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Abstract: This paper presents the results of a study on the morphology, structure, and luminescent
properties of ceramics synthesized in the radiation field of MeWQO, compositions (where Me is Mg,
Ca, and Zn). The synthesis of ceramics was carried out by the direct action of the electron flux on
an initial mixture of powders of the given stoichiometric composition. WO3, ZnO, MgO, and CaO
powders with particle sizes in the range of 1-50 microns were used for the synthesis of the samples.
It was found that the yield of the radiation synthesis reaction (the ratio of the mass of the sample
and the charge used), when treated with an electron flux with an energy of 1.4 MeV and a flux
power density of 15-18 kW / cm?, was in the range of 75-99%. The synthesis of all compositions
was carried out under the same radiation treatment modes, although the melting temperatures
of the starting materials varied significantly and ranged from 1473 °C (WO3) to 2825 °C (MgO).
The study of the ceramic structure showed that under the radiation effect of powerful radiation
fluxes on the charge, a crystalline phase of the appropriate composition formed, regardless of the
synthesis modes. The results of XRD studies show that during the radiation treatment of the charge,
ceramics are formed mainly with the crystalline phases ZnWO,;, MgWO,, and CaWOy. These
resulting MeWO, ceramics can be used for the same purposes as crystals. Photoluminescence (PL)
and cathodoluminescence (CL) were studied under excitation using stationary ultraviolet radiation
and nanosecond pulses of electron flux. In general, the PL and CL of synthesized ceramic samples
ZnWOy4, MgWOy, and CaWO, showed that their luminescent properties are similar to those of
luminescence in corresponding crystalline materials. This indicates the formation of a crystalline
phase in synthesized ceramic samples.

Keywords: ceramic; metal tungstate; radiation synthesis; electron flux; cathodoluminescence;
photoluminescence

1. Introduction

Tungstates of transition metals with the general formula MeWO,, where Me refers
to alkali-earth metals (Ca, Mg) [1-3] and transition group metals such as Pb, Cd, Zn,
Co, Ni [4-6] are one of the main materials used as scintillation materials [7-10]. Metal
tungstates are characterized by high material densities and luminescence bands in the
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visible wavelength range from approximately 400 to 500 nm [2,3,11-13]. These materials
are not hygroscopic. In terms of light output, metal tungstates are inferior to alkali-galloid
crystals, but they are more resistant to radiation exposure. The tungstates of metals as
wide-band semiconductors are promising for use as sensors to determine humidity [14],
photocatalysts [15], and biomedical applications [16]. A number of recently published
papers have shown the prospects of using lead tungsten and zinc tungstate as scintillation
detectors [17,18].

The most common methods for the synthesis of metal tungstates are the methods of
Chokhralsky [19,20] and Bridgman [21], which allow the synthesis of optically transparent
crystals. However, carrying out synthesis using such methods is time-consuming, energy-
consuming, and requires a long time to realize. Other methods of synthesizing tungstate
metal crystals and ceramics are also being developed. Some types of these methods include
the hydrothermal method [21], the sol-gel method [22], and other methods [6,22]. One of
the most promising methods for the synthesis of ceramics from dielectric and wide-band
semiconductor materials is the method of radiation synthesis [23,24]. Radiation synthesis
is an express method and has several advantages. This method allows the synthesis of
ceramics from precursors (charge) with very different melting temperatures. The formation
of ceramics by the radiation method is realized in second range (~1-10 s), only from the
charged materials and at the expense of radiation energy. The possibility of the radiation
synthesis of ceramics based on MeWO, was shown by the authors in [23]. This work is
devoted to the study of the morphology, structure, and luminescent properties of ceramics
synthesized in the radiation field of MeWO, compositions (where Me is Mg, Ca, and Zn).

2. Materials
2.1. Morphology of Samples

The synthesis of ceramics was realized by the direct action of the electron flux on
an initial mixture of powders of a given composition. The necessary electron flows were
provided by electron accelerators developed and manufactured at the G.I. Budker Institute
of Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences (INP SB
RAS). The accelerators generate electron fluxes from 0.5 to 3 MeV with a beam power of
up to 100 kW. The UNU Stand ELV-6 installation, based on an accelerator generating an
electron beam with energies in the range from 1.4 to 2.5 MeV and a power of up to 100 kW,
was used for the synthesis. The electron beam was discharged into the open atmosphere
through a differential pumping system and had a Gaussian distribution in the cross-section.
In our experiments, the derived beam had a diameter of 1 cm on the target. A scanning
system was used for obtaining samples of a large area. The electron beam scanned a sample
with a frequency of 50 Hz over the surface of the mixture in the transverse direction of a
5 cm wide crucible. The crucible shifted relative to the scanning beam at a speed of 1 cm/s
along the entire length of the crucible. In order to identify the possible dependence of the
synthesis results on the modes of action of the electron beam on the charge, the synthesis
mode “no scan” was used. In the “no scan” synthesis mode, the crucible was stretched
relative to the stationary electron beam. During synthesis in this mode, the power density
of the electron flux was reduced by four times to obtain an equivalent dose of absorbed
energy [23]. The total exposure time of the electron flux to the treated surface of the charge
in the crucible was always 10 s. The result of the synthesis was to obtain samples in the
form of plates with a crucible size of 10 x 5 cm? or several samples with the appearance of
frozen droplets. The synthesis of ceramics was realized only at the expense of the energy
of the radiation flux and only from the charge materials, without the addition of other
materials to facilitate the process.

WO3, ZnO, MgO, and CaO powders from Hebei Suoyi New Material Technology Co.,
Ltd., and powders obtained from Chemreactive salons with a purity of at least 99.95% were
used for the synthesis of the ZnWO,, MgWO,, and CaWO, ceramic samples. The starting
materials had significantly different melting points: WO3 (1473 °C), ZnO (1975 °C), CaO
(2572 °C), and MgO (2825 °C). The efficiency of radiation synthesis depends heavily on the
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particle sizes of the powders, as shown in [25]. The dispersion of the initial powders used
for synthesis was studied by laser diffraction using the Shimadzu SALD-7101 laser particle
size analyzer. All the raw powders used had a wide range of particle sizes. In all powders,
the number of small particles with sizes from 10 to 200 nm was much greater than the larger
ones with sizes of 0.2-50 microns. However, the volumes of larger micro-sized particles
significantly exceeded the volumes of nanoscale particles. The synthesis efficiency was
determined as the ratio of the mass of synthesized samples to the mass of the charge. The
efficiency was in the range of 75-99%. Therefore, the result of synthesis was determined
mainly by the volume of large particles. According to the synthesis, the results showing
the measurements of the distribution of particles by their volume and by their number are
shown in Figure 1.
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Figure 1. Particle size distribution of metal oxide powder particles based on their volume (a) ZnO
(b) MgO (c) CaO, and (d) WO3 and their number (e) ZnO (f) MgO (g) CaO, and (h) WOs.

It can be seen that the initial powders of metal oxides used for synthesis had differ-
ent particle size distributions by volume and number (See Figure 1). This difference in
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dispersion did not affect the result of the synthesis using the thermal method. Due to
the difference in the ratio of particle sizes of different compositions, the rate of element
exchange between the particles of the starting materials in a solid- or liquid-phase medium
may decrease during thermal synthesis. It can always simply increase the time of the syn-
thesis or annealing time. The rate of exchange of elements was determined by the lifetime
of the intermediate products during the radiation synthesis. The exchange of elements was
carried out mainly in the local areas of the charge. Therefore, for the radiation synthesis,
not only the general stoichiometry of the powder mixture was important, but also local
stoichiometry. The local stoichiometry was observed when the size of particles of different
compositions in the mixture was equal or close [25].

For the synthesis of MeWO, ceramic samples (wWhere Me is Mg, Zn, and Ca), a charge
of the following compositions was prepared: MgSO4 (MgO 14.7%, WOj3 85.3%); ZnSOy4
(ZnO 26%, WO3 74%); or CaWOy4 (CaO 19.5%, WO3 80.5%). After stirring for 2 h, the charge
was poured into the crucible and pressed to the surface level. The modes of radiation
treatment during the synthesis were selected experimentally, and data on the quantitative
values of the energy of the electron flux and the power density of the flux are given in the
captions and comments to all figures and tables. A typical view of synthesized ceramic
samples after exposure to the electron flux with E = 1.4 MeV and a power density in the
surface plane of the charge P = 15 kW /cm? is shown in Figure 2. During the synthesis,
ceramic samples were formed as plates, and the size of the crucible or a series of individual
samples took the form of droplets.

623 ZnWO: 624 MgWO: 625 CaWOx
Figure 2. Photographs of ZnWO,;, MgWO,, and CaWO, ceramic samples synthesized under the
influence of an electron flux with E = 1.4 MeV, P = 15 kW /cm?.

Crucibles with a depth of 10 mm were used for synthesis. A 10 mm thick charge was
poured into the crucibles, regardless of the bulk density of the mixture. The bulk density
of the charge, depending on the composition, ranged from 1.5 to 2.0 g/cm3. With such a
thickness of the charge layer, in all cases, the electron path depth was less than the layer
thickness. Therefore, some of the charge in the lower part of the sample was not converted
into ceramics, partially stuck to the bottom of the sample, or remained at the bottom of
the crucible.

Part of the charge disappeared from the crucible during the radiation treatment of the
charge. The mass loss of the charge was the result of two main processes, including the
electrical charging of the particles of dielectric materials with the flow of electrons and an
increase in air pressure in the charge when heated.

2.2. Synthesis Efficiency

Basic information about the synthesis results is given in Table 1. The sample numbers
in the table correspond to the accounting system adopted by the authors. The synthesis
was carried out at an electron energy of E = 1.4 MeV. Samples 510, 512, and 514 and samples
623, 624, and 625 differ in the synthesis time. The second batch was made 3 months after
the manufacture of the first. The first batch was synthesized by processing with an electron
beam with a power density of P = 18 kW/cm?, and the second batch was P = 15 kW /cm?.
The same initial powders of metal oxides were used for the synthesis.
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Table 1. Efficiency of synthesis of ZnWO,, MgWQO,, and CaWOy ceramic samples.
i : The Output of :
Sample Charge, Power Density, Weight of put o Ceramic Crystal
Number Description kW/cm? Samples, g tlll\:a?:z’il(l)ﬁlss"}: Mass Loss, % Density g/cm®  Density g/cm?
ZnWOQOy
510 (ZnO 26%, 18 86.9 98.7 1.3 59 7.79
WO, 74%)
MgWO4
512 (MgO 14.8%, 18 71.6 99.3 0.7 3.75 6.89
WO; 85.2%)
CaWOy,
514 (Ca0 19.5%, 18 50.7 75.7 24.3 3.9 6.06
WO, 80.5%)
ZDWO4
623 (ZnO 15 64.6 91.3 8.9 6.38 7.79
26%,WO3 74%)
WO,
624 (MgO 14.8%, 15 47.3 97.2 2.8 4.26 6.89
WO, 85.2%)
CaWO4
625 (Ca0 19.5%, 15 39.5 73.3 26.7 41 6.06

WO; 80.5%)

* The output of the synthesis reaction: Mo /Mcparge, where My mass samples in the crucible to the mass of Mparge
used for the synthesis of the charge.

The samples were removed from the crucible and weighed after completing synthesis.
The synthesized samples had a porous structure. The densities of ceramic samples ZnWOy,
MgWOQy, and CaWOjy (see Table 1) were below the specific density of crystals. It was found
that the densities of ceramic samples 623-625 were slightly higher than those of ceramic
samples 510, 512, and 514, although the power densities of electron fluxes were lower for
them. The efficiency of the radiation synthesis or the yield of the synthesis reaction was
estimated as the ratio of the masses of M samples in the crucible to the mass of Mg,
used for the synthesis of the charge.

An analysis of the results presented in Table 1 demonstrates the satisfactory repro-
ducibility of the radiation synthesis. The efficiency of the ceramic’s synthesis from the
charge of the same composition with powders of the same background and the same
preliminary preparation is similar for those prepared at different times and with different
power densities. The values of the synthesis efficiency of ZnWO, and MgWOy ceramics
are in the range of 91-99%, whereas for CaWQy, this value is in the range of 73-75%. There
is a significant difference in the efficiency of the synthesis of ceramics from Zn and Mg
oxides on the one hand and for Ca on the other. A comparison of the synthesis efficiencies
with the dispersion of the powders used (see Figure 1) allows us to identify the following
pattern. If the mixed powders differ in dispersion, then synthesis is realized with high
efficiency from a mixture of powders with close dispersion and with low efficiency from
different dispersion powders.

It should be noted that the formation of ceramics, indicated by the compositions
in Table 1, occurs with high efficiency from the charge composed of the initial metal
oxides with significantly different melting temperatures: the melting temperatures of CaO
(2572 °C), MgO (2825 °C) are close in value, while the efficiency of the synthesis of ceramics
from CaO powders (2572 °C) + WO3 (1473 °C) is significantly lower in value. As can be
seen from the results presented in Figure 1, CaO and WO3; powders have a large difference
in dispersion compared to ZnO + WO3 and MgO + WOj3 pairs. It is assumed that this
phenomenon can be explained by the fact that the role of dispersion of the initial powders
is dominant in the synthesis. This takes the dominant role over temperature.

3. Results and Discussions
3.1. The Structure of Ceramic Samples
The surface structure of the synthesized samples of CaWO,, BaWQ,, and CaWO,

was studied using a Mira 3 scanning electron microscope (TESCAN). Since the samples
under study were dielectrics, the samples were coated with a conductive carbon layer at
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the Quorum Q150R ES spraying plant. This study was conducted at an accelerating voltage
of 25 kV. SEM images of the measured samples synthesized under the influence of the
electron flux with E = 1.4 MeV, P = 18 kW/cm? are shown in Figure 3.

Figure 3. SEM images of the surface of the ceramic samples: (a) ZnWOy,; (b) MgWOy; and (c) CaWOy.

A porous microstructure with elongated elements with sizes ranging from 7 to 20 mi-
crons and a thickness of about ~7 microns can be observed on the surface of ZnWQOy
samples. These elements could be microcrystals of the synthesized substance. Densely
packed microcrystals of polyhedral shapes with average sizes ranging from 2 to 5 microns
can be observed on the surface of MgWO, samples. The surface of the CaWO, sample has
the appearance of a solidified melt with cracks. The block sizes range from 5 microns to
100 microns. Cracks, as a rule, are arranged in an orderly manner, parallel to each other.
This suggests the possibility of the formation of a crystal structure in the samples.

The presented results suggest the possibility of crystal structure formation in the
synthesized samples.

X-ray diffraction patterns were collected using a Bruker D8 ADVANCE diffractometer
(AXS, Berlin, Germany) equipped with a scintillation detector in step-scan mode over a
diffraction angle range of 10 to 90° 20 with Cu K« radiation as the source. The experiments
were conducted at room temperature, employing a flat sample in Bragg-Brentano geometry
(40 kV, 40 mA, 2 s exposure time, and a step size of 0.02° 20). Data processing was carried
out using the DIFFRACplus software package (version 9.0; Bruker AXS, Billerica, MA,
USA), sample identification utilized the Powder Diffraction File (PDF-2) database (ICDD,
2007), and indexing was performed using EVA software (Bruker, 2007). Rietveld profile
fitting, the determination of the crystallinity degree, crystallite size, and unit cell parameter
refinement were accomplished using the TOPAS 4.2 software package (Bruker, 2008) with
the agreement factors (Ryy) of Rietveld refinements ranging from 4.0 to 7.9%.

Figure 4 shows the diffraction pattern of the X-ray diffraction pattern of samples 510,
512, and 514 (ZnWOQOy4, MgWOQOy4, and CaWOy), respectively.

The results of the X-ray powder diffraction investigation are presented in Table 2. The
qualitative phase analysis and indexing of the diffraction patterns utilized the data from the
PDEF-2 database (ICDD, 2007). The table also shows the results of a study of the structure of
samples obtained during synthesis in the “no scan” mode.

Sample 511 primarily consists of the following phases: magnesium tungsten oxide
(MgWOy) (tetragonal, PDF 00-052-0390), tungsten oxide (W3Og) (PDF 01-081-2262), and
magnesium tungsten oxide (MgWOQy) (triclinic, PDF 00-045-0412).

Sample 512 primarily consists of the following phases: magnesium tungsten oxide
(MgWOy) (tetragonal, PDF 00-052-0390) and tungsten oxide (WO3) (PDF 01-072-0677).
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Figure 4. X-ray diffraction pattern of samples (a) 510, (b) 512, and (c) 514. The hkl indices of the
reflexes of ZnWQO, are marked. Reflections belonging to MgWOj, (tetragonal), CaWOy, and WO3 are
marked with ¢ and o, respectively.

Following the results presented in Figure 4 and in Table 1, a crystalline phase of
the corresponding composition was detected in all synthesized samples, regardless of
the synthesis modes. Also, additional phases were found in samples 511-514 in small
quantities of tungsten oxide (W3Og) and triclinic magnesium tungsten oxide in MgWQO,
and WOj3 sample 513 in CaWO;.

Nevertheless, the results of XRD studies show that during the radiation treatment of
the charge, ceramics were formed mainly with the crystalline phases ZnWO,, MgWOy,
and CaWOy.
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Table 2. The results of the phase composition investigation.

Sample Number *

Phase Degree of Crystallinity Crystallite Size Refined Unit Cell Parameters

509

510

511

512

513

514

P2/c,
a=4.689(4) A,
b =5716(7) A,

ZnWOy 99.9 (£5) % 131 (+15) nm T ror) &
B =90.6(1)°,
V =132.0(1) A3
P2/c,
a=4.691(4) A,
ZnWO, 99.8 (£5) % 113 (+11) nm lcv :iggg &
B =90.6(1)°,
V =132.1(1) A3
See below
See below
141/a,
((:jgg‘? ? 99.9 (+5) % 167 (£35) nm Ca:=15i234731((24))AA,
V =3125(2) A3
P21/n,
a=7311(2) A,
(3\1[2)/3) 114 (+£28) nm kC) - ;ggi(%) ﬁ,
B =90.8(1)°,
V =423.6(1) A3
141/a,
((:f;’;? ;1 99.7 (+5) % 200 (£32) nm ca=:151'234722((14))AA'
V =3125(1) A3
P21/n,
a=73184) A,
e b=7.559(3) A,
(~8%) 127 (+£24) nm A

B =90.8(1)°,
V =425.6(3) A3

* Note: samples with even and odd numbers are similar and have the same composition but were synthesized
under different modes, “with scanning” (even) and “without scanning”, in order to show the independence of the
result from the synthesis modes.

3.2. Cathodoluminescence Spectra

Crystals and ceramics based on tungstates are promising for use as scintillators. The
main characteristics of scintillators are the efficiency of converting absorbed radiation
energy into light, luminescence spectra, and its attenuation time. The production of
ceramics with the characteristics necessary for scintillators, including exposing a radiation
stream to a charge from a mixture of metal oxides, is currently at the stage of proving
the possibility of such synthesis. We studied the spectral and kinetic characteristics of the
cathodoluminescence (CL) and photoluminescence (PL) of synthesized ceramic samples
ZnWOy4, MgWOy, and CaWO,.

An electron accelerator was used as a source of the excitation of cathodoluminescence,
generating single pulses with the following characteristics: electron energy—0.25 MeV;
pulse duration at half-height—10 ns; current density at maximum up to 100 A/cm?; and
excitation energy density per pulse, which can vary in the range from 1 to 50 mJ/cm?.

Luminescence was recorded with a photomultiplier PMT-97 using an MDR-23 monochro-
mator (spectral sensitivity range 200-2000 nm, linear dispersion 1.3 nm/mm) and a Tek-
tronix DPO3034 digital oscilloscope (300 MHz). The integrated spectra of the CL were
recorded using the fiber-optic spectrometer AvaSpec-2048 (200-1100 nm). The integral
luminescence spectrum can be understood as the spectrum that is measured over the
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entire time of illumination after exposure to an excitation pulse. The luminescence spectra
were corrected for the spectral sensitivity of the optical path of the measurement system.
When electrons excite the used energies, at least 99% of the total absorbed energy of the
flow is spent on creating electron-hole excitations in the matrix, and the created electron-
hole excitations transfer energy to the centers of luminescence. When exposed to the
flow of electrons, excitation occurs at the entire depth of the electron path. The electron
ranges for ZnWQOy, MgWOy,, and CaWOQ,, whose densities are 7.8, 6.9, and 6.1 g/ cm?, are
0.08-0.11 mm, respectively. Consequently, luminescence, excited by a flow of electrons with
an energy of 250 keV, carries information regarding the processes in the volume of matter.
The results of measurements of the integral spectra of the CL and the synthesized
ceramic samples are shown in Figure 5. The spectra are presented in a form convenient for
comparing their qualitative characteristics (band shapes) but not quantitative ones.

1.0 1.0
ZnWO, (510) ——2ZnWO, (623)
—MgWO, (512) ——MgWo, (624)
08} CaWo, (514) 08} ——CaWo, (625)
3 Bl
S o6} < osf
g Py
c c
[0}
£ 04t 2 o4r
02r 02Ff
18kW/cm? 15kWi/cm?
0.0 . . L ‘ . .
400 500 600 700 800 00 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
@) (b)

Figure 5. Cathodoluminescence spectra of the samples (a) 510, 512, 514 and (b) 623, 624, 625.

Figure 5a shows the luminescence spectra of ceramic samples ZnWQO,, MgWOy,, and
CaWOy synthesized at 18 kW / cm? on the left side (samples 510, 512, 514), and the same
samples are shown to be synthesized at 15 kW/cm? on the right side of Figure 5b (samples
623, 624, 625). The samples differ not only in that they were synthesized using electron
fluxes with different power densities but also in the synthesis time. The samples 623, 624,
and 625 were synthesized 3 months after the synthesis of the samples 510, 512, and 514.
All samples were synthesized from the charge prepared from the same starting materials.
The charge was prepared immediately before synthesis. The shape of all luminescence
bands was complex. The maxima of the luminescence bands in all the studied samples are
clearly pronounced and shifted to the short-wave edge. The long-wavelength edge of the
luminescence is distorted by the superposition, clearly of other bands. The characteristics
of the bands are summarized in Table 3.

Table 3. Characteristics of cathodoluminescence bands of ceramic samples.

Sample 1331::1%1; Am, NIM AW, eV ;::l}l))l:r Am, NM AW, eV
Cathodoluminescence
ZnWOy 510 467 0.58 623 472 0.60
MgWOy, 512 464 0.57 624 470 0.58
CaWOQO, 514 468 0.44 625 465 0.44
Photoluminescence
ZnWOy 510 482 0.54 623 489 0.54
MgWOy4 512 482 0.49 624 480 0.58

CaWOy 514 491 0.48 625 475 0.55
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The characteristics of the measured cathodoluminescence spectra of ceramic samples
synthesized in the radiation field correspond well to the known photoluminescence spectra
of ZnWOy [26-28], MgWOy4 [2,29], and CaWOy [30] crystals.

The characteristics of the measured cathodoluminescence spectra of ZnWQO, and
MgWOj crystals synthesized in the radiation field of ceramic samples are consistent with
the photoluminescence spectra [31].

From the research results presented in Figure 5 and in Table 3, it can be seen that
the characteristics of the luminescence bands of the studied ceramics are well reproduced
during radiation synthesis from the same starting materials. Luminescence characteristics
do not depend on the magnitude of the power density in the range of 15-18 kW /cm?.
The positions of the maxima of the luminescence bands in all types of ceramics are close,
ranging from 464 to 572 nm. This may indicate that the structure of luminescence centers
is the same for all samples. Oxygen vacancy complexes can be these centers [32]. The
possibility of the existence of such complexes is also assumed in other materials based
on metal oxides [33,34] and quartz [35]. It should be noted that the cathodoluminescence
bands of ZnWO, and MgWQO, ceramics differ from the band in CaWOy due to the presence
of a structurally complex edge in the long-wavelength region.

3.3. Kinetics of Cathodoluminescence Attenuation

The kinetics of relaxation of luminescence in ceramic samples after excitation by an
electron flux pulse with a duration of 10 ns at half-altitude has been studied. The time
to resolution of the stand used is 10 ns. As the research results have shown, there is
no noticeable change in intensity for the relaxation kinetics in the time range of up to
1 microsecond. Figure 6 shows the results of measurements of relaxation kinetics in the
range of up to 100 microseconds in semi-logarithmic coordinates.
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Figure 6. Kinetic curves of luminescence attenuation of ceramic samples at an electron flux power
density in the range of 18 kW/ cm? (a) ZnWOy, (b) MgWOy, and (c) CaWO, and at an electron
flux power density in the range of 15 kW/ cm? for ceramic samples (d) ZnWOy, (e) MgWOy,, and
(f) CaWOy.

When the electron flux of ZnWQO, ceramic samples is excited by a pulse, there is a
decrease in intensity over the entire time range presented. Two components of the decline
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Intensity (a.u.)

are distinguished with characteristic times 71 = 6 uS and 7, = 19 puS. In MgWO;,, three
components of luminescence decay are distinguished with characteristic times 71 = 3 uS,
T =10 uS, and 73 = 60 pS. In the kinetics of the decay of the cathodoluminescence of
CaWOQy4 ceramics, 71 and 77 is equal to 2 and 15 ps. The kinetics of luminescence relaxation
are similar to those measured at excitation at 250 nm at 300 K [26,36].

Figure 6a—f shows the kinetic curves of luminescence attenuation for the selected
points of the spectra. It can be seen that attenuation occurs with the same characteristics
for each type of ceramic across the entire spectrum. Note that the characteristics of the
kinetic attenuation curves of samples 510-514 and 623-625 are similar. This demonstrates
the reproducibility of the synthesis results and the absence of the influence of changes in
the influence of the electron flux power density in the range of 15-18 kW /cm?.

3.4. Photoluminescence Spectra

The excitation and luminescence spectra of MgWO,, CaWO,, and ZnWO, ceramic
samples were measured, and measurements were made using a CM 2203 Solar spectroflu-
orimeter. All synthesized samples have a dark color. The excitation energy is absorbed
in a thin layer of samples. With this luminescence, a fraction of the excited energy is
also absorbed. Therefore, the luminescence intensity is low. The following techniques
were used to measure luminescence and excitation spectra. The luminescence bands of
ceramics are wide; therefore, measurements of the excitation spectra were performed with
the maximum open output slots of the CM 2203 Solar spectrofluorimeter. To measure
the luminescence spectra, the samples were excited by radiation from a high-pressure
mercury lamp through a UVF 5 light filter in the range of 240-400 nm. The power of such
an excitation was sufficient to register luminescence. Luminescence was recorded with the
AvaSpec-ULS2048BCL-EVO spectrometer (Avantes, the Netherlands).

The results of measurements of the spectral characteristics of the luminescence are
shown in Figure 7.

0.0

Intensity (a.u.)

T
240

T T T T
260 280 300 320 340

0 0 - T T T T T T -
400 450 500 550 600 650 700
Wavelength (nm)

Wavelength (nm)
(a) (b)
Figure 7. Excitation (a,b) luminescence spectra of ceramic samples MgWQO,, CaWOy, and ZnWOy.

Following from the results presented in Figure 7, luminescence in ceramic samples
is excited by radiation at less than 260 nm in MgWQy, 270 nm in CaWQy, and 330 nm
in ZnWOy. The photoluminescence spectra are similar to those measured when excited
by electrons.

It is assumed that the excitation of luminescence in the range of 250-330 nm for ZnWOQO,
is due to the existence of nanodefects in highly defective materials [37].

The intensity maxima and values of the photoluminescence bands of the studied
samples were determined (see Table 3). A comparison of the results in Table 3 shows
that the maxima of the photoluminescence intensities of the samples are shifted to the
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long-wavelength region of the spectrum relative to the maxima of the cathodoluminescence
spectra of the samples. Perhaps this is due to their absorption in translucent material.

The bandwidth of the photoluminescence spectra is slightly narrower compared to
the magnitude AW of the cathodoluminescence spectra.

Comparisons of the obtained photoluminescence data of ZnWO,4 and MgWO, samples
with the literature data show similar values: A, (ZnWOy) = 480 nm [11] for monocrys-
talline MgWO, and A, = 496 nm (A,,=2.45 eV; AW = 0.7 V) [38]. Also earlier, in [39],
we measured the luminescence spectrum of single-crystal ZnWO, with a luminescence
maximum of A, = 490 nm. This result was close to the data in the literature. At the same
time, the conditions for recording the luminescence of this reference sample were close to
the conditions for recording the photoluminescence of the samples shown in Table 3.

For CaWOy samples 514 and 625, the measurement results given in this article differ
from the results given in the literature data A,;, = 420 nm [11,40] but are close to the results
given in [31]. Given that the cathodoluminescence and photoluminescence spectra of
CaWOy samples have similar values of A;; and AW (Table 3), it is necessary to conduct a
separate study aimed at studying the properties of these samples. It was also found that the
photoluminescence intensity of CaWO, samples was two orders of magnitude lower than
the luminescence intensity of ZnWO, and MgWOj, at the same optical excitation power.

The presence of detected luminescence during cathode and photoexcitation and com-
pliance with the known spectral properties of luminescence in such crystalline materials
indicates the formation of a crystalline phase in synthesized ceramics.

4. Conclusions

This paper presents the results of a new promising method of radiation synthesis of
ceramics ZnWOQOy4, MgWO,, and CaWOjy. The synthesis was realized from the mixture of
powders of Zn, Mg, and Ca oxides with tungsten oxide. The synthesis was carried out by
direct action of the powerful electron flux with an energy of 1.4 MeV and flux power density
of 15 and 18 kW /cm? on the mixture of powders in the crucible. Powders with measured
dispersion were used for synthesis. Porous samples with sizes up to 40 x 90 x 5 mm?3,
weighing from 40 to 86 g in 10 s, were obtained from the used starting materials. The beam
of high-energy electrons acted on each elementary region of the powder in the crucible
for 1 s; that is, the synthesis time did not exceed 1 s. This synthesis was carried out
without the use of any additional substances to facilitate the process and other additional
energy sources.

The structures and luminescent properties of synthesized ceramics ZnWO4, MgWOy,
and CaWO, have been studied. Synthesized ceramics consist mainly of finely dispersed
crystals with a crystalline phase. The average crystallite sizes were 110-200 nm. The
cathodoluminescence spectra were excited by pulses of the electron flux with a duration of
10 ns, and photoluminescence was similar to those measured for crystals. This confirmed
the formation of a crystalline phase during synthesis. Consequently, the resulting MeWO,
ceramics can be used for the same purposes as crystals.

The radiation synthesis of ZnWO,;, MgWQ,, and CaWOy ceramics with the properties
of crystalline samples was unexpected. The synthesis of MeWO, was realized under
the same radiation treatment conditions as the ceramics of yttrium-aluminum garnet
and fluorides of alkaline earth metals from starting materials with lower melting points.
Consequently, the totality of the processes of formation of a new phase determined not (or
not only) the temperature regime. However, it is clear that the high temperature in the area
of the reaction zone promotes synthesis. It is unclear why the radiation synthesis of MeWO,
is effective from a mixture of WO3 powders (1473 °C) and metal oxides with significantly
different melting temperatures: ZnO (1975 °C), CaO (2572 °C), and MgO (2852 °C). Note
that the synthesis efficiency of MgWO, ceramics is higher than CaWO, ceramics. The
efficiency values of the MgWO, and CaWOy, samples differ, although the melting point
of CaO (2572 °C) is lower than that of MgO (2852 °C). A possible explanation for this
phenomenon is the assumption discussed in [24] that in dielectric materials, synthesis in
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the field of a powerful electron flux is realized with the participation of other physico-
chemical processes other than thermal ones. Such processes include ionization. At a
high-power density of exposure to harsh radiation, an ion—electron plasma is formed in
the charge, which ensures the effective exchange of elements between the particles of the
starting substances and the formation of a new phase.
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