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Models of radiation damage accumulation often assume a constant rate of additional primary damage
formation during prolonged irradiation. However, molecular dynamics simulations have shown that the
presence of pre-existing radiation-induced defects modifies the numbers of additional defects formed
from individual cascades. In this work, we study the formation of defects in tungsten for a range of pri-
mary recoil energies, for cascades that fully overlap with pre-existing voids of different sizes. We extend
a recent model describing defect production in the presence of pre-existing damage to also account for
the recoil energy dependence, and parametrize the extension based on our simulation data. We also an-
alyze the morphology of the primary damage from cascades overlapping with voids, and show that the
in-cascade formation of (100) dislocation loops in such events is more dependent on the size of the
pre-existing void, than on the energy of the primary recoil.

© 2022 The Author(s). Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

In environments where materials are subjected to large radia-
tion doses, critical components should have favourable properties
in regard to resisting radiation damage. Tungsten (W) has been
identified as a promising candidate for plasma facing components
in future fusion reactors, in particular as a divertor material [1-4].
Understanding the accumulation of radiation damage in tungsten
is thus of great interest in order to understand the changes to the
mechanical properties that the material in these components will
undergo during their operational lifetimes.

Significant effort has been invested into the modelling of tung-
sten in fusion reactor conditions [5]. The formation of primary ra-
diation damage in pristine tungsten crystal has been studied ex-
tensively using molecular dynamics (MD) simulation methods [6].
However, in applications where materials are subjected to high
doses of radiation, overlap between collision cascades and pre-
viously accumulated damage becomes probable. The effects of
cascade-defect overlap changes the damage formation characteris-
tics of the cascade.

Experimentally, it has been shown that the defect density
in iron increases non-linearly with radiation dose [7]. This was
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later demonstrated using computer simulations of cascade overlap,
where the number of new defects was reduced as a consequence
of overlap [8]. Since then, simulations of cascade overlap have been
carried out in a number of materials, including Ni and Ni-based
alloys [9], Fe and Fe-based alloys [10-12], equiatomic multicom-
ponent alloys [13,14], Zr [15-17] and recently also in InyGaj_yN
[18].

Cascades are highly stochastic events, with a wide variety of
outcomes, and one challenge with obtaining sufficient statistics to
draw quantitative conclusions from simulations of cascades over-
lapping with previous cascades is that both the initial and subse-
quent cascade damage will vary strongly. With the significant in-
crease in computer power seen in the last decade, more and more
studies have been carried out with up to a thousand or more over-
lapping cascades [10,13,14,19,20]. Although such work has given in-
sights into damage accumulation at higher radiation dose, the lim-
ited time scale that can be reached by molecular dynamics simu-
lations restricts the consideration of diffusion processes occurring
between cascades. Thus, the results of such studies essentially per-
tain to an a-thermal limit.

This issue can be addressed by approaching the question from
a different perspective, by considering ideal defects as the under-
lying damage, rather than the defects produced directly in prior
cascade simulations. Such studies assume the relaxed, thermally
evolved defect as the initial state of the system. The effects of
cascades have been studied in the presence of pre-existing point
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defects in several materials [21], and overlapping with dislocation
loops in Fe and FeCr [22] and in W [23].

Another restriction on the study of multiple overlapping cas-
cades is in regards to the cascade energy that has been consid-
ered. Higher energy cascades require larger simulation cells, but
also significantly smaller integration time steps during the initial
energetic cascade development, resulting in a much more than
O(n) increase in the total computational cost of each cascade sim-
ulation, and prohibitively increasing the cost of series of multiple
such simulations. In tungsten, however, energetic recoils produce
qualitatively different damage than that produced by less energetic
recoils [24,25], and energetic recoils occur with considerable fre-
quency under a fusion neutron spectrum [26]. Recent investiga-
tions of energetic cascades overlapping with pre-existing damage
in tungsten have shown that overlap with prior cascade damage
causes pronounced changes to the morphology of the defects pro-
duced [27].

A characteristic property of accumulating damage in overlap-
ping cascade simulations with MD is that large vacancy clusters
and voids do not form, due to the lack of time for diffusion pro-
cesses to be active during the simulations. However, nanometer-
sized voids form readily under neutron irradiation [28]. Cascades
have the effect of recombining defects in the material volume en-
compassed by the cascade [21,27], hence there is a competition be-
tween cascade-induced recombination and void formation, which
cannot be modelled directly with simulations of cascades overlap-
ping prior cascade damage. Previously, we have simulated cascade
overlap in tungsten with pre-existing vacancy type defects [29],
and found morphology changes such as 1/2(111) dislocation loops
changing to (100) as a result of the overlapping cascade. Addition-
ally, (100) vacancy-type dislocation loops were found to form in
cases of partial overlap with voids.

In [23], a model was introduced that describes the number of
new defects produced by 10 keV cascades in Fe and W, as a func-
tion of the degree of overlap between the cascade and interstitial
defects. The model also applies well to the case of vacancy type
defects in W, including both voids and dislocation loops [29]. Here,
we extend this previous work, and investigate the impact of the
initial cascade energy on the formation of new defects from cas-
cades overlapping with pre-existing voids in W, for cascade ener-
gies up to 100 keV. The original model is extended to include the
primary knock-on atom (PKA) energy as a parameter, and fitted to
an extensive data set generated from cascade simulations at dif-
ferent energies, overlapping with voids of different sizes. The arti-
cle is structured as follows: In Section 2, we describe the original
model, and Section 3 gives the details of the simulation methods
and the analysis techniques used in the current work. In Section 4,
our simulation results are presented and the model extension is
described and parametrized. Finally, in Section 5 we discuss the
implications of our results, and the range of validity of the model.
Section 6 concludes the work.

2. Model for overlapping cascade damage

In previous work [23,29], an analytical model was introduced to
describe the number of new defects produced as a function of the
degree of overlap between the cascade and a pre-existing defect.
The model was created to capture the overlapping behaviour ob-
served from MD simulations. A number of conditions can be iden-
tified that the model should uphold. Firstly, when the cascade and
defect are not overlapping, the number of new defects should cor-
respond to the value produced from a cascade in pristine mate-
rial. Secondly, based on simulation results, the increased size of
the pre-existing defect should decrease the number of new de-
fects produced. Finally, the model should be able to capture the
behaviour observed at full overlap. These considerations led to the
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Fig. 1. Number of new Frenkel pairs created in 10 keV cascade simulations on pre-
existing voids, as a function of the separation r between the cascade midpoint and
the defect centre. Data taken from Ref. [29]. (Nyac: number of vacancies in the initial
defect). The data is binned based on the separation distance r. Eeach point repre-
sents average values of each bin and the uncertainty is given as the standard error.

following model [23]:
Npew, ' < T'defect

_ 1
Ng — (Ng — Nnew) €xp [ - (rrgit)z]’ T 2 Tdefect: (1)

Ttasc

N =

where, r is the distance between the center of the defect and
the center of the collision cascade, reasc is the cascade radius, and
Tqefect 1S the radius of the initial defect. Ny is the average number
of defects formed from a cascade in a perfect material (this is po-
tential dependent and determined from simulations), while Npew is
defined as the number of new point defects during cascade over-
lap with the pre-existing vacancy-type defect. From Fellman et al.
[29], Npew depends on the size of the pre-existing defect according
to Eq. (2).

NO’ Nvac =0
Nnew = {NO —alnNye, Ny >0 (2)
Here, Ny is again the number of new defects in pristine material
and Ny,c describes the size of the pre-existing defect in terms of
the number of vacancies it contains. In previous work [29], the pa-
rameter a was fitted to data obtained from 10 keV cascade simula-
tions. The aim of the current study is to describe the dependence
of this parameter on the PKA energy.

Fig. 1 shows an example case of Eq. (1) fitted to simulation data
from Fellman et al. [29], with different sizes of voids as the pre-
existing defects, and a cascade energy of 10 keV. The numbers of
new defects were determined in Fellman et al. [29] as a function of
the distance between the cascade center and the pre-existing void.
As seen in the figure, the behaviour at partial overlap is very sim-
ilar to that of full overlap, with the number of new defects at full
overlap giving an upper bound to the numbers of defects formed
also at partial overlap. For larger voids in particular, in the region
with partial overlap at a separation distance between 20 and 30 A,
there is a minimum in the defect numbers, which Eq. (1) does not
capture. A similar decrease was not seen for cascade overlap with
vacancy-type dislocation loops [29]. The model thus provides an
upper bound on the additional defect count for cascades overlap-
ping with voids. In the current study, we focus on the region of
full and partial overlap between the cascade and the pre-existing
void, and rely on the original model to describe the transition to
the non-interacting regime, since obtaining statistics for high en-
ergy cascades over the whole range of separation distances would
be computationally infeasible.
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Table 1

The pre-existing void sizes used in this study, in terms
of numbers of vacancies Ny,. and the corresponding
void radius ryeig.

Nuac Tvoid (A)
(27, 59, 259, 893, 2085) (5, 6, 10, 15, 20)

3. Methods and analysis

Voids of different sizes were created by defining a radius from
the middle of the simulation cell, and removing the atoms inside
this region. Table 1 lists the void sizes in both numbers of vacan-
cies and in terms of the corresponding radius of the void. Sys-
tems containing clusters with 10 or fewer vacancies were also cre-
ated, by removing individual atoms from a roughly spherical re-
gion. These smaller vacancy clusters, since they are not perfectly
spherical due to the discreteness of the lattice, were not defined
by a radius, but rather by the number of atoms that were removed.
Hence, in what follows, we do not report the radius of such de-
fects.

The cells were then equilibrated at 300 K and 0 kbar, with
the temperature and pressure scaled using a Berendsen thermo-
stat and barostat [30]. The simulation cell size was chosen so that
the whole cascade region could be contained within the cell. We
used periodic boundary conditions in the cascade simulations, and
if an atom crossed the border with over 10 eV kinetic energy, the
simulation was aborted and a new simulation was performed. This
way the self-interaction of the cascade over the borders was lim-
ited. During the simulation, a Berendsen thermostat set to 300 K
was applied to the border atoms. The total simulation times were
chosen such that the average temperature of the system decreased
to within a few Kelvin of the initial temperature, at which point
the collision cascade had fully recrystallized. All simulations were
performed using the PARCAS molecular dynamics code [31].

The PKA atom was chosen by generating random directions
evenly distributed over a sphere. An atom was then selected clos-
est to the point at 15 A from the center of the simulation cell
in the chosen direction. This atom was then given a kinetic en-
ergy corresponding to the desired cascade energy, in the direction
towards the center of the cell, which was also the center of the
pre-existing void. Although higher energy PKAs will travel further,
the likelihood for the cascade to develop at an angle to the initial
PKA direction also increases with increasing PKA energy. Because
of this, we chose to use the same displacement of 15 A from the
center for all PKA energies, so that all cascades overlapped either
fully or partially with the void. For the largest voids, the cascade is
thus initiated at the edge of the void, by a PKA initially traversing
the void. In the analysis, we consider all simulated cascades.

We used the Finnis-Sinclair potential by Ackland et al
[32] (hereafter referred to as AT-ZN), which has been widely used

Table 2
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for radiation damage simulations [24,33,34], including previous
studies that we compare to in this work [23,29]. The potential
was hardened for short range interactions by Zhong et al. [33],
by smoothly joining to the Ziegler-Biersack-Littmark universal in-
teratomic potential [35]. Properties such as the melting point and
threshold displacement energy are accurately predicted by this po-
tential, which also predicts the formation of central vacancy clus-
ters from ion impacts in good agreement with field ion microscopy
experiments [33]. Furthermore, the AT-ZN potential correctly pre-
dicts the formation energy of 1/2(111) type loops as lower than
the formation energy of (100) loops, for all loop sizes [23]. Hence,
we conclude that the cascade annealing and recrystallization pro-
cess is well described by this potential. We have also shown in a
previous study [29], that the number of additional defects formed
from 10 keV cascades overlapping with voids is similar for three
different potentials, including the AT-ZN potential, when consid-
ered relative to the number of defects formed in the pristine crys-
tal with the respective potentials. Here, in order to obtain sufficient
statistics to draw quantitative conclusions from higher energy cas-
cade simulations with different initial void sizes, we employ only
one potential.

In Table 2, we list the numbers of simulations performed for
each void size and PKA energy. Not all pre-existing void sizes were
simulated for the higher energy cascades, due to the high compu-
tational cost of such simulations.

The resulting damage was analysed using a number of different
approaches. The number of new defects was determined using the
Wigner-Seitz (WS) method as implemented in OVITO [36], while
dislocations were identified using OVITO’s DXA analysis [37]. The
average radius of cascades in the pristine material was calculated
as follows: During the simulations, local energetic regions were
identified on-the-fly, by periodically outputting atoms for which
the atom and its neighbors had an average kinetic energy higher
than a given threshold, which in this case was set to the melting
point as predicted by the interatomic potential. The cascade center
was defined to be the center of mass of this “liquid” region at its
largest, weighted by the kinetic energy of the atoms. The volume
of the cascade region was calculated by computing a surface mesh
for the disordered atoms using OVITO. The cascade radius was then
calculated under the assumption of a spherical cascade region.

4. Results
4.1. Defect numbers

Fig. 2 shows the number of new Frenkel pairs formed as a func-
tion of the size of the pre-existing void, plotted on a logarithmic
scale. Lines are given by Eq. (2), fitted to the data points. The slope
of these lines is given by the parameter a, and displays a clear
energy dependence, with higher energies having a steeper slope.
Table 3 gives the average number of Frenkel pairs produced in pris-

The pre-existing void sizes used in this study, in terms of numbers of vacancies Ny, and the num-

ber of runs for each different cascade energy.

Nyac 1 keV 5 keV 10 keV 20 keV 30 keV 50 keV 70 keV 100 keV
0 200 200 200 200 100 100 100 100
2 200 200 200 200 100

4 200 200 200 200 100

8 200 200 200 100

10 200 200 200 100 100

27 200 200 200 200 100 200 200

59 200 200 200 200 100 200 100 100
259 200 200 200 200 100 100 100 100
893 200 200 200 200 100 100 100 100
2085 200 200 200 100 100 100 100
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Fig. 2. Number of new Frenkel pairs (Npew) from cascades overlapping with the
pre-existing void, as a function of the size of the void expressed in terms of the
number of vacancies it contained (Ny,c). Lines are given by Eq. (2) fitted to the data
points. The uncertainty of the data points is given by the standard error.

Table 3

Average number of Frenkel pairs in pristine material for each
cascade energy, with the uncertainty given by the standard er-
ror.

Epka 1 keV 5 keV 10 keV 20 keV
30 keV 50 keV 70 keV 100 keV
No 1.64 +0.06 52+0.12 8.4+0.19 13.6+0.3
189+0.5 289+0.7 422+1.2 61.8+1.8
—— a=bVEma
2.0{ —¢4— Fitted a
=
515
=i
)
g
£1.0
o
=
)
0.5
0.0
0 20 40 60 80 100
Epka (keV)

Fig. 3. Fitting parameter a as a function of cascade energy.The uncertainty is given
as the standard deviation.

tine systems (Np) for each Epga respectively. These values were also
used in the fitting of Eq. (2), although they have been excluded
from the plot in Fig. 2 due to the logarithmic scale.

In Fig. 3, we plot the parameter a from Eq. (2), as a function of
the cascade energy. The energy dependence of a is well described
by a square root function:

a = by/Epga (3)

The parameter b was determined by fitting Eq. (3) to the obtained
values for a, and was found to be b = 0.1970 + 0.0079. The uncer-
tainty of this parameter is the standard deviation coming from the
fitting of Eq. (2).
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(d) ~ 50 ps

Fig. 4. Example cascade with PKA energy of 20 keV and an initial void containing
27 vacancies. Blue spheres represent vacancies and red spheres represent intersti-
tials as identified by WS-analysis.

(c) ~ 4 ps

4.2. Defect morphology

Generally, we find that the pre-existing void has a significant
impact on the likelihood of dislocation line formation, as well as
on the types of dislocations that are formed as a direct result of
the cascade. If fully enveloped by the cascade, the pre-existing void
is essentially destroyed, and the recrystallization of the heat spike
determines the surviving defect structure. Fig. 4 shows an example
case where the pre-existing defect is fully enveloped by a cascade.
The situation is similar also when the pre-existing defect is situ-
ated nearer to the border but still within the cascade region. In
either case, the pre-existing defect cannot be identified after the
cascade. In contrast, Fig. 5 shows a case of a cascade that only par-
tially overlaps with a larger void. In this case the vacancies encom-
passed within the cascade region collapse to form a (100) dislo-
cation loop, while the rest of the void remains intact. For the high
energy PKAs and larger pre-existing voids, this kind of behaviour
was observed frequently.

We observed the formation of vacancy-type dislocation loops
of different sizes, and with both (100) and 1/2(111) Burgers vec-
tors. Vacancies drawn from the pre-existing void played a key role
in the formation of vacancy-type loops, as in the example illus-
trated in Fig. 5. On the other hand, the interstitial-type loops found
in this study were mainly small, and of 1/2(111) type. Occasion-
ally, dislocation lines terminating in the void were also observed.

We classify the final damage configurations into four categories:
categories (a) and (b) include well formed dislocation loops with
Burgers vector (100) and 1/2(11 1), respectively; category (c) con-
tains dislocation lines that either do not close to form a loop (i.e.
they terminate in the void structure), or form branching disloca-
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(d) ~ 100 ps

Fig. 5. Example cascade with PKA energy of 100 keV and an initial void containing
2085 vacancies. Blue spheres represent vacancies and red spheres represent inter-
stitials as identified by WS-analysis. Magenta line represents a (100) dislocation
loop as identified by the DXA-analysis.

(c) ~4 ps
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tions, which we collectively label as open; and finally category (d)
includes damage with no identifiable dislocations, labelled none.
The debris from a given cascade may belong to multiple categories
simultaneously.

In Fig. 6, we plot the fractions of cascades that produce defects
belonging to these different categories. It is clear that the prob-
ability of finding any dislocation structure grows with increasing
cascade energy (as the fraction of “none” decreases, see panel (d)
in Fig. 6). Conversely, we find that the production of (100) dislo-
cations (a) and “open” dislocation structures (c) shows a stronger
dependence on the size of the initial void than on the PKA en-
ergy, and are observed for pre-existing void sizes above Nyc = 27
vacancies. 1/2(111) dislocation formation, on the other hand, is
more dependent on the cascade energy than on the size of the
pre-existing void.

5. Discussion

In the case of small pre-existing vacancy clusters, the overlap-
ping cascade fully envelops the defect. Hence, in this range, the
larger the defect is, the more it affects the cascade evolution. This
is seen clearly for the 100 keV PKAs as the void size increases.
For the lower PKA energies and larger voids studied here, how-
ever, the cascade radius is smaller than or comparable to the ra-
dius of the void. In these cases, the cascade cannot fully envelop
the void, hence increasing the void size mainly adds to the void
outside the cascade region. For the largest voids and smallest cas-
cades, the void radius is up to four times larger than the cascade
radius, thus the void appears much like a surface from the point
of view of the cascade evolution, and the size of the void becomes
somewhat irrelevant. This explains why the effect of increasing
void size in the range studied here is negligible for 1 keV cas-
cades, and grows as the PKA energy increases. Table 4 lists the ra-
tios between the different cascade radii and pre-existing void radii
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--v- keV = 30
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-+~ keV =100

100 100
80 80
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Fig. 6. Percentage of dislocation structures identified by DXA analysis, as a function of the size of the pre-existing void in terms of the vacancy content Ny;c.
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Table 4

The ratios (Tcasc/Tvoia) between the cascade and void radii, for the larger void
sizes studied here. The second column gives the average cascade radius reasc
calculated from cascade simulations in pristine crystal, with the corresponding
PKA energies listed in the first column. The void radii r.,y are given above the
last 5 columns.

Tvoid (A)

Epxa (keV)  Teasc (A) 5 6 10 15 20

1 4.99 0.9996  0.833 0.4998 03332  0.2499
5 15.5 3.1012  2.5843  1.5506 1.0337  0.7753
10 19.66 3.932 32767  1.966 13107 0.983
20 25.91 5.1828  4.319 25914 17276 1.2957
30 29.67 59341 49451  2.967 1.978 1.4835
50 35.31 7.0615 58845 3.5307 23538  1.7654
70 39.28 7.8552  6.546 39276 26184  1.9638
100 44.22 8.844 7.37 4.422 2.948 2211

for the range of void sizes that become comparable to the cascade
size. For the 100 keV cascades, all voids are smaller than the cas-
cade radius. One can expect that, if the void size further increases,
the impact on the new defect numbers eventually saturates. This
regime would be beyond the range of validity of the model pre-
sented here.

The data for lower PKA energies follow closely the square root
function in Eq. (3) used to describe the energy dependence of the
parameter a. In the higher energy region, for PKA energies above
10 keV, a linear model would fit the data more closely. However,
this would give incorrect results for the lower energy recoils. The
low energy limit of the recoil energy spectrum is important for
e.g. neutron and light ion irradiation, where low energy recoils
are frequent. In addition, for higher PKA energies, beyond the data
obtained in this study, the value of a can be expected to satu-
rate, as sub-cascade splitting [38] causes the cascade to split into
pockets of disconnected lower energy cascade regions, only one of
which may overlap with the void. Hence, a linear model would se-
riously over-predict the value of a in the high energy limit. With
these considerations, we conclude that the square root function
captures adequately both the high energy and low energy limits.
For very high energy PKAs, the void density would become impor-
tant, through the probability of the separate cascade pockets over-
lapping with several voids. The spatial extent and distribution of
cascade pockets can be modelled e.g. using BCA methods Backer
et al. [38], but this is beyond the scope of the current work.

6. Conclusions

In this work, a large number of cascade simulations were per-
formed with different PKA energies, overlapping with pre-existing
voids of different sizes. The production of additional Frenkel pairs
due to the overlapping cascades shows a logarithmic dependence
on the pre-existing void size for all PKA energies studied here. We
find that the energy dependence of the logarithmic functions can
be well described using a square root function. The model pre-
sented and parametrized here can be used to adjust KMC and rate
theory simulations of radiation damage accumulation.

Furthermore, we find that both the cascade energy and the size
of the pre-existing void impacts the frequency and morphology of
dislocations produced by the overlapping cascades. Differences be-
tween dislocation loops with different Burgers vectors were ob-
served, with (100) dislocations showing a stronger dependence
on the size of the pre-existing void, while the frequency of for-
mation of 1/2(111) loops depended mainly on the PKA energy.
Larger pre-existing voids were found to induce the formation of
(100) dislocation loops even for relatively low PKA energies.

Journal of Nuclear Materials 572 (2022) 154020

For explicit morphology of the damage, the final configura-
tions from this work are available in the IAEA CascadesDB database
(https://cascadesdb.iaea.org/).

Data availability

Recoil energy dependence of primary radiation damage in tung-
sten from cascade overlap with voids (Mendeley Data).
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