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Abstract

Properties of small vacancy clusters in tungsten were studied with first-principles calculations.

The binding and formation energies of the vacancy clusters increase with the cluster size. Dy-

namic characteristics of the di-vacancy was specified between room temperature and 700 K

with lattice kinetic Monte Carlo calculations, which were parametrised with the present first-

principles results for the dissociation barriers. An Arrhenius fit for the di-vacancy diffusion yielded

D = 0.04 exp(−1.65 eV/kT ) cm2s−1 and for the mean lifetime τ = 0.093 exp(1.7 eV)/kT ps. The

di-vacancy system was found to be stable up to 500 K due to its high energy needed for dissociation.

Having a carbon impurity was found to increase the tungsten di-vacancy binding energy.

∗ Corresponding author. E-mail: kalle.heinola@helsinki.fi
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INTRODUCTION

Irradiation-induced defects in solids is an important study subject in the field of materials

science [1]. The formation of large-scale defects, such as voids, cavities and even blistering

of the material, is always initiated by the evolution of the immediate primary damage, i.e.

the point defects, in the irradiated material. Therefore, understanding of the formation

and kinetics of these primary microscopic defects is of fundamental importance in order

to control the observed final defect production. This is considered to be vital especially

with materials which are placed to withstand heavy irradiation conditions. In the present

work, the studied material is tungsten (W), which has been chosen as a first-wall (FW)

material in the incomparable irradiation conditions of the thermonuclear fusion reactor [2–

4]. The FW is subjected to abrupt high energy plasma particle bursts during plasma Edge

Localised Modes (ELMs). Moreover, a fraction of the irradiation exposure is due to high

energy tritium (T) ions from the fusion reactions in the deuterium plasma (D-D). However,

with D-T plasmas, in addition to the ELMs, the high flux of energetic 14 MeV neutrons

from the fusion reactions increase substantially the radiation damage in the FW materials.

These ion and neutron-induced damage worsen the material properties, such as, lowering

the temperature required for ductile-to-brittle phase change. Moreover, the damaged regions

within the FW can result as acting as sinks for the unwanted trapping of fusion fuel T, which

in turn is a radiological hazard in the next-step fusion devices, such as ITER [5].

In the course of irradiation, the ionic and neutron projectiles after penetrating the sur-

face of the target material will interact with the host matrix atoms. The range of these

interactions vary depending on the projectile type - neutron-induced damage extends evenly

deep in the FW material, whereas the ion-induced damage creation is affected by slowing

down of the ion due to nuclear and electronic stopping power making the resulted damage

narrower and closer to the FW surface. Depending on the energetics of these interactions

due to ions or neutrons, primary damage will be formed in the form of Frenkel pairs in which

the host atoms are kicked out of their lattice sites leaving a vacant site behind. The number

of stable Frenkel pairs created depend mainly on the energy of the incoming particle and

the displacement energy of the target material. The vacant sites can form clusters already

during the displacement events or cascades of displacements. The present study focuses on

the stability of the small vacancy clusters in body-centered cubical (bcc) W.
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TABLE I. The DFT calculated formation (Ef ) and binding (Eb) energies for Vn systems in W

with 1 ≤ n ≤ 4. Results are compared with experimental and other DFT results. Units eV.

Expt. DFT

Other Present work

Ef Eb Ef Eb Ef Eb

V1 3.62 ± 0.2a 3.11 −

3.68b,c,d,e

3.33

V2 (1NN) 0.7f 6.62c, 7.31e −0.1g,

−0.05b,h,

0.029c, 0.05e

6.65 0.01

(2NN) −0.19c,

−0.27e,

−0.39b

7.01 −0.35

(3NN) −0.08b,

−0.12e

6.73 −0.07

(4NN) 0b 6.64 0.02

(5NN) −0.13b 6.76 −0.10

V3 9.71c 0.04g, 0.269c 9.79 0.19

V4 12.24c 0.64g, 1.065c 12.34 0.78

a Ref. 6. b Ref. 7. c Ref. 8. d Ref. 9. e Ref. 10. f Ref. 11. g Ref. 12. h Ref. 13.

The primary vacancy clustering phenomenon in W can still be considered as an unan-

swered question. The vacancy clustering with different cluster sizes have been observed

experimentally [14, 15], but the theoretical explanation is missing. According to recent
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theoretical first-principles calculations with electron density functional theory (DFT) the

initial stage of a vacancy cluster, i.e. the di-vacancy, is unstable or barely stable in pure W

[7, 13] leading to speculative conclusions to the formation of larger vacancy clusters. One of

the many explanations for making the W di-vacancy stable, and thus allowing formation of

larger clusters, is the presence of impurities in the W samples.

In the present research, the stability of small vacancy clusters in W was studied com-

putationally. The main study subjects were the stability and dissociation dynamics of the

di-vacancy in pure bulk W, which were scrutinised with DFT and Lattice Kinetics Monte

Carlo (LKMC) calculations, respectively. As a part of the present work, DFT was used for

studying the effect of carbon (C) impurity to the di-vacancy stability, since C is typically

the most abundant non-metallic intrinsic impurity found in W (� 10 µg/g in high-purity

99.99% poly-crystalline W by Plansee AG).

DFT calculations were performed for determining the energetics of vacancies and the

dissociation barriers of a di-vacancy. The obtained barrier heights for pure W were further

used in parametrising the dynamical calculations performed with LKMC method at temper-

atures between RT and 700 K. The presented LKMC and DFT results show the temperature

dependence of the di-vacancy dissociation and the stabilising effect of the carbon impurity.

I. COMPUTATIONAL DETAILS

A. Electron density functional theory

The DFT calculations were performed for determining the ground state energies of the

studied W vacancy systems. The Vienna Ab-initio Simulation Package (vasp) [16–18] was

chosen for this purpose. The electronic ground-state was calculated using the projector-

augmented wave (PAW) potentials [19, 20] as provided in vasp. For the volumetric and

ionic relaxation the conjugate gradient algorithm was used and the plane wave energy cut-

off was 450 eV. The large energy cut-off was used in order to reach high accuracy with

every PAW potential used for the elements in this work. No symmetrizations were applied.

The electronic and ionic relaxation cut-offs for high-accuracy calculations were chosen as

10−5 eV and 10−3 eV/Å, respectively. The electron exchange-correlation was described with

generalised gradient approximation using Perdew-Burke-Ernzerhof functionals [21, 22]. The
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six outermost electrons (5d and 6s sub-shells) of the W atom were used as valence electrons.

For the impurity atom C the four (2s and 2p) outermost electrons were kept in the valence.

The partial occupancies were integrated with the Methfessel and Paxton method [23] of

the first order. A 3 × 3 × 3 k-point mesh was sampled with Monkhorst and Pack scheme

[24]. The convergence obtained with DFT parameters was validated and further checked to

reproduce the experimentally obtained properties of W [25, 26]. Supercell with 128 lattice

cites was used in the calculations. The present studied systems were mono- (V1), di- (V2),

tri- (V3) and four-vacancy (V4). The V3 and V4 were triangular structures as found in Refs.

8 and 27. From the relaxed ground states the corresponding formation and binding energies

were determined.

For the di-vacancy, once the geometry with the lowest energy state was found, the di-

vacancy dissociation energetics up to five nearest-neighbour (NN) configurations was deter-

mined with the nudged elastic band (NEB) method [28, 29]. The NN positions are presented

in Fig. 1. Seven intermediate images with two endpoint images were used in NEB for finding

the geometries giving the minimum energy for the di-vacancy dissociation paths.

Finally, the ground state energies and the resulted dissociation barrier height calculations

have been performed by finding their fully relaxed ground states at 0 K. Hence the DFT

calculations in this work do not take into account the contribution of the change in the

atomistic vibrational entropies (−TΔSvib) when compared a defect-free system to a system

with vacancies. However, the ΔSvib can be assessed to be small yielding to a significant

contribution only at high T . In Sect. I B is shown the need to limit the LKMC calculations

to low temperatures from RT to 700 K providing the change in free energy due to −TΔSvib

to be minuscule.

B. Lattice kinetic Monte Carlo

LKMC technique has proven to be an efficient tool in estimating ageing of materials

over many years with respect to the thermally activated evolution of extended defects (such

as nucleation, growth, annihilation etc.), provided that all the activation barriers for the

corresponding transitions are available [30–34]. In the present work, the atomistic LKMC

approach has been applied in investigating the behaviour of a single di-vacancy cluster in

tungsten at different temperatures, assuming the two vacancies being able to come close

5



to one another via random walk mechanism in a bcc lattice structure. Strictly speaking

the probability of formation of a di-vacancy depends on the concentration of vacancies in

tungsten and the diffusion coefficient of a mono-vacancy, but presently we aim to estimate the

lifetime and the mobility of a di-vacancy after it was formed. For this study the lakimoca

code [35] was used, which employs the residence time algorithm [36] to assess the migration

kinetics of a small cluster within its lifetime. The lakimoca algorithm with the calculation

of transition barriers explicitly bound to the initial and final states, however, was modified

similarly to the earlier work in Ref. 34.

It has been previously shown that the activation barriers rigorously calculated with the

account for relaxation effects in the structure, may lead to new insight on the kinematics of

the process, which otherwise escapes the sight of a researcher if the relaxation is neglected

[32]. The relaxation effect can be obtained either by Molecular Dynamics simulations ap-

plying the appropriate empirical potentials, or by more advanced DFT calculations. For

the present study, DFT calculations were used to determine the transition barriers between

different states of a di-vacancy as described in Sect. I A. Each state of the di-vacancy was

distinguished by the distance between the two vacancies. These were considered to form a

cluster while the distance between the vacancies was ranging from first nearest neighbour

(1NN) distance to 5NN one. Vacancies separated by more than a distance of 5NN were

considered to represent a dissociated di-vacancy.

In the LKMC simulations the tungsten sample was constructed as 20×20×20 unit cells

in the bcc structure, comprising two vacancies. In the LKMC calculations the probability

of di-vacancy formation was not considered. For this reason the actual size of the cell was

not of importance: two vacancies were considered be formed as a di-vacancy cluster until

they were recorded to be split, i.e. moved apart at more than 5NN distance; no re-joining

events were taken into consideration. The first simulation was performed at RT and the

temperature was increased with an interval of 100 K. The statistics was collected over 200

Monte Carlo trials for each temperature. At 700 K the di-vacancy lifetime became vanishing

small (∼ 100 ms) and the LKMC were discontinued to higher temperatures.
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FIG. 1. The bcc di-vacancy nearest neighbour configurations used in the DFT and lattice KMC

calculations. The five nearest neighbour configurations are numbered with respect to the mono-

vacancy denoted with a dotted square.
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FIG. 2. The W mono-vacancy migration barrier as obtained with NEB-DFT.

II. RESULTS

A. Di-vacancy energetics with DFT

For validating our DFT results the properties of bulk W have been calculated and com-

pared with experiments and other DFT calculations found in the literature. The examined

bulk W lattice structures were the bcc, fcc and A15 geometries. The results have been

published elsewhere [25]. The DFT calculated properties for W mono-vacancy have been

presented previously [27, 37]. Our results for the vacancy formation and migration energies

agree with the experimental results [6] and with other DFT calculations [9]. In addition,

the DFT parameters used have reproduced the reconstruction of the W(100) surface [26].

The incremental binding energy Eb of a point defect cluster containing 2 ≤ n ≤ 4 defects
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FIG. 3. (Color online) The W [111] (1NN) di-vacancy transition barriers to the neighbouring states

a) [100] (2NN), b) [110] (3NN) and c) extended [111] (5NN) as obtained with NEB. Also shown d)

the barrier between [100] (2NN) and [311] (4NN). Corresponding unit cell geometries of the end

points are visualised.
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FIG. 4. (Color online) The transition barriers of a) [110] (3NN) and b) extended [111] (5NN) di-

vacancy to the [311] (4NN) orientation as obtained with NEB. Corresponding unit cell geometries

of the end points are shown.
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was calculated with

Eb(n) = [E(n − 1) + E(1)] − [E(n) + E0]. (1)

E(n) is the total energy of the studied defect system, and E(n − 1) is the total energy of

one defect dissociated from it. E(1) is the energy of the host lattice with one point defect

and E0 is the reference energy of perfect bcc W. If the binding energy calculated with Eq.

(1) is positive, the defect system is more stable than the system with one defect separated

from it. The energy needed for a particle to be completely freed from the cluster, i.e. the

energy needed for detrapping Et, is usually defined as the binding energy summed with the

migration energy of the fastest particle

Et = Eb + Em. (2)

The migration barrier for W mono-vacancy (EV
m = 1.7 eV) has been presented in our previous

work [27, 37].

The results of the binding energies Eb for the Vn clusters with 2 ≤ n ≤ 4 are presented

and compared to other works in Table I. The Eb values agree well with the other theoretical

values obtained with DFT [38].

The energetics of the W di-vacancy is an intriguing question. If two mono-vacancies

do not form a di-vacancy system thermodynamically, the agglomeration of vacancies into

clusters in pure bulk W would be only possible with large mono-vacancy concentrations

where the formation of a tri-vacancy, i.e. simultaneous assimilation of three mono-vacancies,

will increase its probability. The only experimental Eb value for the W di-vacancy is 0.7 eV

[11]. In an early DFT study it was stated that the W di-vacancy is unstable even as the

two vacancies are separated as far as in the 5NN position [7]. The results showed the 2NN

geometry being the least favorable configuration with the highest negative Eb. Interestingly

however, the lowest negative Eb was found for the 4NN geometry, and was shown to be

nearly null in that work. Numerical values extracted from Ref. 7 are shown in Table I. A

similar Eb trend for 1NN to 5NN was obtained later by Ventelon et al. [13] who found the

2NN being the least favourable configuration with Eb = −0.46 eV, and the 4NN geometry

was shown to have clearly the lowest negative Eb. DFT work by Kato et al. [10] yielded

Eb values of 0.05, −0.27 and −0.12 eV for the 1st, 2nd and 3rd NN di-vacancies, respectively.

That work reported the di-vacancy Eb having a positive value at 1NN, which would allow

it to be a thermodynamically stable entity. However, no Eb value for 4NN geometry was
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reported. More recent DFT results show similar Eb energetics for 1NN and 2NN geometries

with 0.007 eV and −0.190 eV [8]. Our result follow the same trend for 1st to 3rd NN di-

vacancies with the corresponding Eb values of 0.01, −0.35, −0.07 eV. Further, our Eb results

for 4NN and 5NN were found to be 0.02 and −0.10 eV, respectively. Based on this the

most stable di-vacancy configurations in bcc W would be the 1NN and 4NN geometries.

The di-vacancy is found to be a semi-stable state in the sense that albeit its Eb for 1NN or

4NN is minuscule, it still can be present as a stable system at a certain temperature range,

since the dissociation barrier, i.e. the energy required for detrapping, hinders either of the

vacancies to be apart from each other. This feature has been also observed and studied

recently by Oda et al. [39] by using DFT and NEB calculations. From the kinetics point of

view, as the temperature increases the effect of the barrier acting as a dissociation limiting

step diminishes and the over-barrier motion becomes thermodynamically more probable.

In Ref. 40 it was demonstrated with first-principles calculations, that the variations in

the bimodal shape of the density of the electronic states (DOS) at the Fermi level (EF) play

a crucial role in the V1 properties of bcc transition metals. The position of the EF in the

DOS pseudogap contributes to Ef and Em, and has an effect to the electronic contribution

on formation and migration entropies. For the V1NN
2 and V2NN

2 defect geometries in W it

has been shown the V2NN
2 giving an increase in the d-band local DOS at EF pseudogap as

compared to the corresponding V1NN
2 pseudogap [13]. This result is confirmed in the present

work, and the shift in the d-band may be attributed to the difference in the geometrical

structures of V1NN
2 and V2NN

2 as follows. The empty lattice site V1 in bcc W affects the

electronic structure of its eight nearest-neighbour atoms, which is seen as variation in their

local d-bands. The V2NN
2 structure influences to its twelve nearest-neighbour W atoms in

the [100] direction. Four out of these twelve W atoms reside on the centre plane (010)

of the V2NN
2 geometry, and are joint nearest-neighbour atoms of the two vacancies. As a

result, these shared four W atoms are influenced by additional dangling bonds giving rise

to the electronic groundstate of the system. The V1NN
2 geometry influences its ten nearest-

neighbour W atoms of which none is shared by the two vacancies. In this case the electronic

system is less distorted (less variance in the local DOS) giving a lower electronic groundstate

energy. Strong repulsion of V2NN
2 in W is a particular feature among bcc transition metals

[13] and further investigations are needed for scrutinizing the effect of local DOS variation to

the stability of the di-vacancies in bcc transition metals. The V3NN
2 structure has sixteen W
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FIG. 5. DFT obtained potential barrier heights (boxed values in units of eV) used in the KMC

calculations for di-vacancy NN transitions. Barrier to split the di-vacancy, i.e. transition from

3NN, 4NN and 5NN to ∞, was taken as 1.7 eV.

nearest-neighbours of which two are shared with the vacancies. As a final note, for V4NN
2 and

V5NN
2 the number of W nearest-neighbours is sixteen for both structures, but the number of

shared W nearest-neighbours is zero and one, respectively. There appears to be a correlation

with the above-mentioned number of shared W atoms for various V2 geometries and their

corresponding Eb values (Table I). Confirming this trend with respect to the effect of local

DOS variation in W and other bcc transition metals will be part of a future work.

In Fig. 5 are presented the possible di-vacancy dissociation energetics from 1NN and

from 4NN geometries. Once a 1NN geometry is formed, the allowed di-vacancy dissociation

pathways found are to 2NN and to 3NN geometries. The formed 4NN structure can disso-

ciate to 2NN, 3NN and 5NN geometries. In Fig. 5 reported energies for over-barrier motion

suggest the 1NN being a more attractive di-vacancy configuration than the 4NN, since it is

energetically more favorable for a mono-vacancy to go back and get trapped to a 1NN than

to a 4NN geometry. This result is confirmed with LKMC calculations presented in Sect. II B

and in Fig. 7.

Recent work on formation of W di-vacancies have shown that the di-vacancies can be

stabilised by enriched hydrogen [10]. In that work the most stable configuration was the 2NN

di-vacancy with hydrogen V2NN
2 H1. Similar di-vacancy stabilisation effect can be expected

with enriched helium due to its ability to bind strongly with the W mono-vacancy [7, 41].

In the present work, the effect of carbon (C) impurity atom was examined. It was found,

in the presence of C impurity the 2NN di-vacancy becomes more stable than the 1NN di-

vacancy: the corresponding Eb for V2NN
2 C1 and V1NN

2 C1 is 1.29 eV and 0.04 eV (see Table I).
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The stabilization of the V2NN
2 is due to the C residing in-between the two vacancies at

an octahedral site bonding with the four nearest-neighbour W atoms. These four nearest-

neighbour W atoms in the (010) plane have two dangling bonds each due to the missing W

atoms forming the V2NN
2 configuration in the [100] direction. The electronic groundstate of

this system gets stabilized by the add-electrons provided by the C impurity atom located

at the abovementioned octahedral site: this is the nearest position with respect to the four

W atoms having two dangling bonds, and the C atom shares its valence electrons thus

forming a bond with these host lattice atoms. In the V1NN
2 configuration the surrounding

W atoms have only single dangling bonds, and the most stable location for a C impurity

was found on the octahedral site in one of the mono-vacancies in the V1NN
2 system. Thus,

the C atom can be considered interacting only with the V1 it is residing in, whereas in the

V2NN
2 configuration the C atom interacts with the whole system via residing in-between the

two V1’s. Interestingly, the DFT Eb result for the V1NN
2 C1 configuration suggests, that it

is thermodynamically nearly equal configuration as the V1C1 system with a V1 far from

it (Table II). Further, the Eb for V2NN
2 C1 obtained with DFT indicate (Table II), that at

high temperatures the 2NN V2C1 could dissociate as V2NN
2 C1 → V1C1 + V1. Taking into

account the V1 migration energy EV1

m = 1.7 eV results into detrapping energy of ∼ 3 eV.

This leads to the conclusion that the C−di-vacancy system V2NN
2 C1 is kinetically stable up

to extremely high temperatures.

B. Kinematics of W di-vacancy

As described in Sect. I B, the stability of the di-vacancy was determined with lattice

KMC method using the lakimoca [42]. The mono-vacancy diffuses via jumps to nearest-

neighbouring lattice cites in the [111] direction. Thus, a limited number of available cites

are for a vacancy to jump into and from the di-vacancy system. Longer jumps in the [100]

direction result into large potential barrier which hinders the vacancy motion. For example,

a NEB calculation with DFT for 1NN ↔ 4NN transition resulted to a potential barrier of

5 eV, which leads to a energetically highly improbable transition.

The residence time algorithm implemented in the lakimoca code allows to investigate

the kinematics of the system evolution, since it assesses the time, which the system spends

for each transition. Considering the entire population of the non-interacting di-vacancies
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FIG. 6. Mean lifetime of the W di-vacancy as function of temperature obtained with lattice KMC

calculations. An Arrhenius fit yields τ0 = 0.093 ± 0.020 ps and Ed = 1.70 ± 0.01 eV.

present in the real system as a unit (corresponding to the KMC simulations of a single

di-vacancy with numerous trials), we can plot the KMC result as a distribution of this

population between the different states (1NN, 3NN, 4NN and 5NN) as fractions at each

time interval.

In Fig. 3 and Fig. 4 are presented the di-vacancy transition barriers as obtained with

NEB-DFT. The heights of the barriers were used as input in the KMC calculations. The

TABLE II. Binding energies of vacancy-C complexes (eV). Different V2-impurity dissociation chan-

nels shown for the first (1NN) and second (2NN) nearest neighbour V2 configurations.

AB −→ A + B Eb

V1C1 −→ V1 + C1 2.05

V2NN
2 C1 −→
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2 + C1 3.69
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V1C1 + V1 0.04

V1NN
2 + C1 2.08

V2NN
2 + C1 2.44
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FIG. 7. The occupation time of different W di-vacancy geometries at 500 K as obtained with KMC.

The most favourable geometry is the 1NN structure. The 2NN is the most unstable configuration

due to the low transition barriers from 2NN to 1NN and 4NN geometries (see Fig. 3). Straight

lines correspond to the results obtained with Master equations (see text for details).

potential barriers for transitions 1NN → 2NN → 4NN → 5NN were found as 1.68 eV, 1.55 eV

and 1.65 eV, respectively. For reverse motion 1NN ← 2NN ← 4NN ← 5NN the corresponding

barriers were obtained as 1.33 eV, 1.91 eV and 1.55 eV. Transitions 1NN → 3NN → 4NN

resulted in 1.65 eV and 1.75 eV (reverse motion 1.56 eV and 1.66 eV) and for 1NN → 5NN

the barrier was 1.64 eV (reverse motion 1.53 eV). The di-vacancy was considered to be split,

if the random jump took place beyond 5NN (1.7 eV).

The KMC resulted W di-vacancy diffusion pre-exponential factor and the effective migra-

tion barrier are D0 = 0.040 ± 0.006 cm2/s and Em = 1.653 ± 0.005 eV, respectively. These

values are comparative with the experimental values for the W mono-vacancy diffusion (0.04

cm2/s and 1.78 eV by Mundy et al. [43]). The obtained theoretical value for mono-vacancy

diffusion barrier was 1.7 eV [27].

Fig. 6 presents the calculated di-vacancy mean lifetime, τ , as a function of temperature

from RT to 700 K. It can be seen, that once a di-vacancy is formed at RT, it will remain as

a stable entity with similar diffusion properties as the mono-vacancy. However, the lifetime

of the di-vacancy will rapidly decrease as the temperature increases. At 500 K the lifetime

is ∼ 28 hrs while at 700 K it is much less than 1 s.

A detailed KMC analysis was done at temperature 500 K where the di-vacancies are

found to be moderately stable. The fractions of all the states within the time span of the
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longest lasting di-vacancy were analysed. This time was divided evenly in 100 bins. Every

KMC step of the di-vacancy state was analysed and recorded in a bin of the corresponding

time interval when the given transition took place. Every record was weighted by the actual

time the transition lasted within the interval. The result of this analysis is presented in

Fig. 7. Here, the KMC simulation results are compared to the Master equations written

and solved similarly as in Ref. 32. From the Fig. 7 results can be seen, that the 1NN

di-vacancy configuration is the most stable one, since the di-vacancy spends most of the

time in this state. The 4NN and 3NN configurations are the next most stable di-vacancy

structures, whereas the 5NN appears less frequently, which may be an indication of a di-

vacancy residency structure just before it is being dissociated. The most unstable di-vacancy

structure in W is the 2NN geometry. From Fig. 7 can be seen, that the di-vacancy clearly

spends the least time in this geometry, which indicates to an unbound state. Once formed

a 2NN structure, the di-vacancy most probably converts back to a 1NN geometry. This

can be considered as the di-vacancy diffusion mechanism, if the resulted 1NN is different in

lattice orientation than the 1NN preceding the unstable 2NN state: the di-vacancy diffusion

can be considered propagating via 1NN→2NN→1NN mechanism. As a final remark, the

clear smooth decreasing tendency of the di-vacancy NN occupation time evolution profiles

is defined by the fluctuations in the lifetimes in the different trials.

The KMC simulations result in the conclusion that the formation of a stable W di-

vacancy is possible during irradiation events taking place at temperatures ≤ 500 K. However,

vacancy clustering via diffusion mechanism to large-sized vacancy clusters is unexpected due

to low mono-vacancy-like diffusion pre-exponential factor. As temperatures > 500 K, the

di-vacancies become exponentially less stable and the dissociated vacancies may diffuse and

form stable vacancy clusters, such as V4. Experimental positron annihilation spectroscopy

(PAS) analyses [14, 15] in W at 600 − 750 K have shown the V1 related PAS intensity signal

to decrease or even vanish, giving rise to a signal component indicating the formation of

larger vacancy clusters of V4−V10.

III. SUMMARY AND CONCLUSIONS

To summarise, the properties of small vacancy clusters in bcc W have been studied

computationally. DFT and KMC calculations were used in scrutinizing the stability and

15



mobility properties of the di-vacancy. The DFT results indicate the di-vacancy 1NN and

4NN configurations being the most stable geometries. It was found, that even though the

binding energy Eb � 0 eV, the di-vacancy can still be found as a stable entity due to

the activation energy required for dissociation processes. KMC calculations were done for

studying the di-vacancy dissociation dynamics into various lattice directions up to 5NN

at temperatures between RT and 700 K. As a result, an effective dissociation barrier was

determined and it was found to be Ed = 1.70 eV. The di-vacancy diffusion properties were

studied accordingly and the effective diffusion parameters found were D = 0.04 exp(−1.65

eV/kT ) cm−2s−1. The di-vacancy system has a lifetime of ∼ 28 hours at 500 K. At higher

temperatures the system dissociates rapidly and the resulted mono-vacancies are allowed

to diffuse freely. The C impurity was found to make the 2NN di-vacancy stable. In the

presence of impurities, such as H and C, the W di-vacancy can get stabilised even at elevated

temperatures allowing Vn cluster formation.
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