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Abstract

Kinetic Monte Carlo is used extensively in the field of radiation effects to understand damage accumulation and growth
under irradiation. These calculations require previous knowledge on the formation of these defects, the relative stabilities
of the different types of defects, their interactions and their mobilities. Many of these parameters can be extracted from
molecular dynamics calculations using empirical potentials or from ab initio calculations. However, the number of param-
eters necessary for a complete picture is rather large. Kinetic Monte Carlo can be used as a tool to isolate those parameters
that most influence the outcome of the calculations. In this paper, we focus on one aspect: the form of the damage after the
collision cascade. We describe the effect of the form of the cascade as obtained from molecular dynamics simulations on
damage accumulation. In particular, we demonstrate that the form of the cascade drastically changes the nucleation and
growth of helium-vacancy clusters, possible precursors of voids and bubbles. Finally, we point to those open questions that
need to be resolved to develop a truly predictive kinetic Monte Carlo model.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.82.Bg; 61.80.Az; 66.30.Lw
1. Introduction

Kinetic Monte Carlo (kMC) calculations are
nowadays commonly used to model the evolution
of damage in irradiated materials in order to extend
the time scale of molecular dynamics (MD) simula-
tions to those times achieved in experiments. This
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method was first described by Besco in the late
1960s [1] and used by Doran and Burnett [2,3] for
short-term annealing of cascades. The extensive
use of kMC, however, did not start until the early
1990s with the work of Heinisch [4] using input data
from MD simulations. Currently several research
groups perform kMC calculations of radiation
effects in materials [5–9]. This method is also used
in the field of ion implantation of semiconductors
to model dopant diffusion and clustering [10,11].

This powerful tool requires previous knowledge
of the type of defects produced during irradiation,
.
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the mobilities of such defects, their stability and the
interaction between defects and with the microstruc-
ture. Tools such as molecular dynamics and ab initio
calculations have been very useful in understanding
damage production in different metals. In particu-
lar, molecular dynamics simulations have shown in
the last two decades that the damage produced by
energetic atoms can be very different in f.c.c. and
b.c.c. structures [12–15]. In f.c.c. metals the damage
produced after the cascade collapse consist of clus-
tered vacancies and self-interstitials [12–14] formed
within a few picoseconds. This behavior has been
observed in Cu [12–14], Au [16] and Pb [17] and at
a lower extent in Ni [18]. On the other hand,
damage in b.c.c. metals such as Fe consists mostly
of isolated or small vacancy clusters and small
self-interstitial clusters [15]. The same type of behav-
ior has been observed also in W [19]. The reason for
these differences in clustering is not completely
understood. Some studies point towards a difference
in recrystallization rates during cascade cooling as
an important factor in clustering [18]. Others argue
that the high stacking fault energies of b.c.c. metals
could be the reason for these differences.

The stability and mobility of defects has also
been studied using molecular dynamics simulations.
Self-interstitial clusters are very stable with high
binding energies and they diffuse very rapidly one-
dimensionally according to exhaustive MD simula-
tions [20–22]. Recent ab initio calculations [23,24]
have shown that in the case of Fe the lowest energy
configuration is a h110i dumbbell instead of the
h111i dumbbell predicted by earlier calculations
using embedded atom type of interatomic potentials
[21,22,25]. This implies a higher migration energy
for the single interstitial and small clusters in Fe
as well as a three-dimensional diffusion. For clusters
with four or more interstitials the h11 1i configura-
tion is probably still the most stable, and one-
dimensional migration with low migration energies
are also expected.

Our knowledge on the interaction between
defects and impurities is still limited. Probably the
one impurity that has been studied the most using
MD is helium. It is known that metals exposed to
radiation can alter significantly their volume partic-
ularly in the presence of gases such as He or H [26].
This phenomenon is known as void swelling and has
been given special attention in the field of radiation
effects in structural materials for fission and fusion
reactors [27]. Despite many years of research in this
topic there are still many unknowns regarding the
initial stages of nucleation of those defects responsi-
ble for the dimensional changes in these metals.

The processes involved in radiation induced vol-
ume changes are multiple and intricate. In general,
it results from differences in the distribution of those
vacancies and self-interstitials produced during irra-
diation. The damage produced by an energetic atom
consists of an equal number of vacancies and self-
interstitials. Self-interstitials diffuse to sinks such
as grain boundaries, dislocations or surfaces, leav-
ing in the bulk an excess of vacancies. These vacan-
cies, at high enough temperatures, can diffuse and
form larger clusters. The presence of an element
such as He can stabilize the vacancy clusters into
a three-dimensional defect configuration (voids or
bubbles) impeding the collapse of these structures
into loops and resulting in a net gain in volume of
the system. The different behavior between vacan-
cies and self-interstitials was first explained by a
preferential trapping of interstitials to dislocations,
due to their stronger elastic interaction with the dis-
location stress field. This model was called disloca-
tion bias [28] and was very successful in explaining
swelling rates of different metals at high doses. Dif-
ferences in void swelling observed between f.c.c. and
b.c.c. materials were explained by this model
through a difference in the dislocation bias for these
two structures. There were, however, experiments
that could not be explained by this model, such as
the swelling rates of pure metals at low doses and
dislocation densities [29]. In order to explain these
experimental results a new model was proposed
based on results from MD simulations called the
‘production bias’ model [30]. Models used to study
cavities in metals under irradiation are based on
continuum equations.

With the information provided by the MD calcu-
lations it has been possible to perform kMC simula-
tions in pure metals, such as Cu or Fe, [4–9] or in
metals in the presence of He to study the first stages
of He–V cluster formation [31]. However, there are
still many unknowns, in particular regarding the
interaction between defects and impurities. The
number of variables needed to fully describe all
the processes occurring is so large that it would
not be possible to obtain them directly from MD
calculations. Therefore, it is important to have an
understanding of those parameters in the calcula-
tion that significantly affect the results. In this paper
we will focus on the influence of the distribution of
vacancies and self-interstitials from the collision cas-
cade just after a few picoseconds as obtained from
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MD simulations, on damage accumulation and
growth. First we will review some earlier work on
Cu and Fe that already pointed to the significance
of this parameter. Then we will describe the effect
in the nucleation and growth of He–V clusters, pos-
sible precursors for bubbles and voids.

In the next section we describe the particular
kMC approach used in the calculations. In Section
3 we review some of the studies of damage accumu-
lation in Cu and Fe using kMC simulations. In
Section 4 we describe calculations of defect accumu-
lation in the presence of helium. These calculations
show the importance of the cascade damage and
reveal some interesting features associated with the
nucleation and growth of He–V clusters. The conse-
quences of these calculations are explained in
Section 5 together with some discussion about the
steps that need to be taken in order to develop a pre-
dictive and efficient kMC model for damage
accumulation.

2. Kinetic Monte Carlo applied to radiation

damage

The name kinetic Monte Carlo is often used to
describe different types of algorithms that involve
an evolution in time. Therefore, we would like to
first describe in detail the particular algorithm used
for those calculations reported below. A name cur-
rently used to describe this algorithm is Object
Kinetic Monte Carlo (OKMC). It follows the evolu-
tion of a set of objects in time, given the type of
events those objects can perform and the probability
for each event to occur. In the case of radiation the
objects of interest are those defects produced during
the irradiation, that is vacancies, self-interstitials,
impurities and their clusters. The events these
objects can perform are diffusion events, dissolution
from a cluster, interaction between different defects
or defects with other objects such as grain bound-
aries or dislocations. The probabilities of these
events are given by the migration energies and bind-
ing energies of the defects. For example, the proba-
bility of a defect of type i undergoing a migration
event is given by

Ci
m ¼ Ci

0 expð�Ei
m=KT Þ; ð1Þ

where Ci
0 is the jump frequency, Ei

m is the migration
energy for that particular defect, K is Boltzmann’s
constant and T is the temperature. When a migra-
tion event is selected the object is moved a distance
d the jump distance, which is often selected between
first and second nearest neighbors. When the object
can migrate in any direction (three-dimensional
migration) the jump is performed by randomly plac-
ing the object within a sphere of radius d. When the
migration of the object is restricted to one particular
direction (one-dimensional migration), such as the
case of self-interstitial clusters mentioned above, a
particular direction of motion (h11 1i for Fe and
h11 0i for Cu, for example) with respect to the sim-
ulation box is given to the object when it is created,
and the jumps are performed only along that direc-
tion and with a distance d.

The probability of a defect of type i undergoing a
dissolution event from a cluster is given by

Ci
d ¼ Ci

0 expð�ðEi
m þ Ei

bÞ=KT Þ; ð2Þ
where Ei

b is the binding energy of the defect to the
cluster. This energy depends on the number of
defects in the cluster.

The kMC algorithm proceeds by selecting an
event from all the possible ones. First, the total rate
for all events is calculated as

R ¼
X

e

CeN e; ð3Þ

that is the sum over all events of the probability of
each event Ce, as calculated by Eqs. (1) or (2) above,
times the number of objects that can undergo that
event, Ne. An event is chosen randomly between 0
and R, therefore ensuring that each event is
weighted by the appropriate probability of occur-
rence. The time of the simulation is then increased
by Dt

Dt ¼ � log n
R

; ð4Þ

where R is the total rate give by Eq. (3) and n is a
random number between 0 and 1, that is used to
give a Poisson distribution of the time. Once the
event has been selected a random particle is chosen
from all those that can undergo that event.

The initial conditions of the simulation are the
(x,y,z) coordinates of those defects produced by
the irradiation as well as their type. In case of a con-
tinuous irradiation, new defects are introduced in
the simulation box with a rate according to the dose
rate of the experiment that is being simulated. The
positions and types of defects are obtained from
molecular dynamics, from binary collision approxi-
mation (BCA) calculations, such as those obtained
from SRIM [32] or Marlow [33], or as a random
distribution of Frenkel-pairs, depending on the type



Fig. 1. Concentration of visible defects as a function of dose in
Cu (circles) and Fe (squares) as obtained from kMC simulations.
Figure from Ref. [8].
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of calculation. For example, when damage is pro-
duced by electrons the last approximation can be
used [34]. In the case of damage produced by light
ions such as He, calculations using the binary colli-
sion approximation are appropriate. However, for
self-irradiation and heavy-ions it is necessary to
use those results obtained from MD simulations.
Oftentimes a combination of BCA and MD calcula-
tions is used to obtain the distribution of defects
during irradiation for energies that cannot be
reached by MD alone. In this case the BCA is used
to obtain the energies of those recoils produced by
the energetic particle along its path, but the final
defect distribution produced by those recoils is the
one obtained from MD simulations. This approxi-
mation is based on the existence of a threshold for
sub-cascade formation.

Most of the kMC calculations for radiation
effects in metals describe the objects as points in
the simulation box with a capture radius that
depends on the number of defects of that object.
This capture radius is normally defined spherical as

rn ¼
ffiffiffiffiffiffiffiffiffi
3nX
4p

3

r
; ð5Þ

where n is the number of defects in the cluster and X
is the atomic volume. This capture radius is used to
define when two defects interact. Also when a defect
dissolves from a cluster it is positioned outside this
capture radius. When using this approach informa-
tion regarding the lattice structure is lost. It is how-
ever possible to keep the location of every defect
during the calculation with the consequent increase
in memory for the calculation. This is in fact done in
models of dopant diffusion in silicon [11]. Strain ef-
fects such as the bias interaction between intersti-
tials and dislocations can be included in this
capture radius, increasing the capture radius for
interstitials. However, it is also possible to include
strain effects in kMC using elasticity theory [35,36].

3. Damage accumulation in Cu and Fe

KMC simulations have been used to study the
damage accumulation in Cu and Fe under irradia-
tion [4–9]. These calculations have helped to under-
stand the differences observed in transmission
electron microscopy (TEM) measurements of defect
densities in these materials [37]. The defect densities
measured by TEM in Fe are at least one order of
magnitude lower than for the case of Cu. Moreover,
over 90% of those defects observed in Cu are stack-
ing fault tetrahedral (SFT) [29], and the average size
of these defects does not change with irradiation
dose, remaining between 2 and 3 nm in size. In Fe,
however, those defects observed in the microscope
are interstitial type [38]. As an example we show in
Fig. 1 the concentration of visible defects as a func-
tion of dose for Cu and Fe as obtained from kMC
simulations [8]. In these calculations visible clusters
are for the case of vacancy clusters those with more
that 20 vacancies, which corresponds to a SFT of
approximately 1.5 nm side, and for the case of inter-
stitial clusters those with more than 50 defects, cor-
responding to loops of about 1 nm radius.

The kMC calculations provide an explanation
for the origin of these differences. There are two fea-
tures responsible for these results. The most signifi-
cant is the difference in the damage after the cascade
collapse. As mentioned above MD simulations have
shown that in the case of Cu most of the vacancies
are clustered while in the case of Fe most of them
are isolated. As a result, those defects produced
directly in the cascade are large enough to be
resolved in the TEM. This also explains the constant
average size with dose observed in these experi-
ments, as well as the simulations. In the case of Fe
vacancy clusters are very small and cannot be
resolved with TEM. However, positron annihilation
experiments have shown the presence of small
vacancy clusters in Fe [39]. These small vacancy
clusters also appear in kMC calculations, with sizes
of around 4–5 vacancies per cluster on average and
their concentration has also been reproduced by
KMC models [6,9].

The second significant difference is the effect of
impurities in the evolution of damage, in particular,
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in the mobility of self-interstitial clusters. MD sim-
ulations predict that self-interstitial clusters have
very low migration energies for all sizes studied
[20–22]. In order to reproduce the experimental
observation of self-interstitial clusters in Fe an effec-
tive trapping mechanism must be included in the
KMC simulations for these clusters [6,7,9]. Different
approaches are used for this effective trapping.
In some cases self-interstitial clusters larger than
some size are considered sessile [9], in other cases
a binding between impurities and self-interstitial is
included in the calculation [6]. This trapping mech-
anism is in fact one of the key parameters in these
calculations that needs more study (see Ref. [6] for
further discussion). Details regarding the mecha-
nism of trapping of self-interstitials by impurities
is not yet clear. Ab initio calculations indicate weak
interaction between SIA and impurities such as C
and N [40]. Other possible trapping mechanisms
have also been considered due to elastic interactions
between impurities and self-interstitials [35]. Further
ab initio calculations as well as KMC calculations
including elastic interactions will have to be per-
formed to have a better description of this effect.
Finally, another experimental observation that
needs to be resolved for the case of Fe is the pres-
ence of both h111i and h100i loops. MD simula-
tions point to some possible mechanisms for the
formation of these h100i loops [41].

4. Helium-vacancy cluster nucleation and growth

In order to elucidate the role of the initial dam-
age structure produced during the collision cascade
in the nucleation and growth of He–V clusters we
have developed a kMC model with input parame-
ters obtained from MD. The interactions described
in our model include interstitial, vacancy and He
migration and clustering. Single vacancies and di-
vacancies are allowed to migrate as well as self-
interstitial clusters with sizes smaller than 40. We
use the values calculated by Adams and Wolfer
[42] with molecular dynamics simulations for the
binding energy of He with vacancy clusters of differ-
ent sizes to form He–V complexes. In those calcula-
tions values for clusters up to 20 vacancies and 10
He atoms were obtained. We have extrapolated
those results to larger number of He atoms in a clus-
ter as well as vacancies.

The migration of helium can occur through dif-
ferent paths. On one hand if He is in an interstitial
position it migrates with a low barrier, 0.1 eV, as
observed experimentally [43]. When He is in a sub-
stitutional site it can migrate through two mecha-
nisms: the dissociative mechanism and the vacancy
mechanism. In the case of the dissociative mecha-
nism the substitutional He goes into an interstitial
position leaving a vacant site. In the case of the
vacancy mechanism a He at a substitutional posi-
tion can exchange places with a nearby vacancy.
The activation energy for this mechanism is often
assumed as a first approach to be the one for self-
diffusion [44]. In this work we have included both
mechanisms for migration: dissociation and vacancy
mechanisms. Moreover, since self-interstitials are
present in the calculation, another possible mecha-
nism of migration of He is by the interaction of a
He substitutional with a self-interstitial resulting in
a He interstitial that is very mobile. Values used in
this simulation for migration energies of defects
are representative of a metal but not quantitative
for any specific material. In particular migration
energies of self-interstitial clusters of 0.1 eV are con-
sidered, higher migration energy for single-vacancy
(0.7 eV) and dissociation energy of He substitu-
tional into He interstitial of 1.5 eV.

The nucleation of He–V complexes occurs by
migration of He and reaction with isolated vacan-
cies to nucleate higher order He–V clusters. In our
calculation all He–V complexes are assumed to be
immobile. The nucleation of a void from interaction
of a helium atom with pre-existing vacancy clusters,
such as those formed during irradiation is very unli-
kely, as shown by Foreman and Singh [45]. There-
fore, in our model large vacancy clusters formed
in the cascades cannot transform into voids, and
can only contribute to void nucleation through clus-
ter dissolution.

All reactions are considered to be diffusion lim-
ited, that is, there is no barrier for reaction between
two defects; as soon as two defects are within their
capture radius the reaction will occur. The interac-
tion radius between defects is r = rsph + d, where d
is the jump distance and rsph is defined as in Eq.
(5) above. Since the stress field of self-interstitials
is larger than the one of single-vacancies, a larger
capture radius is considered for interstitials (rI)
interacting with loops (vacancy or interstitial clus-
ters) than for the case of vacancies, rv: rI = 1.15 · rv,
where rv has been defined above. This therefore
includes a bias for the interaction of interstitials
with the other defects in the material. We include
a sink to both vacancies and interstitials within
the simulation box. The capture radius is also biased



Fig. 2. Cascade damage produced by a 30 keV recoil in Au (a)
and by a 40 keV recoil in Fe (b) as obtained from molecular
dynamics simulations. The light spheres are vacancies while the
dark spheres are interstitials.
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with a value of rs
I ¼ 1:4� rs

v, where rs
I is the capture

radius of a self-interstitial to the sink and rs
v is the

capture radius of a vacancy to the sink. This sink
mimics the presence of a dislocation, and corre-
sponds to a dislocation density of 2 · 1010 disloca-
tions/cm2. More details on the model and results
can be seen in Ref. [31].

In this paper we show how differences in the
source term influences drastically the nucleation
and growth of He–V clusters. We use two databases
of molecular dynamics simulations of cascades in
metals: one for Au obtained at Lawrence Livermore
National Laboratory [16] and a second one for Fe
obtained by Roger Stoller [15] at Oak Ridge
National Laboratory. The energy of the cascades
used for these calculations is of 30 keV for Au and
40 keV for Fe. For these two energies selected the
average number of defects per cascade is approxi-
mately the same in both metals, more precisely
125 pairs of defects for the case of Au and 131 for
the case of Fe. Despite the very similar number of
defects, the morphology of the damage is quite dif-
ferent as can be seen in the example presented in
Fig. 2. In the case of an f.c.c. metal such as Au after
the collapse of the cascade produced by the high
energy recoil most of the vacancies are forming clus-
ters as shown in Fig. 2(a), where vacancies are the
light spheres and self-interstitials are dark. However
in the case of a b.c.c. metal such as Fe the vacancies
resulting from the cascade collapse are mostly iso-
lated as shown in Fig. 2(b). Self-interstitials form
clusters in both Au and Fe cascades although the
cluster sizes in the latter are smaller.

Considering exactly the same parameters for
migration and dissociation energies of vacancies,
self-interstitials and He–V complexes, as well as the
same capture radius (or dislocation bias) we have
computed the effect of the source term in the nucle-
ation and growth of He–V complexes. This is accom-
plished by using as the source term the 30 keV Au
cascades (that we will call source I) or the 40 keV
Fe cascades (source II). For each cascade we include
one He atom, or a total of 1000 appm of He per dpa,
which corresponds to conditions close to those
obtained from helium implantation experiments. A
dpa (displacement per atom) is the unit of damage
as defined in the ASTM standards [46] and will be
used here to describe the irradiation dose. The evolu-
tion of vacancies, self-interstitials and He–V com-
plexes has been calculated as a function of dose
and temperature. Fig. 3 shows an example of the
concentration of He–V clusters as a function of dose
and for different temperatures for the case where
source I (clustered vacancies) are used. In this partic-
ular case a dose rate of 10�8 dpa/s was used. At low
temperatures the concentration of He–V clusters as a
function of dose is independent of temperature, since
these He–V clusters are very stable at these temper-
atures. As the temperature increases He can either
dissolve from small He–V clusters and migrate or
migrate through the vacancy mechanism joining
other clusters and reducing the total cluster density.
At even higher temperatures those clusters can
dissolve reducing more the total cluster population.



Fig. 3. Concentration of He–V complexes as a function of dose
for the case of source I (damage produced in Au), a dose rate of
10�8 dpa/s and different temperatures.

Fig. 4. Void swelling (or change in volume due to vacancies in
He–V complexes) as a function of temperature for a total dose of
0.03 dpa and three different dose rates. These results are for the
case of source I (damage produced in Au).
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However, even more significant than the total
population of He–V complexes is the change in vol-
ume induced by these defects, or void swelling. Due
to the discrete nature of these calculations we can
obtain the total number of vacancies in clusters on
each type of He–V complexes and extract the total
change in volume due to these defects, DV/V. This
is calculated as

DV =V ð/Þ ¼
X

N

CvoidðNÞ
v ð/Þ � XrðNÞ; ð6Þ

where CvoidðNÞ
v is the concentration of vacancies on

He–V complexes of size N and Xr(N) is the relaxa-
tion volume for a vacancy in a cluster of size N.
In this calculation we considered a relaxation vol-
ume per vacancy of 0.8X, which is the limiting value
for voids with more than nine vacancies obtained by
Shimomura [47] using molecular dynamics simula-
tions. This change in volume obtained from the
kMC calculations is what we will call the void swell-
ing. In this calculation it is considered that those
large vacancy clusters formed in the cascade col-
lapse are either forming stacking fault tetrahedra
(SFTs) or dislocation loops, therefore due to their
collapse into these types of clusters they do not
contribute to a change in volume. However, He–V
clusters form spherical clusters, avoiding the
collapse into these other shapes, and therefore con-
tributing to a change in volume.

Using this approach we have calculated the
change in volume as a function of temperature for
a particular dose / = 0.03 dpa and different dose
rates for the case of source I. The results of these
simulations are shown in Fig. 4. This figure shows
how this change in volume is very small at low
temperatures and increases as the temperature
increases. For the case of 10�8 dpa/s the curve has
a peak swelling at around 0.24Tm for these particu-
lar conditions where Tm is the melting point of the
material. This dependence of void swelling on tem-
perature is characteristic of f.c.c. metals [48,49],
and it is reproduced by the model. The particular
position of the swelling peak and the total void
swelling values will depend on the material, the
dose, the dose rate and the helium per dpa ratio.
As an example, copper under fission neutron irradi-
ation with a damage rate of 2 · 10�7 dpa/s and con-
centration of �0.3 appm He and �15 appm H has a
swelling peak at around 0.44 Tm [49]. The position
of the swelling peak shifts towards lower tempera-
ture values as the He concentration increases [49]
and as shown in Fig. 4 it also shifts towards lower
temperatures with decreasing dose rate. We should
point out that the conditions in this simulation are
of very high He/dpa ratio and very low dpa rate
with results in a swelling peak position at a very
low temperature.

We have repeated this set of simulations for the
case of source II, where vacancies are mostly iso-
lated and self-interstitial clusters are very small.
The calculations were done for a dose rate of
10�8 dpa/s and different temperatures. The same
value for the relaxation volume of the vacancies in
He–V complexes was used. Fig. 5 shows the void
swelling curve obtained from the calculation with
source I (filled circles) as compared to that obtained



Fig. 5. Void swelling as a function of temperature for the case of
source I (circles) and for the case of source II (squares). Dose rate
is 10�8 dpa/s and total dose is 0.1 dpa.
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from source II (filled squares). The dependence with
temperature is significantly different.

The reason for this difference is exclusively on the
source term, since all other parameters in the model
were kept the same. In the case of source I the initial
vacancy population is forming clusters. As we men-
tioned above these clusters cannot contribute to the
formation of He–V complexes until they dissolve.
Since the concentration of single vacancies is so
small the number of He–V clusters and therefore
void swelling at very low temperatures is also low.
At higher temperatures, when small vacancy clus-
ters can dissolve He–V nuclei are formed and void
swelling increases. Only when the temperature is
so high that small He–V nuclei are not stable void
swelling will decrease.

In the case of source II most of the vacancies are
isolated after the cascade collapse. They are, there-
fore able to form nuclei for He–V complexes.
However, the recombination rate between single
vacancies and the mobile self-interstitials reduces
significantly the vacancy supersaturation. This
recombination is much lower in the case of source
I due to both the presence of larger self-interstitial
clusters and the one-dimensional mobility of these
clusters. When the temperature increases such that
there is significant mobility of both single vacancies
and He, the He–V complexes start to grow and void
swelling increases. At temperatures where the stabil-
ity of small He–V nuclei is short there is a balance
between formation and dissolution of these clusters
and that could be responsible of the apparent satu-
ration observed for temperatures above 0.3 Tm for
this particular example.

Another important result of these simulations is
the helium per vacancy ratio obtained on each of
the two cases. In the case of source I the number
of He atoms per vacancy on each void on average
is very small, on the order of 0.3 He per Vacancy.
However, in the case of source II, the number of
helium per vacancy is larger, around 0.5. The reason
for this difference is simple. The total vacancy super-
saturation in source II is always smaller than in
source I, due to the larger recombination ratio
between vacancies and self-interstitials, therefore
resulting in lower He–V nuclei. Since the simula-
tions were done for the same total number of helium
atoms the He per vacancy ratio must be higher in
the case of source II. This is a result of the model
that will have to be validated through experiments,
such as positron annihilation, although extracting
information about the He per vacancy ratio from
these experiments is not an easy task.

5. Discussion

Experimental observations reveal that f.c.c. met-
als behave quite differently with respect to b.c.c.
materials in terms of void swelling under irradiation
[48]. In general it is observed that b.c.c. materials
have high resistance to void swelling while f.c.c.
are prone to nucleation and growth of voids. In par-
ticular Singh and Evans [48] showed that the tem-
perature dependence of void swelling in these two
systems is very different. While f.c.c. metals show
a maximum swelling peak, b.c.c. metals have very
low swelling rates that remain almost constant at
low temperatures and increase gradually after a par-
ticular temperature. There is not yet a complete
explanation for this difference.

The simulations described above show only the
initial stages of the evolution of the damage in the
presence of He. The doses reached in these calcula-
tions are very small and the sizes of the He–V
complexes are only a few nanometers in diameter.
Although it is not possible to do a direct compari-
son between experimental results on void swelling
and these simulations there are some similarities
that should be pointed out, since these He–V com-
plexes could be the precursors for the formation
of experimentally observed bubbles and voids. In
particular it is interesting to notice the dependence
of the volume changes with temperature obtained
from these calculations and those from f.c.c. and
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b.c.c. metals. The results of the calculations pre-
sented when using clustered vacancies as the initial
damage resembles the dependence with temperature
observed in metals such as Cu or Ni [48] while when
vacancies are isolated after the cascade collapse the
curve resembles the dependence observed in metals
such as Fe [48]. Since in the case of Fe it has been
proved experimentally that some very small spheri-
cal clusters can exist without the presence of He
[39] we have included in Fig. 5 the contribution to
the swelling that could arise from the presence of
these small vacancy clusters (open squares in
Fig. 5). Even when including these clusters the tem-
perature dependence is not altered.

It is important to notice that in both simulations
the dislocation bias considered is the same. The dis-
location bias model attributes the differences in
swelling between different materials to a difference
in the bias. These calculations show that it is possi-
ble to have very different evolutions of the HeV clus-
ter populations without a difference in dislocation
bias. On the other hand the same assumptions were
also included for the case of self-interstitial cluster
migration. Therefore it seems it is not necessary to
have a population of mobile and immobile self-
interstitial clusters in the cascade core to explain
differences in void swelling as claimed by the pro-
duction bias model. It is only the difference in clus-
tering, not only of vacancies, but also of interstitials
and the one-dimensional migration of large self-
interstitial clusters reaching sinks such as disloca-
tions, grain boundaries or surfaces, that results in
different swelling curves.

6. Conclusions

In summary, these simulations show that the
morphology of the damage produced during the first
few picoseconds in the collapse of a cascade influ-
ences significantly the nucleation and growth of
defects during irradiation both in pure metals and
in the presence of He. For pure metals the number
of visible clusters in the case of Cu and Fe is signif-
icantly different due to the difference in clustering.
In the presence of He the existence of clustered
vacancies and the one-dimensional migration of
large self-interstitial clusters enhance the formation
of He–V clusters due to the high vacancy supersatu-
ration. The presence of a swelling peak is also due to
the initial vacancy clustering, since nucleation of
voids proceeds through a two step process: dissolu-
tion of clusters and stability of small He–V com-
plexes. When most of the vacancies are isolated
after cascade collapse and no large clustering of
self-interstitials is observed, the vacancy supersatu-
ration decreases due to high recombination ratios,
resulting in reduced number of He–V complexes.
As a result, for the case of equal He concentration,
the He per vacancy ratio will be larger in the second
case than in the first one. In view of these results we
can conclude that systems with low vacancy and self-
interstitial clustering after the cascade collapse will
present reduced He–V clustering. The results of these
calculations cannot be compared qualitatively to any
particular material or experiment and are only
intended to show the large influence of the initial cas-
cade damage in the results of a kMC calculation,
keeping all other parameters the same.

In order to develop a truly predictive and quali-
tative kMC model for metals such as Fe or Cu in
the presence of He many fundamental studies must
be done as pointed out in Ref. [50]. In particular, a
better understanding of the mechanisms for He
mobility in different metals must be achieved, as well
as the type of mechanism that dominates for differ-
ent conditions of dose, dose rate, He per dpa ratio
and temperature. Such an understanding can only
be achieved through tailored experiments and
kMC calculations. In the particular case of Fe the
interaction of self-interstitials and vacancies with
the impurities present in this metal such as carbon
must also be understood.

Although kMC is an efficient algorithm for defect
evolution, reaching high concentrations, in parti-
cular when one-dimensional diffusion occurs can
be computationally expensive. A similar approach
to the kMC model explained here is the so called
Event Kinetic Monte Carlo [34]. This model has
some approximations but can be more efficient than
the OKMC for certain cases, in particular for low
defect densities. For high densities however it might
be necessary to make use of continuum models in
order to reach doses of several dpa.
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