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Abstract

Experimental STEM and APT investigations both indicate the presence of nanovoids in y-
LiAIO;, pellets. While those nanovoids can affect the diffusion of tritium in pellets, first principles
simulations have been conducted to evaluate the potential for tritium trapping by single and
double cation and anion vacancies. It was found that tritium trapping allows recovery of a
significant amount of the formation energy cost of cation vacancy, while the trapping of tritium by
anion vacancies further increase the energy cost of forming a vacancy. The simulations also
indicated the potential for tritium to be trapped in various forms by forming bonds such as Al—T,
O—T or T.. These results raise further questions regarding the speciation and dynamics of tritium
trapped in nanovoids.
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1.0 Introduction

In the design of the tritium-producing burnable absorber rods (TPBAR), the essential
components for tritium production are the y-LiAIO, pellets, which contain about 25% of the total
lithium as 6Li. Despite a total Li burnup of about 12% (i.e. ~50% of total ®Li), the LiAlO- pellets can
survive very well neutron irradiation during the 18 months of in-reactor operation.™t! In order to
improve the fundamental understanding of physical phenomena occurring in TPBARs during
irradiation, a series of post-irradiation examinations were conducted for the various components
of the TPBAR. In the specific case of the pellets, several characterization techniques were used,
such as scanning transmission electron microscopy (STEM) and atom probe tomography (APT),
to identify irradiation induced microstructures at the nano- to micro-scale level.

In FY19, the project lead by Arun Devaraj? characterized by APT three TPBAR pellets from
Cycle 13, labelled C13-2-2-2-P2, C13-3-5-2-P9, and C13-2-2-2-P14. Some key results of the APT
analysis from each pellet were the detection of clusters of tritium and OT species in LIAIO; (Figure
1a, 1b), and the indication that both T and OT were heterogeneously distributed. In the density
maps shown in Figures 1(c-f), high (red) and low (blue) density regions of T and OT, sometimes
spatially separated, can be observed. While these observations provided valuable insights
regarding the distribution and speciation of T in LIAIO; pellets, they also suggested that tritium
can be trapped in LiAIO2 nanovoids which sizes typically evolve around 5 nm or less.

In order to address knowledge gaps related to the evolution of the pellet microstructures
during irradiation, which have implications on tritium diffusion, the work performed in this project
uses a combination of APT, STEM, and first principles simulations to gather structural and
chemical information on nanovoids and explore the defect energetics related to the formation of
vacancy and vacancy clustering in y-LiAlO,. The potential for tritium trapping has also been
computationally investigated. The results suggest that tritium can favorably be trapped in cation
vacancies in various forms by forming bonds such as O—T or To.
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Figure 1. (a-b) APT mass-to-charge spectra highlighting detection and (c-f) heterogeneous
distribution of T and OT species presumably in hanovoids in irradiated LiAIO; pellets from APT.
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2.0 Experimental Investigations

2.1 Delays

Due to the restrictions of Laboratory access during the COVID-19 outbreak, the experimental
APT and STEM works have been unfortunately delayed and only a portion of the work could be
performed. Despite these circumstances, the section below summarizes some analysis that were
carried out by STEM before Laboratory closure, from samples that were made in January 2020.

2.2 Sample preparation and imaging

In order to gather information about the structure of nanovoids and their environment, four
APT pellets samples from C13-2-2-2-P8 cycle were lifted out and successfully transferred for
scanning transmission electron microscope (STEM) imaging. A series of STEM analysis
techniques were applied to each sample such as, high-angle annular dark-field (HAADF), medium
angle annular dark field (MAADF), and bright field (BF) imaging, which are respectively sensitive
to composition, strain, and phase contrast. Energy-dispersive X-ray spectroscopy (EDS) analysis
has also been carried out to perform compositional characterization of the samples. Some of the
images collected for each sample are shown in Figure 2. The images of Samples #1, #2, and #3
reveal complex microstructures with secondary phases and 10 — 20 nm nanovoids. Grain
boundaries and inclusions are also present in the samples. Interestingly, the size of the nanovoids
detected by STEM are larger than those observed in APT (see Figure 1), suggesting a range of
size distribution for the nanovoids. In contrast, the images analysis of Sample #4, showed a much
more uniform sample, with fewer defects present. Further quantification of nanovoid structures
will require the preparation of separate, thinner STEM samples to perform focal series of imaging
and electron energy loss spectroscopy (EELS) characterization of these complex microstructures.
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Figure 2. Some STEM images of four samples from C13-2-2-2-P8 showing a complex array of
microstructures in neutron irradiated pellets.
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3.0 Theoretical Investigations

3.1 Computational methods

First-principles simulations based on density functional theory (DFT) were carried out using
the VASP package® to assess the formation energy of different types of defects and vacancy
clustering, with and without tritium, in bulk y-LiAIO,. All the simulations used the generalized
gradient approximation (GGA) exchange-correlation as parametrized in the Perdew, Burke, and
Ernzerhof (PBE) functional.[*®! Due to their similar electronic structure, the pseudo-potential of
hydrogen has been used to describe tritium. To account for dispersive interactions between the
tritium atom and its environment, van der Waals corrections as implemented in the Becke-Jonson
damping method (DFT-D3) have been used.[™ All the calculations have been performed with
spin-polarization and used a cutoff energy of 520 eV for the plane-wave basis set.!

Defect-free and defective supercells of y-LiAlIO, were generated to calculate the formation energy
of cation and anion vacancies. A single vacancy was created in a supercell, resulting from the
2x2x2 multiplication of the primitive cell, while two vacancies were created in a 3x3x2 supercell.
In each simulation, the atomic coordinates and lattice parameters were fully relaxed using a
convergence criterion of 10°° eV/cell for the total energy and 10 eV/A for the force components.
A Monkhorst-Pack!® k-point mesh sampling of 5x5x4 and 3x3x4 were used for the 2x2x2 and
3x3x2 supercells respectively. The relaxed lattice parameters of the primitive cell were a=5.1634
A (-0.11%), b=5.1634 A (-0.11%), and ¢=6.2496 A (-0.11%), which are in close agreement with
the experimental parameters of a=5.1685 A, b=5.1685 A, and ¢=6.2565 A.[%

The temperature-dependence of the Gibbs free energy of defects has been determined by ab
initio thermodynamics simulations. In these calculations, the Gibbs free energy of formation of
defects, AG;(T), has been calculated from the following generic equation:

AG:(T) = (Au(0)scp + Au(T)scp) + (Ap(0)rp + Ap(Trp) — (Ap(0)p + Au(T)p) (1)
AM(O) — EDFT + EZPE (2)

Where Au(0)scp and Au(T)scp are the chemical potentials of the defective supercell at 0 K and at
T, Au(0)zp and Au(T)zp are the chemical potentials of the defect (removed atom) in its reference
state at 0 K and at T respectively, Au(0)p, and Au(T)p are the chemical potential of the perfect,
defect-free supercell 0 K and at T respectively. For each case, the chemical potential at 0 K,
Au(0), is the sum of the total DFT and zero-point energy. For the defective and perfect supercells
of y-LiAIO,, the frequencies used to calculate the vibrational entropy contributions for the
temperature-dependent chemical potential, Au(T), have been calculated using the Phonopy
code.’ The DFT total energies, EPFT, of molecular O, and T, (assimilated to H,) have been
corrected to the experimental atomization energy of the gaseous species,® leading to an energy
correction of -0.804 eV and -0.188 eV respectively. The temperature-dependent chemical
potential, Au(T), for the reference states of bulk Al, bulk Li, O, and T used the experimental
values obtained from the NIST-JANAF thermochemical tables.™*?

3.2 Clustering of non-tritiated vacancies

In order to evaluate the potential for vacancy clustering in bulk y-LiAlO2, we have calculated
the energy cost for creating single Li, Al, and O vacancies and compared it to the energy of two
first neighbor vacancies. Table 1 shows that creating a single Al vacancy costs at least two times
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more energy than creating a Li or O vacancy. However, as shown in Table 2, two Al vacancies
interacting as first neighbor allow to reduce the energy cost of creating these vacancies by
12.47%.

Defect Ee (eV)

Vi 5.54
Val 13.03
Vo 6.86

Table 1. Single vacancy formation energy in bulk y-LiAIO, calculated from DFT total energies.

In the list of vacancies combination investigated, Table 2 shows that vacancy clustering
generally allows the system to reduce the energy cost of vacancy creation. Along with the
interaction of two Al vacancies, the most important energy gains are obtained by the close
interaction of Al and O vacancies, and Li and O vacancies, which would allow a 28.76% and
19.44% energy reduction respectively. In contrast, only a small energy gain, from 0.18% to 0.58%,
is obtained when an Al and Li, two Li, or two O vacancies are interacting. The energy gain values,
shown in Table 2, suggest that Li vacancies are strongly interacting with anion vacancies and not
particularly interacting with cation vacancies (i.e. Al or other Li vacancies), while Al vacancies are
strongly interacting with other Al vacancies and anion vacancies. In the case of oxygen vacancies,
the clustering of anion-anion vacancies is not particularly favored in contrast to anion-cation
vacancies.

Defect Pair e () Relati\_/e energy
Isolated 1" Neighbor gain (%)
Var-Vai 26.06 22.81 12.47
Va-Vii 18.57 18.50 0.38
Va-Vo 19.89 14.17 28.76
V-V 11.08 11.06 0.18
Vii-Vo 12.40 9.99 19.44
Vo-Vo 13.72 13.64 0.58

Table 2. Formation energy for two isolated and 1% neighbor interacting vacancies in bulk y-LiAIO2
calculated from DFT total energies. The relative energy gain from vacancy clustering is also
provided.
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3.3 Tritiation of isolated vacancies

The potential for tritium trapping by a single cation and anion vacancy has been investigated
as function of the number of tritium atoms. As shown in Figure 3, up to four tritium atoms have
been inserted in a single vacancy. In the case of Li vacancy, trapping one tritium atom by forming
an O—T bond is the most energetically favorable configuration. This allows to reduce the cost of
forming a Li vacancy by 47.47%. When two tritium atoms are trapped by the Li vacancy, the
formation of a T> molecule is found to be energetically more favorable by 0.47 eV compared to
forming two O—T bonds. While adding three tritium atoms still helps to reduce the energy cost of
creating a Li vacancy, by forming one O—T bond and one T, molecule, the energy gain is less
than when only one tritium is inserted. When four tritium atoms are inserted in the Li vacancy, it
led to the formation on two O—T bonds and one T, molecule. However, the energy for creating a
Li vacancy increases by 25.09%.
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Figure 3. Variation of the creation energy of a single cation or anion vacancy as function of
Tritiation.

In the case of Al vacancy, the addition of up to three tritium atoms gradually reduces the
energy cost for creating a vacancy. For three tritium atoms, the energy gain is maximal with 68.3%
of the energy cost recovered. For four tritium atoms, creating an Al vacancy is still favorable but
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the energy gain is less important. Depending on the number of tritium atoms inserted in the Al
vacancy, the formation of one to four O—T bonds are obtained. In contrast to the Li vacancy, no
formation of T, species was obtained. The tritiation of the O vacancy is generally found to be
energetically unfavorable, however, for two tritium atoms, the formation of two Al—T bonds is
more favorable than forming one T> molecule. Forming two Al—T bonds is the only configuration,
among those investigated, found to help reduce the energy cost of vacancy creation by 1.46%.

Altogether, the trends obtained for the tritiation of a single vacancy are consistent with the
charge of the species removed to create the vacancy. For Li, Al and O vacancies, we found that
inserting one, three and two tritium atoms respectively lead to the most energetically favorable
configurations. Ultimately, all these configurations allow the system to reduce the cost of vacancy
creation therefore suggesting that single cation, and to a lesser extent, anion vacancies can trap
diffusing tritium atoms. The simulations conducted also highlight the potential for various tritium
species to occur in the vacancy space, such as OT, AIT, and T.. In the following, we use only the
most energetically favorable tritium trapped configurations of each vacancy type to perform ab
initio thermodynamic simulations.

3.4 Gibbs free energy of isolated vacancies with and without tritium

The temperature evolution of the Gibbs free energy of single vacancies with and without tritium
has been determined from ab initio thermodynamics calculations. Figure 4 shows that for non-
tritiated cation and anion vacancies, the Gibbs free energy of formation tends to decrease as the
temperature increases. In the case of tritiated vacancy, a decrease of the Gibbs free energy is
also obtained for Li and O vacancies but not for the tritiated Al vacancy which Gibbs free energy
increases as the temperature increases. However, for both cation vacancies, tritiation helps to
significantly reduce the energy cost of forming a vacancy at any temperature investigated. The
range of temperatures at which TPBARs generally operate in reactor, between 563-623 K, has
been highlighted in Figure 4 by a yellow band. At 600 K, the Gibbs free energy gain by tritiation
of Li and Al vacancies is 44.74% and 58.55% respectively. In the case of the anion vacancy,
tritiation is found to be always less favorable than a non-tritiated vacancy. While the Gibbs free
energy of the O tritiated vacancy decreases as temperature increases, the extra energy cost at
600 K is 11.08%.

Even if the tritiation of O vacancy is not favorable, we note that at 600 K the extra cost in
energy is about 0.65 eV, which is much smaller than the 2.32 eV and 7.19 eV energy gains from
the tritiation of the Li and Al vacancies respectively. This observation suggests that tritium trapping
in a nanovoid made of a mixture of both cation and anion vacancies should still be preferable.
However, this preference would ultimately depend on several factors, such as the number of
cation and anion removed to create the nanovoid, how much tritium are trapped, and the chemical
form in which the tritium is trapped (e.g. AlT, OT, or T>). It would also depend on the size, structure,
and shape of the nanovoid. Some recent theoretical investigations of hydrogen trapping in
nanovoids in oxides and metals found that the formation of OH groups in oxides could reduce the
energy cost of forming cation vacancies,*® while in metals, the formation of molecular H, could
occur at the center of nanovoids.™¥
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Figure 4. Variations of the Gibbs free energy, AG¢(T), as function of temperature for a single Li,
Al and O vacancy without tritium and with one, three, and two tritium atoms respectively. The
temperature zone highlighted in yellow represents the temperature range at which TPBARs
operate in reactor.

3.5 Clustering of tritiated vacancies

In order to evaluate the energy gain from the aggregation of two tritiated vacancies, we used
the most energetically favorable tritiation configurations found for a single vacancy as starting
point for tritium addition in a cluster of two vacancies. This process led us to add one, three and
two tritium atoms for each Li, Al and O vacancy created. For example, a cluster made of Li and O
vacancies was filled with three tritium atoms, while a cluster of two interacting Al vacancies was
filled with six tritium atoms. The formation energies calculated for two tritiated isolated and
aggregated vacancies is shown in Table 3. For each combination investigated, the overall trend
suggests that the clustering of tritiated vacancies generally allow an energy gain from 1.44% up
to 8.16% compared to two isolated tritiated vacancies. While this result aligns with the results
obtained previously for non-tritiated vacancies, it further suggests that a nanovoid formed by the
clustering of cation and anion vacancies would act as a trap for diffusing tritium atoms. However,
the diffusion and aggregation mechanisms of isolated tritiated vacancies remain unclear. While
vacancies have the potential to trap tritium atoms, tritiated vacancies could diffuse slower which
would limit the formation of nanovoids.

10
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Defect Pair e ) Relati\_/e energy
Isolated 1" Neighbor gain (%)
Var-Vai 8.26 7.85 4.99
Var-Vii 7.04 6.94 1.44
Var-Vo 10.89 10.05 7.73
V-V 5.82 5.54 4.77
Vii-Vo 9.67 8.88 8.16
Vo-Vo 13.53 12.98 4.04

Table 3. Formation energy for two tritiated isolated and 1% neighbor interacting vacancies in bulk
y-LIAIO- calculated from DFT total energies. The relative energy gain from vacancy clustering is
also provided.

11
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Conclusion

From experimental investigations, STEM image analysis revealed the presence of nanovoids
from 10 to 20 nm size, along with a complex mix of microstructures such as secondary phases,
cracks and grain boundaries. Further experimental investigations, correlating STEM and APT
analysis are needed to extract more information about the size and distribution of nanovoid
structures, as well as the speciation of tritium in those nanovoids.

The theoretical investigations conducted provide further evidences favorable to tritium
trapping by small nanovoids. They also indicate the potential for tritium to be trapped in the
vacancy space in various forms such as Al—T, O—T or T». Ab initio thermodynamics simulations
suggest that tritium trapping by cation vacancies allows recovery of a significant amount of the
cost of vacancy formation, while the trapping of tritium by anion vacancies further increases the
energy cost of forming a vacancy.

12
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