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ABSTRACT: We report the results of MeWOs ceramics synthesis by the direct exposure of metal (Mg,
Ca, Zn, W) oxides mixture to a high-power flux of high-energy electrons. The oxide powder particle sizes
are 1-10 microns. The synthesis occurs with high efficiency in less than 1 s without the use of any additional
substances and energy sources. The purpose of this work is to establish the main processes that ensure the
effective synthesis of MgWOs, CaWOs, and ZnWOQOs4 ceramics from ZnO, CaO, MgO, and WOz oxides,
which differ significantly in their physical and chemical properties. It has been found that the dependence
of synthesis efficiency on the electron beam power density and the power density threshold at which
synthesis begins varies significantly for simple metal oxides and is very close for the tungstates of these
metals. The most probable explanation for the observed effect is redistribution of absorbed radiation energy.
WOs powder particles have a high absorptance of the incident electron radiation. The result is a cascade
multiplication of primary electrons into secondary electrons with much lower energy. Secondary electrons
are efficiently absorbed by MgO, CaO, and ZnO particles, leading to their efficient decomposition and the
formation of a new phase.
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1. Introduction

Metal tungstates, which are oxygen-containing tungsten compounds, are of considerable interest due
to the variety and uniqueness of their properties. Tungstates of transition and alkaline earth metals with the
general formula MeWO4 (where Me = Ca, Mg, Pb, Cd, Zn, Co, Ni, etc.) are currently considered as one of
the most promising groups of inorganic materials due to their outstanding physical and chemical properties
[1,2]. Over the past decades, these materials have attracted researchers’ attention due to their prospective
applications in photocatalysis, optoelectronics, sensors, and energy.
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Alkaline-earth tungstates (CaWOs, MgWO4) and transition metal tungstates (ZnWOs4, CdWOs4,
CoWO4, NiWOs) are characterized by high transparency in the ultraviolet and visible ranges and are widely
used as phosphors and scintillators in laser systems and radiation detectors. Due to their high scintillation
characteristics, compounds of this class are also used in medical diagnostics, in particular in computed
tomography [3,4]. An additional advantage of MeWOa based ceramic materials is their resistance to intense
radiation, aggressive media, and high temperatures, which allows them to be used for detecting heavy
charged particles, electrons, and X-rays [5].

Solid-phase synthesis remains the main method of the tungstate-based phosphors production. It is used
for a variety of oxide and tungstate compounds [6—8]. This method is relatively simple and can produce
materials in significant quantities, but requires high temperatures and long heat treatment. Other synthesis
methods are also used, such as the coprecipitation method [9] and sol-gel technology [10]. However, all
methods are characterized by multi-stage processes, the use of a large number of chemical reagents, the
complexity of stoichiometry control, and the tendency to form mixed phases. As a result, the obtained
materials often have a high concentration of both intrinsic and impurity defects, which lowers their optical
and scintillation characteristics.

Radiation technologies for the synthesis of crystals and ceramics are becoming relevant [11]. Radiation
synthesis is an express method with a number of key advantages [12]. Unlike traditional approaches, it
allows to produce the ceramics from the charge, which components have significantly different melting
points. The process occurs due to the energy of radiation only, without the additional reagents and the
formation of extra phases. The short time of radiation synthesis (no more than 1 s) opens up prospects for
creating and improving compounds with new properties. The nature of the processes that ensure high
efficiency of radiation synthesis has been studied very little, although we have already managed to produce
ceramics from about 20 refractory materials by now [12].

This work is aimed at establishing the main processes that ensure the synthesis of MgWO4, CaWOu,
ZnWO4 ceramics from ZnO, CaO, MgO, and WO4 oxides, which differ significantly in their physical and
chemical properties.

2. Materials and Methods
2.1. Methods of Radiation Synthesis of Ceramics

The synthesis of ceramics was carried out by direct exposure of an initial mixture of powders of a given
composition to a high-energy electron beam [13]. The source of the required electron fluxes was the UNU
Stand ELV-6 installation based on the ELV-8 accelerator, which generates electron fluxes with energies
from 1.4 to 2.5 MeV and a power of up to 70 kW, developed and manufactured at the Budker Institute of
Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk. The electron
beam was discharged into the open atmosphere through a differential pumping system. The beam had a
Gaussian cross-section distribution, with the diameter on the irradiated surface about 1 cm. The initial
mixtures of oxide powders in a stoichiometric ratio were loaded into copper crucibles with inner dimensions
5 x 10 x 0.7 cm and mounted on a massive metal table to ensure efficient heat dissipation.

To synthesize the large-area samples, we used a dynamic scanning system: the electron beam moved
across the surface of the crucible with a frequency of 50 Hz, while the crucible was shifted along at a
constant speed of 1 cm/s. This irradiation mode ensured an even distribution of energy across the entire
sample surface.

2.2. Materials for Radiation Synthesis of Ceramics

We used WO3, ZnO, MgO, and CaO powders from Hebei Suoyi New Material Technology Co., Ltd.
(Handan, China), with a purity of at least 99.95%, for the synthesis of ZnWO4, MgWO4, and CaWO4
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ceramics. The powders differ significantly in a number of physical characteristics, including melting point,
crystalline and bulk density, which, in turn, affect the processes of radiation synthesis and the properties of
the resulting ceramics. Table 1 presents the main parameters of the initial powders used in the research.
The bulk density of the powder was calculated based on measurements of the powder mass in the crucible
immediately before the electron irradiation. The powder was placed into the crucible and compacted. The
volume of the powder was controlled to be constant. Table 1 also shows the values of the extrapolated path
depth of electrons with energies of 1.4 MeV in these materials. Electron path depths, both in the charge and
in the crystal, were calculated by the Monte Carlo method using modified Bethe’s formula [14]. Details of
the method and the calculation results are presented in Section 3.3.

Table 1. Characteristics of the initial materials for synthesis: ZnO, CaO, MgO, WOs.

Electron Path Depth Electron Path Depth
Initial Crystalline Density, Bulk Density, Melting Temperature, ectron a °p ectron Fa P

Material g/cm’® g/em’ oC in the Charge, in the Crystal,
mm mm
ZnO 5.61[15] 1.0 1974 [15] 5.48 1.15
Ca0 3.34 [15] 1.2 2613 [15] 6.58 2.0
MgO 3.58[15] 0.58 2825 [15] 11.9 2.0
WO, 7.16 [16] 2.66 1473 [17] 2.05 0.77

The authors of [ 18] have shown that the efficiency of radiation synthesis depends heavily on the particle
size of the powders. We have carried out an analysis of the initial powder dispersion by the laser diffraction
method using a Shimadzu SALD-7101 laser particle size analyzer (Shimadzu Corporation, Tokyo, Japan).
As can be seen from the results shown in Figure 1, all the studied powders have a wide range of particle
sizes, and contain a greater number of small particles (less than 1 micron) than particles of a large fraction
(>1 micron). However, the volume fraction of large particles significantly exceeds the contribution of small
particles, so, as a result, the large particles mainly determine the characteristics and the effectiveness of
radiation synthesis processes.

It should be emphasized that the particle distribution regions of different compounds overlap, which is
important for the implementation of radiation synthesis. This overlap in the particle-size distributions of
different powders leads to a more uniform distribution of electron-beam energy between them during
radiation synthesis, providing similar reaction conditions across different components of the mixture and
increasing the probability of homogeneous phase formation in the ceramic materials. As shown in [18], the
synthesis efficiency may be reduced due to local non-stoichiometry when using powders with significant
particle size differences. This fact confirms the relevance of controlling the granulometric composition of
the precursors.
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Figure 1. Distribution of the number (on the left) and volume (on the right) of the powder particles by their size.

0.1 1 10
Particle diameter (um)

100

0.1 100

1 10
Particle diameter (um)

100

0.1 1 10
Particle diameter (um)

100 1000

A 1 10
Particle diameter (um)

3. Results and Discussion

3.1. Results of Ceramics Synthesis
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We synthesized oxide ceramics from the above-described initial powders of MgO, Ca0O, ZnO, WOs3,
and their mixtures (MgWO4, CaWO4, ZnWO4, CaosMgosWO4), which compositions are given in Table 2.
A mixture of oxides in a stoichiometric ratio was placed in a stirrer cup. The stirring lasted for two hours.
Table 2 also contains the parameters of electron irradiation in the “Scan” mode (electron energy E and flux
power density P) and synthesis results (sample mass, density of the resulting porous ceramics, synthesis
reaction yield). The yield of the synthesis reaction is understood here as the ratio of the sample mass to the
charge mass. The beam power density was chosen for each of these powder mixtures, ensuring high process
efficiency and ceramic quality. The synthesis of each ceramic sample was carried out at least 2 times. The
difference in synthesis results is negligible.
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Table 2. Irradiation modes, ceramics synthesis results.

Composition E, P, Mass, Yield, Density,
P MeV kW/cm? g % g/em®
MgO 1.4 25 20.13 95.7 23-24
CaO 1.4 26 42.80 74.80 —*
Zn0O 1.4 20 44.00 92.90 3.0-3.1
WO;3 1.4 15 62.02 75.2 6.5
MgWO4
(MoO_14.8% WO §5.2%) 1.4 18 36.99 98.8 4445
CaWO0Oq,
(Ca0-19.5%, WO_80.5%) 1.4 16 471 90.5 43-4.6
CagsMgosWO,
1.4 16 493 3.0 4344
(Ca0-10%, MgO-7.2%, WO3-82%) 0 ?
ZoW O, 1.4 15 64.63 91.29 52

(Zn0-26%, WO3—74%)
* The density of CaO ceramics is not given; it is difficult to measure it, since the produced samples are converted into Ca(OH),
powder in air.

Oxide ceramics MgO, ZnO, MgWO0O4, CaWO4, Mgo.sCao.sWOs, ZnWOs are synthesized with a yield
of at least 90%, and CaO and WOs3 ceramics—75%. The density of the ceramic samples is always much
higher than that of the corresponding charge and is within the limits indicated in Table 2, but lower than
the crystalline one (see Table 1), which is explained by the porosity of the samples.

Previously [13], we conducted an XRD analysis of ZnWO4, MgWO4, and CaWOs4 tungstates produced
by the radiation synthesis method. The results show that the ceramics are formed mainly with the crystalline
phases ZnWO4, MgWOs4 (tetragonal), and CaWOas. Also, additional phases were found in four samples in
small quantities: WO3 in the CaWO4 sample, tungsten oxide W30Os, and triclinic magnesium tungsten oxide
in MgWOx.

Photos of the synthesized ceramics samples are shown in Figure 2.

Figure 2. Photos of the synthesized ceramic samples in the crucibles with inner size 5 x 10 cm: upper row—simple oxides, lower
row—complex tungsten-containing oxides.

The sizes of all the samples are close to the size of the crucible—about 10 x 5 cm?, but the simple
oxides have a more complex surface shape. They have “ridges” on a solid base. Transverse bands up to 1—
2 cm wide with peaks in the center are clearly visible. The bands are formed when adjacent sections of the
processed charge merge. “Grooves” or even empty zones may form between the bands. We emphasize that
although the bands are formed along the direction of the beam scanning across the crucible, they are not
the result of a single beam passage through an elementary section. During irradiation, the crucible was
moved relative to the scanning beam at a speed of 1 cm/s. Thus, each band about 1 cm wide was formed in
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about 100 passes of the scanning beam. The contraction into bands is similar to the effect observed for the
liquid phase cooling. Ceramics made of MgO and CaO powders are transparent, ZnO has a characteristic
brown hue, and WO3 is dark brown in color. The obtained MgO and ZnO ceramics can be stored for a long
time without change; CaO ceramics, however, actively interact with water in the air and are converted into
Ca(OH)2 hydroxide powder. Therefore, measuring the density of these ceramics is difficult. Unlike simple
oxides, MgWO4, CaWO4, ZnWO4, and Mgo.sCaosWO4 oxides form plates with a smooth surface under
electron irradiation.

All samples of synthesized ceramics are porous. However, the thickness of the samples of MgO, ZnO,
and CaO oxides is much larger (4—6 mm) than that of MgWO4, CaWO4, Mgo.5Cao.sWO4, and ZnWOs4 oxides
(2 mm on average). It should be noted that the thickness of all complex oxide samples is almost the same
and is close to the thickness of WO3 oxide. This fact suggests that heavy tungsten ions play a dominant role
in absorbing the energy of the electron flux.

3.2. Dependence of Synthesis Efficiency on the Electron Flux Power Density

We have carried out investigation of the dependence of the synthesis efficiency on the power density
of the electron flux incident on the charge surface in the “No scan” mode, that is, in one pass of the electron
beam along the crucible. The synthesis efficiency was estimated by the weight of the produced ceramics.
The measurement results are shown in Figure 3.
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Figure 3. Dependence of the synthesized ceramics weight on the electron flux power density: (a) simple oxides; (b) complex oxides.

At the electron flux power density of 0.5 kW/cm?, only a trace of darkened charge is observed on the
surface of the charge for all used materials. As the power density increases, a narrow band of ceramics
appears, and as the power density grows further, the band becomes denser, wider, and thicker. To measure
the weight of the synthesized sample, we took it from the crucible and cleaned of the charge adhering to it.
This procedure is easily implemented for big samples produced at high power density of radiation fluxes.
However, small ceramic plates that appear in the charge at low power densities cannot be completely
cleaned from the charge. That is why we do not put the starting points into the plots in Figure 3.
Nevertheless, the dependence in Figure 3a indicates that the threshold for WO3 ceramics synthesis is lower
than for MgO, CaO, and ZnO. At high power densities, the weight of the sample increases due to an increase
in the sample area [19]. We should note that the reasons for the observed special trend for WO3 ceramics
are currently unclear and will be the subject of further research.
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As follows from the results shown in Figure 3b, the threshold values of the power density at which
synthesis becomes possible are close for all studied metal tungstate ceramic samples (ZnWO4, MgWOs4,
CaWO4) and amount to about 1 kW/cm?. Pieces of ceramics are formed in the charge of all multicomponent
mixtures, even at flux densities below 1 kW/cm?, but the samples are too small to be taken into account.
The dependence of the sample weight on the power density of the radiation flux is also quantitatively similar.
Thus, complex oxide ceramics of all the studied compositions are formed with almost the same efficiency.

3.3. Calculation of Electron Energy Loss

From the above results on the similarity of synthesis thresholds for tungsten-containing oxides, the
dependence of their synthesis efficiency on power density, the general similarity of the morphology of such
samples, on the one hand, and the greater variety of these characteristics for simple oxides, on the other
hand, it follows that tungsten plays a dominant role in the absorption of electron flux energy in the charge.
We have performed a simulation of electron energy loss during passage through a substance by the Monte
Carlo method using Win Casino v2.51 software [20]. The energy of the electron, suffering interaction from
the scattering centers distributed randomly along its path, continuously loses its kinetic energy and can be
calculated using Bethe’s continuous slowing down approximation model [14]. A correction factor (Joy-
Lod parameter) was introduced that allowed the formula to work correctly at low energies (below 1 keV).

Figure 4 shows the results of calculations of energy loss during the passage of electrons with 1.4 MeV
energy through crystals and powders of the initial oxides. The extrapolated path depth of electrons with 1.4
MeV energy is 2.0 mm in MgO and CaO crystals, 1.15 and 0.77 mm in ZnO and WOs crystals, respectively.
The electron path depth depends also on the bulk density, which in turn depends on the powder dispersion.
The extrapolated path depth for 1.4 MeV electron in a charge of MgO, CaO, ZnO, and WO3 powders is
11.9, 6.58, 5.48, and 2.05 mm, respectively. In the charge for MgWO4, CaWO4, and ZnWO4 ceramics
synthesis, the mass fraction of WO3 is 85.2, 80.5, and 75%, respectively. Therefore, the electron path depth
is determined mainly by the presence of tungsten oxide in the charge.

= Ca0-3.37 54 — Ca0-1.2
6 — MgO - 3.58 e MgO - 0.58
— 7N0 —5.61 — 700 - 1

w— \WO3-7.16 44 e \WWO3 — 2,66

Intensity, a.u.
Intensity, a.u.

Depth, mm
(b)

Figure 4. Extrapolated electron path depth in CaO, MgO, ZnO, and WOs oxides: (a) in crystals; (b) in charges with the bulk
densities enlisted in Table 1. The bulk densities in g/cm?® are indicated for each material.

The energy of primary electrons injected in dielectrics is transferred to the electrons of matter;
electronic excitations appear and multiply in quantity, at the same time decreasing in energy. Multiplication
continues until the energy of the secondary electrons is sufficient to transfer the electrons from the valence
band to the conduction band. On average, it takes about 2E to create the final electronic excitations (that
is, the energy of the electrons transfer from the middle of the valence band to the middle of the conduction
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band). For example, when exposed to a 10 kW/cm? electron flux, the material absorbs about 5 x 10*2 eV/cm®
in 1 s. This energy is enough to create 10°! cm™ electronic excitations, which exceeds the number of unit
cells (1-3 x 10%° cm™¥) [21,22].

In our case, the flux of primary electrons transfers its energy mainly to the ions contained in the WO3
powder particles. A cascade process of secondary electron generation occurs [19,23]. All the surrounding
simple oxide particles end up in the field of electrons with much lower energies and absorb them effectively.
Therefore, the volumetric density of the energy loss is much higher in the vicinity of a WO3 powder particle
than in a homogeneous charge of MgO, CaO, and ZnO. Such a significant increase in the volumetric loss
of the local energy may be sufficient to initiate radiation-stimulated processes of element exchange between
particles of the initial mixture with the formation of MgWO4, CaWOs4, and ZnWO4 ceramics.

4. Conclusions

The radiation method of refractory ceramics synthesis makes it possible to produce efficiently MgWOu,
CaWOs4, and ZnWOs ceramics from ZnO, CaO, MgO, and WO4 oxides, which differ significantly in their
physical and chemical properties.

The data on the dependence of the ceramic synthesis efficiency on the power density of the electron
flux incident on the surface of the charge, as well as the results of the calculation of the extrapolated electron
path in the studied oxides, show that tungsten plays a dominant role in the absorption of the electron flux
energy by the charge.

We assume the following mechanism of radiation energy absorption. The flux of primary electrons
transfers its energy mainly to the ions contained in WO3 powder particles. There is a cascade process of
secondary electron generation with much lower energy, which is effectively absorbed by all surrounding
oxide particles. Such a significant increase in volumetric local loss of energy may be enough to initiate
radiation-stimulated processes of element exchange between the initial materials particles with the
formation of MgWO4, CaWO4, and ZnWO4 ceramics.
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