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ABSTRACT The paper presents the first comparative study of the microstructure and mechanical properties
of gadolinium zirconate ceramics produced by spark plasma sintering of powders obtained using hydroxide
precursors synthesized with and without mechanical activation. The initial precursor was prepared via reverse
coprecipitation of hydroxides. Mechanical activation of the precursor was performed in an AGO-2 planetary mill
at a centrifugal acceleration of 20 g for 30 min. X-ray phase analysis revealed that the resulting ceramics were
nanocrystalline. The ceramics produced from the mechanically activated precursor demonstrated superior
mechanical properties, including higher microhardness and Young’s modulus, compared to those produced
from the non-activated precursor.
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1. Introduction

REE zirconates are complex oxides in binary systems of the type Ln2O3–MO2 (where Ln represents rare-earth cations
and M denotes Group IVB metal cations: Ti, Zr, Hf). These compounds typically adopt the general formula Ln2M2O7 and
most commonly crystallize in pyrochlore-type structures with varying degrees of disorder. The extent of structural disorder
depends on intrinsic factors – such as chemical composition, bonding nature, and the ratio of cationic radii (RLn/RZr) –
as well as extrinsic factors, including synthesis conditions [1, 2]. In terms of its structural and chemical characteristics,
Gd2Zr2O7 occupies a special position in the series of REE zirconates. The corresponding ratio of the radii of the REE
and zirconium cations (RGd/RZr = 1.462) actually delimits two regions of stability: at RLn/RZr ≥ 1.46, the pyrochlore
structure (space group Fd3m̄) is stable, and, at RLn/RZr < 1.46, the disordered fluorite structure (space group Fm3m̄)
becomes favorable [1, 3, 4]. At room temperature, Gd2Zr2O7 typically adopts the stable pyrochlore phase (P-Gd2Zr2O7),
which transforms into a disordered fluorite modification (F-Gd2Zr2O7) at ∼1550 ◦C. As the energy difference between
these phases is small, fluorite-like Gd2Zr2O7 can exist under standard conditions, which is facilitated by certain conditions
of its synthesis [5,6]. In this regard, REE zirconates, in particular Gd2Zr2O7, are interesting from the point of view of the
occurrence of a phase transition of the pyrochlore (order) – fluorite (disorder) type [1, 2].

At the same time, REE zirconates with both crystal structures exhibit a broad spectrum of physical and chemical
properties, making them highly attractive for fundamental and applied research [7–10]. Their unique structural features
and exceptional characteristics render them promising candidates for applications in electro/photocatalysis, magnetism,
nuclear waste storage, thermal barrier coatings, sensors, catalysis, ionic conductors, oxygen monitoring, photoluminescent
host materials, and solid electrolytes in high-temperature fuel cells [11–21]. In particular, Gd2Zr2O7 demonstrates high
thermal stability, chemical resistance, high thermal expansion coefficient (11.09·10−6 K−1 [22]), a high melting point
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(2570 ◦C) [23], low thermal conductivity (1.5 – 2.0 W/(m·K) [5, 24]), and high ionic conductivity (> 1 · 10−3 Sm/cm at
800 ◦C [25, 26]).

In recent years, researchers have increasingly focused on enhancing the synthesis methods for nanoceramics based
on REE zirconates. These materials exhibit superior properties compared to microcrystalline ceramics, including higher
radiation resistance, lower thermal conductivity, and enhanced oxygen-ion conductivity [1, 4, 14, 27–36].

The properties and applicability of ceramics based on rare earth zirconates are directly influenced by the composi-
tion, size, shape, and morphology of their precursors, which can be synthesized through various methods [1,4,14,37,38].
Typically, precursors for rare earth zirconate nanoceramics – including Gd2Zr2O7 – are prepared using wet chemistry tech-
niques such as sol-gel synthesis, solvothermal, hydrothermal methods, and hydroxide coprecipitation [6,11,14,30,31,39–
41].

Another crucial step in ceramic production is selecting the consolidation method. Spark plasma sintering (SPS) has
emerged as a promising technique for compacting and consolidating various materials. During SPS, an electric current
passes through the tooling and the sample, rapidly heating them via the Joule effect. This allows the target processing
temperature to be achieved in minimal time. Additionally, the applied pressure significantly enhances densification. Thus,
SPS can consolidate powder system components at lower temperatures while suppressing excessive grain growth [42–44].
The key advantages of SPS technology include:

• High densification with controllable porosity.
• Elimination of pre-compaction or binders, simplifying the process.
• Homogeneous sintering of both similar and dissimilar materials.
• Rapid processing due to short cycle times.
• Minimal grain growth, preserving the microstructure [45, 46].

In this work, nanocrystalline Gd2Zr2O7 ceramics were synthesized by SPS using a dried powder of hydroxide pre-
cursor prepared through the coprecipitation of gadolinium and zirconium hydroxides. For the first time, the influence
of preliminary mechanical activation (MA) of the hydroxide precursor on the mechanical properties of the ceramics –
specifically, microhardness and Young’s modulus – was investigated.

2. Experimental

For the synthesis of the initial and MA-precursors of gadolinium zirconate, “chemically pure” gadolinium nitrate
Gd(NO3)3 · 6H2O (ω(Gd2O3) = 40.48 %), zirconium oxychloride ZrOCl2·8H2O (ω(ZrO2) = 37.98 %) and ammonium
hydroxide NH4OH were used. The detailed synthesis method for the hydroxide precursor is described in the previously
published work [47]. After obtaining the precursor, it was dried at 110 ◦C for 12 hours. This precursor is hereafter referred
to as the initial precursor (IP).

The IP was subjected to mechanical activation. MA was performed in an AGO-2 centrifugal–planetary mill under am-
bient conditions. The process utilized zirconium dioxide–lined vials and 7 – 8 mm zirconium dioxide grinding balls [47].
The milling parameters were as follows: centrifugal acceleration – 20 g, duration – 30 min, and a ball-to-powder mass
ratio of 20:1. To ensure homogeneity, the mill was paused every 60 seconds, and the contents were manually mixed using
a spatula. The resulting mechanically activated precursor is hereafter denoted as MP. The IP and MP were not subjected
to additional heat treatment before SPS.

SPS was performed on a SPS Labox 1575 apparatus (SINTER LAND Inc., Japan) using graphite tooling at temper-
atures of 1300 and 1550 ◦C (measured by a pyrometer focused on a hole in the wall of the die). The heating rate was
∼60 ◦/min, the applied pressure was 40 MPa. The samples were held for 5 min at the maximum temperature. Tablets with
a diameter of 10 mm and a thickness of 2.0 – 2.5 mm were prepared from powders derived from IP and MP. After SPS,
the samples were polished with sandpaper and ultrasonically cleaned in distilled water and alcohol to remove residual
graphite from the surface [44]. To completely remove graphite, the tablets were calcined at 1000 ◦C for 3 hours.

For X-ray diffraction analysis (XRD), a Rigaku Miniflex-600 diffractometer (CuKα radiation) was used. XRD pat-
terns were recorded at a rate of 2◦(2θ) per min. The cubic Fm3m structure of gadolinium zirconate Gd2Zr2O7 was reliably
identified in the diffraction patterns of the samples (PDF No. 04-006-1657). Full-profile analysis of the diffraction patterns
using the Rietveld method was performed using SmartLab Studio II software, included with the MiniFlex-600 diffrac-
tometer. All reflections were used for the calculation. The initial structural model for the calculations was based on
PDF card No. 04-006-1657, which closely matched the observed experimental profile. Angular correction (2θ correction)
was performed using the external standard method, with silicon (NIST SRM 640) as the reference material. During full-
profile analysis, the background, scale factor, and lattice parameters were refined using the initial parameters provided
by the model. The peak profiles were fitted using a pseudo-Voigt function. Structural parameters – including atomic
coordinates, site occupancies, and thermal displacement factors – were not refined. The refinement procedure was carried
out sequentially as follows: background determination, refinement of the scale factor and lattice parameters, and finally,
refinement of the profile function parameters.



220 V.Yu. Vinogradov, D.V. Dudina, M.A. Esikov, O.B. Shcherbina, V.V. Efremov, A.M. Kalinkin

The effective crystallite sizes for ceramics and the microstrains were calculated from the XRD data using Size-
Microstrain (SSP) graphical method [48, 49]. In order to account for instrumental broadening, a Si (NIST SRM 640f)
reference sample was used.

IR spectra were recorded on a Nicolet 6700 FT–IR Fourier spectrometer in KBr tablets.
The mechanical properties of Gd2Zr2O7 ceramic samples prepared by SPS with and without preliminary MA of the

IP were studied by the contact method using a NanoSkan probe microscope-nanohardness tester (FSBI TISNCM, Russia).
The microstructure of the Gd2Zr2O7 ceramic samples obtained from IP and MP was analyzed by scanning electron

microscopy (SEM) using a SEM LEO-1450 microscope. The images were processed by Scan Master program.
The density of the synthesized Gd2Zr2O7 ceramics was determined using Archimedes’ method. Prior to density

measurements, all samples were annealed at 1000 ◦C for 3 hours to ensure the complete removal of residual graphite.

3. Results and discussion

Previous studies [47] demonstrated that both IP and MP, when heat-treated at 900 – 1200 ◦C, form disordered
metastable fluorite-like Gd2Zr2O7. The effective crystallite size increases with the calcination temperature, ranging from
10 to 48 nm for IP and from 17 to 56 nm for MP. Notably, the use of MA enables the synthesis of highly dispersed
Gd2Zr2O7 powders with a specific surface area 5 – 7 times greater than that of powders produced without MA. This
enhancement can be attributed to the improved homogeneity of MP and more uniform Gd2Zr2O7 crystallization during
calcination [47].

Figure 1 presents the XRD patterns of the synthesized ceramics. All ceramic samples exhibit a disordered fluorite
structure (PDF No. 04-006-1657) and are nanocrystalline in nature. The effective crystallite sizes for ceramics obtained by
SPS IP and MP, as well as the microstrains and lattice parameters are given in Table 1. There was no significant deviation
in the crystal lattice parameters of the ceramics produced by SPS IP and MP relative to the theoretical value (PDF No. 04-
006-1657, Fd3m, a = b = c = 5.25 Å). This indicates that the chemical composition of the produced ceramics is close to
Gd2Zr2O7 (Gd:Zr mole ratio of 1:1). As an example, Fig. 2 presents experimental (black dots), calculated (red curve) and
difference (blue curve) XRD patterns of Gd2Zr2O7 ceramics synthesized by SPS at 1300 from MP. The small difference
between the calculated and experimental XRD patterns confirms the formation of ceramics with the Gd2Zr2O7 structure.
To confirm the nanocrystalline structure of the obtained ceramics, further studies using transmission electron microscopy
(TEM) are required.

FIG. 1. XRD patterns of Gd2Zr2O7 ceramics synthesized by SPS at 1300 and 1550 ◦C from IP and MP

As mentioned earlier, P-Gd2Zr2O7 transforms into F-Gd2Zr2O7 at approximately 1550 ◦C. However, depending on
the synthesis method, the fluorite modification can be retained upon cooling. In such cases, an ordered pyrochlore phase
may form within the fluorite phase as nanodomains, and the corresponding peaks are not detectable in the XRD patterns.
According to the literature [50, 51], infrared spectroscopy is a highly sensitive method for identifying P-Gd2Zr2O7 nan-
odomains within a F-Gd2Zr2O7 matrix. The FTIR spectra of the ceramics studied here (Fig. 3) lack the characteristic
pyrochlore absorption band at 510 cm−1, which is associated with the Gd2Zr2O7 pyrochlore lattice. This absence indi-
cates that P-Gd2Zr2O7 nanodomains are not present and that no fluorite-to-pyrochlore structural transition has occurred.

The microhardness (H , GPa) of Gd2Zr2O7 ceramics was determined using the comparative sclerometry method, in
which scratches are alternately applied to the test material and a reference standard of the known hardness [52]. A certified
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TABLE 1. Lattice parameters, crystallite sizes and microstrains of Gd2Zr2O7 ceramics

Sample SPS temperature, ◦C Lattice parameter, Å Crystallite size, nm Microstrain, %

IP 1300 5.2454 70±6 0.07±0.01

MP 1300 5.2519 64±5 0.07±0.01

IP 1550 5.2595 103±8 0.05±0.01

MP 1550 5.2457 123±10 0.03±0.01

FIG. 2. Single-phase Rietveld refined XRD pattern of Gd2Zr2O7 ceramics synthesized by SPS at
1300 ◦C from MP

FIG. 3. FTIR spectra of Gd2Zr2O7 ceramics synthesized by SPS at 1300 and 1550 ◦C from IP and MP
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fused quartz sample calibrated against the State Hardness Standard (SHS 31-2006) at the Federal State Unitary Enterprise
“Russian Metrological Institute of Technical Physics and Radio Engineering” (FSUE “VNIIFTRI”) served as the hardness
reference. Scratching of Gd2Zr2O7 ceramics was performed at indenter loads of 5 – 20 mN using a Berkovich indenter – a
triangular diamond pyramid probe with a tip curvature radius of ∼50 nm. The same probe was used to scan the scratched
surface. As an example, Fig. 4 shows the resulting scratch topography of the ceramics prepared from IP and MP by SPS
at 1300 ◦C.

(a) (b)

FIG. 4. Surface morphology of Gd2Zr2O7 ceramics prepared from IP (a) and MP (b) by SPS at 1300 ◦C
after sclerometry

Since the forward motion of a Berkovich indenter at an acute angle during scratching resembles the extrusion of an
imprint in a Vickers test, the calculations were based on a model for Vickers pyramid indentation [52–54]. The hardness
of the material was determined using the following formula:

H = k · P
b2
, (1)

where P is the normal force with which the scratch was made, expressed in Newtons; b is the arithmetic mean of the
scratch width, expressed in meters and k is the indenter shape factor for a given scratch width. The indenter shape factor k
was determined by scratching a reference material with the known hardness and calculating it using the following formula:

k =
Hc · b2

P
, (2)

where Hc is the hardness of the reference material.
To measure the absolute value of Young’s modulus (E, GPa) of ceramics, force spectroscopy was employed [53–55].

This technique involves bringing an oscillating indenter into contact with the sample surface, where it vibrates normal
to the surface with an amplitude of less than 10 nm and a frequency of ∼12 kHz. A triangular diamond pyramid with
an apex angle of approximately 60◦ was used as the indenter needle featuring a tip curvature radius of ∼100 nm. The
needle’s Young’s modulus (E) and Poisson’s ratio (ν) were set to 1140 GPa and 0.07, respectively, in the calculations. As
the indenter interacts with the material, the frequency of the probe oscillations increases upon contact with the surface.
According to the Hertz model, the slope of the oscillation frequency versus penetration depth (approach curve) is propor-
tional to the elastic modulus of the material [53, 54]. The elastic modulus was determined by comparing the slopes of the
approach curves for the sample and a reference material. For each sample, the Young’s modulus values were calculated
as the average of 16 independent measurements.

The relative density of all prepared ceramics exceeds 90 %, reaching near-theoretical values [1] after SPS at 1550 ◦C
(Table 2).

The data in Table 2 demonstrate that MA of the precursor enhances the mechanical properties of the gadolinium
zirconate ceramics. For both SPS temperatures (1300 and 1550 ◦C), the microhardness and Young’s modulus values of
ceramics derived from the MP are significantly higher than those of ceramics produced from IP. For comparison, Table 2
presents the literature data on the properties of Gd2Zr2O7 ceramics with a fluorite structure prepared via SPS [56] and
conventional solid-phase free sintering [57,58]. When consolidated by SPS, our precursor (MP) demonstrates advantages
over the gel-drying and combustion-derived precursor, yielding ceramics with higher microhardness and density. The
solid-phase method enables the production of ceramics with microhardness and Young’s modulus values close to those
obtained in our work. However, this method requires prolonged high-temperature calcination, which hinders the synthesis
of nanocrystalline samples (Table 2).

The trends in the microhardness and Young’s modulus for ceramics obtained by SPS of IP and MP can be explained
as follows.

Young’s modulus (elastic modulus) is a fundamental characteristic of a material, a measure of the interatomic bonding
forces. It describes elastic deformation, which is reversible. In ceramics, pores are the primary factor weakening the elastic
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TABLE 2. Relative density (ρrel.), microhardness (HV) and Young’s modulus (E) of F-Gd2Zr2O7 ce-
ramics prepared by different methods

Precursor Consolidation ρrel., % HV, GPa E, GPa Ref.

IP SPS: 1300 ◦C, 40 MPa, 5 95.9 6.2±1.3 205±3 This work

MP SPS: 1300 ◦C, 40 MPa, 5 91.3 15.3±2.3 261±9 This work

IP SPS: 1550 ◦C, 40 MPa, 5 98.9 8.2±1.4 272±3 This work

MP SPS: 1550 ◦C, 40 MPa, 5 99.0 9.2±1.1 298±11 This work
Drying and combustion

of gel SPS: 1300 ◦C, 70 MPa, 5 min 97.4 8.8±0.4 — [56]

Mixture of oxides Solid-phase method: 1600 ◦C, 10 h 98.4 10.9±0.9 307±31 [57]

Mixture of oxides Solid-phase method: 1650 ◦C, 10 h 99.0 6.0±0.3 214±5 [58]

modulus. They concentrate stress and do not contribute to the elastic stiffness of the material. As the sintering temperature
increases, porosity decreases, the material becomes denser, and Young’s modulus increases. As follows from Table 2, this
trend is observed for IP and MP.

Microhardness is sensitive to (1) defects (porosity, cracks) and (2) grain size. When the sintering temperature in-
creases, coalescence and grain growth occur. Fine grains create more boundaries, which act as obstacles to the movement
of dislocations and the development of plastic deformation under the indenter. Large grains facilitate this movement,
reducing microhardness. On the other hand, an increase in temperature is generally accompanied by an increase in den-
sity and the contact area between particles, leading to an increase in hardness. For IP, as the temperature increases, the
hardness increases, which likely indicates the predominant influence of the first factor (density/contact area). In the case
of MP, the situation is opposite, i.e., grain growth apparently plays the determining role.

Another notable feature of the data presented in Table 2 is that the relative density of the ceramics obtained at 1300 ◦C
from the MP is lower than that of ceramics from the IP. Interestingly, despite this lower density, the microhardness of the
ceramics prepared from MP is the highest. It was previously established that both hydroxide precursors (IP and MP)
interact with atmospheric carbon dioxide during synthesis, leading to the formation of carbonate groups. In the case of
MP, the decomposition of these carbonate groups with the release of CO2 occurs at higher temperatures compared to
IP [47]. We assume that this may be the reason for the reduced density of the MP-based ceramics sintered at 1300 ◦C.
SPS is characterized by very rapid heating (within a few minutes) with simultaneous pressure application. Sintering is
accompanied by the removal of volatile components – such as water and CO2 – from the particle surfaces and from the
pores within the sample under highly nonequilibrium conditions.

When the precursor is compacted, the closure of pores is inhibited by the pressure of gases trapped within them.
As the removal of carbon dioxide from the MP is more difficult than from the IP, this can lead to a higher degree of
closed porosity. However, when the SPS temperature is increased to 1550 ◦C, the negative factors that limit densification
at 1300 ◦C are overcome. As a result, both the IP and MP achieve high and nearly equal relative densities (98.9 %
and 99.0 %, respectively, as shown in Table 2). It is likely that the sample with a density of 91.3 % and maximum
microhardness was sintered under optimal conditions for suppressing grain growth. A higher density (98 – 99 %) is
achieved by increasing the sintering temperature, which inevitably leads to coalescence and grain growth. As previously
noted, larger grains reduce hardness, while smaller grains create more grain boundaries. These boundaries act as obstacles
to dislocation movement and hinder the development of plastic deformation beneath the indenter. A detailed clarification
of the reasons for the different influence of sintering temperature on the microhardness of ceramics based on IP and MP
requires additional research.

The microstructure of Gd2Zr2O7 ceramic samples prepared by the SPS method with and without preliminary MA
of the IP was analyzed using SEM imaging. The images were processed using Scan Master program, designed for the
mathematical analysis of such micrographs. The program enables users to select objects within an image, analyze their
characteristics, and perform the statistical processing on the set of selected objects based on the chosen criteria. In this
case, parameter “Length” – defined as the maximum length among 18 projections of an object onto a plane – was selected
as the criterion for evaluating the size of the ceramic particles.

SEM images of the Gd2Zr2O7 ceramic material synthesized by SPS at 1300 ◦C using IP reveal a nearly pore-free
surface with no discernible grains (Fig. 5). SEM images of the Gd2Zr2O7 ceramic material synthesized by SPS at 1300 ◦C
using MP is shown in Fig. 6.

Increasing the SPS temperature to 1550 ◦C results in grain growth. The Gd2Zr2O7 ceramics synthesized from the IP
at this temperature exhibit well-faceted grains ranging from 0.2 to 3.0 µm in size (Fig. 7), with an average grain size of
0.4 µm (Fig. 8). Microcracks are observed along the grain boundaries, but the ceramics are nearly pore-free.
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FIG. 5. SEM image of Gd2Zr2O7 ce-
ramic material prepared by the SPS at
1300 ◦C from IP (magnification 5000)

FIG. 6. SEM image of Gd2Zr2O7 ce-
ramic material prepared by the SPS at
1300 ◦C from MP (magnification 5000)

FIG. 7. SEM image of Gd2Zr2O7 ce-
ramic material prepared by SPS at 1550
◦C from IP (magnification 5000)

FIG. 8. Differential curve of grain dis-
tribution and integral curve of granulo-
metric composition of Gd2Zr2O7 ceramic
material prepared by SPS at 1550 ◦C
from IP

The Gd2Zr2O7 ceramic samples prepared from MP at 1550 ◦C exhibit at least two distinct morphological structures
(Fig. 9). These include regions composed of well-defined, faceted grains ranging from 0.1 to 1.5 µm in size and larger
areas (up to 8 – 10 µm in length) lacking a pronounced grain structure (Figs. 9 and 10).

The SEM image of the Gd2Zr2O7 ceramic material synthesized by SPS at 1550 ◦C (IP, higher magnification, Fig. 11)
confirms a non-porous surface. The microstructure exhibits the features of brittle fracture, including a crystalline structure
and intergranular cleavage facets. In contrast, the MP-based sample at the same magnification (Fig. 12) shows pronounced
grain agglomeration. The intergranular boundaries are nearly invisible in the image, with the grains in close contact. The
surface of this sample is smoother and exhibits fewer visible defects compared to the IP-based sample (Fig. 11). Cleavage
predominantly occurs along intergranular contacts, while intragranular chips are extremely rare.

4. Conclusions

Nanocrystalline Gd2Zr2O7 ceramics were synthesized by SPS using the hydroxide precursor with and without MA.
The relative density of all the prepared ceramics is greater than 90 %. This value approaches the theoretical value after
SPS at 1550 ◦C. MA of the initial precursor led to an increase in the microhardness and Young’s modulus of the sintered
ceramics. So, the highest values were achieved for the ceramics derived from the MP: a microhardness of 15.3±2.3
GPa (at 1300 ◦C) and a Young’s modulus of 298±11 GPa (at 1550 ◦C). The comparison of the obtained results with the
literature data on F-Gd2Zr2O7 SPS-ceramics revealed that our MP precursor exhibits a higher efficiency in enhancing
the microhardness of the ceramics compared to the precursor derived from gel drying and combustion. While conven-
tional solid-phase synthesis of F-Gd2Zr2O7 ceramics yields microhardness and Young’s modulus values similar to our
findings, this method requires prolonged high-temperature calcination, which prevents the formation of nanocrystalline
materials. Although the crystallite size has a minimal direct impact on microhardness and Young’s modulus, its control
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FIG. 9. SEM image of Gd2Zr2O7 ce-
ramic material prepared by SPS at 1550
◦C from MP (magnification 5000)

FIG. 10. Differential curve of grain dis-
tribution and integral curve of granulo-
metric composition of Gd2Zr2O7 ceramic
material prepared by SPS at 1550 ◦C
from MP

FIG. 11. SEM image of Gd2Zr2O7 ce-
ramic material prepared by SPS at 1550
◦C from IP (magnification 10000)

FIG. 12. SEM image of Gd2Zr2O7 ce-
ramic material prepared by SPS at 1550
◦C from MP (magnification 10000)

remains crucial for practical applications. For instance, in functional materials like thermal barrier coatings, the produc-
tion of nanocrystalline ceramics is highly important. This is because key physicochemical properties – such as thermal
conductivity and heat capacity – are directly influenced by the crystallite size of the resulting ceramic material.
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[49] Terlan B., Levin A.A., Börrnert F., Zeisner J., Kataev V., Schmidt M., Eychmüller A. A Size-Dependent Analysis of the Structural, Surface,
Colloidal, and Thermal Properties of Ti1−−xB2 (x = 0.03–0.08) Nanoparticles. Eur. J. Inorg. Chem., 2016, 6, P. 3460–3468.

[50] Klee W.E., Weitz G. Infrared spectra of ordered and disordered pyrochlore-type compounds in the series RE2Ti2O7, RE2Zr2O7 and RE2Hf2O7.
J. Inorg. Nucl. Chem., 1969, 31 (8), P. 2367–2372.

[51] Sanjay Kumar N.R., Chandra Shekar N.V., Sahu P.C. Pressure Induced Structural Transformation of Pyrochlore Gd2Zr2O7. Solid State Commun.,
2008, 147 (9–10), P. 357–359.

[52] Oliver W.C., Pharr G.M. Measurement of Hardness and Elastic Modulus by Instrumented Indentation: Advances in Understanding and Refinements
to Methodology. J. Mater. Res., 2004, 19 (1), P. 3–20.

[53] Useinov A.S. A Nanoindentation Method for Measuring the Young Modulus of Superhard Materials Using a NanoScan Scanning Probe. Instrum.
Exp. Tech., 2004, 47 (1),P. 119–123.

[54] Maslenikov I.I., Reshetov V.N., Useinov A.S. Mapping the Elastic Modulus of a Surface with a NanoScan 3D Scanning Microscope. Instrum. Exp.
Tech., 2015, 58, 711.

[55] Malygin G.A Plasticity and Strength of Micro- and Nanocrystalline Materials. Phys. Solid State., 2007, 49 (6), P. 1013–1033.
[56] Huang Z., Cao Z., Shi K., Qi J., Zhou M., Tang Z., Han W., Diao X., Tang J., Lu T. Synthesis and Densification of Gd2Zr2O7 Nanograin Ceramics

Prepared by Field Assisted Sintering Technique. J. Nucl. Mater., 2017, 495, P. 164–171.
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