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e annealing in BCC tungsten:
effects of size and spatial distributions of defects
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and Yonggang Li *ab

To investigate effects of size and spatial distributions of defects from primary damage to annealing of an

individual cascade, molecular dynamics (MD) and object kinetic Monte Carlo (OKMC) are applied for

simulating cascade generation and annealing. MD cascade simulations of tungsten are carried out with

two typical embedded atom method potentials for cascade energies in the range from 0.1 to 100 keV at

300 K. The simulation results show that even though the number of survival defects varies slightly, these

two potentials produce very different interstitial cluster (IC) size distribution and defect spatial

distribution with cascade energies larger than 30 keV. Furthermore, OKMC is used to model individual

cascade annealing. It demonstrates that larger-sized ICs and closely distributed SIAs in the cascade

region will induce a much higher recombination fraction for individual cascade annealing. Therefore,

special attention should be paid to the size and spatial distributions of defects for primary damage in the

multi-scale simulation framework.
1. Introduction

The irradiation of metals under MeV neutrons produces a large
population of vacancies and self-interstitial atoms (SIAs)1 that
can form clusters, such as dislocation loops2,3 and voids. These
clusters could further lead to hardening, swelling or embrit-
tlement in materials.4 This is critical for materials designed for
an environment where the bombardment of high-energy parti-
cles is frequent and unavoidable, such as tungsten (W) plasma-
facing components under fusion relevant conditions. Under-
standing the defect production and its relation to material
failure is critical for constructing a safe and long-operating
reactor.

Many experiments were carried out on W microstructure
changes induced by neutron irradiation.4–6 The transmission
electron microscope (TEM) was commonly used to observe
interstitial dislocation loops, voids or tungsten–rhenium (Re)
precipitates in neutron-irradiated W materials.4–6 Complemen-
tary with experimental investigations, a multi-scale modeling
approach has been proposed to study the radiation damage
evolution of materials. For instance, primary damage can be
simulated via the molecular dynamics (MD) method or binary-
collision approximation. Coarse-grained methods, such as the
kinetic Monte Carlo (KMC) or mean-eld rate theory7 can be
used to model the subsequent evolution of primary damage.
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Due to the characteristic time scale of ps and the space scale
of nm, MD has been commonly used to investigate the collision
cascades of metals like W.8–12 Several discoveries were made
including a transition energy that separates different regimes of
energy associated with different defect survival mechanisms, as
well as asymmetric defect clustering behavior, i.e., strong
differences in SIA versus vacancy clustering.8 Nandipati et al.
modeled individual cascade annealing process using the object
kinetic Monte Carlo (OKMC) method13,14 and investigated the
effects of annealing temperature on annealing efficiency. In the
scope of such multi-scaling, two challenging issues exist on the
radiation damage effects of W induced by neutron irradiation.
First, the reliability of MD simulation greatly depends on the
accuracy of the interatomic potential.15 Due to the absence of
reference cases or experimental observations, no “denitely
reliable” potential has emerged yet even though many inter-
atomic potentials are available for W until now.16 Therefore,
how much the primary damage is affected by interatomic
potentials should be considered. Second, it is also needed to
consider the sensitivity of long-term evolution of damage to the
specic features of the primary damage distribution from MD
simulations. Björkas et al. reported that the accumulation rate
of visible interstitial clusters (ICs) under TEM in iron predicted
by OKMC depends signicantly on the used cascade damage
database.17 On the one hand, due to the small migration barrier
of ICs and power-law decaying of the diffusion pre-factor with
size18 for W, variation in the size distribution of ICs with MD
potentials has a greater effect on SIA diffusion rate. On the other
hand, within our best knowledge, up to now, there is very few
annealing simulations for W focused on the effects of defect
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of cascade energies (EMD), simulation cells (cubes with
side length L) and the number of simulations (Nr)

EMD (keV) L (�a0) Nr (300 K)

0.10 30 50
0.15 30 50
0.20 30 50
0.30 30 50
0.50 30 50
0.75 30 50
1.00 40 50
1.50 40 50
2.00 40 50
3.00 40 50
5.00 40 50
7.50 40 50
10.0 60 50
15.0 60 50
20.0 60 50
30.0 60 50
50.0 80 20
80.0 120 20
100.0 120 20
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View Article Online
distribution. Therefore, it is worth studying the effects of defect
distribution from primary damage to annealing process of
individual cascades.

Based on the above two issues, MD and OKMC are applied
for simulating cascade and annealing processes. First, MD
simulations are carried out to study the inuence of two W
interatomic potentials on the defects production, especially
focused on the size and spatial distributions of defect clusters.
Next, OKMC method is applied to simulate the individual
cascade annealing process based on the primary damage data-
base obtained from these two interatomic potentials. We point
out that it should be paid special attention to the size and
spatial distributions of defects for primary radiation damage in
the multi-scale simulation framework.

2. Methods
2.1. Details of MD simulations

Displacement cascades are simulated with the MD code
package, LAMMPS,19 using two typical embedded atom method
(EAM) potentials. The rst is the Derlet–Nguyen-Manh–
Dudarev W potential (DD07)20 modied by Björkas et al. on the
repulsive part with ZBL potential21 at short-range and the elec-
tron density function18 (denoted DB). The second is derived
from the Ackland–Thetford W potential (AT87)22 and modied
by Juslin and Wirth23 to harden the potential at short distances
for radiation damage simulations and improve the potential at
distances of relevance to self-interstitial congurations (deno-
ted AJ). Although machine learning potential has higher accu-
racy than EAM potentials, for example, it can describe
congurations of divacancies, surfaces and grain boundaries of
bcc tungsten very well. Compared to the tersoff, bond order or
machine learning potentials, EAM potential is a better
compromise between accuracy and speed. Detailed formalism
and application of EAM potentials can be found elsewhere.24

Therefore, EAM potentials, DB and AJ, are commonly used to
simulate primary radiation damage.8,9 Furthermore, these two
potentials produce different relative stability between 1/2 h111i
and h100i interstitial dislocation loops. Therefore, we can
consider the effect of stability on the formation mechanism of
interstitial dislocation loops in our future research. Periodic
boundary conditions are applied in three Cartesian directions.
We have detected carefully to choose a big enough box size to
avoid both the inuence of boundaries on the cascade and
saving computation time. The list of cascade energies, simula-
tion cell sizes and the number of simulation runs is presented
in Table 1.

The entire simulation includes two stages. In stage A, the
simulation system is relaxed at the desired ambient pressure
and temperature for 10 ps with a MD time step of 1 fs. The
system is relaxed within the NPT ensemble (constant number of
atoms, pressure and temperature) and the Nosé–Hoover ther-
mostat is applied to all atoms in the system. In stage B, the NVE
ensemble (constant number of atoms, volume and total energy)
is applied for 50 ps. The temperature damping parameter is
chosen as a typical value of 1.0. At the beginning of this stage,
a kinetic energy ranging from 0.1 to 100 keV is given to
© 2022 The Author(s). Published by the Royal Society of Chemistry
a primary knock-on atom (PKA)25 near the center of the simu-
lation box. The velocity direction of PKA is distributed
uniformly and chosen randomly. During this stage, only the
atoms within a shell of about 0.6 nm from the outer margin of
the simulation box along three axes are thermostat. The time
step varies from 1 � 10�6 to 2 � 10�3 ps depending on atomic
velocities and forces magnitude. TheWigner–Seitz cells method
is used for the identication of point defects. Two defects are
considered to belong to the same cluster if their separation is
less than a cutoff distance.26 The most stable conguration for
a di-interstitial is two parallel h111i dumbbells separated at the
third nearest neighbor (3-nn).8 Di-vacancy is attractive for the
rst nearest neighbor (1-nn) and the second nearest neighbor
(2-nn) and becomes repulsive or negligible at larger distances
for these two potentials. Thus, the cutoff is selected as 2-nn for
vacancy clusters (VCs) and 3-nn for ICs, respectively.

2.2. Details of OKMC simulations

The OKMC algorithm for radiation damage has been expressed
in detail elsewhere.7,27 Briey, the OKMC method is based on
the residence time algorithm28 and follows the evolution of a set
of objects given their rates to perform different actions. In our
case, the objects are defects (vacancies and SIAs with different
sizes) and the actions are defect migration or dissociation/
association of a defect from/to defect clusters. The probabili-
ties of migration or dissociation follow the Arrhenius law, i.e., R
¼ R0 exp(�Ea/kbT), where Ea is either the migration energy of
a defect or the dissociation energy of a defect from a cluster. The
dissociation energy is the sum of the binding energy of the
defect to the cluster and the migration energy of the defect. R0 is
the jump frequency. Considering all defects have the same
probability of disassociating from a cluster, the jump frequency
for dissociation is multiplied by the number of defects in the
cluster.
RSC Adv., 2022, 12, 23176–23182 | 23177
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Fig. 1 Comparison of number of survival Frenkel pairs obtained from
DB and AJ potentials at 300 K. NRT-dpa (the dashed black line) is the
result of NRT model,30 i.e., N ¼ 0.8EMD/(2Ed), with Ed ¼ 128 eV. ARC-
dpa (the solid blue line) is the result of athermal recombination cor-
rected dpamodel,31 i.e.,N¼ 0.8EMD/(2Ed)[(1.0� c)/(2Ed/0.8)

bEMD
b + c],

with Ed ¼ 128 eV, b ¼ �0.56 and c ¼ 0.31.
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Binding energies, migration parameters and capture radius
for SIAs, ICs, vacancies and VCs are taken from the OKMC
model built by Becquart et al.29 The migration energy of SIAs is
0.013 eV.20 The activation barrier for changing the direction of
one-dimensional (1D) SIA motion from one h111i direction to
another is 0.38 eV.29 In the present model all ICs are assumed to
be h111i loops, and the merging of two ICs immediately results
in the formation of a larger h111i loop. Assume that all ICs are
mobile with the migration energy of 0.013 eV along one of four
h111i axes.29 The migration rates of ICs vary with cluster size (n)
according to n0n

�a (n0¼ 6� 1012 s�1, a¼ 0.5). Rotation between
these two of h111i directions is not thermally activated at 300 K,
and correspondingly, all ICs diffuse in 1D, which was assigned
randomly to the SIAs and ICs at the initial of a simulation. For
a vacancy, the activation barrier for diffusion is taken as 1.66 eV.
Vacancy or VCs migrate in three-dimensional (3D), and their
diffusion rates decrease with cluster size (n) according to n0q

1�n

(n0 ¼ 6 � 1012 s�1, q ¼ 1000). The capture radius of SIA and
vacancy are 3-nn and 2-nn, respectively. If the capture radius of
two defects overlap, defects are allowed to coalesce or recom-
bine depending on their types. The cascade debris obtained
from MD in the form of point defects or defect clusters, was
used to study the individual cascade annealing process with the
open-source code MMonCa.27 The OKMC simulation cell was
162 nm � 162 nm � 162 nm, which is sufficient to simulate the
annealing process of individual cascade. Absorbing boundary
conditions were adopted in all three directions, i.e., when
a defect diffuses out of the box it is removed from the simula-
tion. Twenty OKMC annealing simulations for each MD cascade
were performed with different random seeds. All calculations
were carried out at 300 K for up to 100 ns.

3. Results and discussion
3.1. Defect production as well as size and spatial
distributions of defects

Fig. 1 shows defect production obtained from DB and AJ
potentials. Note that the production of DB potential is in good
accordance with those of AJ potential in a large range of cascade
energies except for 100 keV. This result is unexpected since DB
potential has a lower mean displacement threshold energy (85
eV) than that of AJ potential (128 eV) as listed in Table 2.
However, this observation is consistent with the study of Fikar
et al.12 in which DD07 and AT87 potentials produce the similar
production of survival Frenkel pairs even though these two
potentials have different displacement threshold energies. The
defect production by the MD simulations is signicantly
smaller than that predicted with the NRT model.30 We also
applied ARC-dpa model31 proposed by Nordlund et al. We can
see that the ARC-dpa model describes the number of survival
Frenkel pairs very well compared with our MD simulations at
a wide range of cascade energies (EMD > Ed).

Fig. 2(a) shows the fraction of clustered SIAs aer the
primary damage stage for DB and AJ potentials. Note that the
fractions of ICs for DB potential are much higher than those for
AJ potential when the cascade energies larger than 1 keV. Three
ICs formation mechanisms exist: (a) the mechanism of the
23178 | RSC Adv., 2022, 12, 23176–23182
excess atoms from the high-density region of one shock front
deposited into the low-density region associated with the other
shock wave,33 (b) the mechanism of shock wave punching,34 and
(c) the thermal diffusion as well as association mechanism
related to the migration energy of SIAs (Eim). Subcascades are
not found with concerned cascade energies during cascade
development, hence the mechanism of shock wave punching
induces the formation of larger ICs. ICs typically form at
thermal spike phase, which occurs within the rst 0.5 ps of the
cascade development. During this phase, the cascade energy is
transferred from atom to atom via replacement collision
sequences, which is much faster than that phonon-mediated
dissipation allows, hence supersonic shock waves form. Dis-
placed atoms are pushed outwards to the periphery region of
cascade, then ICs such as dislocation loops are formed through
interstitials agglomeration around a seed of small ICs. This
process is very sensitive to the interconnected part of the
potentials.15,35 Furthermore, subsequent capture reactions of
SIAs via thermal diffusion increase the size of these large clus-
ters, as indicated by the trend of clustering data as a function of
temperature8,9 and SIA migration energy (Eim) as listed in Table
2. The process of shock wave punching, which is applied at all
temperatures, differs from the thermal diffusion clustering
process. Our position analysis for SIAs and vacancies shown in
Fig. 4 exhibits that SIAs are much far away from vacancies for AJ
potential compared to the results of DB potential. However, as
listed in Table 2, DB potential produces a lower migration
energy of SIAs, which results in diffusing further away from the
cascade core. Therefore, the mechanism of shock wave punch-
ing is dominant for ICs formation relative to the thermal
diffusion and association mechanism of SIAs.

Following interstitial clustering behaviors, Fig. 2(b) shows
the fraction of clustered vacancies as a function of cascade
energy. These two potentials produce close values when the
cascade energies are less than 3 keV. While AJ potential
produces larger values than DB potential when the cascade
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 List of the lattice parameter of W at 300 K (a0), the migration energy of SIA (Eim), the migration energy of vacancy (Evm), the mean
threshold displacement energy (Ed) and the melting temperature of W (Tm) for DB and AJ potentials

Potential a0 (nm) Eim (eV) Evm (eV) Ed (eV) Tm (K)

DB 0.3175 0.013 (ref. 20) 2.05 (ref. 12) 85 (ref. 11) 3775 � 50 (ref. 11)
AJ 0.3167 0.027 (ref. 32) 1.45 (ref. 12) 128 (ref. 23) 4100 � 50 (ref. 23)

Fig. 2 Cascade energy dependence of the fraction of clustered defects (a) ICs and (b) VCs with DB and AJ potentials at 300 K.
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energies higher than 3 keV. As listed in Table 2, the vacancy
migration energies (Evm) for these two potentials are so large that
vacancies will be considered immobile in 100 ps time-scale even
at 1000 K. Therefore, it is impossible to form CVs by vacancy
migration at the displacement cascade stage. Corresponding to
the ICs formation mechanism of shock wave punching, when
large ICs form, it induces a depletion of atoms in other regions,
which potentially facilitates the formation of VCs. This scenario
is reected within the maximum size of defects clusters as
a function of cascade energy as shown in Fig. 3, i.e., large VCs
are obtained in simulations where large ICs form. Hence the
formation of a large VC eventually depends on the interplay
between the atomic recrystallization near the core and the
motion of displaced atoms. In other words, the controlling
factor seems to be the recrystallization and recombination rates
of interstitials with vacancies. On one hand, DB potential
produces a lower melting temperature, so the cascade melting
persists for longer, resulting in adequate recrystallization. On
the other hand, DB potential produces a much lower interstitial
migration energy (0.013 eV) which increases the chance for
those displaced atoms to rell the cascade core before the
atoms surrounding the core recrystallize. This analysis is
consistent with the observation that large VCs are rarely
observed in W cascades at 2050 K.8

Fig. 3 presents themaximum size of defect clusters formed at
the primary damage stage as a function of cascade energy. The
maximum size of defect clusters increases obviously with
increasing cascade energy. It shows a power-law function with
cascade energy, i.e., 0.0447 � EMD

1.6931 for DB potential and
0.0684 � EMD

1.3778 for AJ potential. Obviously, DB potential
produces a larger maximum size of ICs than that of AJ potential
when the cascade energies are larger than 20 keV. The
maximum size of ICs for DB potential reaches the size of 110
with the cascade energy of 100 keV, whereas AJ potential only
reaches the size of 40. The maximum size of VCs varies slightly
© 2022 The Author(s). Published by the Royal Society of Chemistry
between these two potentials, as shown in Fig. 3(b), which is
much different from that of ICs.

Fig. 4 shows superposition of all cascade congurations for
DB (Fig. 4(a)) and AJ potentials (Fig. 4(b)) and radial distribu-
tions of defects (Fig. 4(c)) with the center of vacancies. We can
see that AJ potential produces more discrete distributions both
in size and space of SIAs. In addition, the radial distribution of
vacancies is nearly the same for these two potentials, as shown
in Fig. 4(c). However, further analysis reveals that the average
distance between SIAs and the center of vacancies are 5.128 and
4.304 nm for AJ and DB potentials, respectively. In other words,
SIAs are much far away from vacancies for AJ potential
compared to that for DB potential.

3.2. Annealing process of individual cascades

From the above analyses of defect production, as well as the size
and spatial distributions of defects for these two potentials
concerned, we could reveal that a close value of defect produc-
tion is given in a wide range of cascade energy by these two
potentials, while DB potential produces larger ICs and defects
distributed closely in space compared to AJ potential when the
cascade energies larger than 30 keV. The size and spatial
distributions of defect clusters certainly have an impact on the
long-term evolution of cascade damage. We will demonstrate
the details in the following.

Fig. 5 shows the survival defect fraction of SIAs and vacancies
as a function of annealing time with the cascade energy of 50
keV at 300 K for DB and AJ potentials. The initial decrease in the
number of survival defects occurs within about 10 ns due to only
I–V recombination (recombination phase) characterized by the
survival fraction of SIAs being equal to that of vacancies. Beyond
the recombination phase, the survival fraction of vacancies
remains nearly constant, while SIAs drops continually. SIAs
migrate very fast, whereas vacancies are immobile at 300 K.
Consequently with SIAs diffusing beyond the simulation box
boundary, the total number of SIAs becomes lower than that of
RSC Adv., 2022, 12, 23176–23182 | 23179
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Fig. 3 The maximum size of (a) ICs and (b) VCs for DB and AJ potentials at 300 K.
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vacancies. Comparing survival defects fraction of these two
potentials, two characteristics are found. First, the survival
fraction of vacancies for AJ potential with the value of 0.878
differs obviously from that of 0.752 for DB potential. Second,
the rate at which SIAs escape from the simulation box also
differs obviously. Compared to AJ potential, DB potential
produces larger-sized ICs which are also distributed closely to
the center of collapsed vacancy region, as discussed in the
previous section. This facilitates the sufficient recombination of
interstitials and vacancies, and suppresses the escape of SIAs
from the simulation box.

Fig. 6 shows the fraction of defects lost to intra-cascade
recombination (recombination fraction) as a function of
cascade energy at 300 K for DB and AJ potentials. It is obviously
Fig. 4 Superposition of 20 cascade configurations with cascade energ
comparison of radial distribution of defects. All cascade configurations ar
configuration. OVITO36 is used to visualize all atomic configurations.
respectively. The black scale bars are also shown in (a) and (b).

23180 | RSC Adv., 2022, 12, 23176–23182
noted that the recombination fraction of DB potential is only
slightly elevated compared to that of AJ potential for the cascade
energies less than 30 keV, whereas the value of DB potential is
much higher than that of AJ potential for the cascade energies
larger than 30 keV. We also note that the recombination frac-
tion of AJ potential is maintained in the range of 5–20%, in
other words 80–95% of SIAs will eventually escape from intra-
cascade recombination and contribute to long-range defect
migration. However, the recombination fraction of DB potential
increases continuously with increasing cascade energy, and
reaches 40% at 100 keV. The annealing behavior of individual
cascade is determined by the outcome of two key properties,
including (1) the size and spatial distributions of defects and (2)
the relative mobilities of those defects. Due to the very high SIA
y of 50 keV at 300 K for (a) DB potential and (b) AJ potential. (c) The
e put together by superposing the center of vacancies of each cascade
Here blue spheres and red spheres represent vacancies and SIAs,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Survival fraction of defects as a function of annealing time with
cascade energy of 50 keV at 300 K for DB and AJ potentials. The
survival fraction of defects (SIAs or vacancies) is the ratio of the number
of survival defects (N) and the average number of initial defects (N0).

Fig. 6 The recombination fraction of SIAs and vacancies as a function
of cascade energy at 300 K for DB and AJ potentials.
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mobility and the very low vacancy mobility in W, the recombi-
nation fraction is strongly affected by the size and spatial
distributions of defects in cascades. On the one hand, according
to our position analysis of SIAs and vacancies, SIAs are much far
away from vacancies for AJ potential compared to that of DB
potential. On the other hand, larger-sized ICs are produced by
DB potential, which results in decreasing diffusion of SIAs away
from the cascade core. This facilitates the efficient recombina-
tion of SIAs and vacancies in the intra-cascade region. The same
mechanism occurs for SIA recombination with vacancy by Re
addition in W.37 A mixed dumbbell is formed when a SIA meets
a substituted Re atom. The mixed dumbbell diffuses slowly via
3D jumps compared to 1D fast migration of SIAs. Therefore,
voids growth is suppressed by the improved recombination
fraction.

SIAs move far enough away from the cascade region such
that they can be considered spatially uncorrelated with the
original cascade. The probability for these defects returning and
contributing to intra-cascade recombination is negligible, thus
they are counted as freely migrating defects. The fraction of
© 2022 The Author(s). Published by the Royal Society of Chemistry
freely migrating defects is a key parameter in the modeling of
microstructure evolution based on the mean-eld rate theory.
Depending on this parameter, many major microstructural
changes occur,38 such as the development of voids, dislocation
networks and radiation-induced precipitation. Therefore, the
size and spatial distributions of defects for primary radiation
damage signicantly inuence the long-term evolution of
defects and macroscopic changes of materials.

4. Conclusion

MD cascade simulations of single crystal tungsten are carried
out for two typical EAM potentials with the cascade energies
ranging from 0.1 to 100 keV at 300 K. The simulation results
show that even though the defect production is very close for all
the cascade energies studied, these two potentials concerned
produce very different results of the size and spatial distribu-
tions of ICs for the cascade energies larger than 30 keV.
Furthermore, based on the defects produced by these two
potentials, OKMC is used to model individual cascade anneal-
ing. It indicates that larger-sized ICs and closely distributed
SIAs in the cascade region will induce a much higher recom-
bination fraction. Therefore, it should pay special attention to
the size and spatial distributions of defects for primary damage
in the multi-scale simulation framework.
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