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A B S T R A C T

The paper presents the results of studies of the influence of phase formation processes with variations in 
annealing temperature on the processes of stabilization of the crystal structure, optical and thermal properties of 
Nd2Zr2O7 ceramics, which have great potential for use in optoelectronic applications due to the transitions of Nd3 

ions, as well as high stability to external factors with the possibility of creating transparent ceramics. During the 
conducted studies it was established that the stabilization temperature of the Nd2Zr2O7 phase is 1100–1250 ◦C, at 
which the throughput is maximum, and the thermal conductivity coefficient is about 2.1–2.2 W/m × K. The 
assessment of phase transformations and changes in optical properties revealed that an elevation in the annealing 
temperature, leading to stabilization of the Nd2Zr2O7 phase, leads to a decrease in the concentration of oxygen 
vacancies in the structure of ceramics; however, at temperatures above 1200 ◦C, the observed growth in oxygen 
vacancies is due to the effects of substitution of Zr4+ cations by Nd3+ cations, which results in formation of 
additional oxygen vacancies in the structure, alongside impurity inclusions in the form of a cubic phase of Zr(Nd) 
O2, which is a product of phase polymorphic transformations during high-temperature annealing. Alterations in 
the thermophysical properties of Nd2Zr2O7 ceramics are directly dependent on phase formation processes and 
associated changes in the concentration of oxygen vacancies, which are the determining factor influencing the 
heat transfer rate.

1. Introduction

Interest in ceramics based on zirconates (Gd2Zr2O7, Nd2Zr2O7, 
Sm2Zr2O7), which have a structural motif of the pyrochlore type 
(A2B2O7, where cation A is usually selected from the actinide series, and 
Zr4+ is selected as cation B), is due to a combination of structural, me
chanical, strength, optical and thermal properties, opening up the pos
sibility of using them as catalysts, inert matrix materials for dispersed 
nuclear fuel, anode materials, etc. [1–5]. The expansion of the potential 
for the use of ceramic materials is primarily associated with the com
bination of their properties, which in most cases play a decisive role in 
assessing the scope of application [4,5]. An important role in deter
mining the potential use of ceramics based on zirconates or zirconium 
dioxide is played by their properties and phase composition, which has 
features associated with polymorphic transformations that depend on 

both temperature and external influences [5–8]. Moreover, the struc
tural features of zirconates are determined not only by the structural 
motif (pyrochlore or fluorite), but also by concentration effects associ
ated with the accumulation of vacancies in the structure of ceramics, the 
presence of which is due to cation substitution [9–13]. It should be noted 
that the presence of oxygen vacancies in the structure of ceramics plays 
not only a decisive role in the processes of electrical neutrality main
tenance [14–16], but also in determination of optical and thermal 
properties, since the dielectric nature of ceramics directly depends on 
factors associated with the presence of point and vacancy defects 
[16–19]. The presence of a large number of oxygen vacancies in the 
structure of zirconates results in thermal conductivity reduction, which 
in turn causes a rise in thermal insulation characteristics, which opens 
up opportunities for creation of heat-protective barrier materials on 
their basis, used as sacrificial coatings that protect heat-resistant alloys 
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from high-temperature exposure [20–23]. At the same time, the pres
ence of rare earth cations in the composition of ceramics allows the 
creation of various luminophores based on these ceramics, which have 
good luminescence indicators in the visible light and near IR range, 
which can be used in optical detectors, sensors, etc. [24–27]. It should be 
noted that these ceramics are among the promising materials with the 
possibility of using them in extreme conditions, including high tem
peratures that can lead to corrosion processes, high-dose radiation 
exposure, mechanical impact associated with external pressures, fric
tion, etc. [28–30].

Interest in this type of ceramics, despite the large number of exper
imental works related to their production, the study of the prospects for 
modification by adding various stabilizing components [31–33], does 
not wane in view of the possibility of expanding the potential for the use 
of these ceramics, as well as the possibility of reducing the cost of 
manufacturing ceramics by simplifying the procedures for 
manufacturing ceramics. It should be noted that the choice of the 
method for production of ceramics, which determines the possibilities of 
controlling their properties, plays an important role in determining the 
potential for using zirconate-based ceramics as materials for nuclear 
applications, including the possibility of using them as inert matrix 
materials, thermal insulation materials, and materials for storing spent 
nuclear fuel [34–38]. A major role in determination of the kinetics of 
alterations in the properties of materials, especially optical and thermal 
characteristics, is played by the concentration dependences of oxygen 
vacancies, the formation of which in zirconates is associated with the 
need to maintain electroneutrality at substitution of Zr4+ cations by 
trivalent cations, which occurs as a result of phase transformation pro
cesses, as well as during the formation of impurity inclusions in the 
structure, the emergence of which can occur as a result of polymorphic 
transformations or recrystallization processes. Based on the above, the 
main aim of this work is to determine the prospects for using the method 
of mechanical activation followed by thermal sintering of ground 
powders to control the phase composition, optical and thermal proper
ties of ceramics based on zirconates, which have great potential for use 
in nuclear power engineering as materials for inert matrices of dispersed 
nuclear fuel, the creation of optical amplifiers for lasers, and also as 
high-temperature insulating optical materials that can be used in 
extreme conditions.

2. Materials and methods

The synthesis of ceramics was carried out using a fairly simple and 
inexpensive method of mechanical activation followed by thermal 
annealing of the ground powders under various conditions, the change 
of which is due to the need for the processes of initialization of phase 
transformations in ceramics, as well as their structural ordering due to 
thermal relaxation of deformation distortions caused by mechanical 
impact during grinding. Neodymium oxide (Nd2O3) and zirconium di
oxide (ZrO2) powders purchased from Sigma Aldrich were used to obtain 
ceramics; the chemical purity of the obtained samples was 99.95 %. 
Mechanical activation of the powders in order to obtain a homogeneous 
mixture was carried out using a PULVERISETTE 6 planetary mill 
(Fritsch, Berlin, Germany), the principle of which is based on the impact 
action of grinding balls in a grinding cup on the powders being ground in 
an equal stoichiometric ratio. The grinding speed is about 250–400 rpm, 
the grinding time is about 30 min. The choice of the grinding speed is 
determined by the possibility of crushing the initial grains and obtaining 
powders of uniform composition, while the grinding time of 30 min was 
chosen in order to prevent the formation of the effect of cold welding of 
the samples on the walls of the grinding cup. The use of the selected 
grinding conditions made it possible to obtain powders with an isotropic 
grain size, as well as a uniform distribution of elements in the compo
sition, which subsequently contributed to the sintering of the samples 

under thermal exposure.
The grinding bodies are 10 mm diameter tungsten carbide balls, the 

grinding cup is an 80 ml tungsten carbide cup, which allows for about 
20–40 g of ground powder to be obtained at a time with one load.

Annealing of ceramic samples was carried out in a Nabertherm LE 4/ 
11/R6 muffle furnace (Nabertherm, Lilienthal, Germany). The heating 
rate of the samples to the specified temperature was 20 ◦C/min, holding 
at the specified temperature was about 5 h, after which the samples were 
slowly cooled together with the furnace until its complete cooling, 
which occurred in 10–20 h depending on the annealing temperature. 
The annealing temperature range was from 600 to 1400 ◦C. The choice 
of the annealing temperature range for the samples is determined by the 
possibilities of modeling the processes of phase transformations in the 
selected samples, while the upper limit of the annealing temperature 
was established a priori, as a result of experiments, according to which it 
was established that thermal annealing at temperatures above 1400 ◦C 
results in vitrification of the obtained ceramics and a large loss of mass 
as a result of thermal evaporation of the samples, which does not allow 
obtaining a stabilized phase.

A Phenom™ ProX scanning electron microscope (Thermo Fisher 
Scientific, Eindhoven, the Netherlands) was used to obtain images of the 
ceramics under study depending on the annealing temperature in order 
to study the morphological features. The samples were photographed in 
scanning mode at an accelerating voltage of 15 kV and a working 
segment of about 7.3–7.4 mm. The images were obtained at a magnifi
cation of about 25–30 k.

The study of the structural features of ceramics, the change of which 
is caused by phase formation processes when changing synthesis con
ditions, as well as by variations in the concentration of stabilizing ad
ditives, was carried out using the X-ray diffraction method. The 
diffraction patterns were obtained using a D8 ADVANCE ECO X-ray 
diffractometer (Bruker, Karlsruhe, Germany). The diffraction patterns 
were recorded in the Bragg-Brentano geometry, in the angular range of 
2θ = 20–100◦, the recording step was 0.03◦, the acquisition time at a 
point was 1 s.

The processing of X-ray diffraction patterns was carried out using the 
DiffracEVA v.4.2 software code. The parameters were refined by 
comparative analysis of the position of diffraction peaks with reference 
values from the PDF-2 database. The determination of the weight con
tributions of each established phase was carried out by determining the 
intensities and areas of reflections for each established phase taking into 
account the corundum numbers, which together made it possible to 
establish the weight contribution of each phase with sufficiently high 
accuracy (at least 0.1 wt %), which made it possible to compare changes 
in the phase composition of ceramics with variations in synthesis con
ditions, in particular, changes in the annealing temperature. The results 
of the phase composition of the studied ceramics were calculated based 
on the weight contributions of the observed reflexes for each of the 
established phases in the composition, followed by the calculation of 
their weight value taking into account the corundum numbers. The 
measurement error was determined using standard methods.

To confirm the structural changes in Nd2Zr2O7 ceramics depending 
on the conditions of their synthesis, the Raman spectroscopy method 
was used, implemented using the Enspectr M532 Raman spectrometer 
(Spectr-M LLC, Chernogolovka, Russia).

The optical properties of Nd2Zr2O7 ceramics were studied using UV 
spectroscopy methods, implemented using a SPECORD 200/210/250 
PLUS UV spectrophotometer (Analytik Jena, Jena, Germany). The 
spectra were obtained using an integral sphere. The measurement range 
was from 190 to 1000 nm, the measurement step was 1 nm, the time of 
spectrum acquisition at a point was 1 s. The measurement results were 
transmission spectra and absorption spectra, the general analysis of 
which made it possible to establish the relationship between phase 
changes and optical properties of ceramics.
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The thermophysical parameters were determined by measuring the 
thermal conductivity coefficient, measured according to the method of 
longitudinal heat flow changes. The universal thermal conductivity 
meter KIT-800 (KB Teplofon, Russia) was used for the measurements.

The hardness was determined using the Vickers method, where a 
diamond pyramid was used as an indenter, and measurements were 
taken by indenting the pyramid at a given load into the surface of a 
ceramic sample, holding it for a certain time at a given load, and then 
evaluating the shape of the indenter imprint, as well as determining its 
diagonals to calculate the hardness values. The measurements were 
performed using the LM 700 microhardness tester (LECO, St. Joseph, 
USA). The measurements were performed with an indenter load of 100 
N, and the indenter was held under load for about 30 s.

3. Results and discussion

Interest in zirconate-based ceramics is primarily due to their great 
potential for use in nuclear and alternative energy, which is due to a 
combination of their properties associated with high resistance to 
external influences (mechanical damage, pressure, corrosion processes 
when interacting with aggressive environments or exposure to high 
temperatures), thermophysical parameters, which give zirconates an 
advantage over other types of oxide ceramics, including ZrO2 ceramics, 
as well as good compatibility with most types of structural materials 

used in nuclear energy [39–42]. At the same time, one of the deter
mining parameters in the area of application is the method of 
manufacturing ceramics, which determines the cost of their manufac
ture and, as a consequence, determines the cost of their operation. The 
simplest and most inexpensive method of manufacturing composite 
ceramics using fairly simple procedures that do not require large ex
penditures is the method of mechanical activation, the main principle of 
which is the mechanical grinding of the initial components of ceramics 
with their subsequent heat treatment, the use of which allows initiating 
the processes of phase transformations, as well as controlling the con
centration of structural defects and oxygen vacancies in the ceramic 
material, which play one of the key roles in determining the potential for 
use, as well as changing the strength and thermal parameters. In this 
case, the change in the mechanical activation conditions associated with 
the change in the grinding speed can be used to vary the change in the 
sizes of ceramics or to elevate the homogeneity degree of sizes, but in 
some cases, the grinding speed growth can lead to the occurrence of the 
effect of cold welding of powders on the walls of the grinding cup, which 
results in the grinding efficiency reduction, and as a consequence, the 
heterogeneity of the composition of the resulting ceramics, which is a 
very critical parameter in the production of composite ceramics ob
tained from two or more components [43].

Fig. 1 demonstrates the results of changes in the morphological 
features of the synthesized ceramics depending on the annealing 

Fig. 1. Results of morphological features of synthesized ceramics depending on the annealing temperature: a) initial; b) annealed at a temperature of 600 ◦C; c) 
annealed at a temperature of 700 ◦C; d) annealed at a temperature of 800 ◦C; e) annealed at a temperature of 900 ◦C; f) annealed at a temperature of 1000 ◦C; g) 
annealed at a temperature of 1100 ◦C; h) annealed at a temperature of 1200 ◦C; i) annealed at a temperature of 1250 ◦C; j) annealed at a temperature of 1300 ◦C; k) 
annealed at a temperature of 1350 ◦C; l) annealed at a temperature of 1400 ◦C.
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temperature, the alteration of which results in structural ordering 
associated with both the enlargement of particle sizes, their agglomer
ation and subsequent transformation associated with phase formation 
processes. The powder images were obtained using the scanning elec
tron microscopy method, the samples were previously dispersed on 
holders in order to obtain a uniform distribution of powders on the 
carbon holder, which was used to fix the samples. The general appear
ance of the studied powders in the initial state after mechanical acti
vation is a finely dispersed fraction of deformed particles that do not 
have a uniform shape, which is due to the mechanical crushing of the 
powders by grinding balls during the grinding process. At the same time, 
some of the grains agglomerate into larger inclusions, the presence of 
which indicates that in the case of the selected synthesis conditions, a 
cold welding effect is observed, but the number of large grains is small in 
relation to the finely dispersed fraction.

The result of thermal action on ground ceramic samples is expressed 
in the agglomeration of deformed grains into spherical particles, the 
dimensions of which are about 200–250 nm, while these particles 
agglomerate into larger agglomerations of grains with the annealing 
temperature growth.

The most significant changes in the morphological features in the 
studied ceramic samples are observed at annealing temperatures of 
1100–1200 ◦C, at which grain coarsening is observed, with the forma
tion of a dendritic structure, which is an agglomeration of particles 
connected along one or two edges, of an elongated oblong shape (see 
data in Fig. 1f and g). With a further increase in the annealing temper
ature above 1200 ◦C, particle coarsening is observed, as well as the 
formation of large spherical or diamond-shaped grains, the formation of 
which may be due to effects associated with phase transformations or 
polymorphic transformations that occur at high annealing temperatures. 
It should also be noted that the observed general trend of changes in the 
shape and size of grains indicates that at low annealing temperatures 
(below 1000–1100 ◦C) the main changes are associated with structural 
ordering, which in the case of morphological features manifests itself in 
the form of grain compaction, loss of the feather-like disordered struc
ture, the presence of which is due to crushing processes. At temperatures 
above 1100 ◦C, the observed changes associated with the coarsening of 
grains, as well as the release of a coarse-grained fraction, indicate 
possible phase formation processes that occur as a result of thermal 

processes, which can be confirmed by the results of X-ray phase analysis.
Fig. 2 demonstrates X-ray diffraction patterns of the studied ceramic 

samples obtained as a result of the annealing temperature variation, the 
change of which was chosen in order to determine the phase trans
formations kinetics in Nd2O3 – ZrO2 compounds, the ultimate goal of 
which is the formation of the Nd2Zr2O7 phase, characteristic of the 
zirconate structure. The general appearance of the presented data on the 
X-ray diffraction patterns of the studied ceramics depending on the 
annealing temperature indicates three clearly expressed processes of 
structural changes caused by the influence of the annealing temperature.

The first changes observed in the diffraction patterns are associated 
with structural ordering processes, which are expressed in a change in 
the intensity and shape of the diffraction maxima of annealed samples at 
temperatures of 600–1000 ◦C in comparison with the data presented for 
the sample after mechanical activation, for which the shape and in
tensity of the diffraction reflections of the observed phases correspond to 
a strongly deformed structure of Nd2O3 oxides with a hexagonal type of 
crystal lattice and a monoclinic phase of ZrO2. With an elevation in the 
annealing temperature in this temperature range, the observed changes 
in the intensities of the diffraction reflections indicate a growth in the 
structural ordering degree (crystallinity degree), while the general 
analysis of the diffraction patterns at these annealing temperatures did 
not reveal the formation of any diffraction reflections characteristic of 
the appearance of new phases or polymorphic transformations associ
ated with the transformation of the monoclinic phase of zirconium di
oxide into tetragonal or cubic, as well as reflections characteristic of the 
zirconate phase with a pyrochlore structure.

The second stage of structural changes observed in X-ray diffraction 
patterns is observed at temperatures of 1000–1300 ◦C, for which the 
formation of Nd2Zr2O7 (PDF-01-083-4375) cubic phase in the ceramic 
structure is observed, spatial syngony Fm-3m(225), characterized by the 
pyrochlore structure. The observed changes in the intensity of diffrac
tion reflections of the studied samples at annealing temperatures above 
1000 ◦C are primarily due to phase transformation processes that arise 
as a result of exposure to high temperatures, leading to the formation of 
the main phase Nd2Zr2O7 in the composition of ceramics with its sub
sequent dominance. The observed changes are also due to texturing 
effects arising from changes in phase composition and size effects 
associated with sintering and transformation processes. In this case, the 

Fig. 2. Results of X-ray diffraction of the studied ceramics depending on the annealing temperature of the samples.
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formation of this phase is observed at temperatures of 1000 ◦C, and 
complete transformation occurs at temperatures of 1200 ◦C. In the case 
of growth of the annealing temperatures above 1300 ◦C, the formation of 
inclusions in the form of a cubic phase of Zr(Nd)O2 is observed in the 
structure of the ceramics, the appearance of which with a subsequent 
growth in the contribution to the composition of the ceramics can be 
explained by the effects of polymorphic transformations of the m-ZrO2 → 
Zr(Nd)O2 type, the initialization of which can explain the presence of 
large rhombohedral grains in the composition of the ceramics observed 
in the micrographs presented in Fig. 1j–l.

Fig. 3 illustrates the assessment results of changes in the weight 
contributions of the established phases in ceramics obtained from a 
mixture of Nd2O3 – ZrO2 compounds with variations in the annealing 
temperature. The weight contributions of the established phases in the 
composition of the ceramics were determined using the method of 
determination of the specific gravity of the intensities of the diffraction 
reflections of each established phase, considering the corundum 
numbers, with subsequent calculation of the proportion of each phase in 
the sample and its normalization to 100 %. The presented insert in 
Fig. 3a of the X-ray diffraction patterns in the region of 2θ = 27–32◦

reflects the kinetics of phase transformations associated with thermal 
exposure to mechanically activated powders, and also reflects changes 
associated with structural ordering, characterizing the change in struc
tural parameters as a result of thermal exposure. According to the given 
changes in the intensities and shape of diffraction reflections in Fig. 3a, 
it is possible to trace the main stages of phase transformations occurring 
in ceramics, caused by thermal action in the case of a change in tem
perature. The results presented in Fig. 3b reflect a change in weight 
contributions, the analysis of which can show how exactly the phase 
formation processes occur in ceramics.

Table 1 shows the evaluation results of the structural parameters 
(parameters and volume of the crystal lattice) for all identified phases in 
the composition of ceramics depending on the variation of the annealing 
temperature.

An analysis of the change in structural parameters for all established 

phases in the composition of ceramics depending on changes in the 
conditions of thermal annealing makes it possible to draw a conclusion 
about a change in the structural ordering degree associated with changes 
in the parameters and volume of the crystal lattice, as well as substitu
tion effects that arise during thermal action on ground powders, an in
crease in the intensity of which leads to the formation of a cubic phase of 
Nd2Zr2O7 at temperatures above 1000 ◦C.

Fig. 4 illustrates the results of Raman spectroscopy of the studied 
ceramic samples depending on the annealing temperature of the sam
ples, which are presented to confirm the observed phase transformations 
in the Nd2O3 – ZrO2 system at alteration of the thermal exposure con
ditions. From the data presented, during analysis of the spectra, it is 
evident that at annealing temperatures in the range of 600–1100 ◦C, the 
modes indicating the monoclinic phase of ZrO2 dominate, and at tem
peratures of 1300, 1350 and 1400 ◦C, the Nd2Zr2O7 modes have a higher 
intensity. The spectra of the unannealed sample contain 13 modes 
related to the monoclinic phase of zirconium oxide: 177 (Bg), 189 (Ag), 
220 (Bg), 303 (Ag), 332 (Bg), 344 (Ag), 379 (Bg), 473 (Ag), 502 (Bg), 535 
(Bg), 558 (Ag), 615 (Bg) and 635 (Ag) cm− 1; as well as a mode at 430 (Eg) 
cm− 1, which can be associated with Nd2O3 [44]. The spectra of the 
samples annealed at temperatures of 600–1100 ◦C differ only slightly; all 
these spectra contain 14 modes indicating the monoclinic phase of zir
conium oxide, including 6 Ag modes (at 189, 304, 344, 474, 559 and 
633 cm− 1) and 8 Bg modes (at 177, 221, 332, 380, 507, 532, 615 and 
753 cm− 1), as well as one mode at 433 cm-1, which can be attributed to 
Nd2O3. Compared with the spectrum of the unannealed sample, the 
samples obtained at low temperatures have more intense peaks in the 
region of 500–600 cm− 1, as well as an additional peak at 452 cm− 1. 
Starting from the temperature of 1200 ◦C, an increase in the intensity of 
the peak at 305 cm− 1 is observed, which is related to the Eg mode of the 
Nd2Zr2O7 compound. At an annealing temperature of 1300 ◦C, the peaks 
associated with m-ZrO2 become significantly less intense compared to 
the Eg mode of the Nd2Zr2O7 phase. The obtained results confirm the 
observed phase transformations in the ceramic samples obtained using 
the X-ray diffraction method.

Fig. 3. Results of X-ray phase analysis: a) Detailed area 2θ = 27–32◦, reflecting the main phase changes in ceramics with variation of annealing temperature; b) 
Results of evaluation of weight contributions of established phases in samples depending on annealing temperature.
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In the spectra of the samples obtained by annealing at 1400 ◦C, only 
the modes characteristic of Nd2Zr2O7 can be seen: Eg at 302 cm− 1, F2g at 
400 and 584 cm− 1, A1g at 508 cm− 1. The Eg mode is related to the 
O–Zr–O bending vibrations, the F2g mode to the Zr–O stretching vibra
tions, and the A1g mode can contain contributions from both the O–Zr–O 
bending vibrations and the Nd–O and Zr–O stretching vibrations [45,
46], the presence of which can be explained by the formation of in
clusions in the form of cubic Zr(Nd)O2, which is characterized by a 
strongly broadened shape of the spectral lines [47].

Fig. 5 reveals the results of the dependences of the change in the 
optical transmission and absorption spectra of the studied Nd2Zr2O7 
ceramics depending on the annealing temperature, the change of which 
results in phase transformations in the ceramic samples.

The optical transmission spectra revealed in Fig. 5a have a charac
teristically pronounced line shape for rare earth oxides, the presence of 
which is characterized by a set of absorption bands of varying intensity 

in the visible and near IR ranges [48,49]. It should be noted that the 
change in the temperature of thermal annealing does not result in sig
nificant changes in the intensity and shape of the absorption bands in the 
transmission spectra, which in turn indicates the stability of these ab
sorption centers in the structure of ceramics, as well as the preservation 
of their concentration regardless of structural changes associated with 
phase transformation processes, as well as changes in the weight con
tributions of oxide phases at low annealing temperatures (below 1000 
◦C).

An analysis of the optical absorption spectra of the studied ceramics 
depending on the annealing temperature showed the presence of a 
characteristic absorption band in the wavelength region in the range of 
200–300 nm, characteristic of the presence of oxygen vacancies (VO) in 
the structure of the ceramics, the presence of which is due to the 
structural features of ZrO2. Moreover, the intensity of this absorption 
band is most intense for ceramic samples after mechanical activation, 
during which a large number of oxygen vacancies arise in the structure 
of the ceramics, the formation of which is caused by the mechanical- 
deformational effect on the crystalline structure during grinding and 
mixing of oxide components. In the case of thermal annealing, the in
tensity of this band decreases, which in turn is caused by processes 
associated with both structural ordering, the initialization of which, 
according to the data of structural analysis, occurs due to thermally 
stimulated relaxation of structural damage caused by mechanical acti
vation, as well as phase transformations that are observed at tempera
tures above 1000 ◦C, for which the formation of the Nd2Zr2O7 cubic 
phase is observed in the structure of ceramics. Moreover, the intensities 
of the absorption bands characteristic of rare earth compounds in the 
structure of the absorption spectra are preserved in the entire range of 
annealing temperatures, which indicates their resistance to thermal ef
fects and phase transformation processes. It should be noted that in the 
case of the formation of Nd2Zr2O7 and its dominance at temperatures of 
1200–1300 ◦C, an increase in the intensity of the absorption band in the 
wavelength range of 200–300 nm is observed in the absorption spectra, 
the increase in the intensity of which, especially at temperatures above 
1300 ◦C, can be explained by the processes of polymorphic trans
formations associated with the formation of inclusions in the form of a 
cubic phase of Zr(Nd)O2, the formation of which is accompanied by the 
formation of oxygen vacancies, the concentration of which (according to 
the assessment of the change in the intensity of the band at 200–300 nm) 
is directly proportional to the weight contribution of the cubic phase of 
Zr(Nd)O2. Thus, based on changes in the intensity of spectral lines 
characteristic of oxygen vacancies, the presence of which is associated 

Table 1 
Structural parameter data.

Temperature, 
◦С

Structural parameters

Nd2O3 – 
hexagonal

ZrO2 – 
monoclinic

Nd2Zr2O7 – 
cubic

Zr(Nd)O2 

– cubic

Pristine a = 3.8248 Å, 
c = 5.9872 Å, 
V = 75.85 Å3

a = 5.1386 Å, b =
5.2035 Å, c =
5.3062 Å, β =
99.243◦, V =
140.04 Å3

– –

600◦С a = 3.8282 Å, 
c = 5.9956 Å, 
V = 76.02 Å3

a = 5.1387 Å, b =
5.2056 Å, c =
5.3147 Å, β =
99.124◦, V =
140.37 Å3

– –

700◦С a = 3.8058 Å, 
c = 5.9626 Å, 
V = 74.79 Å3

a = 5.1089 Å, b =
5.1794 Å, c =
5.2699 Å, β =
99.833◦, V =
137.59 Å3

– –

800◦С a = 3.8255 Å, 
c = 5.9884 Å, 
V = 75.90 Å3

a = 5.1387 Å, b =
5.2035 Å, c =
5.3020 Å, β =
99.005◦, V =
140.22 Å3

– –

900◦С a = 3.7948 Å, 
c = 5.9593 Å, 
V = 74.32 Å3

a = 5.0974 Å, b =
5.2004 Å, c =
5.2529 Å, β =
99.380◦, V =
137.39 Å3

– –

1000◦С a = 3.8074 Å, 
c = 5.9663 Å, 
V = 74.90 Å3

a = 5.1035 Å, b =
5.1739 Å, c =
5.2803 Å, β =
99.150◦, V =
138.16 Å3

a = 10.5972 
Å, V =
1190.07 Å3

–

1100◦С a = 3.8152 Å, 
c = 5.9899 Å, 
V = 75.53 Å3

a = 5.1668 Å, b =
5.2138 Å, c =
5.2782 Å, β =
99.534◦, V =
140.22 Å3

a = 10.6158 
Å, V =
1196.34 Å3

–

1200◦С – – a = 10.6021 
Å, V =
1191.71 Å3

–

1250◦С – – a = 10.6161 
Å, V =
1196.44 Å3

–

1300◦С – – a = 10.6154 
Å, V =
1196.22 Å3

–

1350◦С – – a = 10.6184 
Å, V =
1197.22 Å3

a =
5.2038 Å, 
V =
140.92 Å3

1400◦С – – a = 10.6373 
Å, V =
1203.63 Å3

a =
5.2252 Å, 
V =
142.66 Å3

Fig. 4. Results of Raman spectroscopy of the studied ceramics depending on 
the annealing temperature.
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with polymorphic transformations in zirconium dioxide, it is possible to 
judge the concentration of oxygen vacancies, the change of which is 
associated with both the structural ordering of zirconium dioxide and 
thermally induced polymorphic transformations in the composition of 
ceramics.

Fig. 6a illustrates the measurement results of the thermophysical 
parameters of the studied ceramics depending on the annealing tem
perature at which they were obtained, an alteration in which leads to the 
initialization of structural ordering processes (at temperatures of 
600–1000 ◦C), as well as phase formation processes associated with the 
formation of the cubic phase of Nd2Zr2O7 at temperatures above 1100 
◦C, and polymorphic transformations of the m-ZrO2 → c- Zr(Nd)O2 type, 
characteristic of annealing temperatures above 1300 ◦C.

In the case where the structure of ceramics contains two oxide phases 
– the hexagonal phase Nd2O3 and the monoclinic phase ZrO2, the 
thermophysical parameters are determined by changes in the degree of 
structural ordering, as well as changes associated with a decrease in 
oxygen vacancies in the structure (see data in Fig. 6b). With a decrease 

in the concentration of oxygen vacancies in the structure of ceramics, 
according to the assessment of the intensity of spectral lines character
istic of oxygen vacancies, presented in Fig. 5b in combination with 
changes in the degree of structural ordering, the observed growth in 
thermal conductivity indicates an improvement in the thermophysical 
parameters, as well as the removal of barrier effects for phonon heat 
transfer during heating. The formation of a stable cubic phase of 
Nd2Zr2O7 leads to an increase in the thermal conductivity coefficient of 
ceramics by approximately 40–43 % compared to the initial values of 
thermal conductivity, which are determined by the thermophysical 
properties of zirconium dioxide. However, the observed decrease in 
thermal conductivity for samples obtained at annealing temperatures 
above 1200 ◦C can be explained by the following factors. Structural 
ordering of the Nd2Zr2O7 phase at higher temperatures can be accom
panied by a change in the cation ratio, which in turn leads to the for
mation of additional oxygen vacancies, which is well confirmed by 
assessment of the observed changes in the intensity of spectral lines for 
oxygen vacancies presented in the optical absorption spectra of samples 

Fig. 5. Results of optical properties of ceramics depending on the annealing temperature: a) dependence of the change in transmission spectra; b) dependence of the 
change in absorption spectra.

Fig. 6. Evaluation results of the thermophysical parameters of the studied ceramics: a) dependence of the change in the thermal conductivity coefficient of the 
studied ceramics on the sintering temperature; b) results of a comparative analysis of changes in the increase in thermal conductivity caused by structural ordering 
and phase formation processes and the concentration of oxygen vacancies, estimated based on the results of changes in the intensity of the absorption spectra.
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annealed at temperatures above 1200 ◦C. Maintenance of the principle 
of electroneutrality in the crystal lattice at substitution of zirconium 
cations by neodymium cations leads to an increase in oxygen vacancies, 
which reduce the rate of heat transfer, thereby elevating heat loss in 
ceramics. Also, the formation of the cubic phase Zr(Nd)O2 as a result of 
the initialization of polymorphic transformation processes at sintering 
temperatures above 1300 ◦C is accompanied by the formation of a large 
number of oxygen vacancies, which in turn negatively affects the ther
mal properties of ceramics.

The influence of phase formation processes on the mechanical 
properties of the ceramics under study was determined using indenta
tion methods used to determine the hardness of ceramic samples and the 
single compression method used to assess the resistance of ceramics to 
single compression, i.e. determining the maximum pressure that ce
ramics can withstand during single compression. The assessment results 
of the strength characteristics depending on the annealing temperature 
are shown in Fig. 7.

The general trend of changes in the values of mechanical charac
teristics (hardness and maximum load) indicates a direct relationship 
between the structural ordering that occurs as a result of thermal 
annealing of ceramic samples with a change in the annealing tempera
ture and the strength indicators. It should be noted that the formation of 
the Nd2Zr2O7 cubic phase at temperatures above 1100 ◦C leads to a 
slowdown in the trends of change in hardness and the magnitude of the 
maximum load, from which it follows that the observed hardening effect 
in the annealing temperature range from 600 to 1100 ◦C is associated 
with changes in structural characteristics, as well as the relaxation of 
point and vacancy defects, the reduction of which was recorded using X- 
ray diffraction and Raman spectroscopy methods. Relaxation processes 
leading to a decrease in the concentration of structural defects in this 
case allow changing the hardness indices by a value of about 50–60 % in 
comparison with unannealed ceramics, and also increasing crack resis
tance by 25–30 %. Such a difference in the trends of hardening change 
for hardness and crack resistance is due to the fact that the hardness 
parameter characterizes the external impact at the same load, while 
when determining crack resistance, pressure is exerted on the sample 
with an increasing load, which in the case of porous ceramics leads to 
faster formation of cracks under compression. In this case, the formation 
of a stable Nd2Zr2O7 phase, as well as subsequent polymorphic trans
formations of the m-ZrO2 → c- Zr(Nd)O2 type, arising as a result of the 
annealing temperature growth above 1300 ◦C, leads to a slowdown in 
the rate of hardening (the change in values is no more than 2 % for 
hardness values and no more than 5 % for crack resistance values), 
which indicates a small contribution from the presence of impurity 

inclusions associated with polymorphic transformations to the hard
ening of ceramics. Moreover, more pronounced changes in crack resis
tance values for samples obtained at temperatures above 1300 ◦C can be 
explained by changes in the morphological features of ceramics, which 
in this case increase the resistance to destruction of ceramics under 
external mechanical loads.

Analyzing the data obtained, it can be concluded that the most 
optimal parameters for obtaining single-phase Nd2Zr2O7 ceramics with a 
cubic type of crystal structure, characteristic of pyrochlore, are tem
peratures of 1200–1250 ◦C, at which ceramics are obtained with high 
strength and thermal characteristics, as well as a sufficiently low con
centration of oxygen vacancies in the composition, which allows them to 
be used as radiation-resistant materials for inert matrices.

4. Conclusion

In conclusion, the following results of the conducted studies char
acterizing the objects under study and also making it possible to estab
lish the relationship between the synthesis conditions and changes in the 
properties of ceramics can be summarized.

An analysis of the morphological features of the synthesized ce
ramics, carried out using the scanning electron microscopy method, 
revealed the presence of changes in the shape and size of grains, char
acteristic of phase transformations associated with the processes of 
formation of Nd2Zr2O7 with a pyrochlore structure, as well as poly
morphic transformations of the m – ZrO2 → Zr(Nd)O2 type in the 
composition of ceramics at high temperatures above 1300 ◦C.

During assessment of the influence of variations in the sintering 
temperature in the two-component Nd2O3 – ZrO2 system using the X-ray 
phase analysis method, the processes of phase transformations and 
structural ordering associated with the processes of thermal relaxation 
of structural distortions caused by grinding processes during mechanical 
activation were studied. During determination of the phase trans
formation kinetics in ceramics with a change in the annealing temper
ature, it was determined that the formation of the Nd2Zr2O7 cubic phase 
occurs at an annealing temperature of 1000 ◦C, and complete structural 
formation is observed at a temperature of 1200 ◦C. At the same time, a 
growth in the annealing temperature above 1300 ◦C leads to the 
initialization of polymorphic transformations with the formation of a 
cubic phase of the Zr(Nd)O2 type in the form of inclusions, the content of 
which is from 13 to 24 wt%.

Analysis of the change in the optical spectra of the studied ceramics 
depending on the annealing temperature showed the preservation of the 
main intensities of the absorption bands characteristic of the presence of 
rare earth elements in the ceramics, while the established dependence of 
the change in the concentration of oxygen vacancies made it possible to 
establish the main phase formation mechanisms in Nd2O3 – ZrO2. During 
mechanical activation, the impact of grinding bodies on powders leads 
to deformation distortion of the structure, which is accompanied by the 
formation of a large number of oxygen vacancies, while in the case of 
low annealing temperatures of 600–1000 ◦C, the observed decrease in 
the intensity of the spectral line characteristic of the presence of oxygen 
vacancies in the structure indicates structural ordering and a decrease in 
the concentration of oxygen vacancies in the volume due to their anni
hilation. However, in the case of the formation of the Nd2Zr2O7 cubic 
phase with its subsequent structural ordering, this leads to a growth in 
the intensity of the spectral line for oxygen vacancies, the elevation of 
which is due to the processes of substitution of Zr4+ cations by trivalent 
Nd3+ cations, as a result of which, in order to maintain electroneutrality, 
an oxygen vacancy is formed. At the same time, the initialization of the 
processes of phase polymorphic transformations of the m-ZrO2 → c- Zr 
(Nd)O2 type leads to a rise in the concentration of oxygen vacancies in 
the structure of ceramics due to additional effects of cation substitution 
in the ZrO2 structure.

During the determination of the thermophysical parameters of 
Nd2Zr2O7 ceramics depending on the annealing temperature and, as a 

Fig. 7. Evaluation results of the mechanical characteristics of the studied ce
ramics depending on the annealing temperature, the change of which de
termines the processes of structural ordering and phase formation.
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consequence, the initiated phase formation processes, a direct rela
tionship between changes in the thermal conductivity coefficient and 
the concentration of oxygen vacancies in the structure of the ceramics, 
the change of which is due to the processes of both structural ordering 
and cation substitution, accompanied by the formation of additional 
vacancy defects while maintaining the electroneutrality of the crystal 
lattice, was established. It was determined that the formation of the c- Zr 
(Nd)O2 phase at high annealing temperatures (above 1300 ◦C) leads to 
an increase in the concentration of oxygen vacancies, which in turn 
leads to a slowdown in heat exchange processes and, as a consequence, a 
decrease in the thermal conductivity of ceramics.

In the future, these ceramics will be considered as one of the 
candidate materials for use as materials for inert matrices of dispersed 
nuclear fuel, as well as structural materials for new-generation nuclear 
reactors capable of withstanding high temperatures and large doses of 
radiation. In the near future, experiments are planned to assess the 
resistance of ceramics to high-temperature irradiation, as well as to 
assess changes in structural parameters during the accumulation of ra
diation damage in the near-surface layer.
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