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Abstract. In order to understand the e�ect of irradiation on the material properties, we need to look
into the atomistic evolution of the system during the recoil event. The nanoscale features formed due
to irradiation will ultimately a�ect the macroscopic properties of the material. The defect production in
pristine materials have been subject to investigation previously, but as the dose increases, overlap will start
to happen. This e�ect of cascades overlapping with pre-existing debris has only recently been touched, and
mainly been investigated for interstitial-type defects. We focus on vacancy-type defect clusters in BCC Fe
and start a recoil event in their near vicinity. The �nal defect number as well as the transformation of
the defect clusters are investigated, and their behaviour is related to the distance between the defect and
the cascade centre. We found that for vacancy-type defects, the suppression of defect production is not
as strong as previously observed for interstitial-type defects. The cascade-induced transformation, such as
change in Burgers vector or creation of dislocations, was determined for all initial defect structures.

1 Introduction

In modern society, iron and iron alloys are the most widely
used metals in structural applications. These materials are
also used in nuclear power plants, where the harsh environ-
ment will over time degrade the properties of the material.
The macroscopic property changes are usually based on
the change and evolution of defects, starting at the atom-
istic scale. These changes can be small defect clusters
forming and hindering the movement of dislocations,
which make the material harder but also more brittle,
or the defect structure can change from an immobile to a
mobile state or vice versa. Consequently, a large number of
experimental and computational studies have been carried
out to study the defects introduced by irradiation [1,2].
Experimental measurements can reveal what kinds of
defects are formed after exposure to irradiation [3,4]. On
the other hand, most experimental techniques are limited
to larger defect clusters and structures, as the resolution is
usually limited to a few nanometers. In addition, the exact
structure of the defects can be di�cult to determine in the
setups. To remedy this, atomistic simulations on the pri-
mary damage formation in iron have been carried out in
the last few decades, see for instance [1,2], and references
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therein. As the name indicates, these simulations will fol-
low the trajectories of individual atoms, and therefore the
detailed structure of the produced defects can be studied.

Experimental studies have shown that as the dose and
defect concentration increases during continuous irradi-
ation, at some point the damage seems to saturate [5].
The explanation to the saturation is that the cascade
will heal some of the previous damage, and therefore
not as many new defects are produced. The irradiation
can also, on the other hand, reorient or restructure the
defect clusters. Prolonged irradiation of iron results in sev-
eral types of defect clusters, including dislocation loops,
both interstitial- and vacancy-type, as well as voids and
interstitial-rich C15 Laves-phase clusters [3,4,6{8], the last
one theoretically shown to be stable. All of these fea-
tures will a�ect the dislocation movement in their own
manner [9{15], and hence a�ect the material properties.
The experimentally observed defect saturation has also
been reproduced by computational means previously for
metals [16{18]. In addition, several studies have focused
on the e�ect of cascades hitting previous debris. Some
studies were conducted on the overlap of two or three
cascades [19,20], and some studies started from perfect
defect clusters, and investigated the e�ect of a cascade
overlapping with them [21,22]. The latter ones focused on
interstitial-type defect clusters only. For interstitial-type
defects, the defect production was previously shown to fol-
low a simple analytical function as a function of the degree
of cascade overlap [21].

In this study, we investigate three di�erent types of
vacancy-rich defect clusters and their response to a recoil
in their vicinity. Both the produced defects as well as the
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transformation of the initial defect clusters are investi-
gated. Several di�erent primary knock-on atom (PKA)
energies, temperatures and defect sizes are studied to get a
broader picture. These newly obtained results, in addition
to previous ones on interstitial-type defects, can be used
in larger-scale simulations to introduce more realistically
the e�ects of cascade overlap.

2 Methods

The simulations were carried out with the classical MD
code PARCAS [23,24], with an adaptive timestep [25]. To
describe the interaction between the atoms, we used two
di�erent interatomic potentials, the Ackland et al. poten-
tial (A04) [26] and the Byggm�astar et al. modi�cation of
the Marinica et al. potential (M07B) [18], based on the
potential in [8,27]. These same potentials were used pre-
viously for the interstitial-type defect study [21], which
enables using a combination of the results in future stud-
ies. Electronic stopping was applied on all atoms with a
kinetic energy over 1 eV [28], and was implemented as
a friction force on the atoms. The simulation cell was
roughly 16� 16� 16 nm3 in the [1 0 0]-, [0 1 0]- and [0 0 1]-
directions, for the void and h1 0 0i loop case, and in the
[1 1 0]-, [1 1 2]- and [1 1 1]-directions, for the 1/2h1 1 1i loop
case. The box contained about 330 000 atoms. The recoils
were initiated at di�erent distances from the defect, and
the direction was always towards the centre of the defect
cluster. The di�erent distances varied between 2 nm and
6 nm, to get both full overlap as well as partial and zero
overlap. The total simulation time was 30 ps, long enough
for the system to cool down to its initial temperature,
as a few layers of atoms at the borders were thermally
controlled by a Berendsen thermostat [29].

Both 0 K and room temperature (300 K) were investi-
gated for both interatomic potentials. Two PKA energies
were studied, 5 keV and 10 keV, to reveal any dependence
on recoil energy. The di�erent defect structures investi-
gated were spherical voids, and vacancy-type 1/2h1 1 1i
and h1 0 0i loops. The loops were of three sizes, roughly
30, 60 and 110 vacancies, corresponding to roughly 1.2 nm,
1.8 nm and 2.5 nm in diameter (ddef). The spherical voids
were simulated in a total of 5 sizes (roughly 30, 60,
110, 260 and 610 vacancies), corresponding to the same
diameters as the loops as well as to the same number
of vacancies (diameters 0.7 nm and 0.9 nm). In addition,
single vacancies were also studied. For each energy, inter-
atomic potential, temperature, defect type, and defect
size, a total of 500 recoils were initiated (100 recoils per
distance). The results on defect production and cascade
volume in pristine materials for the considered tem-
peratures, energies, and interatomic potentials were the
average of 50 or 100 recoil events. Some of these are avail-
able in the literature (average of 50 recoil events) [21],
and the missing ones were simulated in a similar manner
as previous investigations (average of 100 recoil events).

To estimate the amount of overlap, we determined the
centre of the cascade at peak damage. The centre was
determined as the geometrical centre of the liquid atoms
weighted by their kinetic energy. An atom is considered

liquid if its kinetic energy and the kinetic energies of its
neighbours are above the average kinetic energy at the
melting point, in the respective interatomic potential. We
calculated the separation distance as the distance between
the cascade centre and the centre of the defect cluster.
The volume of the cascade (volume of the liquid atoms)
was calculated at peak damage, and by assuming a spher-
ical volume (which is a good approximation at low PKA
energies), a cascade radius (rc) was determined. To anal-
yse the defect number and structure after the cascade,
OVITO [30] was used. The Wigner-Seitz analysis imple-
mented in OVITO was used to identify the number of
interstitials and vacancies. The number of new defects
was analysed as a function of the separation distance, and
grouped into bins of 5 �A. In each bin, the mean and its
standard error was calculated.

To obtain the dislocation structure, the DXA [31]
analysis was utilised. Previously, planar voids or open dis-
location loops have been investigated in reference [32],
and seen to have a similar energy as the vacancy-type
dislocation-loops at certain sizes. Therein, planar voids
are referred to as \open loops" and dislocation loops as
\closed loops". In this article, \loop" refers to a (closed)
dislocation loop and \planar void" is used to refer to a
loop that has \opened up" in the direction normal to the
loop plane. To relate the produced dislocation structures
to their stability, formation energies at 0 K for both types
of loops, both types of planar voids, and spherical voids
were calculated. The formation energies were calculated
following a conjugate gradient minimisation at zero pres-
sure using LAMMPS [33]. Scaling laws corresponding to
each cluster con�guration, as discussed in reference [32],
were �tted to the obtained formation energies. The for-
mation energy of dislocation loops scales with the number
of vacancies, N , as

Ef = a1
p

N ln(N) + a2
p

N + a3; (1)

where the coe�cients ai are used as �tting parameters.
For planar voids, the formation energy scales as

Ef = a1N + a2; (2)

and for voids as

Ef = a1N2=3: (3)

3 Results and discussion

3.1 Defect production

The defect production given as the number of Frenkel
pairs (NFPs) by 5 keV and 10 keV recoils in pristine mate-
rial can be found in Table 1, for both temperatures and
both interatomic potentials. The cascade volume radius
(rc) for the same parameters is also found in the same
table. For both potentials we can observe that more
defects are produced in 10 keV cascades than in 5 keV
cascades, and that more defects are formed in the M07B
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Fig. 1. Defect production for 5 keV cascades in the vicinity of the di�erent 1.8 nm vacancy-type defects at 0 K in the M07B
potential. The individual small black dots are the raw data and the larger red dots are their mean in the certain intervals.

Fig. 2. Defect production for 10 keV cascades in the vicinity of the di�erent 2.5 nm vacancy-type defects at 300 K in the A04
potential. The individual small black dots are the raw data and the larger red dots are their mean in the certain intervals.

Table 1. Number of Frenkel pairs (NFPs) and cascade
radius (rc) in pristine material for the investigated inter-
atomic potentials (Pot.), temperatures (T ) and recoil
energies (E).

Pot. E (keV) T (K) NFPs rc (�A)
A04 5 0 13:1 � 0:5 [21] 16:3 [21]

300 10:8 � 0:4 [21] 17:6 [21]
10 0 22:6 � 0:5 20:4

300 17:8 � 0:4 21:4
M07B 5 0 16:2 � 0:5 [21] 14:6 [21]

300 12:8 � 0:5 [21] 15:7 [21]
10 0 27:0 � 0:5 17:8

300 22:6 � 0:5 19:0

potential than in the A04 potential. At the higher tem-
perature, fewer defects are produced than at 0 K. The
cascade radius, on the other hand, is larger in the A04
potential than in the M07B potential (due to di�erences
in the predicted melting points), and larger at the higher
temperature. These parameter and interatomic poten-
tial speci�c di�erences have earlier been discussed in for
instance [1,18,34,35].

As it can be assumed, we observed that if the separa-
tion distance is large, i.e. the cascade centre is far from
the defect cluster, the defect production is not a�ected
by the pre-existing defect. This can be seen in Figure 1,

for 5 keV recoils and the size 1.8 nm at 0 K in the M07B
potential, and in Figure 2, for 10 keV recoils and the size
2.5 nm at 300 K in the A04 potential. The same trend can
also be seen for the other sizes at both temperatures in
both potentials. The defect production in this region is
on average the same as in pristine material, as also seen
for the interstitial-type defects previously [21]. At smaller
separation distances, where overlap happens, there is an
e�ect on the defect production. For the single vacancy,
no statistically signi�cant di�erence was seen for neither
of the potentials nor at any temperature or PKA energy.
For the larger defect structures, we observe a decrease in
defect production at serious overlap for all investigated
parameters in both potentials, as seen in Figure 3.

Studying the general trend of the e�ect of separa-
tion distance on the defect production in all investigated
setups, the reduction is not as visible as for interstitial-
type defects [21]. This smaller e�ect makes it more di�cult
to draw any quantitative conclusions. For almost all
parameters we observe at full and almost full overlap
a quite stable defect production, described in the next
paragraph. At larger separation distances, we start to see
an increase in defect production, until no overlap e�ect
is seen. Generally, a larger defect size or a higher PKA
energy (leading to a greater cascade volume) will shift the
limit of no overlap, where the number of new defects is the
same as in the pristine material, towards higher separa-
tion distances. The separation distance after which there
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