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Abstract

Irradiation of zirconium is studied using a kinetic Monte Carlo model. The initial cascade damage produced by 25 keV
recoils at a temperature of 600 K obtained from molecular dynamics simulations is used in the calculations. The evolution
of the microstructure under fission irradiation conditions has been followed for a number of displacements per atom (dpa)
up to 0.5. In particular, the influence of self-interstitial cluster migration on the total defect concentration and size is ana-
lyzed. Results are compared with available experimental data.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Advanced Zr alloys are proposed to be used for
high burnup applications in current light water reac-
tors as well as for cladding and internal components
in future Generation IV reactors. Consequently,
understanding the effect of irradiation on the
mechanical properties of these alloys is crucial for
safe operation of these reactors. However, knowl-
edge of basic irradiation effects in Zr is very scarce
in particular at a microscopic level. This work
focuses on the description of microscopic effects of
irradiation using computer simulations in a multi-
scale approach.
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Molecular dynamics (MD) simulations per-
formed by Voskoboinikov and Bacon [1,2] have
provided information about the damage produced
by displacement cascades in a-Zr with recoil ener-
gies up to 25 keV and different temperatures. These
calculations show that point defect clusters created
in simulations of displacement cascades in zirco-
nium can be classified in three typical self-interstitial
atoms (SIA) categories: SIA dislocation loops with
Burgers vector 1/3 h1120i, triangular arrangement
of SIAs within one basal plane, and three-dimen-
sional irregular. Only the first one of these SIA-
clusters is glissile while the other two types are
sessile. There are also three typical vacancy catego-
ries, all of them sessile: triangular prism shape,
pyramidal shape and the third type is best described
as two components joined together.

On the other hand, MD simulations have also
been used to study the mobility of defects in a-Zr
.
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[3]. These simulations show that single interstitials
move in one dimension in the basal plane. Some
of the self-interstitial clusters also move in one
dimension while others remain immobile. Mono-
vacancies move in three dimensions in the crystal
and vacancy clusters are immobile. The mobility
of these self-interstitial clusters is a key parameter
for developing damage evolution models in metals
through either rate theory or kinetic Monte Carlo
simulations. In particular, the work of Soneda [4]
and of Domain et al. [5] in Fe have shown that
the mobility of these clusters is crucial to be able
to reproduce the experimental measurements in this
material. However, there are still many unknowns
mostly regarding the effect of impurities.

The damage accumulation in h.c.p. Zr under
irradiation has been studied using a kinetic Monte
Carlo (kMC) approach with information provided
by MD calculations. We have considered fission
reactor conditions, that is, damage (dpa) rate of
10�6 s�1 and a temperature of 600 K. The defect
concentration as a function of displacements per
atom as well as the cluster size distributions has
been obtained from these calculations. In particular
the influence of self-interstitial cluster migration on
the final defect concentration and size is analyzed.

2. Simulation model

An object kinetic Monte Carlo model is used to
study the evolution in time of those defects pro-
duced during irradiation. The database of displace-
ment cascades produced by Bacon et al. [1,2] using
MD is used as initial defect configuration. Cascades
were produced by recoils from 10 to 25 keV in steps
of 5 keV at 600 K. Information about migration
and binding energies of different cluster types and
sizes have also been obtained using MD [6,7] and
used as input in the kMC [8]. In this model defects
are allowed to execute random diffusion jumps (in
one, two or three dimensions depending on the nat-
ure of the defect) with a probability proportional to
their diffusivity. During the simulation, various
kinetic processes (events) are allowed to take place:
dissociation of a particle from a cluster, diffusive
jump of a particle, recombination, association of
two defects of the same type, annihilation of a
defect at a sink, trapping or de-trapping of a defect
at an impurity and introduction of a new cascade.

In order to understand the behavior of the micro-
structure for Zr, the study initially focused on the
evolution of single cascades, and the diffusion and
stability of clusters for long times (h), as well as
the possibility of formation of clusters. The number
of defects escaping recombination was obtained
from these calculations, and therefore the number
of defects that would interact with the microstruc-
ture [9]. These cascade aging simulations followed
the same methodology than previous work for Fe
[4]. Our simulations showed that dissolution of
small vacancy clusters at 600 K is expected as well
as migration of single vacancies. 1D migration of
interstitials results in small recombination between
interstitials and vacancies. The number of vacancies
that move to the surface increases when PKA
energy decreases because of vacancy clusters are
small at low energy and dissolve. However, the
number of interstitials that diffuse to the surface is
constant with PKA energy.

Using 25 keV cascades, the evolution of the
microstructure during irradiation under fission envi-
ronment conditions has been studied. Periodic
boundary conditions were used in this case. The size
of the computational box was 100 · 100 · 100 nm3.
A database of 25 different cascades placed in random
locations in the simulation box was repeated in order
to simulate the damage accumulation until the total
dose was reached. One-dimensional (1D) migration
was considered for single interstitial atoms (SIAs)
and mobile interstitial clusters, while three-dimen-
sional (3D) motion was used for monovacancies.
Vacancy clusters and several interstitial clusters
(depending on the initial cascade configuration) are
assumed to be immobile. In order to improve the
simulation time a grain boundary approximation
has been introduced: grain size of 1 lm. That is, if
one defect moving in 1D makes 106 jumps without
finding another one it disappears in a sink.

3. Results

Fig. 1 shows the concentration of visible clusters
as a function of displacements per atom for vacan-
cies (triangles) and for self-interstitials (circles).
Those clusters that have more than 50 defects,
which correspond to loops of about 2 nm, are con-
sidered as visible under TEM. In this way, the
results of the simulations can be compared to exper-
imental measurements as done earlier in [5,10]. At
this temperature, 600 K, the concentration of visible
interstitial clusters is very low, approximately
1 · 1015 cm�3 for a dpa dose of 0.5, while the con-
centration of visible vacancy clusters is three orders
of magnitude higher. Therefore, under these condi-



Fig. 1. Visible concentration of vacancies and self-interstitials as a function of dpa damage for a temperature of 600 K. All self-interstitial
clusters are mobile. Clusters with more than 50 defects, equivalent to loops of 2 nm radius, are considered visible.
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tions mostly vacancy clusters would be observed
under the microscope. The reason for this difference
is mostly the one-dimensional migration of self-
interstitials. This results in very low recombination
between self-interstitials and vacancies, as well as
low recombination between self-interstitial clusters.
Moreover, many of these SIA-clusters migrate to
sinks and disappear, without encountering any
other defects in their path.
Fig. 2. Average cluster size of vacancies and self-interstitials as a functi
interstitial clusters mobile.
At a dpa damage of 0.1 the concentration of
defects seems to saturate. At this point there is
cascade overlap such that when a new cascade is
introduced, its defects and clusters can recombine
with defects in the bulk or can help already existing
clusters to grow, reaching equilibrium in the total
concentration.

Fig. 2 shows the average cluster size for vacancies
(triangles) and self-interstitials (squares) as a
on of dpa damage for 600 K irradiation temperature and all self-



296 C. Arevalo et al. / Journal of Nuclear Materials 362 (2007) 293–299
function of dpa. The average cluster size for intersti-
tials is independent of dose, due to their stability
and the lack of interaction between self-interstitials.
Single interstitials and mobile interstitial clusters
disappear at sinks without interacting with other
self-interstitials, therefore these clusters do not grow
during irradiation under these conditions. However,
an increase in the average cluster size for vacancies
with dpa is observed. This is due to the three-dimen-
sional migration of single vacancies that increases
the probability of recombination with other defects,
and also due to the dissolution of small vacancy
clusters at this temperature. When saturation is
reached the average vacancy cluster size presents
an increase because of overlap with previous
vacancy clusters.

Fig. 3 presents the cluster size distribution for
vacancies at a dpa of 0.01, before saturation, and
at 0.1 when saturation occurs. This plot shows that
the number of clusters of each size increases with
dose, but also vacancy clusters move towards larger
cluster sizes. The dissolution of small vacancy clus-
ters, single vacancy migration and low recombina-
tion with self-interstitials produces this effect.

In the case of interstitials, as it can be seen in
Fig. 4, the number of clusters for each size increases
with dpa but the cluster size distribution is almost
constant. The maximum cluster size at a dpa dose
of 0.01 is 40 while it is 50 at a dpa dose of 0.1.
Fig. 3. Vacancy cluster size distribution for two dpa damage values,
interstitial clusters mobile.
Due to the one-dimensional migration interstitials
do not interact with each other and as a conse-
quence, there is not a significant growth of intersti-
tial clusters. Moreover, many self-interstitials have
disappeared in sinks as already mentioned above.

According to the work by Griffiths [11] both
vacancy and interstitial loops are observed under
neutron irradiation. The relative concentrations
depend on temperature, at high temperatures
(>675 K) most of the loops are vacancy type while
at low temperatures (<575 K) most of them are inter-
stitial type. Between 573 K and 723 K approximately
equal numbers of both types of loops are observed
experimentally. Although it is not possible to make
a quantitative comparison with these experiments,
some conclusions can be extracted. On one hand
our calculations show the formation of these two
types of defects under irradiation. However, there
is a discrepancy regarding the ratio of vacancies to
self-interstitial loops formed. Clearly, the low recom-
bination between vacancies and self-interstitials in
the model results in high vacancy concentrations,
and the low recombination between self-interstitials
results in small self-interstitial clusters.

Three possible parameters could influence the
accumulation and growth of self-interstitial clusters:
(1) the mobility of these clusters, which could be
impeded by the presence of impurities (2) the inter-
action between them and (3) their one-dimensional
0.01 and 0.1 for irradiation temperature of 600 K and all self-



Fig. 4. Interstitial cluster size distribution for two dpa damage values, 0.01 and 0.1 for irradiation temperature of 600 K and all self-
interstitial clusters mobile.
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migration. Calculations have been performed to
evaluate the influence of each of these parameters
and to improve the agreement with the experimental
observations.

In order to check the influence of self-interstitial
cluster mobility, calculations were performed where
all self-interstitial clusters are immobile and only
single self-interstitials are mobile. Single self-
interstitials move one-dimensionally as in the case
above. Fig. 5(a) shows the visible vacancy cluster
concentration as a function of dpa damage for this
particular condition (circles), compared to the case
above (squares). Fig. 5(b) shows the concentration
of visible self-interstitials. There is a reduction in
the concentration of visible vacancies due to higher
recombination with the immobile self-interstitials,
however the difference is not significant. In this case
since only single self-interstitials are allowed to
move there is a large population of small self-inter-
stitial clusters. Larger self-interstitial clusters are
formed compared with the case above, while before
only clusters up to size 50 are formed at a dpa dose
of 0.1, clusters up to size 70 are observed now. How-
ever, the total concentration of these visible clusters
is not significantly different as shown in Fig. 5(b).

A second factor that could influence the size of
the self-interstitial clusters formed is the existence
of a bias for the interaction between them. Since
the displacement field around an interstitial cluster
could be larger that that around a vacancy cluster
it is sometimes assumed a stronger interaction
between self-interstitials and other defects. In the
model presented here this interaction is effectively
included through a difference in the capture radius
between defects. The capture radius is modified by
a factor Z, which corresponds to the interaction
bias. We have included a value of Z = 1.4 for inter-
stitials, while the value for vacancies remains Z = 1.
Fig. 5(a) shows the visible vacancy cluster concen-
tration obtained when this bias is introduced (trian-
gles). In this calculation all self-interstitial clusters
are considered to be mobile with a one-dimensional
migration as in the first case discussed. No changes
in the concentration of visible vacancy clusters are
observed in this case. The concentration of visible
self-interstitial clusters is slightly higher. For exam-
ple at a dpa of 0.1 the visible self-interstitial cluster
concentration is 4 · 1015 cm�3 when including the
higher bias for interstitials while it is below 1 ·
1015 cm�3 when no bias is included. The difference,
nevertheless, is still not significant.

Finally we have studied the influence of the one-
dimensional migration of interstitial clusters on
damage accumulation. Simulations were performed
considering all interstitial clusters mobile but fol-
lowing the normal three-dimensional diffusion.
Results of these calculations for visible clusters of
vacancies and self-interstitials are also included in



Fig. 5. Visible concentration of vacancies (a) and interstitials (b) as a function of dose for a temperature of 600 K. Clusters with more than
50 defects, equivalent to loops of 2 nm radius, are considered visible. Four different cases are presented: squares – clusters of interstitial
mobile, circles – clusters of interstitials immobile, triangles – increasing the interaction bias between interstitials and stars – three-
dimensional migration of SIAs.
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Figs. 5(a) and (b), respectively (isotropic diffusion).
Clearly the difference here of the visible vacancy
cluster concentration as compared with the cases
above is very significant, at a dose of 0.5 it has
been reduced by two orders of magnitude. The
concentration of visible interstitial clusters is also
higher, although the difference is not as large as
for vacancies. Notice that in this case the concen-
tration of vacancy and self-interstitial clusters
are similar for a dose of 0.5 in closer agreement
to the experimental results. The cluster size distri-
bution for both species is also similar, with
maximum cluster sizes of 70–80 defects at a dose
of 0.5. A high recombination between vacancies
and interstitial (�90%) dominates in this case. This
results in significantly lower sizes for vacancy clus-
ters as compared with the case of one-dimensional
diffusion.
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4. Conclusions

The influence of self-interstitial cluster migration
on damage accumulation in zirconium has been
studied. At 600 K the formation of both vacancy
and self-interstitial clusters is observed under fission
irradiation conditions. The relative concentration of
vacancies and self-interstitials depends significantly
on the type of diffusion assumed for self-interstitials.
When self-interstitial clusters move one-dimension-
ally the concentration of self-interstitial clusters is
very low compared to that of vacancies. At this tem-
perature small vacancy clusters dissociate and single
vacancies are mobile. These effects together with the
low recombination with self-interstitials and the iso-
tropic diffusion of vacancies, gives rise to vacancy
clusters of sizes clearly visible through TEM. Self-
interstitial clusters, however, are no able to grow
due to the one-dimensional migration and reach
with this model sizes much smaller than those
observed experimentally.

Considering all self-interstitial clusters as immo-
bile in the model or a higher interaction bias
between self-interstitials does not increase the size
of these clusters significantly and does not reduce
the total defect concentration. Only when self-inter-
stitials are considered to move three-dimensionally
there is a significant growth of self-interstitial clus-
ters, a higher recombination with vacancies and
therefore a lower total defect concentration. Under
these assumptions the concentration of self-intersti-
tials and vacancies is similar, in better agreement
with the experimental results. Therefore, it is possi-
ble that at this temperature, 600 K, the migration of
these defects is not purely 1D but some migration in
two dimensions within the basal plane, or outside
the plane could be expected. In fact molecular
dynamics simulations show that at this temperature
these migration modes are not negligible [12].
The kMC model is currently being extended to
include different diffusion probabilities along differ-
ent directions to take this effect into account more
accurately.
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