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ABSTRACT

The development of spent fuel reprocessing, which generates large amounts of high-level waste, necessitates
effective management of waste containing radioactive elements. Pyrochlore (A2B207) is considered one of the
most promising immobilized matrixes for high-level waste due to its excellent physicochemical stability and
irradiation resistance. A novel kind of high-entropy pyrochlore ceramic (Gdg 2Smg 2Dyg 2Erg 2Ybg 2)2Ti2O7, as an
improved waste form matrix, was successfully synthesized using spark plasma sintering in this work. The me-
chanical properties, physical density, and microstructure of the densified pellets have been investigated in
relation to different sintering temperatures (ranging from 1000 °C to 1400 °C). A single-component pyrochlore
phase high-entropy ceramic was densified at 1300 °C, achieving a maximum hardness of 12.68 GPa and a density
of 97.64 %. The irradiation tolerance of high-entropy pyrochlore was assessed by ion irradiation of 400 keV He ™"
with 10 x 107 ions/cm? at room temperature (RT). Ion irradiation can induce the transformation of the
pyrochlore superlattice of (Gdg 2Smg 2Dyg 2Erg 2Ybg 2)2Ti2O7 into a fluorite sublattice. Compared to GdzTizO7,
(Gdg.2Smg 2Dyo.2Er 2Ybg 2)2TizO7 exhibits significantly reduced irradiation damage with suppressed generation
and coalescence of helium bubbles due to chemical disorder and lattice distortion. High-entropy pyrochlore
(Gdg.2Smy 2Dyo.2Erg 2Ybg.2)2Ti2O7 exhibits superior mechanical properties and irradiation resistance, suggesting
its application as a promising immobilization matrix for nuclear waste.

1. Introduction

high thermal stability, excellent irradiation resistance and technical
feasibility [6,7]. Borosilicate glass systems have been widely used as the

High-level waste (HLW) constitutes approximately 95 % of the total
radioactivity of all radioactive waste. It contains minor actinides (such
as 237Np , 241Am, 242Cm) and some fission products (including
905, 80Co , 137Cs), which are highly toxicity, highly radioactive, and
have long half-lives [1]. The safe disposal of HLW, ensuring maximum
isolation from the biosphere, is essential for the continued development
of nuclear energy [2]. At present, the most common approach for
managing HLW worldwide is to first capture radioactive elements and
confine them within durable waste forms, followed by deep geological
disposal of the solidified HLW [3-5]. The immobilization matrix of HLW
must satisfy several key requirements, including large waste-loading
capacity, excellent mechanical properties, strong leaching resistance,
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immobilization matrix of HLW globally, however, in practical engi-
neering applications, several challenges remain, including component
design, melting processing, and long-term stability evaluation of the
solidified glass [8-10]. Therefore, identifying novel HLW immobiliza-
tion materials with improved structural stability and irradiation resis-
tance is of critical importance.

Artificial rock (synroc) is regarded as the second generation of HLW
immobilization matrix, capable of incorporating radionuclides into its
crystal lattice [11-13]. Among the various materials, pyrochlore is
considered to be a very potential HLW immobilization matrix because of
its outstanding qualities, including superior physical and chemical sta-
bility, excellent nuclide confinement, and remarkable irradiation
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resistance [14-18]. The chemical structure of pyrochlore is A2B20O;
(Fd-3m, lattice constant a = 0.9-1.2 nm), which is a defective fluorite
structure (AXj,) featuring two cationic potentials and 1/8 anionic va-
cancies [19]. The A and B cations in ApB207 pyrochlore can be occupied
by lanthanides, transition metals, and actinides, indicating that A;B,0;
pyrochlore has versatile radionuclide loading capacity [20,21]. How-
ever, HLW contains a wide variety of nuclides, and using
single-component A;B>07 pyrochlore for the immobilization is generally
limited to accommodating only one or two types of nuclides [22]. Solid
solutions containing five or more cationic sublattices, stabilized by high
configurational entropy, are referred to as high-entropy ceramics (HECs)
[23]. In this way, high-entropy pyrochlores can incorporate multiple
radionuclides at both the A-site and B-site cation positions. HECs exhibit
four key high-entropy effects: the lattice distortion effect in crystallog-
raphy, the kinetic sluggish diffusion effect, the thermodynamics effect,
and the "cocktail" effect in performance, which collectively contribute to
their superior performance compared to traditional ceramic materials
[24]. As a result, HECs typically have superior properties compared to
single-component conventional ceramic materials, including excellent
phase stability [25-27], enhanced mechanical properties [24,28],
improved corrosion resistance [29], and better irradiation resistance
[30,31]. Numerous studies have indicated high-entropy pyrochlore
could be a promising nuclear waste form [32-34]. However, to date,
only a limited number of reports investigating the irradiation resistance
of high-entropy pyrochlore. Furthermore, the microstructure evolution
of high-entropy pyrochlore under irradiation is not yet fully understood.

In this work, a novel kind of high-entropy pyrochlore ceramic
(Gdg 2Smg 2Dy 2Erg 2Ybg 2)2TioO7 was successfully synthesized by spark
plasma sintering (SPS), which is used to fabricate nuclear materials
[35-40]. A Vickers hardness tester, scanning electron microscopy (SEM)
and X-ray diffraction (XRD) were used to study the Vickers hardness,
microstructure, density and phase constitution of high-entropy pyro-
chlore. And transmission electron microscopy (TEM) was employed to
investigate the microstructure evolution of high-entropy pyrochlore
(Gdg.2Smg 2Dy 2Erg 2Yb 2)2TioO7 and single-component pyrochlore
Gd,Ti,0; irradiated at RT with 400 keV He * at a fluence of 1.0 x 107
ions/cm?. The effects of the components of pyrochlore on irradiation
resistance have been investigated and revealed.

2. Material and experimental methods
2.1. Synthesis of high-entropy pyrochlore

High-entropy pyrochlore ceramic with chemical formula
(Gdp 2Smg 2Dy 2Er( 2Ybg 2)2TioO7 was synthesized by solid-state reac-
tion, involving high energy ball milling (HEBM) and SPS under a vac-
uum of less than 2Pa. Gd03, Sm203, Dy20s3, EryOs, YbyOs3, and TiO; (all
with 99.99 % purity) were used as precursor materials and loaded into a
milling tank inside a glove box under an argon atmosphere, with oxygen
and water vapor levels maintained below 0.01 ppm. Stoichiometric
precursor powders of 10 g, combined with 100 g WC balls, were ho-
mogenized in a HEBM system at 500 rpm for 10 h (15 min on and 5 min
off each cycle). The homogenized powders were loaded into a 10 mm
inner diameter graphite die and subsequently sintered using SPS. The
consolidation of SPS sintering was carried out at various temperatures
from 1100 °C to 1400 °C, with the process monitored by a pyrometer. A
heating rate of 100 °C/min and a maximum sintering pressure of 50 MPa
were applied for all sintering processes. The dwell time at the peak
temperature and maximum pressure was 6 min. For comparison,
GdsTizO7 was prepared using the same process. At RT, the density of the
sintered pellets is measured using a density profiler with deionized
water.

2.2. Irradiation experiments

The as-sintered (Gdg 2Smg 2Dyo 2Erg 2Ybg 2)2TisO7 and GdaTizO7
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pellets were ground using SiC sandpapers from 400 grid to 5000 grid,
and polished with diamond suspensions ranging from 3 pm to 1 pm. The
polished samples, exhibiting a pyrochlore phase, were irradiated at RT
by 400 keV He™ ions with a fluence of 1.0 x 10'7 ions/cm? using a NEC
400 kV ion implanter under a vacuum of 5 x 10~ /Pa at Xiamen Uni-
versity. The Stop and Range of Ions in Matter (SRIM) 2013 software with
the quick Kinchin-Pease model was used to calculate the depth distri-
bution and irradiation damage of injected He' ions. The atomic
displacement threshold energies (Eq) for Gd, Sm, Dy, Er, Yb, and Ti el-
ements were set to 35 eV, 27 eV, 34 eV, 37 eV, 27 eV and 30 eV,
respectively [41]. Fig. 1 shows the implanted He * ion concentration and
displacement damage distribution of Gd,Tis 07 and
(Gdg.2Smg oDy 2Erg 2Ybg 2)2Tiz05 irradiated by 400 keV He * at a flu-
ence of 1.0 x 107 ions/cm?, as calculated by SRIM. The peak He con-
centration of Gd,TizO7 and (Gdg 2Smg 2Dyg 2Erg 2Ybg 2)2TioO7 reaches
approximately 4.44 % and 4.20 % at a depth of 1.08 pm, respectively.

2.3. Characterization methods

The phase compositions were characterized by XRD (Bruker D8
ADVANCE, Germany). The theoretical density of the high-entropy
pyrochlore samples was calculated using the precise lattice parameters
of the pellets derived from the XRD data. A;B;07 high-entropy pyro-
chlore ceramics have a face-centered cubic structure, with each unit cell
containing 8 AyB207 formula units. The following formula is used to
calculate the theoretical density:

m_ 8xM 8xM

d=— = -
V NyxV Nyxad

@

where d is the theoretical density of the sample , M is the relative mo-
lecular mass of the sample, Ny is Avogadro’s constant and a is the lattice
constant of the sample.

A field emission SEM (Gemini SEM 500, Germany) under a vacuum
of 5 x 10™°Pa was performed to investigate the microstructure of the
samples. The Vickers hardness of high-entropy pyrochlore was
measured by a Vickers hardness tester. A 136° diamond indentation was
generated on the surface of high-entropy pyrochlore samples with an
applied load of 1.0 kg and maintained at room temperature for 10 s. The
Vickers hardness (GPa) of the sample was calculated from formula (2):

H=185442 @
a

where H is the Vickers hardness of the samples, a is the average of the
diagonal lengths of the two indentations, and P is the applied load.

The Thermo Scientific Helios 5 UX under a vacuum of less than 4.9 x
107°Pa was utilized to prepare cross-sectional TEM samples of the
irradiated pellets using focused ion beam (FIB) techniques. The micro-
structure evolution and elemental distribution of the irradiated samples
were characterized by TEM (Talos F200X, United States) and scanning
TEM (STEM) with energy dispersive spectroscope (EDS) under a vacuum
of 1.1 x 10™"Pa.

3. Results and discussion
3.1. Characterization and mechanical properties of the sintered samples

A5B07 oxides can exhibit three distinct crystal structures, including
the monoclinic layered perovskite phase (M), the disordered fluorite
structure (F), and the ordered pyrochlore structure (P). The crystal
structure of A;B,07 oxide is mainly affected by the radius ratio (y = ra/
rg). When y is less than 1.46, the oxide tends to form a F structure. When
y falls within in the range of 1.46-1.78, it is easy to form a P structure.
When y exceeds 1.78, it tends to form a M structure [42]. The pyrochlore
structures of Gd,TioO; (y = 1.7405) and (Gdg 2Smg 2Dy 2Erg 2.
Ybg 2)2Tiz07 (y = 1.7200) are predicted by the radius ratio rule, as
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Fig. 1. The displacement damage and ion concentration distribution for (a) Gd,Ti,0 and (b) (Gdg 2Smg 2Dy 2Erg 2Ybg 2)2Tio0 irradiated by 400 keV He * at a

fluence of 1.0 x 10'7 ions/cm? by SRIM.

indicated in Table 1 [43].

The XRD patterns of GdpTisO; and (Gdg2Smg 2Dy 2Erg.o.
Yby 2)2Tiz07 high-entropy pyrochlore sintered by SPS at various tem-
peratures were shown in Fig. 2. It can be observed that the high-entropy
pyrochlores prepared at different sintering temperatures exhibit the
typical diffraction peaks of the pyrochlore structure, confirming that the
samples possess pyrochlore structure [44]. However, besides the pyro-
chlore’s diffraction peaks, the high-entropy pyrochlores synthesized by
SPS sintering at 1100 °C, 1200 °C and 1400 °C contain TiO3 rutile phases
and Yb3O4 phases, respectively. At a sintering temperature of 1300 °C,
the diffraction peaks of the high-entropy pyrochlore closely match those
of the GdsTizO7, with no additional phases detected. This indicates that
the high-entropy pyrochlore sintered at 1300 °C using SPS has fully
completed the solid-phase reaction, resulting in the formation of a
face-centered cubic single-phase pyrochlore structure. GdyTipO7 sam-
ples confirmed by XRD analysis (Fig. 2) were sintered at 1300 °C using
SPS.

Compared to the characteristic diffraction peaks of GdyTi2O7 pyro-
chlore, the XRD diffraction peaks of high-entropy pyrochlore shifts
approximately 0.13° toward a higher angle. This indicates that the lat-
tice constant of the high-entropy pyrochlore decreases, leading to an
increase in its theoretical density according to Bragg’s Law [45]. Ac-
cording to calculations, the lattice constants of GdTipO; and
(Gd.2Smg 2Dy 2Erg 2Ybgo 2)2TizO7 are 10.1612 A and 10.1174 A,
respectively. The theoretical densities of GdyTi,O; and
(Gdo.2Smg 2Dy 2Erg 2Ybg 2)2Ti2O7 were calculated to be 6.6135 g/cm3
and 6.8229 g/cmg, respectively (Table 1).

Fig. 3 shows the fractured surfaces of Gd;Ti2O7 sintered at 1300 °C
and (Gdg 2Smg 2Dyg 2Erg 2Ybg 2)2TizO7 sintered at temperatures from
1100 °C to 1400 °C, along with the density and Vickers hardness of
(Gdg 2Smg 2Dy 2Er( 2Ybg 2)2TizO5. In Fig. 3(a), Large numbers of open
pores are observed in the sample of (Gdg 2Smg 2Dy 2Erg 2Ybg 2)2Ti2O7
sintered at 1100 °C. These open holes could inhibit grain boundary
migration, thereby slowing down grain growth [46]. It exhibits a Vickers
hardness of 9.03 GPa, an average grain size of 139 + 31 nm, and a
density of 89.40 %. Similar microstructure morphologies are observed in
Fig. 3(b) from the pellet sintered at 1200 °C. It exhibits, The Vickers
hardness is 11.41 GPa, with a density of 94.57 %, and an average grain
size of 429 £+ 283 nm. As shown in Fig. 3(c), a slight grain growth in the
sample is observed sintered at 1300 °C, with the Vickers hardness
reaching a peak of 12.68 GPa. The density is 97.64 %, with an average

Table 1
Summary of the parameters of Gd,Ti»O7 and (Gdg 2Smg 2Dy 2Erg 2Ybg 2)2Ti205.
Compounds TA/TR Lattice Constants Density (g/
A& em®)
Gd,Tip 07 1.7405 10.1612 6.6135
(Gdo.2Smo 2Dy0.2Er0.2Ybo.2)2Tin0;  1.7200  10.1174 6.8229
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Fig. 2. XRD patterns of Gd,Ti,O; sintered at 1300 °C and

(Gd()‘zsmo'szO'2E1”()2Yb02)2Ti207 sintered at 1100-1400 °C.

grain size of 564 + 170 nm. The (Gdo‘zsn’lo.2DY0‘2EI'().2Yb0‘2)2Ti207
pellet exhibits higher hardness and density compared to Gd,Ti»O7 sin-
tered at 1300 °C. This improvement attributed to the incorporation of
multiple elements into the pyrochlore lattice, resulting in the formation
of a pure-phase pyrochlore structure. Upon the temperature further to
1400 °C, the average grain size grows to 1.39 + 0.47 pm, with a Vickers
hardness of 12.45 GPa and a theoretical density of 97.87 %, as shown in
Fig. 3(d). The cross-sectional surface exhibits a combination of
trans-granular (indicated by red circle) and inter-granular (indicated by
blue circle) fracture mechanisms. As displayed in Fig. 3(e), the density of
GdTiz07 sintered at 1300 °C is 97.07 % with an average grain size of
628 + 271 nm and a Vickers hardness of 12.21 GPa.

The densities and grain sizes substantially influence mechanical
properties of the sintered ceramic samples. It can be concluded that the
density and grain size of (Gdg.2Smg 2Dyo.2Erg 2Ybg 2)2Ti2O7 pellets in-
crease with rising sintering temperature. The measured hardness
initially rises, reaching the maximum hardness value of 12.68 GPa, and
subsequently decreases with increasing of grain size, as displayed in
Fig. 3(f). This reduction in hardness can be attributed to phase decom-
position, as evidenced by XRD (Fig. 2) in pellets sintered at 1400 °C,
which negatively impacts mechanical integrity. Consequently, the
reduced hardness of the sample sintered at 1400 °C is primarily attrib-
uted to the detrimental effects of the secondary phase formation.

3.2. Microstructure of irradiated samples

The microstructure of the pellets irradiated by 400 keV He™ with a
fluence of 1.0 x 107 ions/cm? are displayed in STEM dark field images
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Fig. 3. (a) (Gdo 2Smg 2Dy 2Erg 2Ybg 2)2Tiz07 sintered at 1100 °C; (b) 1200 °C; (c) 1300 °C; (d) 1400 °C; (e) the cross-section fracture surfaces of Gd,Ti>O7 sintered at

1300 °C; and (f) density and Vickers hardness of (Gdg 2Smg >Dyg 2Erg 2Ybg 2)2Tiz07.

in Fig. 4. The peak damage band and the incident depth of He ions in the
GdaTizO7 sintered at 1300 °C, as illustrated in Fig. 4(a). The peak
damage band is clearly visible, ranging from 0.90 pm to 1.21 pm in
depth. It can be observed that the grain boundaries of GdTi»O7 in the
peak irradiation damage region almost disappeared. The selected area
electron diffraction (SAED) image from the region marked by the red
circle shows a distinct amorphous ring along with diffraction spots, as
shown in the inset image of Fig. 4(a). For the (Gdg 2Smg 2Dyo 2Ero 2.
Ybg 2)2Tiz07 pellet sintered at 1300 °C, the microstructure morphology
of the peak damage band is displayed in Fig. 4(b). It is clear that the
grains of the irradiated area have not experienced significant amorph-
ization, which is in line with the SAED image. Some diffraction spots
from the region marked by the red circle in the high-entropy pyrochlore
partially disappear, and amorphous rings begin to appear. This indicates
that the degree of amorphization in the peak damage region is signifi-
cantly higher for GdyTisO; compared to (Gdg2Smg2Dyg oErg 2.
Ybg.2)2Tiz07, indicating that (Gdy 2Smo 2Dy 2Ero.2Ybg 2)2Ti2O7 exhibits
superior irradiation resistance. Wang et al. reported that the Eq4 of each
sublattice in high-entropy pyrochlore was higher than that of each
sublattice in single-component pyrochlore Gd,Ti2O; through molecular
dynamics simulations, which enhanced the irradiation resistance of
high-entropy pyrochlore [47]. Similar results after irradiation have also

Peak damage zone
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(<]
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been found in the high entropy carbide ceramics [48,49]. Moreover, the
formation of anti-site defects at A-B sites enables high-entropy pyro-
chlore to exhibit excellent radiation defect recovery ability.

Fig. 5 shows the high-resolution TEM (HRTEM) image and SAED
patterns of the grain A (from Fig. 4(a)) in Gd,TizOy. The clear lattice
structures along the [0 1 1] zone axis is presented by the atomic-
resolution TEM image in Fig. 5(a). The measured d-spacings in the un-
irradiated region is 0.589 nm from the (1 1 1) crystal planes, which is in
line with the PDF# 04-001-9183- Gd,Ti,O7 (d = 0.587 nm). However,
the measured d-spacings in the irradiated region is 0.309 nm, indicating
irradiation induces a phase transformation from pyrochlore structure of
GdzTizOy to a fluorite sublattice. During the initial stages of ion irradi-
ation, Wang et al. reported that the pyrochlore superlattice gradually
become disordered and transformed into a fluorite sublattice, with the
original interplanar spacing reducing by half [50]. Under the [0 1 1]
zone axis, Fig. 5(b) shows an HRTEM image of the grain B (from Fig. 4
(b)) in (Gdg2Smg 2Dyo.2Erg 2Ybg 2)2Ti2O7. The distance between the
(111)  crystal planes in the unirradiated region of
(Gdg.2Smg 2Dy 2Erp 2Ybg 2)2Ti2O7 is 0.603 nm, which is larger than the
d-spacings in Gd,TizO7. This increase is attributed to the lattice distor-
tion effect of HECs. Similarly, the measured d-spacings in the irradiated
region is 0.304 nm, indicating irradiation induces a phase

10 1/nm*

Fig. 4. STEM images and SAED patterns of (a) Gd;Ti,0; and (b) (Gdg 2Smg 2Dy 2Erg 2Ybo 2)2TizO7 irradiated by 400 keV He * at a fluence of 1.0 x 10'7 ions/cm?.



X. Jietal

-(200) |
diy qain

2Umm” " o1

lrradiated fégion ;

'U'xiir:rzldiz\ted' yégion -« -

Vacuum 232 (2025) 113893

0.603 nm
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Fig. 5. HRTEM images and SAED patterns of (a)Gd,Ti2O7 and (b)(Gdo 2Smg 2Dyo 2Erg 2Ybg 2)2Ti207.

transformation from pyrochlore structure of (Gdg2Smg 2Dy 2Erg.2.
Ybg 2)2Tiz07 to a fluorite sublattice. In Fig. 5, irradiation-induced de-
fects are highlighted by the red dashed boxes, which indicate areas of
amorphization or atomic column misalignment.

3.3. Element distribution and gas bubbles behavior

The STEM images and EDS mapping of GdyTi;O; and
(Gdp.2Smg 2Dy 2Erp.2Ybg 2)2TioO7 are displayed in Fig. 6. The EDS re-
sults indicate that the elements in Gd;Ti>O7 and (Gdg 2Smg 2Dy 2Ero 2.
Ybg 2)2Tiz07 are uniformly distributed in both irradiated and non-
irradiated regions, with no evidence of element segregation. This sug-
gests that all elements are well integrated into the crystal structure of
pyrochlore, and irradiation does not induce segregation of elements in

the samples. This indicates that the pyrochlore structure exhibits good
phase stability.

The distribution of helium bubbles of the peak damage band in
GdzTi207 and (Gdo.zsmo.2DY0.2EI‘0~2Yb0_2)2Ti207 Samples after He +
irradiation is investigated and shown in Fig. 7. The helium bubble sizes
in Gd,TizO7 and high-entropy pyrochlore samples are 2.30 nm and 2.23
nm, respectively. The number densities of helium bubbles are 1.86 x
10¥” m~3 and 1.04 x 10% m’3, respectively. Compared to Gd,TizO7, the
size of the helium bubbles produced in high-entropy pyrochlore after
He' irradiation is nearly the same, but the number density of helium
bubbles is significantly reduced. This reduction could be attributed to
the chemical disorder and lattice deformation induced by the presence
of multiple rare earth elements, which significantly suppress the gen-
eration and coalescence of helium bubbles [51].

Fig. 6. STEM images and EDS mapping of (a)Gd,Ti»0; and (b)(Gdy 2Smg 2Dy 2Erg 2Ybg 2)2Tio07 after 400 keV He © ions irradiation.
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Fig. 7. The distribution of helium bubbles in (a) Gd,Ti»07 and (b) (Gdg 2Smg 2Dyo 2Erg 2Ybg 2)2Ti2O7 after 400 keV He * irradiation with a fluence of 1.0 x 10Y7

ions/cm?.
4. Conclusion

A new type of (Gdp2Smg2Dyg 2Erg2Ybg2)2TiaO7 high-entropy
pyrochlore was prepared by SPS. According to XRD and SEM analysis,
a single phase pyrochlore structure of high-entropy pyrochlore was
formed at an SPS sintering temperature of 1300 °C, achieving a density
of 97.64 % and a Vickers hardness of 12.68 GPa. Compared to the single-
component pyrochlore GdTi2O7, high-entropy pyrochlore exhibits su-
perior mechanical properties. Microstructure evolution of pyrochlore
pellets irradiated at room temperature by 400 keV He" with a fluence of
1.0 x 10" ions/cm? are studied. The degree of amorphization in the
peak damage region is significantly lower for (Gdg2Smg 2Dy 2Erg.a.
Ybg.2)2Tis07, indicating that (Gdovzsmo_2DY0.2ErQ_2Yb0.2)2Ti207 exhibits
superior irradiation resistance. The distance between the (111) crystal
planes in high-entropy pyrochlore is 0.371 nm, which is larger than the
d-spacings in GdaTiO;. This increase is attributed to the lattice distor-
tion effect of HECs. In the HRTEM images along the [0 1 1] zone axis,
Irradiation-induced atomic column misalignment areas are visible. Ion
irradiation can induce the transformation of the pyrochlore superlattice
of (Gdp.2Smo.2Dy.2Erp.2Ybg 2)2Ti207 into a fluorite sublattice. The high-
entropy pyrochlore structure exhibits good phase stability after irradi-
ation, with no evidence of element segregation. Compared to Gd,Ti207,
the helium bubble size in high-entropy pyrochlore after He irradiation
is similar, but the number density of helium bubbles significantly de-
creases, from 1.86 x 10 m%at2.30 nm to 1.04 x 10’ m % at2.23 nm.
The chemical disorder and lattice distortion in (Gdg 2Smg 2Dy 2Erg..
Yby 2)2Ti207 significantly suppress the generation and coalescence of
helium bubbles. This study concludes that (Gdp.2Smg 2Dyo.2Erg 2.
Yby 2)2TizO; high-entropy pyrochlore exhibits excellent mechanical
properties and radiation resistance, making it a promising candidate as
an immobilizing matrix for high-level radioactive waste. The long-term
evolution of microstructures and defects might be interested in a further
study.
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