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ABSTRACT

Be;Ti is a leading candidate neutron-multiplier material for fusion breeder blankets; yet the evolution of the crystal defects under irradiation is poorly understood.
Here, the migration of intrinsic defects in tetragonal Be;,Ti was predicted using atomic scale computer simulation. Transport of titanium and beryllium through the
interstitial, interstitialcy and vacancy-mediated models was considered, along with the migration of divacancy clusters, previously identified as important to the
defect chemistry of Bej,Ti. It was found that titanium defects exhibit much higher migration energies than beryllium for most migration pathways, leading to a
dramatic difference in the self-diffusivity of the two species. Both beryllium vacancy and interstitial diffusion is close to isotropic with vacancy transport exhibiting
the highest self-diffusion coefficient. Migration of beryllium di-vacancies is also isotropic with activation energy equal to that of isolated vacancies. The titanium
interstitial exhibits significantly lower migration energy than its vacancy (1.00 eV and 6.75 eV respectively), with both mechanisms strongly anisotropic: the
activation energy for [001] migration is at least 5 eV lower than other directions. Even the more exotic mixed titanium beryllium vacancy migration exhibits a much
higher migration energy than [001] titanium interstitial transport. The framework used for predicting defect transport kinetics, including vacancy-mediated,

interstitial and interstitialcy mechanisms, can be applied to any complex-structured intermetallic compound.

1. Introduction

Beryllium rich intermetallics, most notably Be;,Ti, Be;oV and Be;sZr
are being considered as replacements for pure beryllium in nuclear
fusion applications [1-7]. It is anticipated that they offer reduced
tritium retention [8-13], improved irradiation tolerance [10,14] and
general survivability in the fusion environment [14,15], compared to
pure beryllium [10]; while maintaining similar neutronic properties for
use as a neutron multiplier [16], as well as a low average atomic mass
and vapour pressure. These properties are key for first wall material
applications [17].

Beryllium metal has long been used in the nuclear industry [18-20],
but beryllides, and in particular Be;,Ti, have only relatively recently
been considered for fusion applications [3,16,21]. Several experimental
studies have evaluated irradiation effects in Be2Ti [14,22,23], generally
corroborating the expected improvements in tritium retention and ra-
diation tolerance compared to pure beryllium [12]. While this is
promising, the environment in a fusion reactor such as Iter or Demo
cannot at present be adequately replicated experimentally, and as such,
to qualify Be;Ti for use in these reactors, a combined approach of ex-
periments and modelling is desirable.

The defect chemistry of these materials, which ultimately informs
the mechanisms of radiation damage and microstructural degradation,
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has only recently been probed using atomistic modelling approaches.
Work by Allouche et al. [24] on the isomorphic BejasW structure used
DFT to simulate the interactions of vacancies and hydrogen. They found
that the intermetallic exhibits a significantly greater beryllium vacancy
formation enthalpy compared to pure beryllium. Fujii et al. [25] used
similar methodology to calculate the solution energy of hydrogen at
Be;,Ti interstitial sites to be between 0.1 and 0.7 eV. In addition, the
accommodation, migration and interaction of H and He with intrinsic
defects has been simulated by Zhu et al. [26,27]. It was found that H and
He can be accommodated interstitially with solution energy 0.50 and
4.03 eV, but both bind strongly to Be and Ti vacancies respectively with
solution energy —0.26 and 0.94 eV respectively. Further, up to 10 and 4
H atoms can be accommodated on a Ti and Be vacancy. Bachurin and
Vladimirov [28] considered the accommodation of H in further detail,
finding an interstitial solution energy of 0.43-1.38 eV and binding en-
ergies with Be vacancies as strong as —0.3 eV.

In our previous work [29], intrinsic defect accommodation was
investigated in four BejoM beryllides (M = Ti,V,Mo,W) using density
functional theory (DFT). It was found that for Be;,Ti, Schottky and
beryllium Frenkel disorder are the dominant processes for accommo-
dating radiation damage, resulting in (relatively) high concentrations of
Vge, Bej and Vyj (although other defects may become significant during
damage cascades). Further, it was found that some small defect clusters
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exhibit negative binding energy (i.e. are stable), particularly VpeVge,
VgeVri and TigeVpe (note: in this latter cluster a titanium atom sits in the
middle of a Be di-vacancy).

Notably, none of the previous studies considered the transport ki-
netics of these defects, which is crucial in predicting the evolution of the
crystal and the microstructure under irradiation conditions. In this
study, diffusion mechanisms are established and migration energies
predicted, using DFT based simulations, for those intrinsic defects in
Be;5Ti identified in previous work to be most prevalent. The relative
migration rates of these species determines how point defects coalesce to
form extended defects such as voids and dislocations, and as such aids in
our understanding of how radiation damage will evolve in this material.

2. Methodology

DFT simulations were carried out using the Perdew, Burke and
Ernzerhof scheme of the Generalised Gradient Approximation (GGA) for
the exchange-correlation functional [30]. All calculations were per-
formed using the CASTEP code [31], and employed ultra-soft pseudo
potentials with a consistent cut-off of 480 eV (converged to 107> eV.
atom™!). Parameters were chosen to be consistent with those of the
previous study [29].

Cells for defect calculations were optimised (without symmetry
constraints) in supercells constructed from 2 x 2 x 2 full Be;2Ti unit
cells, containing 208 atoms. A high density of k-points, with spacing of
approximately 0.003 nm}, corresponding to k-point grids of 2 x 2 x 4
for defect calculations, was used for the integration of the Brillouin
Zone, following the Monkhost-Pack scheme [32]. As Be;5Ti is metallic,
density mixing and Methfessel-Paxton [33] cold smearing of bands were
employed with a width of 0.1 eV. Calculations were not spin-polarised.
Convergence for all parameters, including the k-point spacing was
achieved to at least 10~ eV atom . For atomic relaxation in defective
cells, the energy convergence criteria for self-consistent calculations was
set to 1077 eV, the forces on atoms less than 0.01 eV A~! and where the
cell was relaxed the stress component less than 0.05 GPa.

The formation energy of defects, Ef, was calculated from the defec-
tive and pristine DFT supercells as

B =Bl B £ Yo, ™

defective

where y; is the chemical potential of the species i added or removed from
the pristine supercell to form the defective supercell, and n; is greater
than 1 only when defect clusters are considered. The chemical potential
of Be and Ti atoms is taken from DFT calculations of the metals in their
elemental ground state (hcp-Be and hep-Ti). The binding energy, Ep, of
defect clusters is calculated from the formation energies as the formation
energy of the cluster minus the formation energy of the constituent
defects. With this definition, a negative binding energy implies a that the
cluster is stable with respect to the dilute defects. Note that the binding
energy is also independent on the choice of chemical potential, as these
terms cancel out.

Migration barriers were investigated using the transition state search
algorithms implemented in CASTEP. First the transition state was
identified and optimised using the Linear Synchronous Transit (LST) and
Quadratic Synchronous Transit (QST) methodologies [34]. This
approach was adopted as it is considerably less computationally
expensive than a NEB search, while still accurately predicting the
transition energy [34,35]. The full path was obtained using the nudged
elastic band (NEB) method [36], with constrained maxima and
end-points. A total of nine nodes (including the transition state) between
the initial and final configurations were used, employing the same
convergence criteria as defect calculations.

The self-diffusion coefficients were calculated using Onsager theory,
informed by formation and migration energies from DFT simulations.
The Onsager transport coefficient (Ly) links the diffusion flux (J;) to the
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chemical potentials (y;) of species Be and Ti
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However, since Be and Ti vacancies diffuse in separate sublattices,
and the vacancies do not readily jump from one sublattice to the other (i.
e. the anti-site formation energy is highly unfavourable [29]), we can
safely assume that the flux of Be and Ti vacancies are decoupled, that is,
the off-diagonal terms Lg.; and Ly, for vacancy-mediated diffusion are
zero. We make a further assumption that the flux of interstitials of one
species does not significantly affect the flux of vacancies of the other
species.

With these simplification, and considering the dilute limit, where the
chemical potential of a species is proportional to its concentration, we
can relate the Onsager transport coefficient to the diffusion coefficient D
[371 by:

 kTQ

Ci

D;

Lii

where Q is the volume per atom, and c; is the concentration of migrating
defects. The equilibrium concentration is determined from the defect
formation energy E; following the Arrhenius relation:

—E
¢i & exp Wl

in which the site entropy is implicitly discounted as it is negligible at the
high temperatures of interest for diffusion.

The calculations were performed with the aid of the Onsager code by
Trinkle [38,39]. The method calculates the Onsager coefficients in the
dilute limit by solving a master equation that describes the transitions
from one state to another in terms of jump frequencies, similarly to the
self-consistent mean field method [40-42]. The method exploits crystal
symmetry and is automated for arbitrary crystals. The master equation is
informed by the crystal symmetry, the relative formation energies of the
different states (atomic configurations) and the migration energy of the
individual jumps to connect two states. A jump attempt frequency of 6
THz was used for all jumps, as this is representative of a typical vibra-
tional mode in the material [43]. Compared to the migration energies,
which affect the activation energy for diffusion, the attempt frequencies
have a marginal effect on the overall diffusivity at the temperatures of
interest (>900 K), provided they are of the correct order of magnitude.
When calculating the diffusivity of interstitials and vacancies, all jumps
were included in the calculation, irrespective of the associated migration
energy or weather they formed part of the lowest energy contiguous
pathway for diffusion.

Diffusion was calculated separately for each sublattice and each
species. When a species may diffuse through more than one mechanism,
the total equilibrium self-diffusion is simply given by [37]:

D;=D} +D}+ ...+ D}

We considered three mechanisms: vacancy, interstitial and inter-
stitialcy. The latter involves a concerted migration of two atoms: an
interstitial atom hoping onto a lattice site, and the lattice atom hopping
into a new interstitial site. We calculated the interstitialcy diffusion
mechanism by treating it as a special case of interstitial migration, as
performed previously [44,45]: all concerted jumps were considered as
interstitial jumps from starting and ending interstitial sites (with no
regards for the intermediate lattice site), but with the migration energy
informed by the DFT simulations of the relevant concerted jump. As
such, the two atoms involved in a concerted jump appear indistin-
guishable during the Onsager calculations, and the resulting diffusion
coefficients represent self-diffusivity not tracer diffusivity. Onsager
calculations of di-vacancy clusters were not performed owing to the
increased complexity of the migration process of defect clusters. How-
ever, we acknowledge that recent advances in the self-consistent
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Fig. 1. — Top: crystal structure of Be;,Ti [46] with ball model (left) and atomic polyhedra (right). Bottom: interstitial sites shown with patterned balls (left) and
polyhedral (right). Reproduced from [29].

mean-field theory approach, implemented in the KineCluE code [42],
enable calculations of transport coefficient including clusters. Further
work would be required to adapt the method to the specific case Bej,Ti,

Table 1
Calculated formation energies of vacancies and interstitials [29].

and the results presented here provide the basis for such endeavour. Be vacancies Ey (eV) Ti vacancies Er (eV)
VBe1 1.60 Vi 4.10
Vge2 1.43
2.1. Crystallography Voo 153
To provide a framework within which migration of intrinsic defects Be interstitials B @ Ti interstitials B (e
can be understood, the crystal structure of Be;,Ti is depicted in Fig. 1(a) Bej; 3.23 Tiy 5.37
with site polyhedra (b) and interstitial sites (c) with polyhedra (d). Bejz 1.86 T%iz 5.10
Bej,Ti has a tetragonal structure with I4/mmm symmetry [46-48] and Beis 3.96 Tiis 7.47

o o Ti; 4.19
lattice parameters a = 7.35 A and ¢ = 4.19 A (at room temperature) [46]. e

Our DFT-calculated lattice parameters are in close agreement: a = 7.359
Aand c=4.164 A, and the agreement improves when thermal expansion
is taken into account using the quasi-harmonic approximation, as re-
ported previously [47]. In this structure, beryllium atoms reside on 8f, 8i
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Table 2
Binding energies of Be and Ti vacancy pairs with respect to Vg and Vr; (where a
negative E, means the pair is stable with respect to the dilute defects) [29].

Species E, (eV) Species E, (eV)
Vge3Vpes (in plane) 0.41 Vge2VBe1 0.26
Vge3Vpes (out of plane) 0.44 VBe1VBe1 0.38
Vge2Vpes (in plane) 0.30 Vge1VBe3 0.63
Vge2Vpes (out of plane) 0.04 VriVri 0.50
Vge2Vpez (in plane) 0.22 V1iVges —0.04
Vge2Vpez (in plane) 0.35 Vr1iVge2 —-0.41
Vpe2Vpe2 (out of plane) —0.04 V1iVpe1 —0.02

Table 3

Calculated migration energies of beryllium and titanium vacancies. R is the
reactant and P the product. The lowest energy processes from which contiguous
pathways can be constructed are identified in bold.

Crystallographic Jump reaction Em (eV) Em + Ef
direction/pl. length (A Vv
irection/plane ength (A) From From (eV)
R P

anisotropic - [001] 2.08 Vge1 — 0.76 0.76 2.36
Vel

Isotropic 2.13 VBe1 — 0.61 0.69 2.21
Vges

Isotropic 2.24 VBe2 — 0.91 0.73 2.34
VBel

non-percolating (110) 2.21 Vie2 — 0.50 0.50 1.93
Vie2

anisotropic - [001] 2.60 Vpe2 — 1.39 1.38 2.82
Vie2

anisotropic - (110) 3.75 Vpe2 — 4.07 4.07 5.50
Vge2

anisotropic - (110) 2.34 Vpe2 — 1.19 1.09 2.62
Ve

Isotropic 2.29 VBe2 — 0.94 0.84 2.37
Ve

anisotropic - [001] 3.58 VBe3 — 3.07 3.07 4.60
Vie3

anisotropic - (110) 2.29 VBe3 — 1.05 1.05 2.58
Ves

anisotropic - [001] 4.16 Vii—» Vy;  6.75 6.75 10.85
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and 8j sites (here referred to as Bel, Be2 and Be3 respectively), and ti-
tanium atoms at 2a. Four interstitial sites were identified in prior work at
2b, 4b, 8h and 4c positions, herein referred to as i1, i2, i3 and i4 [29]. All
of these sites can accommodate a titanium atom, however beryllium
interstitials at the i4 site were observed to relax to i2 sites.

When investigating migration, both the defect migration energy and
formation energy contribute to the overall activation energy for
migration. In this context, Table 1 presents defect formation energies for
the species investigated in this work (relative to their elemental refer-
ence states). These were used in previous work [29] to demonstrate that
at thermal equilibrium up to 1400 K we expect Vg, and Be; species to be
available in significantly larger concentrations than Ti; and Vr;. After
ballistic collision cascades, the radiation damage was predicted to be
accommodated chiefly by Vg, Bej and Vi, while Ti; will be present in
concentrations that are order of magnitude smaller. Table 2 presents
binding energy for divacancies, as reported in [29]. These show that
specific pair combinations are stable with respect to isolated species,
which offers the possibility transport processes involving two vacancies,
as compared to simple single vacancy hopping. Beryllium di-interstitial
pairs were not stable except for BejsBej4, which exhibit a small binding
energy of —0.10 eV. However, given that Bej4 is not a stable beryllium
defect in isolation, and that no other Be di-interstitial cluster may form,
it is unlikely that this cluster affects the overall diffusion kinetics of Be
interstitials significantly.

3. Results and discussion
3.1. Vacancy migration

Migration energies for vacancy migration processes are reported in
Table 3 where, for example, Vpe;—Vpeo is shorthand for:

VBe1 + Beépe2 — VBe2 + Bége1

While the Vpep— Vpes transition exhibits the lowest migration energy
of 0.50 eV, alone it does not form a contiguous migration pathway. The
lowest energy transition that forms a contiguous pathway is Vpe; —Vge3
which is isotropic with an E; of 0.69 eV. This is followed by the
VBe1— VBe1 transition in the [001] direction with E,, 0.76 eV. When the
formation energy of the defect is considered, in addition to Ep,
VBe1—Vpes also has the lowest energy for a percolated migration
pathway, Ef + Ep, = 2.21 eV, followed by Vpes — Vpe1 and Vge; = Vpe1
with Ef + E;, = 2.34 and 2.36 eV respectively. As both the Vpe;—Vpe3

057 P e 0.8 - [¢) 7 53
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Fig. 2. Lowest energy NEB migration pathways for beryllium and titanium vacancy migration processes.
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Table 4

Beryllium and titanium interstitial migration energies between interstitial sites,
as calculated using the LSTQST methodology. R is reactant, P is product. Lowest
energy contiguous pathways for isotropic and anisotropic diffusion are identi-
fied in bold.

Jump A Reaction En (eV) Ef + Ep
length () From R From (V)
P
anisotropic - 2.646 Bejz — Bejp 0.56 1.29 4.52
[001]
anisotropic - 2.082 Bejs — Bejy 1.19 1.19 3.05
[001]
anisotropic - 2.311 Bejs — Bejs 0.47 0.47 4.43
(001)
Isotropic 2.924 Bejs — Bejz 0.42 2.52 4.38
anisotropic - 3.571 Bejs — Bej; 5.10 5.84 9.06
(001)
Isotropic 3.825 Bej; — Bejs 0.34 1.72 3.57
Isotropic 3.825 Bejs — Begeo, 1.37 0.02 3.23
Bepe2 — Beip
anisotropic - 2.082 Bejs — Begea, 1.45 1.45 3.31
[001] Bepez — Bein
Isotropic 2.966 Bejp — Bepeo, 2.22 0.13 4.08
Bepe2 — Bejs
anisotropic - 2.844 Bejs — Bege1, 0.20 0.20 4.16
(001) Bepe1 — Beis
anisotropic - 1.040 Tijz — Tiiq 0.15 1.04 5.19
[001]
anisotropic - 2.311 Tijz — Tijs 3.28 3.28 10.75
(001)
anisotropic - 2.646 Tijz — Tijp 5.10 7.20 12.57
[001]
Isotropic 2.924 Tijs — Tijs 6.92 4.55 12.02
anisotropic - 2.777 Tijz — Tijg 4.73 8.04 12.20
(001)

and Vgeza — Vper pathways allow diffusion in 3 dimensions and are
similar in Ef + Ep, it can be concluded that diffusion will be broadly
isotropic and proceed along all three beryllium sublattices. It is inter-
esting to note that for Vg, Ep, correlates strongly and positively with
jump length — this is discussed in greater detail below.

In contrast to beryllium transport, titanium vacancy (Vr;) migration
has a significantly higher activation energy of 6.75 eV, which proceeds
in the [001] direction. Furthermore, there are no viable isotropic
diffusion pathways for titanium vacancies.

The full NEB energy/reaction coordinate pathways are presented in
Fig. 2 for the three lowest energy beryllium vacancy migration pathways
and the titanium vacancy migration pathway. The NEB pathways follow
typical energy transition pathways for vacancy migration: reaction co-
ordinates for each NEB replica represent the fractional distance the
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replica sits along the computed NEB pathway. Based on the LST-QST and
NEB results, it is predicted that beryllium vacancy diffusion is isotropic
with modest activation energy, while titanium vacancy diffusion is
strongly anisotropic to the [001] direction and has high activation
energy.

3.2. Interstitial and interstitialcy migration

The migration of interstitials was also considered, since these are
predicted to be a dominant defect following radiation damage [17].
Transitions of beryllium and titanium interstitials between nearest
neighbour interstitial sites and via displacing an atom from its lattice site
(i.e. the interstitialcy mechanism) were investigated using the LST-QST
methodology. The numerical results are presented in Table 4 and NEB
pathways for the lowest energy transitions shown in Fig. 3.

The lowest energy beryllium interstitial transition is an interstitialcy
mechanism with an i3 interstitial atom displacing a lattice beryllium to
an adjacent i3 site with activation energy 0.20 eV. The Bejs species,
however, has a formation energy of 3.96 eV, 2.10 eV higher than Be;y,
and furthermore this transition does not, by itself, form a contiguous
pathway, thus transport through Be;Ti cannot be achieved by this
mechanism alone. However, this jump may contribute to the overall
diffusivity by connecting other interstitial or interstitialcy jumps. The
lowest energy contiguous pathway is an interstitial mechanism via i2
sites in the [001] direction, with activation energy 1.19 eV (the i2 sites
also have the lowest interstitial formation energy, see Table 1). Isotropic
beryllium interstitial migration may occur via a combination of the
interstitial i2— i2 hop and the interstitialcy i2 — Be2, Be2 — i2 hops, the
latter of which has rate determining migration energy of 1.45 eV.
Although the i1—i3 transition has lower migration energy than this
(1.29 eV), the higher formation energy of the i1 and i3 sites make this
transition less relevant under thermal equilibrium conditions.

Titanium interstitial migration exhibits an activation energy of 1.00
eV for the i4 — i2 transition, which provides a contiguous pathway but
only in the [001] direction. This is significantly lower than the lowest
energy isotropic transition, which is i2 — i3 with migration energy 6.92
eV. As such, while beryllium interstitial migration is predicted to be
weakly anisotropic, titanium interstitial migration strongly anisotropic
favouring [001].

3.3. Diffusivity

Combining all 26 jumps reported above, it is possible to create a
holistic picture of diffusion processes of dilute intrinsic defects in Be;,Ti
(i.e. that do not involve clusters of defects). The correlation between E,
and jump length (x) is explored for beryllium defects in Fig. 4. Migration

E (eV)
© o o 0o = = =
N A OO 00 O N »
[ I R N R B
o

o
o
o
o
Lo

o
00 o © O ol 4o ©

@]
(¢]
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I I I I
Bej, Be;, Bep,

I I I I I

reaction coordinate

Fig. 3. Lowest migration energy pathways for a) beryllium interstitial migration in [001] b) beryllium interstitialcy migration c) titanium interstitial migration in

[001]. Together a) and b) form a contiguous pathway for isotropic migration.
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Fig. 4. Relationship between hopping distance and E,, for beryllium vacancies and interstitials (the latter by both a simple and interstitialcy mechanisms).
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Fig. 5. Arrhenius plots of the concentration-normalised diffusivity of Be and Ti by interstitial, interstitialcy and vacancy mediated mechanisms.

via a vacancy mechanism shows a strong linear correlation between x within the Onsager code of Trinkle [38,39] (see Fig. 5). The diffusivity of
and Ep,, while this is not the case for interstitial and interstitialcy intrinsic species is determined by the mobility of this species, dictated by
mechanisms. the activation energy for migration, and the concentration of available

The migration and formation energies were used to predict the self- defects, dictated by the formation energy of the defects. Thus, in equi-
diffusivity of Bej2Ti using a Green function approach, implemented librium conditions, the apparent activation energy for self-diffusion is
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Table 5
Self-diffusivity coefficients for different species (Be and Ti), different migration
mechanisms (interstitial, interstitialcy, and vacancy-mediated) and directions (||
and 1).

Dy (cm?s71) Ef (eV) En (eV)
DR 1.65:10°2 - 1.86 ~171
Dy | 0.2810°2 - 1.86 - 1.20
ity | 1.64-10°2 -1.86 ~137
iy, L 0.41-10°2 - 1.86 ~122
ac.| 0.46-10"2 - 143 _ 078
Dl . 0.44-1072 —1.43 _ 081
D1 1.0410°2 —4.10 — 675
Dﬁtu 4.13.10°2 — 419 _ 785
DL 0.13102 — 419 1,00
direction
_20 4
w — basal
R
N T .
c-axis
IS
G
N
—_ _40 4
D .
ks species
8
- — Be
— Ti
_60 4

5 6 7 8 9 10 11
10000/T

Fig. 6. Self-diffusion coefficient of Ti and Be in Be;,Ti at thermal equilibrium.
the product of the formation and migration energies. However, when
exposed to fast neutron flux, the concentration of defects may be

dictated not by thermodynamic equilibrium, but by the rate of formation
and recombination of defects from collision cascades. This may lead to

Table 6
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defect concentration that are orders of magnitude greater than that
predicted by thermodynamic equilibrium at the given temperature. In
such cases, the formation energy of the defects becomes irrelevant, and
it is more appropriate to consider only the migration component of the
activation energy. Thus, for convenience, in Fig. 5 we only report the
migration component of the diffusivity (i.e. diffusivity normalised by
defect concentration), while the self-diffusion coefficient resulting from
a thermal equilibrium concentration of defects is presented later.

Fig. 5 shows that Beryllium diffusion is dominated by the vacancy
mediated mechanism, which is almost isotropic. Beryllium interstitials
migrate 2-5 orders of magnitude more slowly, with the interstitialcy
mechanism considerably more favourable than the interstitial only
process. Like the vacancy, the interstitialcy mechanism is also close to
isotropic. Titanium migration is strongly anisotropic and dominated by
the interstitial mechanism, specifically the Tij5 — Tij4 transition along
the c-axis. In this direction alone, the diffusivity and the activation en-
ergy for titanium diffusion is comparable to that of beryllium.

The basal (||) and c-axis (L) diffusion coefficients for each of the
species and mechanisms are reported in Table 5. The activation energy
has been split between the component due to equilibrium defect con-
centration (which may be neglected if the defect concentration is
dictated by athermal processes), and the migration components,
following:

—(E +En) —E —En
D=D,-exp T =D, -exp kB—T -exp kol
N—— N——

cd migration

The total diffusivity for a given chemical species (Be or Ti) is given by
the sum of the individual contributing diffusion mechanisms. The self-
diffusivity was calculated for the case in which intrinsic defect con-
centrations were dictated by thermal equilibrium, as shown in Fig. 6. It
is evident that all Be diffuse isotopically in the range of 1071* - 1078
cm? 571 in the temperature range of 900 K-1400 K, while Ti is virtually
sessile at all but the highest temperatures, as expected by the very low

equilibrium concentration of Ti defects.
3.4. Cluster migration
Previous work [29] showed that several VgeVge and VgeVr; clusters

exhibit negative binding energies, thus migration of these stable species
must also be considered. This is challenging given the large number of

Lowest energy divacancy hops between single beryllium sites in a beryllium divacancy, and beryllium and titanium sites in a mixed beryllium-titanium divacancy. R is
reactant and P is product. In bold the transitions that take part in the lowest energy migration pathway for the VeV, cluster.

Be-Be divacancy En (eV) Ef + En, (eV) Be-Ti divacancy En (eV) Ef + Ep, (eV)
Transition from R from P Transition from R from P

Vge2VBe3— VBe2VBel 0.48 0.37 3.44 Vie2Vri— Vge1 Vi 0.95 0.53 6.06
Vge2VBe2— VpeaVpes (1) 0.63 0.53 3.56 Vge1Vr1i— VBesVri 0.68 0.71 6.19
Vge2VBe2— Vpe2Vper (2) 0.76 0.70 3.82 Vge1Vr1i—Vge1 Vi 1.26 1.26 4.50
VBe2VBe1—VBe3Vies 0.74 0.53 3.85 Vge2Vr1i— Vee2 Vi 0.48 0.48 5.60
Vge2VBe2— VBeaVpe1 (3) 1.08 0.76 3.89 VBe2Vr1i— Vpe3Vri 0.83 0.45 5.95
VBe2VBe2— VpeaVpe1 (3) 0.76 0.69 3.89 VBe3Vr1i— VpesVrTi 0.59 0.59 6.08
VBe1VBe1— VBe2Vaes 0.70 0.95 3.90 Vri jumps

Vpe2Vpe2— Vie2Vae2 (2) 1.08 0.86 3.92 Vpe3V1i— VeesVri 4.44 4.44 9.93
Vie2VBe2 = VpeaVae2 (2) 1.17 0.77 3.99 Vpe1Vri=Vpe1 Vi 6.03 6.03 11.54
VBe3VBe3— VBe1Vaes 0.71 0.77 4.01

Vge2VBe2— Vpe2Vpes (5) 0.97 1.15 4.05

Vge1VBe1— VBe2VBe1 0.76 0.99 4.07

Vpe2Vpe2— Vpe2Vpes (4) 0.94 1.27 4.10

VBe2VBe3— VBe1Vaes 0.98 0.64 4.14

VBe3VBes—Vae2Vies 0.9 1.3 4.20

VBe2Vpe3— Vpe2Vpes 1.4 1.2 4.34

Vpe2Vpe3— Vpe1Vaes (2) 1.2 0.98 4.41

Vge3VBes— Vpe2Vpes (2) 3.53 3.82 6.76

Vpe2Vpe2 = Ve2Vpe2 (1) 4.01 3.72 6.82

Vge2VBe3— Vee2Vae2 (3) 4.58 4.65 7.74
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possible starting configurations: for VgeVp. species, there are 9 unique
nearest neighbour configurations and 72 nearest neighbour transitions
(where a single vacancy is exchanged, for example, VpeyVpea—V-
Be2VBe1). Using symmetry considerations this number can be reduced to
21 possible transitions [29]. Migration energies for these transitions,
along with those of VgeVyj, calculated using combined LST-QST calcu-
lations, are presented in Table 6.

The lowest energy contiguous migration pathway for beryllium
divacancies is via the VBesze1—> VBeZVBe2_’ VBeZVBeS_’VBeZVBel
pathway, with migration energies of 0.76, 0.63 and 0.48 eV respectively
(although there are many other transitions with similar migration en-
ergy). The calculated NEB pathway for this migration route is shown in
Fig. 7. The rate limiting process VpeaVpe2a— Vpe2Vpe3 has energy 0.76 eV,
which is the same as that for isolated vacancy diffusion, thus this
pathway is not expected to substantially alter the temperature depen-
dence of vacancy diffusion in this material, except that this divacancy

pathway is isotropic.
The mechanism for mixed Vp.Vr; migration is comprised of two
steps:

i) migration of the Vr; species from one site to another (bridged by the
Vge species), and
ii) reorientation of the Vg, species around the larger Vr; species.

The first step, in all cases, has significantly higher migration energy
(i.e. it is rate determining), with 6.03 eV in the [111] direction (V;
(OOO)VBelﬁVTi(O.S,O.S,O.S)VBel) and 4.44 eV in the [001] direction (Vr;
000)VBe3—VTi(111)VBe3), Which means migration of this species is
strongly anisotropic favouring the [001] direction.

For Ti diffusion to proceed, the Vges species must then re-orientate
around the V7; species (i.e. the second step). For migration in [111],
this requires two unique steps, whereby a transition occurs from Vr;Vge;
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(0.25,0.25,0.25) t0 VTiVBe1(0.25,0.25,0.75) with migration energy 1.26 eV
(which by itself would facilitate migration in the [001] direction) and a
further transition from Vr;Vpe; to V1iVpes with migration energy 0.71
eV. Migration in [001] by the latter Vy; transition further requires the
transition VriVpes—VriVgez with migration energy 0.83 eV. The NEB
pathway for isotropic and anisotropic diffusion are shown in Fig. 8.
Interestingly, for the isotropic pathway, it appears from the NEB en-
ergies that there is a metastable state between the two V1;Vge; species.

4. Conclusions

Defect migration processes have been predicted in Be;sTi using
density functional theory in conjunction with the linear/quadratic
synchronous transit and nudged elastic band methodology. The choice
of which defect processes to focus upon was based on our previous work
that identified which single beryllium and titanium vacancies/in-
terstitials were energetically favoured, as well as which small vacancy
clusters were stable [29]. Defect formation energies and migration en-
ergies were used to predict self-diffusion coefficients for single defect
processes using Onsager theory.

It was found that for vacancy-mediated processes, titanium exhibits a
much higher migration energy than beryllium. Further, it is predicted
that beryllium vacancy migration is only weakly anisotropic with en-
ergies of 0.76 €V in the [001] direction and 0.91 eV in the [111] di-
rection. When beryllium di-vacancy clusters are considered even the
small anisotropy is removed with di-vacancy mediated transport
occurring isotropically with an activation energy of 0.76 eV. Conversely,
the only viable titanium vacancy migration pathway occurs in the [001]
direction with migration energy 6.75 eV. Even when Vr;Vpg. divacancies
are considered the activation energy is only reduced to 4.44 eV in [001]
although there is now also a mechanism in [111] directions with an
activation energy of 6.03 eV.

Diffusion of beryllium interstitial species is also predicted to be close
to isotropic, however, transport involving an intersticialcy step is fav-
oured over interstitial only. Conversely, titanium interstitial migration is
strongly anisotropic, with migration energy 1.00 eV in the [001] di-
rection while the next lowest energy transition, which facilitates trans-
port isotropically has an energy of 6.92 eV.

These results, especially the stark differences between titanium and
beryllium transport, will impact on the formation of extended defects,
such as interstitial loops and voids, and by extension the evolution of the
thermophysical properties of the material under irradiation.
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