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Abstract

Helium (He) exerts significant influence on the physicochemical, structural, and
electronic properties of pyrochlores. This paper reviews recent advancements in
computer simulations aimed at stabilizing nuclear waste, focusing on disordered
structures of pyrochlores, zirconate pyrochlores, and high-entropy pyrochlores.
Using Pu-La,Zr,0; as a case study, we demonstrate how a first-principles
approach facilitates the understanding of how He modifies the structural and
electronic properties of this system. The incorporation of He interstitials in Pu-
La,Zr, 0, typically leads to an expansion in lattice constant and volume swelling.
Analysis of the formation energies in this system reveals that octahedral intersti-
tial sites or zirconium (Zr) vacancy sites are favored for He occupation, resulting
in the formation of substitutional He atoms. The low concentration of He atoms
in Pu-La,Zr,0, reduces the formation energy of cation antisite defects. Bader
charge analysis indicates that the < Zr-O > bond exerts a greater influence on
the irradiation resistance of the He-Pu-La,Zr,0; system compared to the < La-
O > bond. Moreover, the capacity for He interstitials increases with higher Pu
concentration in the octahedrons.
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1 | INTRODUCTION

Nuclear energy serves as a stable and clean energy source,
playing a pivotal role in achieving the goals of carbon
peak and carbon neutralization. Ensuring the safe and
efficient disposal of nuclear waste is crucial for the sus-
tainable advancement of nuclear energy.'” Pyrochlore
is considered a promising substrate material for immo-
bilizing high-level nuclear waste due to its exceptional
chemical durability, high thermal stability, and robust radi-
ation resistance.*® Given the constraints of experimental
characterization in terms of temporal and spatial scales,
coupled with the hazardous nature of radionuclides, com-
puter simulations have been widely used to probe the phys-
ical and chemical properties of pyrochlores. With regard
to the application of pyrochlores in the field of nuclear
energy, recent advancements in exploring pyrochlores as
nuclear waste forms have predominantly focused on the
following areas.

1.1 | Current statues of simulations study
of pyrochlores for nuclear energy
applications

1.1.1 |
weberite

Local short-range order structure of

Pyrochlores (A,B,0;) undergo phase transitions from
ordered to disordered (O-D) or amorphous (O-A) phases
upon irradiation. A correlation exists between the
propensity for phase transitions and energy expenditure
associated with cation disordering in pyrochlores. The
pyrochlore amorphization tendency intensifies with
the escalating energy cost of cation disorder, charac-
terized by the swapping of A and B cations within the
pyrochlore structure. Previous studies have elucidated a
disordered structure, where cations A and B exchange
positions along with anion Frenkel pairs, resulting in
a random distribution of oxygen vacancies.” However,
recent neutron total-scattering experiments have revealed
that locally-ordered domains contribute to the formation
of large-scale disordered pyrochlore structures. The
local-order structure was identified as an orthorhombic
weberite model with space group Ccmm crystal symmetry.
Regarding the underlying mechanism of the formation of
the local weberite structure, Zhao et al.® studied the order-
disorder transition in A,Zr,0,(A = La to Er) pyrochlores
using first-principles calculations and suggested that the
weberite structure can be attributed to the movement
of 48f oxygen to the nearest vacant 8a site. The extent
of the phase transition from pyrochlore to weberite
depends on the cation properties, is characterized by
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FIGURE 1 Energy difference between weberite-type and
pyrochlore for lanthanoid zirconates (black squares), hafnates (red
downward triangles), stannates (blue circles), and titanates (green
upward triangles). Reproduced from Ref. (9).

the oxygen migration ratio. Regarding the stability of
weberite, first principles simulations’ revealed that the
weberite-type structure is more energetically stable than
the fully ordered pyrochlore structure for most zirconate
and hafnate pyrochlores (see Figure 1). For A,Ti,0, the
weberite-type structure was stabilized against pyrochlore
only in cases with small A ionic radii (A = Lu-Er, as shown
in Figure 1).

Similar conclusions were reached by calculating the for-
mation enthalpies of Ln,B,0; (B = Ti, Sn, Hf, and Zr)
compounds in pyrochlore, defect fluorite, and weberite
structures using DFT.!Y The defective fluorite phase was
unstable in the entire range of the considered composi-
tions, except for the Ln,Ti,O; compound. The weberite
phases of Ln,Hf,0; and Ln,Zr,0, were more stable than
those of the lanthanides (Ln) after Dy and Gd, respectively.

The connections and distinctions between weberite and
pyrochlore with the same chemical formula are presently
ambiguous. We performed a comparative analysis of the
physical properties of Gd,Zr,0; weberite and pyrochlore
using a first-principles method."! Our finding revealed
that cation antisite defects are more readily formed in the
weberite lattice compared to the pyrochlore lattice. The for-
mation of vacancy defects is influenced by the availability
of vacant lattice sites for the respective atoms. Further-
more, both weberite and pyrochlore were found to be
mechanically stable and exhibited comparably mechanical
properties.

1.1.2 | Simulation of high entropy pyrochlore

High-entropy ceramics have attracted increasing inter-
est owing to their enhanced mechanical resilience,
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catalytic efficiency, electrical conductivity and ther-
mal stability.!” High-entropy pyrochlores, a typical
high-entropy ceramic, have been studied extensively
in terms of their physical properties and radiation
tolerance because of their potential applications in ther-
mal barrier coating and nuclear waste disposal.’*""®
A comparative study of the physical properties
and radiation tolerance of the B-site high-entropy
pyrochlore Gd,(Tig 25Zr( 255N 55sHfjy 25),07 and individual
pyrochlores Gd,X,0,(X = Ti, Zr, Sn, Hf) was performed
using first-principles calculations, and the results showed
that high entropy at the B sites lead to lattice distortion
and enhanced radiation tolerance.'® Similar conclusions
were confirmed by the experimental measurements and
calculated results for Gd,(Tiy,Zry,Sng,Hfy,Tag,),07,
Gdy(Tip2Zro,Sn9,Hfg 2Nb2),07"7 and  Gdy(Tig25Zrg 25
Hf ,5Ce(.25),07.'* As for the high entropy at A sites in
pyrochlores, (Lug5Y(25EUq25Gdg25),Ti,O; has been
experimentally prepared and irradiated by 800 keV
Kr** ions. The radiation resistance is characterized
by irradiation experiments and the calculated antisite
defect formation energy, both of which show that the
radiation resistance of the high-entropy pyrochlore
is between those of Eu,Ti,O0, and Y,Ti,0,."® The
radiation resistance and mechanical properties of
(Lag,Ndg ,Smg ,Eu,Gdy,),Zr,0, were also studied
using irradiation experiments and molecular dynamics
simulations,'® which revealed that the radiation resis-
tance of this high-entropy pyrochlore was improved.
The formation energies of the A-B site cation antisite
defects indicate that the high-entropy pyrochlore has
a good radiation defect recovery ability compared with
the corresponding ternary pyrochlore. The above results
indicate that the A and B-site high-entropy effects on
the radiation tolerance of pyrochlores are different, and
the underlying mechanism was studied by combining
experiments and calculations with similar cationic radius
ratios. The results demonstrate that bond strength and
chemical environment are key factors that lead to different
irradiation responses. When the cation radius ratios are
similar, the variance in the A-site elements has a similar
impact and may slightly improve the radiation toler-
ance. Conversely, B-site elements significantly influence
radiation tolerance.'?

1.1.3 | Simulation of radionuclides in
zirconate pyrochlore

Zirconate pyrochlores are considered leading candidates
for the immobilization of Pu and minor actinides.?’-*!
Solid solutions involving actinide immobilization have
attracted considerable interest.”’>* Recently, Shen et al.”’
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studied defect formation and its effect on the thermo-
dynamic properties of Pu,Zr,0,, which was formed by
the immobilization of Pu in the Gd,Zr,0, pyrochlore
using first-principles calculations. The results revealed
that a Pu-Zr antisite is readily forms, resulting in the
spontaneous formation of an Og, interstitial defect in
Pu,Zr,0,. The elastic moduli and Debye temperature
decreased because of the formation of vacancies, inter-
stitial or antisite defects in Pu,Zr,0,. Their investigation
suggested that defects created defects by self-radiation
from actinide decay affected the thermophysical proper-
ties of Pu,Zr,05. In addition to studying the behavior of
uranium and Pu in pyrochlores, a theoretical study of Th
accommodation in Gd,Zr,0- has also been carried out by
Zhao et al. using density functional theory.”® The results
demonstrate that Th can be incorporated into both Gd and
Zr sites in Gd,Zr,0; pyrochlore, and that Th-containing
Gd,Zr,0, pyrochlores are more amenable to undergo O-D
phase transformation and exhibit stronger radiation toler-
ance. Xiao et al.”’ studied the effect of Pu incorporation
on La,Zr,0; using density functional theory and found
that Pu-doped La,Zr,0; pyrochlore improved the irradi-
ation resistance. Moreover, both La and Zr atoms can be
replaced by Pu and form La, yPuyZr,0; and La,Zr, , Pu, O,
(0<y<2) solid solutions. The same process also occurs in
Gd,Zr,0-, where both Gd and Zr atoms can be replaced by
Li et al.”® studied the mechanical and electronic properties
of Gd,Zr,0; containing Pu atoms using density functional
theory and the Hubbard U correction (DFT+U) method,
and found that Pu is mechanically stable at Gd and Zr sites.
Zhang et al.”’ simulated the microstructural evolution of
Pu,Zr,0, and La,Zr,0, under electron radiation using ab
initio molecular dynamics. The results showed that the
irradiation tolerance of Pu,Zr,0; is lower than that of
La,Zr,0,.

1.1.4 | Behavior of helium in pyrochlore

Helium (He) is typically generated during the long-term
geological disposal of spent nuclear fuel, causing swelling
and impacting multiple physical properties of the solid.*"
The critical concentration of 4.6 at.% required for the
formation of He bubbles in Gd,Zr,0, pyrochlore is deter-
mined by irradiation with Au and He ions. The individual
bubbles slightly increase the lattice swelling, while the
bubble chains reduce the lattice strain.’! Thus, the behav-
ior of He in pyrochlore should not be ignored, henceforth
attracting significant attention in theoretical simulations.
First-principles calculations have demonstrated that He
preferably occupies the octahedral interstitial sites in the
Y, Ti,O; pyrochlore lattice, wherein the presence of He
atoms can alter the crystal structure and chemical bond
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characteristics.’” The same authors recently reported a sys-
tematic study on the behavior of He in A,B,0; (A = La
or Gd, B = Zr or Sn) pyrochlores using a first-principles
approach.’* % The formation energies indicated that the
octahedral interstitial site was the most stable site occu-
pied by He. The low accumulation of He atoms causes
small lattice swelling and has little effect on the mechani-
cal properties of pyrochlores. However, the presence of He
results in a decrease in the formation energy of cation anti-
site defects, which usually portends the order-to-disorder
phase transition and is easier than in pure pyrochlore.
In the actual geological disposal environment of spent
nuclear fuel, the coexistence of He and radionuclides such
as Pu is common. However, an atomistic study of this
mixture remains elusive.

As an example, we employed the first-principles method
in subsequent sections to study a He-Pu-La,Zr, 05 system,
and systematically analyze the effect of He atoms on its
structural and electronic properties. Based on these results,
the effect of He on the radiation resistance of the Pu-
La,Zr,0, pyrochlore is discussed from the perspective of
the cation antisite defect formation energy.

2 | METHODOLOGY

The Vienna ab initio Simulation Package (VASP) was
used to perform all the calculations in this study.>*—*°
The interaction between ions and electrons is described
by the projector-augmented-wave (PAW),***! and the
generalized gradient approximation (GGA) from Perdew-
Burke-Ernzerhof (PBE)* is used to describe the exchange-
correlation functional of the valence electrons. In this
study, the electronic configurations of He, La, Zr, O,
and Pu were 1s?, 5s?5p®5d'6s?, 4s24p®4d?5s?, 2s?2p*, and
6s27s6p°6d25f*, respectively. The strongly correlated f
electrons of Pu were modified by the parameter U, = 4 eV
based on the Hubbard U correction.”” A 2 X 2 X 2 k-point
sampling pattern in reciprocal space was employed with a
cutoff energy of 600 eV for the plane-wave basis sets. The
convergence criterion of total energy and total force was
10~* eV and 1073 eV/A, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Structural characteristics

The convoluted crystal structure of pyrochlore is usually
described as a fluorite superstructure of, with an ideal
structural formula of A,B,0; and a space group of Fd-
3m.** All the atoms were in special positions, except
for oxygen, which occupied the 48f sites. Therefore, the

FIGURE 2 Schematic diagram of La,Zr,0, pyrochlore, where
blue, green and red spheres represent lanthanum (La), zirconium
(Zr), and oxygen (O), respectively.

pyrochlore structure can be completely described by two
independent parameters: the lattice parameter a, and the
Oys7 fractional coordinates Xougr.** In pyrochlores, xo4s is
closely correlated with the degree of structural disorder,
ranging from 0.3125 to 0.375.** When x = 0.3125, the struc-
ture is an ideal pyrochlore, the cations at site B form an
ideal octahedron, and the cations at site A are in the cen-
ter of the twisted cubic coordination. When x = 0.375, the
crystal have a defective fluorite structure, the A-position
cations were in the center of the regular cube with a
coordination number of 8, and the B-position cations
were in the center of the highly distorted octahedron. As
Xo4gf approaches 0.375, the pyrochlore becomes closer to
a disordered fluorite structure and exhibits stronger radi-
ation resistance.***’ Figure 2 shows a schematic of the
La,Zr,0; pyrochlore. The relaxed lattice constants a, and
Xo4gr and bond distances are summarized in Table 1 and
are in reasonable agreement with other theoretical and
experimental values.?’-*

A La atom was replaced by a Pu atom in a La,Zr,0,
lattice cell with 88 atoms, resulting in a Pu-La,Zr,0;
system in Figure 3A. To analyze the influence of sin-
gle He interstitials on the Pu-La,Zr,0 system, eight He
interstitial sites were considered. Their configurations are
shown in Figure 3B-I. Complete structural relaxation
was performed on the Pu-La,Zr,0, and He-Pu-La,Zr,0,
pyrochlore systems. Table 1 lists the volumes, lattice con-
stants, x4 and bond lengths of the two systems. The
He interstitials in the middle of the two Zr atoms were
transferred to the tetrahedral position after relaxation.
Therefore, He was treated as a tetrahedral interstitial in
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FIGURE 3

Configurations of different interstitial positions of He in Pu-La,Zr,0,. (A) Pu-La,Zr, 0, system; (B) He interstitial located at

the middle between two lanthanum atoms; (C) He interstitial located at the middle of two zirconium atoms; (D) He interstitial located at the

middle of two oxygen; atoms (E) He at tetrahedral position; (F) He at octahedral position; (G) He at the octahedral position consisting of Pu;

(H) He interstitial located at the middle of plutonium and lanthanum atom; (I) He interstitial located at the middle of plutonium and
zirconium atom. The black, white, blue, green, and red spheres represent Pu, He, La, Zr, and O, respectively.

all subsequent analyses. After He interstitial introduction,
lattice swelling was observed, and the volume of the He-
Pu-La,Zr,0; system increases by 2.33% (He in the La-La
interstitial position), 2.57% (He in the Tet. interstitial posi-
tion), 3.05% (He in the O-O interstitial position), 2.41% (He
in the Pu-La interstitial position), 3.13% (He in the Pu-
Zr interstitial position), 2.49% (He in the Oct. interstitial
position), and 2.57% (He in the Oct.(Pu) interstitial posi-
tion). The incorporation of He results in the increase of the
bond length of < La-Og, > and < Pu-Ogy, >. Other chem-
ical bonds were also affected by the incorporation of He,
as shown in Table 1. The increased xo4g7 reveals that the
He-Pu-La,Zr,0, systems are closer to a disordered fluo-
rite structure, which means that the incorporation of He
may lead to structural distortion and enhance the radiation
resistance of the system.***>

3.2 | The preferable location of He in
Pu-La,Zr,0,

The formation energy is commonly used to eval-
uate the relative stability of interstitial atoms in
compounds.®>*>#%4 The configuration with a lower
formation energy exhibited better structural stability. The
formation energy of each configuration of He-Pu-La,Zr, 0,
is calculated using the following formula®’

EHe(Int) _

f - EHe—Pu—LaZZr207 - EPu—LazZrZO7 - EHe-

Here, Exe_pu—ra,2r,0, 1S the total energy of the relaxed
Pu-La,Zr,0; system with a He interstitial; Ep,_14,7,0, 1S

the total energy of the relaxed pure Pu-La,Zr,0; system,
and Ey, is the ground-state energy of the isolated He atom.
Vacancy defects are produced in the lattice structures of
pyrochlores under extreme conditions.” Therefore, the
formation energy of Pu-La,Zr,0, with a He atom at a
pre-existing vacancy can be calculated using the following
formula®’
E?E(VaC) = Ege+vac = Evac — EHe-

Here, Eyeyyqc is the total energy of the Pu-La,Zr,0,
system with a He atom occupying a pre-existing vacancy.
Ey 4. denotes the total energy of the Pu-La,Zr,0; system
containing vacancy defects.

The formation energies of He at the Pu-La,Zr,0; inter-
stitial and vacancy sites are listed in Table 2. The O-O
and Pu-Zr interstitial sites are the most unstable interstitial
sites for He atom to occupy due to the highest formation
energy of U= 3 08 eV and 2.97 eV, respectively, which
is consistent with the maximum volume change of these
two cases, as described in Section 3.1. He atom prefers to
occupy the octahedral interstitial sites in Pu-La,Zr,0; sys-
tem because the smallest formation energy for Oct. and
Oct.(Pu) is 1.96 eV and 1.97 eV, respectively. In terms of the
He formation energy at a vacancy site, the Zr (EHe(VaC) =

f
1.31 eV) and La vacancy sites (E]{Ie(vac) = 1.44 eV) are the

most preferred sites for a He atom to occupy. The most
unstable vacancy site for a He atom is the Og, vacancy
site, with a formation energy of ETVA) _ 3 97 ¢V, The
formation energy for He in the Pu-La,Zr,0, system and
pure La,Zr,0; pyrochlore® in Table 2 shows that the exis-
tence of a Pu atom in the La,Zr,0, pyrochlore has very
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Results of the volume (nm?), xq.s, lattice constant a, (A) and bond length (A), compared with available theoretical and experimental results.

TABLE 1

d <Pu-Ougp> (A)

o

d < Pu-Og, > (A)

d <Zr-Ou5> (A)

2.101
2.11

d <La-Og, > (A)

2.331
2.34

d <La-O,4> (A)

2.620
2.620
2.589
2.635

a, A
10.765
10.797
10.696
10.805
10.761
10.846
10.851
10.868
10.837
10.875
10.850
10.852

Xoasf
0.333

V(nm?)
1.248
1.259

La,Zr,0,

0.3338
0.3346
0.332

Theory27,35

Nna

2.096
2.105

2.316

LIU ET AL.

2.339
2.330
2.369
2.351

Exp.®

2.603
2.515

2.315

2.100
2.192
215

2.619

0.333

1.246
1.275
1.278
1.284
1.274
1.285
1.277
1.278

Pu-La,Zr,0,
La-La
Tet.

2.349
2.335
2.365
2.365
2.385
2.334
2.357

2.690

0.334

2.628

2.606
2.580
2.647
2.640
2.577
2.674

0.336

2.531

2.096

2.367
2.376
2.393
2.349
2.373

0.330

0-0

2.670
2.636

2.096

0.335

Pu-La
Pu-Zr
Oct.

2.098
2.112

0.335

2.627

0.334

2.654

2.118

0.333

Oct.(Pu)

200
100

Density of state

I 1 ] l I [ i |
-8 -6 -4 -2 0 2 4 6 8
Energy(eV)

FIGURE 4 Total density of states and partial density of states
for pure Pu-La,Zr, 0, system.

little effect on the preferred site for He occupation com-
pared with the case of pure La,Zr,0,. However, the higher
formation energy of He in Pu-La,Zr,0 system means that
it is more difficult for He to occupy pre-existing vacancies
or interstitial sites.

3.3 | Electronic properties

The electronic structure of pyrochlore always affects the
physical and structural properties.”>? In this work, the
partial density of states (PDOS) and Bader charge were
calculated to analyze the electronic structure of He in
the Pu-La,Zr,0; system.>>~° The total density of states
(TDOS) and PDOS of the Pu-La,Zr,0; system near the
Fermi level are shown in Figure 4. The results showed
that the valence band was mainly contributed by the O-2p
states. The valence band maximum (VBM) was predom-
inantly determined by the Pu-5f and O-2p states. The
conduction band minimum (CBM) is attributed to the Pu-
5f, Zr-4d, and O-2p orbitals. In addition, the hybridization
of Zr-4d and O-2p was significantly stronger than that
of La-5d, Pu-5f, and O-2p. In addition, the difference in
the partial density of states (PDOS) between the He-Pu-
La,Zr,0; and Pu-La,Zr,0; systems was calculated using
the following formula:

APDOS = PDOSy,—py-r4,2r,0, = PDOSpy_14,2r,0,-
The calculation results are shown in Figure 5, where

only the electron orbitals with substantial changes are
listed. The zero, positive, and negative values indicate the
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FIGURE 5 The difference of partial density of states (APDOS) of He at different interstitial positions: (A) La-La interstitial; (B) Tet.

Interstitial; (C) O-O interstitial; (D) Pu-La interstitial; (E) Pu-Zr interstitial; (F) Oct. interstitial; (G) Oct. (Pu) interstitial.
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TABLE 2 Formation energy of He atoms at different interstitial positions(E?e(lm)) and preexisting vacancy positions(E?e(Vac)).
Formation energy Efe(v‘") Efea"t)
Site vLa VZr VO 45 vOg, La-La 0-0 Tet. Pu-La Pu-Zr Oct. Oct.(pu)
Pu-La,Zr,0, 1.44 1.31 2.23 3.97 2.33 3.08 2.37 2.97 1.96 1.97
La,Zr,0,% 033 037 157 31 1.80 269 201 1.60
TABLE 3 Average Bader charges of Pu, La, and Zr in Pu-La,Zr,0, and He-Pu-La,Zr,0, systems.
Average Bader He-Pu-La,Zr,0,
charge (|e|) Pu-La,Zr,0, La-La Tet. 0-0 Pu-La Pu-Zr Oct. Oct.(Pu)
Pu 2.082 2.082 2.090 2.084 2.069 2.031 2.090 2.089
La 2.122 2.094 2.124 2.103 2.097 2.107 2117 2.113
Zr 2.552 2.568 2.564 2.573 2.570 2.573 2.564 2.569

same, increased, and decreased PDOS, respectively, com-
pared to He-Pu-La,Zr,0; with Pu-La,Zr,0,. The obvious
distinctions are observed in the s and d orbitals of La, the
d orbitals of Zr, and the p orbitals of O, which indicate
that there are obvious changes in the bonding properties
of < La-O > and < Zr-O > bonds.

Using the optimized structure, we calculated the Bader
charge of each ion in the He-Pu-La,Zr,0; system and
the results are summarized in Table 3. Because of the
similar ionic radii of La** and Pu3*, the incorporation
of Pu had little effect on the charge distribution in the
entire system. The average Bader charges of Zr and La
increased and decreased slightly, respectively. The < Zr-
O > bond covalency is reduced, but the < La-O > covalency
of the bond is enhanced. The strength of the cova-
lent bond is closely correlated with the radiation resistance
of pyrochlore.> Irradiation-induced defects are almost
immobile in pyrochlores and accumulate because of
their robust network of covalent bonds, which ultimately
increases the probability of lattice amorphization.”” Thus
the < Zr-O > bond has a greater effect on the irradiation
resistance of the He-Pu-La,Zr,0; pyrochlore system than
the < La-O > bond.

3.4 | Cation antisite defect formation
energy and binding energy

Pyrochlores have better irradiation resistance when they
approach a disordered fluorite structure.’>> Pyrochlores
with lower cation antisite defect formation energies are
more prone to undergo order-to-disorder phase transi-
tions and maintain better radiation tolerance.”>>*°' To
assess the influence of the incorporation of He atoms
on the radiation tolerance of the Pu-La,Zr,0; system,
the formation energies of the cation antisite defects
were calculated, and the results are listed in Table 4.

A cation antisite defect was formed by exchanging
two adjacent cations in the pyrochlore.®? The cation
antisite defect formation energy can be calculated as
follows™:

EgA = Eff,? = Eior

where ng is the total energy of the He-Pu-La,Zr,0; sys-
tem with a cation antisite defect, and E;,; is the total energy
of the He-Pu-La,Zr,0, system. The cation antisite defect
formation energy of the He-doped Pu-La,Zr,0- system is
lower than that of the Pu-La,Zr, 0, system, suggesting that
the incorporation of He enhances the radiation tolerance of
the system. Pu-La,Zr,0, system with He interstitials had
a lower cation antisite defect formation energy than the
pure La,Zr,0, system.* These findings demonstrate that
the Pu-La,Zr,0; system performs better than La,Zr,0- in
radiative environments.

In the process of geological disposal of high-level
nuclear waste, the accumulation of He atoms results in
an increased concentration of He and affects the phys-
ical properties of the waste form.>’ Based on the fact
that He atoms prefer to occupy the octahedral intersti-
tial sites, we considered He accumulation by adding He
into the octahedral interstitial sites of the Pu-La,Zr,0,
system up to a concentration of 3.3 at. % (containing
three He atoms in the system) is reached. The cation
antisite defect formation energies of the different con-
figurations of the He-Pu-La,Zr,0, systems (shown in
Figure 6) were studied, and the results are listed in Table 5.
The Pu-La,Zr,0; system with a low concentration of He
interstitials has a lower cation antisite defect formation
energy than the Pu-La,Zr,0; system, which indicates that
a low concentration of He may improve the irradiation
resistance of the Pu-La,Zr,0, system; however, this con-
clusion is only based on the antisite defect formation
energy.
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TABLE 4 Cation antisite defect formation energy of He at different interstitial sites.

Antisite defect
System Site formation energy (eV) System Site
Pure Pu-La,Zr, 0, 4.172 Pure La,Zr,0,
He-Pu-La,Zr,0, La-La 1.788 He-La,Zr,0,%” La-La
Zr-Zr 2.204 Zr-Zr
0-0 2.613 0-0
Oct. 1.883 Oct.
Pu-La 2.084
Pu-Zr 1.208
Oct.(Pu) 2.402

% & @

|

(A)2Hel (B) 2He2 (C) 2He3 (D) 2He4

(F) 3Hel (G) 3He2 (H) 3He3 (I) 3He4

journ

al 90f12
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Antisite defect
formation energy (eV)

2.410
1.887
2.317
0.780
1.931

T

(E) 2He5S

(J) 3HeS

FIGURE 6 Atomic octahedral configurations with different He concentrations in Pu-La,Zr,0, with two He atoms: (A) 2Hel, (B) 2He2,

(C) 2He3, (D) 2He4, (E) 2He5; three He atoms: (F) 3Hel, (G) 3He2, (H) 3He3, (I) 3He4, (J) 3Hes5.

TABLE 5 Cation antisite defect formation energy of various configurations at octahedral interstitial sites with different He

concentrations. The corresponding structures are shown in Figure 6.

Cation antisite

Cation antisite

defect formation defect formation

Configuration energy (eV) Configuration energy (eV)

2hel 1.765 3hel 2.004

2he2 1.933 3he2 2.326

2he3 2.015 3he3 1.740

2he4 1.874 3he4 0.970

2he5 2.091 3he5 1.894

To assess the effect of the Pu concentration on the stabil- as shown in Figure 7. The binding energy was calculated

ity of He clusters, one or two La atoms in the octahedron  using the following formula®:
were replaced by Pu atoms to increase the concentration of
Pu in the He-Pu-La,Zr,0, systems and the configurations EQH of = [Ersnte = Erv(n—1yme 1= Ebutk+1te — Epuik]s
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FIGURE 7

(©) (D)

(G) (H)

Configurations of He-La,Zr,0, and He-Pu-La,Zr,0, systems. He-La,Zr,0, system: (A) 2He, (B) 3He; He-Pu-La,Zr,0,

system: (C) 1Pu2He, (D) 1Pu3He, (E) 2Pu2He, (F) 2Pu3He, (G) 3Pu2He, (H) 3Pu3He.

TABLE 6 The binding energies of the He-La,Zr,0, and
He-Pu-La,Zr,0, systems.
Binding
Configuration energy (eV)
He-La,Zr,0, 2He 0.124
3He 4.631
He-Pu-La,Zr,0, 1Pu2He —0.627
1Pu3He —0.052
2Pu2He —0.647
2Pu3He —0.056
3Pu2He —0.586
3Pu3He 12.994

here, Er g, and Ep,(,—1)p. denote the total energy of the
Pu-La,Zr, 0, system with n He atoms and n-1 He atoms at
the octahedral interstitial sites, respectively. Ep 411 re€p-
resents the total energy of the Pu-La,Zr,0, system with
one He atom at the octahedral interstitial site. Ej, is
the total energy of the pure Pu-La,Zr,0, system in the
absence of He. The calculation results are listed in Table 6.
A negative binding energy indicates that the He cluster
is energetically stable, whereas a positive binding energy
indicates that the cluster is less stable at interstitial sites.®
For the pure La,Zr,0; system, the binding energies of the
He clusters containing two and three He atoms in the
octahedral interstitial sites were 0.124 eV and 3.908 eV,
respectively, suggesting that these He clusters were unsta-
ble. For the He-Pu-La,Zr, 05 system, except for 3Pu3He, as
shown in Figure 7H, all values of the binding energy are
negative, which indicates that He clusters are more sta-
ble in the octahedron consisting of Pu and Zr atoms than
in the octahedron consisting of La and Zr atoms. The He

interstitial capacity increased with increasing Pu concen-
tration in the octahedrons. However, a capacity limit is also
apparent. For example, the third trapped He atom in an
octahedron containing three Pu atoms (3Pu3He, as shown
in Figure 7H) is energetically unfavorable, with a sharply

increased binding energy E?Hel= 12.994 eV.

4 | CONCLUSIONS

This work has summarized the current advancements in
the study of pyrochlores as nuclear waste forms, encom-
passing A,Zr,0; (A = La to Er) weberite structure, zir-
conate pyrochlore, and high-entropy pyrochlores, along
with the application of the first-principles method to cal-
culate their defect properties. Specifically, the Pu-La,Zr, 0,
pyrochlore was employed to demonstrate how the first-
principles approach aids in to understanding the impact
of He on its structural and electronic properties. The
structural properties, defect formation energy, electronic
properties, and cation antisite defect formation energy
of He in the Pu-La,Zr,0; system were studied using
first-principles density functional theory calculations. The
incorporation of He into the Pu-La,Zr,0; system led to
an expansion in lattice constant and volume. Analysis of
the formation energy indicated that the preferred sites for
He occupancy in the Pu-La,Zr,0 system were octahedral
interstitial sites or preexisting Zr vacancy sites. Further-
more, the increased Xp43r and decreased cation antisite
defect formation energy after He incorporation suggested a
propensity for order-to-disorder phase transition in He-Pu-
La,Zr,0, systems under irradiation. Further, Bader charge
analysis indicated that the irradiation resistance of the He-
Pu-La,Zr,0; pyrochlore system was significantly affected
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by the < Zr-O > bond compared to the < La-O > bond.
Finally, with an increase in Pu concentration, the capac-
ity of octahedral interstitials to accommodate He also
rose.
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