time between defects of a Frenkel
pair and finite size effects on the recombination
reaction probability.

In simulation boxes of reduced size, there is
often a single Frenkel pair in the system. It is
thus essential to account for the fact that most

of the time an interstitial can only recombine
with a vacancy simultaneously present in the
simulation box. In order to account for these
correlated events, we introduce two categories
of point defect populations: (1) Interstitial-
Vacancy correlated pairs Xj;, in which ¢ and
v are simultaneously present; and (2) mono-
interstitial X"’ and mono-vacancy X;*° pop-
ulations which are neither correlated in time or
space

Xy :Xv,mo + Xiv (8)
Xi :Xi,mo + Xiv~

Note that the concentration of pairs is fixed by
the smallest total concentration of point defects,
between vacancies and self-interstitials. In the
present case, the interstitial concentration is the
smallest one. Thus, when the mobility of inter-
stitial defects is significantly higher than that
of vacancies we can approximate X;, = X; and
Xi,mo =0.

Also notice that we do not explicitly account
for the correlations in space of a close pair be-
cause these correlations are already taken into
account within the definition of the effective
production rate G'. As explained in the previ-
ous section, the probability of a mutual recom-
bination between the point defects of a time-
correlated pair is equal to the probability X,
of having one of the component of the pair on a
given site multiplied by the probability of find-
ing the other component of the pair on an ad-
jacent site, which is equal to 1/Ns. Hence, we
write for the rate equation of the time correlated
pairs X,

dX 1
7 =+ G — KiinvF - Kiv(Xiv)Z (9)
- Kiinv (Xi,mo + Xv,mo)

— (K + Ky) X0

The third term in the RHS corresponds to re-
combination reactions between point defects be-
longing to two different pairs. We write the re-
combination rate after the standard Waite’s for-
mula because these distinct pairs are not corre-
lated in time. Note that a recombination of two



pairs leaves one vacancy and one interstitial cor-
related in time, forming then a new correlated
pair. Therefore, after the reaction, only one cor-
related pair is removed, leading to —K;, X2
The new pair is correlated in time, without be-
ing necessarily a close pair. Pairs can also be
removed, by recombining with a mono-vacancy
or mono-interstitial leading to the recombina-
tion term —K;, X, (X 4+ X*°). Eventually, a
pair may be eliminated because the vacancy or
interstitial forming the correlated pair is anni-
hilated at sinks. This is represented by the last
term in the RHS.

In the same way, we write the rate equations
of the mono-species

X
% = —KiuXv,moXi,mo + K Xy
— Ky Xy, mos (10)
and
dXz mo
T;f = 7K“,Xq,7moXi7mo + Kinv

— K X mo- (11)

A mono-vacancy (mono-interstitial) is removed
when recombined with a mono-interstitial
(mono-vacancy) or when eliminated at sinks.
A mono-vacancy (mono-interstitial) is formed
after the elimination at sinks of an interstitial
(vacancy) belonging to a correlated pair, lead-
ing to a positive reaction term, K;X;, (K,X;,).
Note that the recombination of a correlated pair
with a mono-species leads to a zero balance for
the mono-species: for instance, a mono-vacancy
recombining with an interstitial of a correlated
pair leaves a mono-vacancy. The sums of Egs.[9]
and [I0] for the vacancy; and Egs. [0] and [T] for
the interstitial, lead to the system of equations

dX 1
L= G/ - Kiinvi - KiinXv - K’UX’U)

a N
(12)

and

dX; 1
L=+ G - KXy — K Xi X, — K X;.

dt + Ny
(13)

These equations are equivalent to the SRT ones
when there is no size effects (N tends to infin-
ity).

In order to derive analytical expressions of
the stationary point defect populations, we dis-
tinguish two different kinetic regimes. First, we
ignore the elimination of point defects at sinks
and second, we assume the elimination at sinks
is the dominant mechanism.

A. Correlated pairs with no elimination at
point-defect sinks

If we ignore the point defect sinks (K, =
K; = 0), the stationary condition applied to
Egs. [10] and [T11] implies

Xt o= X5t =0 (14)

v,mo %,MO0

From Egs. [0 and we obtain the steady
state pair concentration X3! as a solution of the
second-order polynomial equation

1
D X =0. (15)

The single physical solution writes

, 2
< +< . ) -, (0
Ky 2N, 2N

The total vacancy and self-interstitial concen-
trations are equal to the concentration of cor-
related pairs. As expected, Eq. [I6] tends to the
SRT solution when there is no finite size effects.
The finite size effects are negligible as long as
1/Ny < /G'/K;y, which after Eqgs. and
is similar to the condition 1/Ny <« X3" = X?*.
Therefore, the threshold value of the radiation
dose rate (G, at which there is no more finite
size effects depends on temperature through the
variation of Kj;, with temperature. As pre-
sented in Fig. [6] the CPT results yield an in-
crease with temperature of the radiation dose
rate threshold value in excellent agreement with
the AKMC simulations. Furthermore, as pre-
dicted by the CPT, deviations between SRT and
the CPT-AKMC results start when the concen-
tration of point defects is below 1/Ng.
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B. Correlated pairs with annihilation at
sinks

When point defects eliminate at sinks, the
population of correlated pairs and mono-species
coexist. A stationary condition applied to
Egs. [I0] and [IT} leads to the standard relation-
ship between the total concentrations of ¢ and
v

Ki(X:t+ X5

z,mo) = KU(XSJ + Xi,tmo) (17)
The concentration of pairs X, is either equal to
the total concentration of vacancies X, or inter-
stitials X;, depending on their relative ampli-
tudes. In the present case, the diffusion coefhi-
cient of interstitials is much higher than the one
of vacancies. Therefore, we have K; > K, and
X, > X, leading to X! ~ X" and X;!  ~ 0.
By solving Egs. and we obtain the

steady state total concentrations X' and X35°

th:_ K’L 1+ Kiv
2K, K;N,

1/2
4| (K 2 14 2 2+ or, |
2Kiv Kst Kiva ’
(18)
and
K K
ngt _ v 1 1
' 2K, < + KiNS)
1/2
+ KU 2 1+ Kiv 2+ G/K'U
2Ky K;N; K, K;
(19)

As expected, in the absence of size effects,
Egs. 1§ and [I9] are similar to Egs. [5] and [0}
and the steady state concentrations are the SRT
ones. Size effects systematically reduce the total
concentration of point defects. We deduce the
concentration of mono-vacancies from a steady
state condition applied to Eq.

Xst — K7«

v,mo K Xlst (20)

Note that the partition between monomers and
pairs does not depend on the size of the sys-
tem, but only on the ratio K,/K;. Even in a
large system with no finite size effects, there is a
population of mono-species and time correlated
pairs, whereas the total steady state concentra-
tions of vacancies and interstitials are the ones
predicted by SRT.

We deduce from the steady state point defect
concentrations, the ratio of the total point de-
fect recombination rate divided by the elimina-
tion rate of both vacancies and self-interstitials

né K; K;

_rec _ w K, X, +K; X; e —

né 4KiKv( + )+2NS(K,» +Kv)
(21)

This ratio is sensitive to finite size effects. In
cases where size effects are negligible, this ra-
tio corresponds to the one given by SRT. The
smaller the number of sites Ny, the higher the
ratio. Therefore, small systems promote the re-
combination reactions with respect to the anni-
hilation reactions at sinks. Interestingly, finite
size effects on this ratio depend on the radiation
dose rate G through the variation of point defect
concentration with G. In Fig.[7] we observe an
excellent agreement between the AKMC simu-
lations and the CPT results, both for the con-
centration of point defects and the recombina-
tion/annihilation ratio.

V. MODIFIED AKMC SIMULATIONS

As it was mentioned above, the AKMC nat-
urally accounts for temporal and spatial corre-
lations. This implies that the results, in terms
of defect concentrations, from simulations us-
ing small boxes will deviate from the SRT. Due
to such correlations, the latter underestimates
the recombination probabilities, which leads to
higher concentrations compared to AKMC. In
that respect, the AKMC values of point defect
concentrations are the correct ones. But the
SRT values are inaccurate only because by us-
ing small system sizes one introduces correla-
tions that would have a negligible effect in a
real (i.e. large) system.



In the following we develop expressions for
the probability of recombination (or equiva-
lently rejection probabilities) of a given recom-
bination event, that can be used in the AKMC
to give the concentration evolution that would
be obtained in large samples, i.e. equivalent to
the SRT.

A. Recombination probability without
sinks

In case there are no sinks in the system, we
can define the recombination probability to ob-
tain the correct defect concentrations as

cpPT
Xst,CPT X:a’t,
P(Rec) = —* = (22)
X;0SRT ~ xstSRT
where XstCPT — X*CFT are given in Eq.

K3
and X3t9RT = Xft’SRT in Eq. 4l Substituting
these expressions into Eq. 22| we obtain

G’ i1
Ky 4N2 2N,
P(Rec|R < Ryee) =
G/
Ky
1G'N21K,,
1 Ki'v o 1

2Ny /G
Kiv
(

which is the recombination probability given
that defects are inside the recombination dis-
tance, i.e., the conditional probability that, pro-
vided that defects are within the recombina-
tion distance, the recombination is actually per-
formed. To sample this distribution, a ran-
dom number in the range [0 : 1) is drawn
from a uniform distribution. If it is smaller
than P(Rec|R < Ry..) the recombination takes
place, otherwise the defect that last moved is
placed at a distance R,, following the methodol-
ogy described in Section [T} Results from this
approach are shown in Fig. |§| (using the same
conditions as for Fig. , where we see that
the open circles match the SRT results (dotted
line).

23)
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FIG. 6. Steady-state point defect concentration in
pure iron at 300 and 573K as a function of the pro-
duction rate in a system with N, = 2x256° bec sites
without sinks as given by Standard Rate Theory,
Correlated Pair Theory, and AKMC simulations
with and without CPT corrections (R, = 20X).

B. Recombination probability with sinks

In case sinks are present, the methodology is
the same but the equations for the concentra-
tion of defects change. We apply the defined
probability to both defect recombination and
annihilation at sinks. The expressions for the
recombination probability depend in this case
on the specific defect that jumped the last be-
fore checking for recombination.

Xst,CPT §t,CPT
Py (Rec) = LSRT Pi(Rec) = Xltst,SRT
(24)

where we substitute Eq. [5| for X3SFT and
Eq. for X34CPT for vacancies and Eq. [f]
for Xft’SRT and Eq. for Xft’CPT for self-
interstitials.

Figure [7|(a) shows AKMC results, with the
rejection probability matching the SRT predic-
tions. Figure a) presents the ratio between
the number of recombinations and annihilations
at sinks. It is worth noting that the proposed
recombination probability does not result in the
same ratio as predicted by SRT, as it retains the
recombinations to annihilations ratio as given
by the standard AKMC. It is also important
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FIG. 7. Evolution of (a) the steady-state concentra-
tion of point defects and (b) the ratio of recombina-
tion to elimination at sinks, in pure iron at 573K,
as a function of the production rate, in a system
of Ny = 2 x 643 bec sites with a sink strength of
k? = 10" em™2 (R, = 20)). Standard Rate The-
ory, Correlated Pair Theory, AKMC simulations
with and without CPT corrections.

to mention that the quantity that controls the
microstructure evolution is the defect concen-
tration, and the gradients of such. Hence, we
conjecture that the main physics will be cap-
tured by the proposed correction.

VI. DISCUSSION AND CONCLUSIONS

It is important to emphasize that the rele-
vance of finite size effects, as shown by the CPT,
strongly depends on the irradiation conditions,
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the point defect properties, and (obviously) the
system size. We have chosen the parameters of
Fig. [7]in such a way to maximize the effects of
correlated recombination, by using a relatively
small box (Ng = 2 x 643) and introducing a low
sink density k2 = 1019 cm™2). In this extreme
case, the AKMC and SRT concentrations dif-
fer by a factor of ~ 20. Keeping the same size
N, = 2 x 643 and increasing the sink strength
lead to a significant decrease of the SRT-AKMC
discrepancy (because less point defects recom-
bine): only a factor of ~ 3 for k = 10 cm ™2,
and ~ 17% for k? = 10'? em~2. Or maintain-
ing the same sink density (kZ = 10'Y cm~2), one
obtains a better SRT-AKMC agreement by in-
creasing the size of the system: the discrepancy
decreases to a factor of ~ 3 for Ny = 2 x 1283 |
and to 0.27 for Ny = 2 x 2563,

In case we introduce point-like sinks explic-
itly and their corresponding atomic fraction is
smaller than the inverse of the size of the sim-
ulation box, we expect finite size effects on the
elimination rate of point defects at sinks as well.
We can extend the CPT theory to account for
the correlations in time between defects of the
Frenkel pairs and point-like sinks. To generalize
our approach to systems featuring large hetero-
geneities of point defect and/or solute concen-
tration fields, we could choose a reference bulk
region in the system, treat the surrounding as
a continuum from which we extract an effective
point defect sink strength. Then, we could use
the CPT theory to calibrate the point defect
recombination rate of point defects in the refer-
ence bulk region. Another perspective will be to
rely on the CPT theory to investigate the irra-
diation and microstructure conditions for which
finite size effects can be expected.

Also important to note is the fact that the
correction to the AKMC point defect elimina-
tion relies on the steady-state defect concentra-
tions. Hence, this approach does not guaran-
tee that the transients are accurate, only that
the steady-state concentrations are in agree-
ment with the SRT. We do not expect the tran-
sients to be significantly distinct, but its accu-
rate quantification is still an open problem.

A possible strategy to deal with these finite



size effects, is to first use the CPT to see if the
correlated recombination affects the results. If
they do, try to increase the size of the simulation
box (which will lead to higher CPU times), and
if the required CPU cost is overwhelming, use
the CPT-modified AKMC method.

In this paper, we have developed an exten-
sion of the SRT formalism for systems under ir-
radiation to consider the interplay between the
spatio-temporal correlations between point de-
fects and finite size effects. We demonstrate
that these correlations can lead to significant
discrepancies in the concentration of defects
when the size of the system sizes is small, as it is
usually the case in kinetic Monte Carlo (KMC)
simulations. This novel framework, the so-
called Correlated Pair Theory (CPT), is based
on the explicit introduction of the concentration
of correlated Frenkel pairs in the rate theory ex-
pressions (see Egs. @, and . We show how
the CPT theory reproduces remarkably well the
results from AKMC simulations in systems of
reduced size, hence capturing the main effects
of the spatio-temporal correlations. CPT holds
for both regimes, where defect recombination
dominates or defect annihilation at sinks domi-
nates.

We have also developed recombination prob-
ability expressions to be used within an AKMC
methodology to recover the SRT results. These
expressions are based on the a priori knowledge
of the steady-state concentrations given by the
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SRT formalism and the CPT. We show that the
proposed modification of the defect annihilation
within the AKMC leads to point defect concen-
trations similar to those given by the SRT ap-
proach. However, it does not recover the SRT
ratio between defect recombination and anni-
hilation at sinks, since it retains the ratio be-
tween recombination and annihilation given by
the standard AKMC. We argue that the total
concentration is the important quantity to cap-
ture as it dominates the microstructure evolu-
tion.
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