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Aleksa Luković1, Yu-Ping Zeng2, Ivana Cvijović-Alagić1
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Abstract

A novel class of high-entropy pyrochlore compounds with multiple elements at the A and B site positions
(A2B2O7) was successfully obtained. Powders with (La1/7Sm1/7Nd1/7Pr1/7Y1/7Gd1/7Yb1/7)2(Sn1/3Hf1/3Zr1/3)2O7

nominal composition were fabricated from pure metal oxides obtained through a reaction of metal nitrates
(for site A) and metal chlorides (for site B) with sodium hydroxide during the solid-state displacement re-
action (SSDR). The phase evolution was analyzed using XRD method. During the thermal treatment of ten
individual metal oxides, the single pyrochlore phase was created. The present study showed that the high-
density (98 %TD) ceramics with a hardness of 8.1 GPa was successfully obtained after pressureless sintering
at 1650 °C for 4 h. Results of the Raman study and the Rietveld structural refinement showed that sintered high-
entropy ceramics is characterized by a single-phase pyrochlore structure, which was investigated in detail.
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I. Introduction

Modern structural materials must fulfil the demands
of new and innovative technologies. Traditional ceramic
materials, such as oxide ceramics, cannot support all
these requirements and, as a result, in recent years the
development of novel high-entropy materials (HEM)
was proposed [1–4]. Pyrochlores represent a large class
of oxide compounds, both natural and artificial, with
A2B2O6O′ general formula related to their space group
(Z = 8). In the structure of pyrochlores, sites A and B
are usually occupied by 3+ and 4+ cations, respectively,
while oxygen can take two different positions (O and
O′) [5]. Pyrochlore structure can also be considered as
a superstructure derivate of the simpler fluorite struc-
ture (AO2) with the Fm3m space group, where A and
B cations are ordered along the <110> atomic plane di-
rection and one-eighth of the oxygen ions are absent.
The A, B, O, and O′ ions occupy four crystalline sites
16c, 16d, 48 f , and 8b, respectively. The unoccupied

∗Corresponding author: tel: +381 11 3408 224
e-mail: mato@vinca.rs

site corresponds to the oxygen vacancy, which resides
in the tetrahedral interstitial site between the adjacent
B-sites, causing the reduction of the coordination num-
ber of the B-site from 8 to 6. However, the A-site co-
ordination number, i.e. 8, is unchanged. Therefore, py-
rochlores have a diverse range of constituent ions that
enable the tailoring of a wide range of compounds with
different properties. Namely, a random equiatomic dis-
tribution of 5 or more elements in the same crystal lat-
tice can induce a local distortion of the lattice with high
configurational entropy, which in turn enables the high
stability of such compositionally complex compound as
a single phase. It was shown that the high-entropy effect
in oxides characterized with a single high-entropy phase
leads to the obtainment of better properties compared to
the properties of every separate individual constituent
metal oxide [6]. Hence, a wide range of distinct proper-
ties, such as electrical and ionic conductivity [7], geo-
metrically frustrated magnetism [8], neutron absorption
[9], nuclear waste storage capacity [10], thermal con-
ductivity [11], photocatalytic ability [12], and scintilla-
tor host behaviour [13], can be controlled by changing
the constituent ions.
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Available research reports show that a wide variety of
methods was successfully used for the synthesis of the
A2B2O7 powders, such as solid-state reaction, molten
salt synthesis, hydrothermal process, solvothermal syn-
thesis, sol-gel method and combustion method [14–21].

In terms of the industrial commercialization of the
production process, the solid-state method is the most
favourable due to its cost-effectiveness and intrinsic
simplicity. In addition, a significant number of diverse
oxide compounds and their solid solutions can be ob-
tained utilizing this method. Therefore, it can be as-
sumed that this method could be also effectively em-
ployed for the synthesis of multicomponent oxides, such
as high-entropy pyrochlores. The focus of this study,
therefore, was to obtain the high-entropy multicompo-
nent oxide with the A2B2O7 pyrochlore structure that
contains 7 different cations in the A-site and 3 cations
in the B-site position in equiatomic amounts by apply-
ing the solid-state reaction method. The phase evolu-
tion during the calcination process and the sinterability
of the obtained powders, as well as some mechanical
properties of the sintered high-entropy multicomponent
oxide were investigated.

II. Experimental

2.1. Material synthesis

Pure homemade La2O3, Sm2O3, Nd2O3, Pr2O3,
Y2O3, Gd2O3, Yb2O3, ZrO2, HfO2 and SnO2 oxides
in the powder form were employed as precursors for
the high-entropy pyrochlore synthesis. The pure home-
made oxides were synthesized using the same synthe-
sis method and were as such used as precursors for the
high-entropy pyrochlore preparation instead of the com-
mercial oxides because in this way the influence of dif-
ferent synthesis procedures on the behaviour of oxides,
especially on their reactivity, was avoided. Starting re-
actants for the synthesis of the above-mentioned pure
oxides were trivalent lanthanide (La, Sm, Nd, Pr, Y, Gd,
Yb) nitrate powders in the hydrated form, tetravalent
Zr, Hf, and Sn chloride powders, and sodium hydrox-
ide granules supplied by Merck, USA. Amounts of all
starting reactants were calculated according to the nom-
inal composition of each particular oxide.

In general, synthesis reaction took place according
to Eq. 1 for trivalent cations and Eq. 2 for tetravalent
cations as follows:

2 MeIII(NO3)3 · 6 H2O + 6 NaOH −−−→ Me2O3 +

+ 6 NaNO3 + 15 H2O (1)

MeIVCl4 + 4 NaOH −−−→ MeO2 + 4 NaCl +
+ 2 H2O + O2 (2)

where MeIII represents La, Sm, Nd, Pr, Y, Gd, Yb, whilst
MeIV denotes Zr, Hf and Sn. Reactions presented in Eq.
1 and Eq. 2 are given in simplified form although these
are very complex and multi-stage processes [22].

After the synthesis of pure oxides, the high-entropy
pyrochlore was prepared using the conventional solid-
state method. The appropriate stoichiometric quantities
of synthesized oxide powders were homogenized us-
ing a ball milling procedure and then uniaxially pressed
under the pressure of 100 MPa in the stainless steel
die with 10 mm in diameter. Calcination of the ob-
tained powders was undertaken in the temperature range
from 750 to 1500 °C for 120 min. Subsequently, the
green compacted cylindrical samples, obtained by uni-
axial pressing at 100 MPa, were pressureless sintered at
1650 °C for 4 h with a heating rate of 10 °C/min with-
out additive addition in the air atmosphere. These sin-
tering conditions are commonly used for the densifica-
tion of oxide ceramics with a high melting point, and,
at the same time, these conditions mimic the conditions
that are applied in the ceramics industry production pro-
cesses.

2.2. Materials characterization

All calcined powders, as well as the sintered ceramic
pellet, were characterized by X-ray diffraction (XRD)
technique using the RIGAKU Ultima IV diffractome-
ter, Rigaku, Japan. Crystal structures of the analysed
materials were examined by filtered Cu Kα radiation
(1.54178 nm) in the 2θ range from 10° to 90°. Phase anal-
ysis was enabled by utilization of the PDXL2 software
v.2.0.3.0 [23], with reference to the patterns of the In-
ternational Centre for Diffraction Data (ICDD) v. 2012.
The recorded XRD data were used for the additional Ri-
etveld structural refinement analysis and relevant struc-
tural parameters of the powders calcined at different tem-
peratures were determined using the FullProf software.

DXR Raman spectrometer, Thermo Fisher Scientific
Inc., USA, equipped with an Ar laser operating at an ir-
radiation wavelength of 532 nm was used for analysis of
the sintered high-entropy pyrochlore ceramic material.

Microstructural characterization of the obtained high-
entropy pyrochlore ceramics was conducted by field-
emission scanning electron microscopy (FE-SEM) and
for that purpose a JEOL-5200F scanning electron mi-
croanalyser was employed.

The sintered sample density was determined by ap-
plying the Archimedes principle in distilled water. Mea-
surements showed excellent reproducibility and the cor-
responding standard deviation was determined to be
±0.027 g/cm3. Since the high-entropy pyrochlore crys-
tallizes in space group 227, the theoretical density of
this material was calculated according to the propor-
tional ratio of cations present in the material nominal
composition.

The microhardness of the sintered high-entropy ce-
ramics was investigated using the Vickers indentation
hardness tester model Micromet 5101, Buehler, Ger-
many, by applying a load of 9807 mN for 15 s. The mi-
crohardness values were determined at 12 measuring
points for each sample with excellent reproducibility
with a standard deviation of ±0.189 GPa.
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III. Results and discussion

The crystal structure of pyrochlores is highly de-
pendent on the A-site cation (rA3+) and B-site cation
(rB4+) radii ratio. It is experimentally confirmed that
the pyrochlore-type structure is formed for radii ratio
rA3+/rB4+ = 1.46–1.78 [5]. The case when one site is oc-
cupied by several potential elements is especially inter-
esting since this leads to the formation of a high-entropy
pyrochlore structure [24]. In this study, the rA3+/rB4+ ra-
tio was 1.5257 since 7 different trivalent metal elements
are positioned in the A-site and 3 tetravalent metal ele-
ments are positioned in the B-site indicating that the for-
mation of a stable pyrochlore structure is ensured. The
successful formation of the single phase material is con-
sidered through XRD analysis of the powders that are
experimentally obtained during the calcination process.
The XRD patterns of the powders calcined at different
temperatures for 2 h are presented in Fig. 1.

Figure 1. XRD patterns (a) of the calcined pyrochlore
powders isothermally treated for 2 h at: 1) 750 °C, 2) 900 °C,
3) 1200 °C and 4) 1500 °C; identification of additional phases
(b) present in the calcined powder isothermally treated for

2 h at 750 °C

At the lowest calcination temperature (750 °C), in
addition to starting oxides, i.e. HfO2, SnO2 and PrO2,
more complex phases, such as YZrO3 and La2Zr2O7,
were observed. The reaction takes place in the solid
state, however, due to the different diffusion of individ-
ual cations, the formation of intermediate phases occurs
at the beginning of the process. The process intensifies
with an increase in temperature till the temperature of
1200 °C is reached and one phase dominates in the fi-
nal structure. Namely, the X-ray profiles show the phase
evolution of many individual oxides to only one phase
with disorder-defective fluorite structure during the cal-
cination at 1200 °C. On the presented XRD patterns a
considerable broadening of diffraction lines can be ob-
served indicating a low crystallinity and small crystallite
size of the obtained material. However, an increase in
the heat treatment temperature promotes the crystalliza-
tion of a compound with a pyrochlore structure. XRD

Figure 2. Results of the Rietveld refinement of the
high-entropy ceramics obtained by pressureless sintering

at 1650 °C for 4 h

pattern of the powder heat treated at 1500 °C (Fig. 1)
shows that almost all resolved peaks correspond to the
fundamental pyrochlore reflections representing an or-
dered pyrochlore structure in the space group 227.

The powder calcined at 1200 °C was subjected to
the additional sintering process at 1650 °C to obtain
dense ceramics. This powder was chosen for the
final densification procedure since the XRD anal-
yses show that during its calcination at 1200 °C a
disorder-defective fluorite structure was obtained and
the single phase was already formed. The Rietveld
method was used to perform structural refinement of
the obtained pyrochlore structure (Fig. 2). Pyrochlore
phase has a space group 227 (Fd3̄m) and accordingly
it was adopted for the Rietveld structural refinement
of the XRD pattern obtained for the sample sintered at
1650 °C. Since the most important structural parameters
are the unit cell parameter and the positional x(O1)
parameter they were selected for the refinement during
the presented study. The positional x(O1) parameter
represents the x coordinate of oxygen vacancy defect
(O1) and indicates the level of structural ordering, i.e.
difference between the defective fluorite structure and
the ordered pyrochlore structure. The x coordinate of
O1 can be in the range from 0.3125 (for ideal crystal
structure) to 0.375 (for defective fluorite structure) [21].
In the present study, the x parameter of the obtained
compositionally complex pyrochlore was determined
to be 0.33873 indicating that the obtained densified
ceramics depicts a highly ordered pyrochlore structure.
The best fit between the calculated and observed XRD
patterns of the sample sintered at 1650 °C is shown in
Fig. 2, where all allowed Bragg reflections are shown
by vertical bars. The unit cell parameter obtained
by the Rietveld refinement is a = 10.5794(7) Å.
The composition of the refined phase was set as
(La1/7Sm1/7Nd1/7Pr1/7Y1/7Gd1/7Yb1/7)2(Sn1/3Hf1/3Zr1/3)2O7.

The Raman spectrum of a pyrochlore structure is
characterized by six Raman active modes according to
the group theory, i.e. Γ = A1g + Eg + 4F2g. From the
recorded Raman spectrum of the sintered ceramics, pre-
sented in Fig. 3, four out of six predicted Raman bands
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Figure 3. Raman spectrum of the sintered pyrochlore sample
recorded in the range from 200 to 1000 cm−1

for the high-entropy pyrochlore can be distinguished.
The most intense Raman band observed at 307 cm−1

can be ascribed to the Eg mode due to the bending of
the B-site elements with 6 oxygens, (Zr,Hf,Sn)O6 [14].
The peaks observed at 389 and 589 cm−1 could be at-
tributed to the T2g modes, while the Raman band shown
at 522 cm−1 can be identified as the A1g mode. The re-
maining two bands that correspond to the T2g modes
and that should be present at approximately 470 and
845 cm−1 were not observed [25,26] probably due to
the low intensity since the concentration of dopants is
increased [27].

Microstructure of the sintered high-entropy ceramics
is shown in Fig. 4. The obtained microstructure con-
sists of densely compacted polyhedral grains with di-
mensions ranging from 0.5 to 5 µm. The attained den-
sity of the sintered high-entropy ceramic sample was
98 %TD, indicating a good sinterability of the starting
oxides which acted as precursors. Moreover, the rela-
tively easy densification process during the powder sin-
tering at 1650 °C for 4 h was successfully achieved with-
out the use of sintering additives. It can be noticed from
Fig. 4 that all grains are in direct mutual contact with-
out the presence of a secondary phase or an amorphous
phase at the grain contact sites, as well as at the grain

boundaries. Therefore, it can be assumed that the ce-
ramic material with the observed microstructure will ex-
hibit enhanced mechanical properties, especially at el-
evated temperatures. The achieved average microhard-
ness value was 8.1 GPa, indicating the applicability of
obtained high-entropy pyrochlore in industrial practice
due to its good mechanical properties.

IV. Conclusions

The high-entropy multicomponent
solid solution with nominal composition
(La1/7Sm1/7Nd1/7Pr1/7Y1/7Gd1/7Yb1/7)2(Sn1/3Hf1/3Zr1/3)2O7
was synthesized by classical solid state method. The
pure oxides were precursors for the pyrochloric
compound synthesis. Highly ordered crystalline high-
entropy pyrochlore powder was obtained by heat
treatment at 1500 °C. Sintering of the green compacts
was undertaken without the use of sintering aids by
applying the pressureless sintering process at 1650 °C
for 4 h. Results of the Rietveld refinement confirmed
that the positional parameter for x coordinate of
O1 has a value of 0.33873, which indicates that the
obtained high-entropy ceramics shows a highly ordered
pyrochlore structure. The resulting microstructure
of the sintered high-entropy pyrochlore ceramics is
characterized by a densely packed bimodal structure
with polyhedral grains. The obtained grain size is in the
range of 0.5 to 5 µm. The relative density of 98 %TD
and hardness of 8.1 GPa were achieved.
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