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Abstract: Fine powders of mixed gadolinium tantalum niobates doped with Eu, Sm, Tb, and Er were
synthesized. Ceramic samples of polycomponent solid solutions of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01

Nb0.9Ta0.1O4 were obtained from synthesized powders using conventional sintering technology. The
phase composition and phase structure characteristics of the Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4

ceramic phases were determined by XRD. The effect of ceramic sintering temperature on the physical
characteristics of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 solid solutions is shown. The morpho-
logical features of the microstructure of the Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 ceramics
were studied in relation to its mechanical characteristics. At the same time, the strength charac-
teristics (Young’s modulus, microhardness) and the critical stress intensity factor for mode I KIC

were evaluated for the first time for the synthesized compounds. Photoluminescence and cathodo-
luminescence were studied in the visible region. The study confirms the potential application of
Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 ceramic solid solutions as scintillators and radiolumines-
cent light sources.

Keywords: synthesis; solid solutions; gadolinium niobates and tantalates; photoluminescence;
cathodoluminescence; microstructure; microhardness; Young’s modulus; crack resistance

1. Introduction

Improving the characteristics of luminescent materials is an urgent task; high-energy
radiation is converted into visible light in such materials. These materials are used in
dosimetry, medical diagnostics, and space research [1,2]. Applications necessitate both
the search for new materials and the enhanced study of their physical properties. First
luminescent materials and scintillators CsI(Tl), CsI(Na), and NaI(Tl) were well studied in
the middle of the last century. They have a high optical output, but today their application
is strongly limited because they also exhibit high hygroscopicity, and low chemical and
radiation resistance. Oxide single crystals with high chemical and thermal resistance,
such as Y3Al5O12 and YAlO3, activated with trivalent RE ions (Pr, Eu, Tb, Er) are the most
prospective materials applied in aggressive media and at high temperatures. However, they
are brittle and inapplicable under direct mechanical impact or overload [1]. The increasingly
difficult operating conditions (aggressive chemical environments, high temperature and
humidity, mechanical impacts and overloads) increase the requirements, including those of
the material’s mechanical characteristics. These characteristics determine the usability and
service life of fluorescence detectors. One of the characteristics is deformation resistance;
this is related to the strength, hardness, and density of materials.
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Mixed ceramic solid solutions (SSs) based on ReMO4-type compounds (where M = Nb,
Ta, and Re = Gd, Y, Yb) are of great interest. Energy can exchange in such materials between
the luminescence centers of the crystalline matrix (MO4 groups, M—Nb, Ta). Moreover, a
significant increase in the blue-green emissivity of the material is observed at certain ratios
of NbO4- and TaO4 complexes in GdNb1−xTaxO4 SSs [3,4]. The spectral region of emission
of luminescent materials based on ReMO4 compounds depends on the type of REE of the
ceramic matrix (Gd, Y, Yb), as well as on doping with other REEs [5–8]. The energy transfer
can occur in such materials between the emission of luminescence centers of MO4 groups
and REEs with intracenter luminescence (Eu3+, Tb3+, Er3+, Sm3+) [8–13].

In this case, the range of luminescent properties can be expanded by further compli-
cating the ReNb1−xTaxO4 SSs by increasing the number of components. The synthesis of
such multicomponent systems using nitrate solutions of REE and ultrafine hydroxides of
niobium and tantalum has a number of significant advantages over solid-phase synthesis
of such multicomponent systems [14]. The method homogenizes the reaction mixture at the
molecular level. As a result, submicron and nanosized powders are obtained [15]. These
powders provide the possibility of obtaining dense homogeneous materials with good
mechanical characteristics at an optimal sintering temperature. For example, ceramics and
thin films can be obtained [16–19]. High density and uniformity significantly increase the
efficiency of luminescent materials, increasing the intensity of the glow due to their greater
structural uniformity [3].

It should be noted that the literature provides limited works on the study of the
mechanical characteristics of luminescent ceramics based on gadolinium tantalum niobates
obtained by various synthesis methods. For example, the authors of [20–22] studied,
in detail, the mechanical properties of RENbO4 and RETaO4 (RE = Y, La, Nd, Sm, Gd,
Dy, Yb) ceramics synthesized by a high-temperature solid-state reaction. The RENbO4
characteristics measured by the nanoprobe method have the following values: Young’s
modulus, 60–170 GPa; maximum hardness, 11.48 GPa. The values indicate a sufficiently
high resistance of RENbO4 ceramics to destruction. Thus, we believe that the study of the
mechanical characteristics of ceramics Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 obtained
using nitrate solutions of REE and ultrafine hydroxides of niobium and tantalum is relevant.

The goals of the study are to achieve the synthesis of polycomponent SSs Gd0.96Eu0.01
Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 and determine how temperature treatment conditions influ-
ence their structural, mechanical, and luminescent characteristics.

2. Materials and Methods

Ultrafine powders of multicomponent SSs Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4
were synthesized using nitrate solutions of REE and ultrafine hydroxides of niobium and
tantalum. High-purity fluoride Nb and Ta-containing solutions were obtained by dissolving
Nb2O5 (99.9) and Ta2O5 (99.9) oxides (Solikamsk Magnesium Plant, Solikamsk, Russia) in
HF (99.9 (not more than 10−5 of 27 impurities), Komponent-reaktiv Ltd., Moscow, Russia).
Solutions were taken in volumes corresponding to the given value of Nb and Ta. Niobium
and tantalum hydroxides were co-precipitated by ammonia (25% NH4OH solution, 99.9
(no more than 10−5 of 23 impurities), Sigma Tek, Khimki, Russia) from these solutions at
the first stage of the synthesis. Then, the mixture of niobium and tantalum hydroxides
was washed with deionized water from NH4

+ and F− ions and dried to a moisture content
of 60–70% at 90 ◦C. The mixture was then mixed with Gd(NO3)3, Eu(NO3)3, Sm(NO3)3,
Tb(NO3)3, Er(NO3)3 solutions in volumes that provide a given composition. The solutions
were prepared by dissolving the corresponding oxides Gd2O3, Eu2O3, Sm2O3, Tb4O7, Er2O3
(99.9, Himkraft, Kaliningrad, Russia) in HNO3 (99.9 (no more than 10−4 of 18 impurities),
Vekton Ltd., Saint Petersburg, Russia).
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Next, ammonia was added to the resulting pulp and brought to ~pH 10. All processes
were accompanied by constant stirring. The resulting hydrated precipitate was washed
with deionized water at a ratio of solid and liquid phases S:VL = 1:3, dried at ~150 ◦C, and
calcined at 700 ◦C for 4 h. Then, the powders were ground in a ball chalcedony mill. One
part of the powder was calcined for 4 h at ~1200, and the other part was calcined for 2 h
at ~1400 ◦C.

The content of niobium and tantalum in Nb- and Ta-containing fluoride solutions
was determined by gravimetric method. The content of fluoride ions was determined
by potentiometric method on ionomer EV-74 (Zavod izmeritel’nych priborov, Gomel’,
Belarus) with an F-selective electrode EVL-1MZ (Zavod izmeritel’nych priborov, Belarus,
Gomel’). Fluorine in the synthesized Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 powders
was analyzed by pyrohydrolysis. Gd, Eu, Sm, Tb, Er in filtrates and strip solutions were
determined by atomic emission spectrometry on an ICPE 9000 spectrometer (Shimadzu,
Kyoto, Japan) and by XRF on a Spectroscan MAKS-GV (Spectron, Saint Petersburg, Russia).

The phase compositions of the powders were determined by XRF on a diffractome-
ter Shimadzu XRD-6000 (Shimadzu, Kyoto, Japan) with a counter speed of 1 deg·min−1

(CuKα radiation). Electron probe microanalysis (EPMA) and study of cathodolumines-
cence of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 SSs were carried out on a Camebax
electron probe microanalyzer (Cameca, Gennevilliers Cedex, France) equipped with four
X-ray spectrometers and a cathodoluminescent station [23]. Cathodoluminescence spec-
tra were excited with the electron beam with the following parameters: energy 20 keV,
absorbed current 10 nA, electron beam diameter ~3 µm. Spectra were registered in the
range 300–800 nm.

EPMA of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramics was carried out at ac-
celerating voltage of 20 kV and an absorbed electron current of 5–10 nA, the diameter of the
electron beam was 5 µm. Metal niobium and tantalum with purity of 99.99 were chosen as
etalons. Stoichiometric gadolinium orthophosphate GdPO4 was used as a reference sample
for the determination of Gd content. Lα:Nb, Lα:Ta, and Lα:Gd were used as analytical
lines. Oxygen content was calculated based on stoichiometric composition.

Wood’s metal was used to fix the ceramics in the sample cassette for research. The
carbon film was additionally deposited on all samples using a JEE-4C universal vac-
uum station (Jeol, Tokyo, Japan) to ensure charge sink during the study on an electron
probe microanalyzer.

The specific surface areas of the Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 powders
were determined by the low-temperature nitrogen adsorption BET method, FlowSorbII
2300 and TriStar 3020 V1.03 (Micrometrics, Norcross, GA, USA).

Ceramic samples were made in the form of pellets with a diameter of 10 mm and a
height of 2–3 mm from powders calcined at ~1200 ◦C and ~1400 ◦C. Polyvinyl alcohol was
used as a binder. Tablets were pressed at a load of ~380 kg/cm2. The pellets were calcined
in an electric furnace KEP 14/1400P (Termal, Tryokhgorny, Russia) at 1400 ◦C for 3 h and at
1500 ◦C for 2 h. A total of four types of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic
samples were obtained (Table 1).

Table 1. Modes of preparation of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples.

Sample Number Powder Calcination
Temperature, Tpc

◦c
Ceramic Calcination
Temperature, Tcc

◦c
Ceramics

Calcination Time, h

1 1200 1400 3
2 1400 1400 3
3 1200 1500 2
4 1400 1500 2
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The phase composition and structure refinement of the Gd0.96Eu0.01Sm0.01Tb0.01Er0.01
Nb0.9Ta.0.1O4 ceramic samples were performed on a diffractometer DRON-6 (SVETLANA,
Russia, Saint Petersburg) under CuKα radiation in the angle scattering range of 5–145◦,
and a multifunctional X-ray diffractometer Rigaku (RIGAKU, Tokyo, Japan) with SmartLab
Studio II software. The speed of the counter was 2 deg/min (CuKα radiation, scan range
6–90◦). The ICDD databases (PDF 4, release 2022) were used to identify the phases. The
structural characteristics of the phases were refined by the whole-powder-pattern fitting
(WPPF) method of full-profile analysis of XRD patterns. The values of the profile R factors
(Rp and Rwp) served as the criteria for the reliability of the obtained results. The factors
were calculated using standard formulas.

The density of the ceramic samples Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 was
determined by hydrostatic weighing.

The microstructures of the Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 ceramic samples
were studied using a scanning electron microscope SEM LEO 420 (Carl Zeiss, Oberkochen,
Germany) and analyzed using the program ScanMaster (National research nuclear univer-
sity (MEPHI), Moscow Engineering Physics Institute, Moscow, Russia). The ScanMaster
program is designed for the mathematical processing and measurement of such images.

The mechanical properties of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 ceramic sam-
ples were studied by the contact method using a probe microscope–nanohardness tester
NanoSkan (FSBI TISNCM, Troitsk, Russia). The microhardness (H, GPa) of the samples
was determined by comparative sclerometry: scratches are applied alternately on the ma-
terial under study and the standard, the hardness of which is known [24]. Fused quartz
sample was used as the standard of hardness; the sample was certified by the Russian State
standard of hardness (GET 31-2006) in VNIIFTRI—State Scientific Center of the Russian
Federation. Ceramics were scratched at different loads. The same probe with an indenter in
the form of a trihedral diamond pyramid (Berkovich indenter) with a tip radius of ~50 nm
was used for scratching and surface scanning. Since the forward movement of an acute
angle during scratching with a Berkovich indenter is similar to extruding an indentation
during the Vickers test, the model for the case of indentation with a Vickers pyramid was
used for calculations [24,25]. The value of the hardness of the material under study was
determined by the formula:

H = k·(P/b2) (1)

where P—the normal force with which the scratch was applied, expressed in Newtons,
b—arithmetic mean of the scratch width, expressed in meters, k—indenter shape factor for
a given scratch width. The parameter k was determined by scratching a standard surface
with a known hardness and calculated by the formula:

k = Hc·b2/P (2)

where Hc—standard sample hardness.
Force spectroscopy was used to measure the absolute value of the ceramics Young’s

modulus (E, GPa) [24,26,27]. The indenter oscillates in the direction normal to the sample
surface with an amplitude of less than 10 nm and a frequency of ~12 kHz. This oscillating
indenter touches the sample surface. A trihedral diamond pyramid with apex angle ~600
served as an indenter needle. The tip rounding radius was ~100 nm. The Young’s modulus
and Poisson’s ratio of the needle used in the calculations were E = 1140 GPa and ν = 0.07,
respectively. As a result of the interaction of the indenter with the material, the oscillation
frequency of the probe increases as it is pressed against the surface. In accordance with the
mathematical description based on the Hertz model, the slope of the dependence of the
oscillation frequency on the depth of penetration (load–displacement curve) is proportional
to the elastic modulus of the material under study [20,21]. The elasticity modulus was
determined from the ratio of the slope angles of the load–displacement curves for the test
and reference (standard) materials. For each sample, measurements were carried out on
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10 random areas of 60 × 60 µm in size at 16 points, and the values of Young’s modulus
were determined as an average value over all measurements.

Some of the studied Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 ceramic samples were
vacuum-annealed in order to establish the annealing effect on the features of the lumines-
cent properties. Thermal vacuum treatment was carried out in the original installation
developed in ICT RAS on the base of muffle tube furnace SUOL-0.4.4/12 (GRANAT,
Moscow, Russia) with a vacuum system [27].

Photoluminescence spectra of samples of ceramic SSs Gd0.96Eu0.01Sm0.01Tb0.01Er0.01
Nb0.9Ta0.1O4 were recorded using a SOL SL-100M spectrograph with a CCD detector FLI
ML 1107 Black Illuminated (Hamamatsu PHOTONICS K.K., Hamamatsu City, Japan) in the
visible region of the spectrum (380–800 nm). A He–Cd continuous laser (Kimmon KOHA,
Fukushima, Japan) served as the excitation source (λex = 325 nm, 15 mW). A polarizing
film was placed in front of the entrance slit of the monochromator to eliminate the spurious
signal. The entrance slit of the monochromator was ~0.016 mm. The background signal
was subtracted from each photoluminescence spectrum.

3. Results and Discussion

The ICP-AES results show that the strip solutions and filtrates contained only traces
of Gd, Eu, Sm, Tb, and Er. This means that under selected conditions, REEs almost
completely transit from Gd(NO3)3, Eu(NO3)3, Sm(NO3)3, Tb(NO3)3, Er(NO3)3 solutions
to hydroxide precipitate. The XRF confirmed that Gd, Eu, Sm, Tb, and Er content in the
powder samples corresponded to calculated values; the error does not exceed 2%. The
fluorine concentrations in the powders were below the detection limit of the method used
(i.e., less than 1 × 10−3 wt%). The specific surface areas of the powders were 0.57 m2/g
(calcination at 1200 ◦c) and 0.25 m2/g (calcination at 1400 ◦c).

Table 2 demonstrates the EPMA results. A Nb/Ta ratio corresponds to that given
within the method error (the relative error is 2%). The relative error for REE elements
is higher because it is difficult to determine small concentrations (the relative error can
reach 10%). The concentrations of most REEs in Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4
ceramic samples were somewhat smaller than planned.

Table 2. Element composition of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples. The
values are given in formulae units.

Sample Nb Ta Eu Sm Tb Er

Gd0.96Eu0.01Sm0.01Tb0.01
Er0.01Nb0.9Ta0.1O4

0.91 ± 0.02 0.094 ± 0.007 0.0087 ± 0.0004 0.0073 ± 0.0007 0.0106 ± 0.0005 0.0093 ± 0.0004

Figure 1 demonstrates the XRD patterns of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4
ceramic samples with the refinement of probable phases. Note: Figure 1 only demonstrates
XRD patterns of samples 2 and 4. XRD patterns of samples 1 and 3 are similar to those of
samples 2 and 4. Data given in some considered ICDD cards can be found in [28–31].

The WPPF analysis revealed that the structures of samples 1 and 2 (Gd0.96Eu0.01Sm0.01
Tb0.01Er0.01Nb0.9Ta0.1O4 Tcc = 1400 ◦c) correspond to a monoclinic phase with space group
I2/a, with a minor presence (near 3%) of a monoclinic phase with space group C2/c. The
XRD patterns of samples 1 and 2 were identical. The refined periods and monoclinic angle
β of the studied Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 ceramics coincide with those of
the GdNbO4 monoclinic phase given in [31] within the method error (Table 3).
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Figure 1. XRD patterns of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples with the
refinement of probable phases. (a) Sample 2: •—reflections corresponding to the monoclinic phase of
GdNbO4 with the I2/a space group (ICDD Card 04-007-6967); �—reflections corresponding to the
monoclinic phase of GdNbO4 with the C2/c space group (ICDD Card 04-008-3678). (b) Sample 4:
N—reflections corresponding to the monoclinic phase of (Eu0.5Tb0.5)NbO4 with the I2/b(15) space
group (card 00-070-0369); •—reflections corresponding to the monoclinic phase of GdNbO4 with
the C2/c space group (card 04-005-5709); �—reflections corresponding to the monoclinic phase of
GdNbO4 with the C2/c(15) space group (card 04-005-6508); H—reflections corresponding to the cubic
phase Eu0.375Gd0.375Ta0.25O1.75 with the Fm-3m (225) space group (Card 04-001-9311).
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Table 3. Refined periods and monoclinic angles of the unit cell, site population, and atom coordinates
of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic sample 1.

Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta0.1O4 GdNbO4 Card 04-007-6967 [31] I2/a

a = 5.3758 (4), b = 11.0931 (8), c = 5.1063 (1) Å, β = 94.70 (3)◦ a = 5.37, b = 11.095, c = 5.106 Å, β = 94.58
◦

Atom G x/a y/b z/c x/a y/b z/c

O1 1.0 0.1232 (7) 0.4713 (1) 0.2159 (1) 0.0945 0.4598 0.2543
O2 1.0 −0.0070 (3) 0.7258 (4) 0.2934 (1) −0.0072 0.7172 0.2934
Nb 0.9 0.25 0.1458 (7) 0.0 0.25 0.1453 0.0

Ta(Nb) 0.1 0.25 0.1436 (6) 0.0
Gd 0.96 0.25 0.6262 (3) 0.0 0.25 0.6214 0.0

Tb(Gd) 0.01 0.25 0.6379 (8) 0.0
Er(Gd) 0.01 0.6370 (3)
Eu(Gd) 0.01 0.25 0.6269 (4) 0.0
Sm(Gd) 0.01 0.25 0.6094 (3) 0.0

Rp = 9.98%, Rwp = 13.85%.

Table 4 shows results of WPPF refinement of the structure phases of Gd0.96Eu0.01Sm0.01
Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic sample 4.

Corresponding polyhedra distort when REEs (Tb, Er, Eu, Sm) enter the gadolinium
site. In general, the value of the distortion at such a substitution is increased compared
to initial model data (Tables 3 and 4). The fergusonite type (M or M′) probably depends
not only on cation atom radius [32], but also on initial powder synthesis and ceramics
calcination temperature. For example, the fracture of M′-type fergusonite crystallization is
much greater at higher calcination temperature (Tcc = 1500 ◦c) (Table 4).

Table 4. Refined unit cell periods of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic sample 4.

ICDD Card
Number

Eu0.5 Tb0.5NbO4
00-070-0369

GdNbO4
04-005-5709

TbNbO4
04-005-650

Eu0.375Gd0.375Ta0.25O1.75
04-001-9311

Syngony Monoclinic Monoclinic Monoclinic Cubic

SPGR

I2/b (15)
(ICDD
Card 00-
070-0369)
M-Type

Sample C2/c [28]
M′-Type Sample C2/c (15) [29]

M′-Type Sample Fm-3m
[30] Sample

a, Å 5.3704 (1) 5.37794 (13) 7.1037 7.11065 7.022 7.0992 (18) 5.312 5.3114 (13)
b, Å 5.0997 (1) 5.10509 (13) 11.077 11.086 (17) 10.977 8.999 (3) 5.312 5.3114 (13)
c, Å 11.0825 (3) 11.0924 (3) 5.101 5.10599 5.057 4.6019 (13) 5.312 5.3114 (13)
α, ◦ 90.000 90.000 90.000 90.000 90.000 90.000 90.000 90.000
β, ◦ 90.000 90.000 131.138 131.138 130.951 132.433 (17) 90.000 90.000
γ, ◦ 85.337 85.2898 (13) 90.000 90.000 90.000 90.000 90.000 90.000

V, Å3 302.52 303.512 302.29 302.898 294.40 216.977 149.89 149.839

Deformation,
% 0.0 (3) 0.0 (3) 0.03 (4) 0.0 (4)

Mass fraction
in the sample,

wt%
91.1 (3) 2.88 (19) 3.8 (2) 2.20 (16)

Rp = 4.89%, Rwp = 8.75%.

A series of SEM images characterize the morphology and grain sizes of the Gd0.96Eu0.01
Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples prepared at different calcination tempera-
tures. Figure 2 demonstrates the microstructures and size compositions of the Gd0.96Eu0.01
Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples.
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Studied ceramics consisted of grains with clearly defined faceting elements characteris-
tic of monoclinic symmetry. Crystallite sizes are ~0.5–~10 µm; such sizes were characteristic
of all the studied Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples (Figure 2).
Sample 3 had the most uniform structure; its average grain size was ~2.0 µm (Figure 2). The
microstructure of sample 4 was much more “loose”, with considerably more microcracks
and slightly larger grains (Figure 2d). Its density was thus much lower than the density
of sample 3 (Table 5). Sample 3 was prepared from the powder calcined at 1200 ◦c, the
ceramics were prepared following the same technological regime as sample 4.

Table 5. Mechanical characteristics of studied Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples.

Sample
Number

Pexp,
g/cm3 Prel, %

Average Value
of Young’s

Modulus E, GPa

Average Value of
Microhardness H,

GPa

Crack
Resistance KIC,

MPa m0.5

1 4.92 69.68 163.1 ± 0.7 3.44 ± 0.76 0.85 ± 0.14
2 5.03 71.16 196.1 ± 1.9 4.0 ± 0.74 1.03 ± 0.12
3 5.41 76.62 336.5 ± 9.5 6.9 ± 0.48 1.22 ± 0.10
4 5.16 73.08 188.7 ± 0.4 5.2 ± 0.55 0.9 ± 0.2

The elastic and mechanical properties of the samples were studied via the contact
method using a NanoSkan probe microscope–nanohardness tester. Young’s modulus
(E, GPa) was determined by an instrumented indentation. The elasticity modulus value
was determined from the ratio of the slope angles of the load–displacement curves for the
studied and reference materials [24–26]. Microhardness and crack resistance of ceramics
were determined by comparative sclerometry at indenter loads of 5–15 mN [25,33,34].
Methods for assessing crack resistance in sclerometry are based on a quantitative study
of the brittle damage zone in the scratch area, including all kinds of violations of the test
material from the impact of a concentrated load on it, such as cracks, chips, etc. from the
impact of a concentrated load to cracks, chips, etc. The Scan Master program was used to
measure the brittle damage zone. The results allowed us to evaluate the stress intensity
factor for mode I KIC; the factor is a crack resistance criteria of a material [32]. The factor
characterizes resistance to a rapid degradation, which may be caused by atmosphere, for
example, during the assembly of a luminescent detector. The crack resistance KIC was
determined according to the model of Anstis et al. [33,34], using the following formula:

KIC = 0.016
(

E
H

)0.5 P
c1.5 (3)

where P is the applied load, E is Young’s modulus, H is the microhardness, c is the average
distance from the center of the indent to the end of the crack. To reduce the standard error
of the data, the obtained values of microhardness and crack resistance were averaged over
ten measurements. Measurements were carried out at 10 random areas of 60 × 60 µm in
size for each sample.
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Figure 2. Microstructure and size composition of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic
samples (a) 1; (b) 2; (c) 3; (d) 4.

Table 5 demonstrates the measurements and calculations of the mechanical character-
istics of the Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples.

From Table 5, it can be seen that sample 3 not only had the highest density, but also
had the best mechanical properties: microhardness H = 6.9 ± 0.48 GPa, Young’s modu-
lus E = 336.5 ± 9.5 GPa, crack resistance KIC = 1.22 ± 0.10 MPa m0.5. The comparison of
samples 3 and 4 reveals the great importance of the temperature during initial powder
calcination for the Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples mechanical
properties. The result is determined by the fact that long high-temperature treatment
(Tpc—1400 ◦c for 2 h, Tcc—1500 ◦c for 2 h) of sample 4 led to microstructure degradation
and a significant decrease in density and mechanical characteristics. Degradation of sam-
ple 4 mechanical characteristics was apparently caused by several factors: activation of
recrystallization; an increase in the fraction of M′-type phase fergusonite with space group
C2/c due to distortion of the monoclinic cell; appearance of an additional phase with space
group Fm-3m as a result of a shear transition from a monoclinic cell to a cubic cell [28–30].
The growth of macrograins with poor adhesion to each other, the appearance of micro-
cracks, and inhomogeneities of the microstructure significantly reduced the mechanical
characteristics of ceramics (Figure 2c,d; Table 5). As a result, the ceramics became more
brittle and prone to breakage (Table 5).

Samples 1 and 2 were more similar than samples 3 and 4 (Table 5). An increase in
the temperature of initial powder calcination Tpc (from 1200 ◦c to 1400 ◦c), in general,
favorably affected the mechanical characteristics of the ceramics (Table 5). Apparently, this
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was due to the stabilization of the phase compositions of the samples, which increased the
homogeneity of the microstructures (Figure 2a,b).

Our data obtained for ceramic samples Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4
synthesized using nitrate solutions of REE and ultrafine hydroxides of niobium and tanta-
lum coincide with the results from [20–22]. These papers were dedicated to studying a novel
class of high-entropy rare-earth niobates (RENbO4) synthesized via the solid-state reaction
method (see Table 5). These authors showed that the Young’s modulus range for rare-earth
niobates (RENbO4) is 60–170 GPa, and that hardness goes up to 11.48 GPa. Taking into ac-
count the differences in measurement methods—nanoindentation and sclerometry—these
results coincide with ours. The exact hardness given in [22] was Hν = 4.96 ± 0.08 GPa;
this is close to our samples 3 and 4 (H= 6.9 ± 0.48 GPa and 5.2 ± 0.55 GPa, respectively).
The factor KIC in [22] is 2.05 ± 0.14 MPa·m0.5, which is slightly lower than that of our
sample 3 KIC = 1.22 ± 0.10 MPa·m0.5. These differences are caused by the differences
in obtaining method, properties, concentration of doping REE, and the ratio of crys-
talline phases in the samples [21,35]. Note that RENbO4 and RETaO4 (RE = Y, La, Nd,
Sm, Gd, Dy, Yb) are considered in [20–22] as promising new thermal barrier coatings.
The mechanical characteristics of these materials are subject to no less stringent require-
ments than those for luminescent materials and scintillation detectors. Thus, the ceramic
Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 sample sintered at 1500 ◦C synthesized from a
powder obtained using nitrate solutions of REE and ultrafine hydroxides of niobium and
tantalum and calcined at 1200 ◦C has the mechanical characteristics suitable for materials
for luminescent and scintillation devices.

The luminescent characteristics of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceram-
ics were studied following the cathodoluminescence method. Some samples were annealed
in a vacuum in order to establish the annealing influence on luminescent properties in
the visible region, since it is known that the luminescence of ABO4 compounds is highly
sensitive to the features of the defective structure of the material [35–38]. We were curious
about electronic relaxations involving defect centers, such as oxygen vacancies or F-centers;
the F-center is an oxygen vacancy with a localized electron. Figure 3 demonstrates the
resulting spectra of studied Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic samples.

The spectrum consists of a low-intensity halo with a large number of luminescent
bands; the bands are connected with intraconfigurational 4fn-4fn transitions of various REEs.
The maximal contribution to luminescence is observed in green–orange area (Figure 3).
The halo is observed in the wavelength range λ = 350–550 nm; this corresponds to the
self-luminescence centers of the MO4 (M—Nb, Ta) type. Such luminescence is typical
for matrices of niobates and tantalates of alkali and REEs, the maximum luminescence
intensities of which have been observed at 400–440 nm [39].
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Figure 3. Cathodoluminescence spectra of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 sample 1 (1)
before and (2) after vacuum annealing.

The contribution of each REE to the general luminescent signal corresponds to the
following possible transitions: transitions 5D4-7FJ (J = 6, 5, 4, 3) correspond to Tb3+ (maxima
at 490, 550, 575, and 625 nm) [40]; transitions 5D0-7FJ (J = 0, 1, 2, 3, 4) correspond to
Eu3+ (maxima at 580, 590, 610, 650, and 710 nm) [41]; transitions 2H11/2-4I15/2, 4S3/2-4I15/2
correspond to Er3+ (maxima at 525 and 555 nm) [42]; transitions 4G5/2-6HJ (J = 5/2, 7/2,
9/2, 11/2) correspond to Sm3+ (maxima at 560, 610, 650, and 700 nm) [42]. Low-intensity
self-glow of MO4 groups indicates that excitation by fast electron flow transfers energy
from MO4-type luminescence centers to REE with the participation of Gd atoms. The
luminescence intensity maximum falls on the transitions of the Eu and Sm atoms in the
orange–yellow part of the spectrum, despite their smaller concentration in the ceramic
matrix (Table 2). According to literature data [41,42], Tb and Er atoms provide intense
luminescence at 550 nm. Taking into account the concentration measurements of REE in
the matrix of the studied ceramics (Table 2) and the maximum luminescence intensity at
~610 nm (Figure 3), energy transfer, apparently, can occur from Tb and Er atoms to Sm and
Eu atoms, since the energy levels (4G5/2 and 5D0) of the latter are energetically lower, and
part of the energy is dissipated by lattice phonons.

Reductive annealing uniformly increased the luminescence intensity of the entire
cathodoluminescence spectrum by ~33% (Figure 3). First of all, oxygen is desorbed from
the surface and from the bulk of the ceramic during reductive annealing. Thus, an oxy-
gen vacancy with a localized electron forms in the first coordination sphere of Nb/Ta
and Gd. Electrostatic interaction changes near such a defect; this changes the radiative
recombination mechanisms involving MO3-VO luminescence centers and intraconfigura-
tional 4fn-4fn REE transitions. The 5s25p6 shells of REE screen the 4f-shell; therefore, a
change in the electrostatic field will have little effect on the change in the energy levels
of the terms, and the main channels of radiative recombination will be the same. Thus,
an increase in the luminescence intensity can be associated with an increase in energy
transfer through the defect centers of MO3-VO to REEs. VO defects are hole trapping
centers, thus, recombination with a fast electron flow increases the emission fraction. Emis-
sion transfers to REEs, and general cathodoluminescence increases in vacuum-annealed
Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramics.
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At the same time, separate areas with relatively low luminescence intensity were
observed in the vacuum-annealed ceramics samples (Figure 4a). However, the fraction of
such areas was smaller than the fraction of strongly glowing areas. Different intensities
of radiative recombination indicate non-uniform oxygen desorption over the ceramic
sample surface. Such non-uniformity is probably caused by uneven distribution of oxygen
vacancies, i.e., the formation of clusters—areas with a higher and lower content of vacancy
complexes. This may be due to the technology of vacuum annealing. For example, oxygen
desorption is obstructed on the surface of one of the sides of the studied tableted ceramic
sample, since it is located at the bottom of the platinum cup.

Figure 4. Cathodoluminescence patterns of different parts of studied Gd0.96Eu0.01Sm0.01Tb0.01

Er0.01Nb0.9Ta.0.1O4 ceramics after vacuum annealing: (a) bottom side of the sample, (b) top side of
the sample.

Photoluminescence spectra are similar to cathodoluminescent spectra: energy transfers
from ceramic matrix glow centers to doping REEs. The difference between these centers is
in the different excitation sources: cathodoluminescence is a high-energy electron beam, and
photoluminescence is UV excitation at 325 nm. In the first case, MO4 luminescence centers
and intraconfigurational transitions of the Gd3+ ion participate in “matrix–REE” energy
transfer. Oxygen vacancies, VO, are added into vacuum-annealed ceramics. In the case of
photoluminescence, most of the energy transfer in Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4
ceramics is caused by intrinsic MO4 centers and doping REEs, since 8S-6I transition of Gd3+

ion is observed at 273 nm [43].
Figure 5 demonstrates the photoluminescent spectra of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01

Nb0.9Ta.0.1O4 ceramic samples calcined at different temperatures, and a GdNbO4 ceramic
obtained in [44]. Please note that spectra of samples 1 and 2 are identical.

The position of the intrinsic emission of ceramic SSs depends both on the ceramic
matrix REE and doping REE in the case of compounds of the ReMO4 type (where M = Nb,
Ta, and Re = Gd, Y, Yb). Energy transfers between luminescent centers (MO4 groups) and
elements with an intracenter luminescence (Eu3+, Tb3+, Er3+, Sm3+) [8–13]. The GdNbO4
photoluminescent spectrum contains a wide luminescent halo with a maximum at 428 nm
(Figure 5). The halo is characteristic of radiative recombination between Nb4+ and O−

ions [43]. The Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic spectrum contains a
number of luminescent bands at 485, 545, 585, 610, 655, and 705 nm; the maximal intensity
distribution lies in orange and green areas (Figure 5). The nature of individual maxima,
as in the case of cathodoluminescence, is connected with intraconfigurational 4fn-4fn
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transitions of Tb, Eu, Er, and Sm [40–42]. The most intense photoluminescence the of
Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramics is seen in the green–red area, with
maximal emission at ~550 nm from 5D0-7F5 and 4S3/2-4I15/2 transitions of Tb3+ and Er3+,
when excited in the UV area (Figure 5).

Figure 5. Photoluminescence spectra of samples 1, 3, 4, and a GdNbO4 ceramic.

The intensity of luminescence of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic
samples strongly depended on the ceramic calcination temperature, whereas the band
frequencies were the same. The calcination temperature influenced the crystal structure,
microstructure, relative content of polymorphs, and the presence of additional phases in
the samples. Figure 5 demonstrates that the intensities of luminescent signals of samples 3
and 4 were much lower than those of samples 1 and 2. The relative amount of the main
monoclinic phases changes and an additional cubic phase is formed (Tables 2 and 3) at
high calcination temperature (1500 ◦C) of samples 3 and 4. This apparently quenches
the luminescence of intraconfigurational radiative transitions of REEs and the intrinsic
ceramic matrix, and distorts the energy transfer between them. The difference in the
photoluminescence intensities of samples 1, 2 and 3, 4 was more than 10%. Thus, the
photoluminescence intensities of the ceramics will decrease with an increase in the sintering
temperature. This is the result of an increase in the fraction of crystal phases acting as
quenching centers.

Note that the maximum photoluminescence spectra intensity occurs in the green
region (~550 nm). This is different from the cathodoluminescence data (Figures 3 and 5).
The difference may be due to a change in the source of excitation. High-energy electron
flow excites cathodoluminescence, whereas photoluminescence is excited by UV light with
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a 325 nm wavelength. In the first case, the energy transfer in the “matrix–REE” system
involves the luminescence centers of the MO4 type and intraconfigurational transitions of
the Gd3+ ion; and in vacuum-annealed ceramics, oxygen vacancies, VO, are also involved. In
our experiments on photoluminescence, the energy transfer was due to intrinsic regularly
arranged MO4 centers and REE dopants in Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4
ceramics; 8S7/2-6PJ transitions of Gd3+ ion are observed at 310 nm [45].

4. Conclusions

Finely dispersed powders were prepared using nitrate solutions of REE and ultrafine
hydroxides of niobium and tantalum and calcined at different temperatures (Tpc = 1200
and 1400 ◦C). Ceramic samples of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 were pre-
pared from these powders by conventional sintering technology at a different calcination
temperature (Tcc = 1400 and 1500 ◦C).

The structures of the phases of the Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic
SSs and their dependence on the preparation conditions were refined by a full profile anal-
ysis of XRD patterns of polycrystals. The structure of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9
Ta.0.1O4 ceramics calcined at Tcc = 1400 ◦C was a monoclinic phase with the space group
I2/a with a slight presence of the monoclinic phase (M′-type) with the space group C2/c.
The ceramics calcined at higher temperature Tcc = 1500 ◦C exhibited a distorted monoclinic
unit cell with a space group I2/a; the relative fracture of the M′-type fergusonite phase with
space group C2/c increased; an additional phase appeared as a result of a shear transition
from a monoclinic cell to a cubic cell with space group Fm-3m.

The morphological particularities of the microstructures of the ceramic samples were
studied independent of ceramic preparation conditions. Strength characteristics were also
evaluated. Sample 3 (Tpc = 1200, Tcc = 1500 ◦C) had the greatest density and the best
mechanical characteristics among all studied samples: microhardness H = 6.9 ± 0.48 GPa,
Young’s modulus E = 336.5± 9.5 GPa, and crack resistance KIC = 1.22± 0.10 MPa m0.5. Long
thermal treatment of sample 4 (Tpc = 1400 for 2 h, Tcc = 1500 ◦C for 2 h) led to microstructure
degradation, decrease in density, and a significant loss of mechanical strength. At the same
time, an increase in powder calcination temperature Tpc from 1200 to 1400 ◦c of ceramics
calcined at Tcc = 1400 ◦C (samples 1 and 2) increased their densities insignificantly, the
increase also slightly enhanced mechanical characteristics.

Cathodo- and photoluminescence were studied in Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9
Ta.0.1O4 ceramic samples. The luminescence was measured in a visible region and excited
in the UV region (325 nm). The effectivity of an energy transfer between matrix and REE
dopant did not depend on the excitation radiation type in Gd0.96Eu0.01Sm0.01Tb0.01Er0.01
Nb0.9Ta.0.1O4 ceramics. Energy transfer from the MO4 group to the excitation of 4fn-4fn

levels of doping REE cations in Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramics was
dominant with both cathodoluminescence and excitation by UV light.

Reductive annealing uniformly increased the whole cathodoluminescent spectrum
by 33%. The increase could be connected with an increase in energy transfer between
MO3-VO (M—Nb, Ta) defect centers and REEs. Since VO defects are hole trapping centers,
recombination with a fast electron flow led to an increase in the fraction of emission that was
transferred to REEs, and a general increase in cathodoluminescence of vacuum-annealed
Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramics.

Ceramic calcination temperature (Tcc) affected the crystal structure, microstructure,
relative contents of the polymorphs, and the presence of additional phases in the samples.
Photoluminescence intensity of Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramic sam-
ples strongly depended on Tcc, while the bands frequencies were the same. A change
in the relative amount of the main monoclinic phases and the formation of an addi-
tional cubic phase apparently led to some quenching of the luminescence of intracon-
figurational radiative transitions of the REEs. Thus, photoluminescence intensity in the
Gd0.96Eu0.01Sm0.01Tb0.01Er0.01Nb0.9Ta.0.1O4 ceramics depended mostly on the ratio between
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monoclinic phases with space groups I2/a and C2/c in the sample. This ratio, in turn, was
determined by the thermal treatment conditions of the sample.

Samples calcined at Tcc = 1500 ◦C had better mechanical characteristics, samples
calcined at Tcc = 1400 ◦C had higher photoluminescence intensity. Thus, the best lumi-
nescent properties claim thermal treatment conditions other than the best mechanical
characteristics.
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