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Abstract: The study is devoted to investigating the efficiency dependence of radiation-assisted
ceramic synthesis based on metal oxides and fluorides on initial powder particle sizes. The synthesis
was performed for 30 series of ceramic samples, including MgO, Al,O3, ZnO, ZrO,, MgF,, and
complex compositions: cerium-activated yttrium-aluminum garnet (Y3Al501,), spinel AIMgOy, and
tungstate MgWO,. The synthesis efficiency was evaluated on the mixture weight magnitude losses,
morphology, and relative weight of the obtained ceramic samples. Based on the analysis of the
synthesis results and measuring the particle distribution spectra of the initial materials, the criteria for
selecting the initial materials were established, and possible explanations for the correlation between
synthesis efficiency and the initial materials morphology were proposed.

Keywords: ceramics; spinel; radiation synthesis; efficiency; metal oxides

1. Introduction

The optical materials based on metal oxides and fluorides have found wide application
as phosphors for LEDs [1,2], scintillators [3,4], and long-lasting afterglow light markers [5].
These materials are also used as temperature sensors [6] and transparent optical media [7].
Each application requires materials with different properties. There is a growing demand
for the development of new materials with complex elemental composition and structure,
possessing novel properties. The synthesis of refractory dielectric materials poses a chal-
lenging task. It involves not only high temperatures, but also the creation of new materials
from simple starting compounds with significantly different melting points. Therefore,
complex multi-step technological approaches are used for synthesis, creating conditions to
promote elemental exchange among initial materials through the addition of additional
substances and mechanical treatment.

Numerous research studies have been conducted aiming at the development and
improvement of synthesis methods for materials based on refractory metal oxides and
metal fluorides. In works [8-10], a brief description of the utilized synthesis methods and
their comparison is presented.

The most widespread are thermal methods [11,12]. In the thermal synthesis method,
the initial materials of good quality, usually in the form of fine-dispersed powders with a
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specified stoichiometric composition, are thoroughly mixed and heated to temperatures
below the melting point of the most easily melting component. Over an extended period,
partial sintering and elemental exchange occur in the heated mixture. To accelerate the
process of diffusional elemental exchange between particles of different composition in the
mixture prior to heating, a flux, a substance with a melting temperature below the melting
temperature (approximately 70%) of the most easily melting component of the mixture, is
added. This achieves the replacement of solid-state diffusion processes with liquid-phase
diffusion processes, which proceed at significantly higher rates. After cooling, the obtained
ceramic is crushed into micrometer-sized particles. Subsequently, the resulting powder
undergoes multiple high-temperature cyclic annealing steps (at approximately 80% of the
melting temperature) over a period of 40-50 h to complete the formation of the desired
phase and evaporation of the flux. Thus, the process of forming a new phase by thermal
methods takes a considerable amount of time and might not completely eliminate all
substances introduced during the synthesis. Nonetheless, this method is the most common,
allowing the production of a high-quality final product with high reproducibility due to
careful adherence to technological regulations.

There are also alternative synthesis methods [13-18], for instance, the arc plasma
melting technique, where initial powders are ground in and pressed under high pressure.
Arc plasma synthesis was conducted in the arc furnace. The material is melted in an inert
argon gas environment. Polycrystalline materials with a transparent layer (shell) and a
white core are obtained. The sol-gel method involves the chemical reactions of precursors
to form the desired molecular composition. Subsequently, an extensive multi-step process
is employed to eliminate excess elements, followed by multiple high-temperature cyclic
annealing steps to complete the formation of particle structure and sizes. The synthesis
process is challenging to control and time-consuming.

The possibility of synthesizing refractory dielectric materials using the combustion
synthesis method, flame synthesis [19-21], is being studied. The prepared mixture for
synthesis is blended with combustible materials and heated to the fuel ignition temperature.
In the high-temperature flame of the combustible, the desired structure is formed. The
synthesis process takes only a few minutes, which is the main advantage of the method.
However, after synthesis, it is necessary to carry out purification of the obtained powder or
ceramics from the remnants of the combustible material.

In recent years, much attention has been devoted to studying the possibility of synthe-
sizing high-temperature resistant ceramics using the spark plasma sintering (SPS) method.
Extremely high currents, resembling discharges in the material, are passed through the
prepared mixture. This leads to rapid melting of the material and the formation of new
phases. In order to increase the current flow, substances enhancing conductivity may
be added to the mixture. The synthesis can be conducted at high pressure and in any
atmosphere. The process can be completed within a few minutes, allowing for the potential
production of transparent ceramics.

The impact of hard radiation fluxes during the synthesis process can facilitate the
occurrence of essential solid-state reactions between medium elements, enhancing the
efficiency of forming a new structure [22,23]. Upon exceeding certain threshold power
levels of radiation flux in materials, a change in the nature of element exchange reactions
between the medium particles may occur; reactions can be realized with the involvement of
short-lived radiolysis products. Studies [24-26] have demonstrated that high-power hard
radiation fluxes can be utilized for the synthesis of refractory dielectric materials with high
efficiency.

The requirements for the properties of starting materials for the synthesis of new
materials vary when different methods of forming new structures are employed. In thermal
synthesis, the efficiency of synthesis (time, quality) is higher with smaller precursor particle
sizes. Smaller particle sizes increase the likelihood of element exchange between particles.
It is assumed that in radiation-assisted ceramic synthesis, the formation of new structures
occurs in an electron-ion plasma created by a powerful stream of high-energy radiation.
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Therefore, it is necessary to study the dependence of the results of radiation synthesis on
the properties of the starting materials. In [27], while studying the dependence of radiation
synthesis efficiency on the prehistory of the starting materials, a correlation between the
synthesis outcome and the dispersed composition of the materials used for the synthesis
was observed. The present study is dedicated to exploring the dependence of the efficiency
of radiation-assisted synthesis of ceramics based on metal oxides and fluorides on the
particle sizes of the initial powders.

2. Materials and Methods

The synthesis of materials was carried out by direct electron beam irradiation of the
initial mixture of the specified composition using the ELV6 electron accelerator at the
Budker Institute of Nuclear Physics, Siberian Branch of the Russian Academy of Sciences.
The electron energy could vary in the range of 1.4-2.5 MeV, with a beam power of up to
90 kW. The beam, extracted through the system of differential pumping, had a Gaussian
shape with a cross-sectional area of 1 cm? at the target surface. The electron accelerator,
serving as a powerful source of hard radiation, ensures high energy conversion efficiency,
and possesses a simple and easily controllable design.

The mixture of a given composition with a volume of 50 cm® was poured into a cavity
of a massive copper crucible with a surface area of 10 x 5 cm?. The crucible was positioned
on a massive metal table below the exit aperture of an accelerator. A high-energy electron
beam was scanned at a frequency of 50 Hz across the crucible in the transverse direction and
moved relative to the scanning beam at a speed of 1 cm/s. The total duration of the electron
beam exposure on the entire surface of the mixture was 10 s. The optimal values of electron
beam flux densities for obtaining the desired materials were selected experimentally. For
all materials investigated in this study, sufficient electron beam power densities for ceramic
synthesis ranged from 13 to 25 kW /cm?. The synthesis was realized solely using the energy
of the radiation beam from the charge materials, without any addition of other facilitating
materials, in a time less than “1 s”.

A brief overview of the known dispersion information of the materials utilized in
this study for investigations and analyses is presented in Table 1. The table provides
the material’s formula, along with either the name assigned by the manufacturer or, in
parentheses, an arbitrary number assigned upon receipt. In parentheses, the batch number
is provided, along with the powder’s name.

Table 1. Characterization of powder particle sizes used for synthesis.

Initial Powders for Synthesis, Name Type and Grain Sizes of Initial Substances
MgO (1) powders 5 um-200 um
MgO (K12) 1 um-10 um
MgF, (1) powders 5 pm-200 um
MgF, (Aldrich) Micro-sized powders
Al,O3 (K7) 1 um-10 um
Al,O3 (F800) 6.5 um-9.5 um
Al;O3 (nano) 1 nm-200 nm
AlLO3 (1) 0.5 um-100 um
Al,O3 (2) Flour 0.1 um-5 pm
Al,O3 (3) 5 pm-200 pm
Y,05 ITO, B 10 pm-20 um
ZnO 5 um-200 pum
ZrO; (1) microparticles
ZrO; (2) microparticles
3. Results

For the synthesis of ceramics, powders of metal oxides and fluorides were chosen:
MgO (2570 °C), Al,O3 (2044 °C), ZnO (1975 °C), ZrO, (2715 °C), MgF; (1263 °C). The
selection of these materials for investigation was motivated by the following reasons. All
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the listed powders are used in the production of optical and luminescent materials. Their
properties can be altered through the introduction of activators. Furthermore, all these
materials possess high melting points (indicated in parentheses). The synthesis of the oxide
and fluoride powders is realized through different technological approaches and equipment.
The obtained powders of metal oxides and fluorides from various manufacturers exhibit
diverse dispersions. This factor is crucial for achieving the objectives of this study, namely,
to elucidate the influence of dispersion on the efficiency of radiation synthesis. There is
an opportunity to select powders with different dispersions for synthesis, even though
manufacturers typically provide only general information about this. Substances with
known particle size ranges and their distributions were chosen for synthesis to the extent
possible. For synthesis, initial materials of different grades, ranging from extra pure and for
synthesis, were used. The selection of the materials for ceramic synthesis was based on the
authors’ experience in synthesizing various variants of high-temperature optical ceramics.

During the synthesis process, one or a series of several samples could be formed in
crucibles. Subsequently, in the tables and figures, the authors used the designated numbers
of sample series formed in the same crucible during the synthesis experiment.

Examples of ceramic sample synthesis results are presented in Figures 1 and 2 as
photographs of the samples in crucibles. This representation allows for visual compari-
son among the samples. For demonstration purposes, photographs of MgO and Al,Os3,
ZrO, samples are provided, synthesized from initial materials with different histories,
as described in Table 1. The ceramics of each composition were synthesized under the
same conditions of radiation treatment. Most synthesized materials have the form of a
plate or a series of samples in a crucible with a dense solid surface and a porous structure
inside. In Figure 2a,b, you can see continuous plates and series of separated samples
(Figures 1 and 2c—e).

|
K MgO (K12)

Zr0, (1)

Al,0; nano Zr0,(2)

CETEE | T T

AR WL (R

Figure 1. Photographs of samples in crucibles immediately after radiation treatment with 1.4 MeV
electron flux with power density 26 kW /cm? of MgO mixture, 25 kW /cm?-Al, O3, 25 kW/cm?-ZrO,
(1) microparticles, and 40 kW / cm?2-ZrO; (2) nanoparticles.
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Figure 2. Radiation synthesis ceramics results of zinc tungstate ZnWOy ((a)-ZnO (1), (b)-ZnO (K9))
and magnesium tungstate MgWO, ((c)-MgO (1), (d)-MgO (K12), (e)-MgO (2)) based on a mixture
of zinc oxide (ZnO), magnesium oxide (MgO), and tungsten oxide (WO3) powders of varying

dispersions after radiation treatment with a 1.4 MeV electron beam at a power density of 16 kW /cm?.

Figure 1 shows example photographs of ceramic samples in crucibles synthesized from
different precursor oxides, namely MgO, Al,O3, and ZrO,, as described in Table 1. This pre-
sentation allows for visual comparison and examination of the samples among themselves.

A sample of MgO (K12) ceramics synthesized by electron flux treatment with an
energy of 1.4 MeV and a power density of 26 kW /cm? appears as a solidified mass in the
form of a plate within the entire crucible. The plate has a thickness of 2—4 mm. Beneath
the plate lies a thin layer of mixture material, approximately 1-2 mm thick, which was
not exposed to radiation and absorbed the entire electron flux in the upper layers of the
mixture. The thickness of the mixture layer was adjusted to prevent the electron flux from
reaching the copper crucible and contaminating the mixture with copper. Under the same
radiation conditions, the synthesis of MgO (1) ceramic was not observed. The results of
the radiation treatment of MgO (K12) and MgO (1) mixture materials were consistently
reproducible across repeated experiments. The primary difference between the utilized
powders is their particle sizes. The synthesis is effectively achieved using powders with
particle sizes of 1-10 um. MgO ceramics (1) were not formed from powders with particle
sizes of 5-200 um. As evidenced by the image, radiation treatment of the crucible with
MgO (1) mixture material leads to significant spraying of a considerable portion of the
mixture, with no evidence of ceramic formation. Thus, increasing the particle sizes of MgO
to 5-200 pm complicates the synthesis process.

The same Figure 1 illustrates the difference in the efficiency of ceramic formation
based on Al,Os. Synthesis is achieved when subjected to an electron flux with an energy of
1.4 MeV and a power density of 25 kW/cm? on Al,O3 (F800) mixture material with particle
sizes of the powder ranging from 6.5-9.5 um, but the same conditions did not result in
the synthesis of Al,O3 nano mixture material. The particle sizes of Al;O3 nano powder
range from 1-200 nm. From Al,O3 (F800) powder, a plate with a thickness of 2—4 mm is
formed through radiation treatment within the entire crucible. Ceramic formation also
occurs during the radiation treatment of Al;O3; (K7) mixture material with particle sizes
of 1-10 um. Beneath the ceramic plate, there is always a thin layer of mixture material,
approximately 1-2 mm thick, which was not exposed to radiation. Following the radiation
treatment of the crucible with Al,O3; nano powder, evidence of radiation impact remains,
but no signs of ceramic formation are observed. Hence, reducing the particle sizes of Al,O3
to 1-200 nm also complicates the synthesis process.

Figure 1 also depicts the difference in the efficiency of ceramic formation based on
ZrO,. A solid ceramic plate is formed when exposed to an electron flux with an energy
of 1.4 MeV and a power density of 25 kW/ cm? on ZrO, (1) mixture material with micro-
sized particles. However, the same conditions do not lead to synthesis when using ZrO,
(2) mixture material with nano-sized particles. An attempt was made to achieve ceramic
synthesis with higher power density, yet increasing the power density to 40 kW /cm? does
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not lead to ceramic formation from ZrO, (2) mixture material. Thus, reducing the particle
sizes of ZrO; to the nanoscale also complicates the synthesis process.

Similar dependencies of synthesis efficiency on particle sizes of utilized powders are
evident for Y,03 and MgF;. It is noteworthy that radiation treatment allows for the syn-
thesis of materials with varying properties, including melting temperatures. Furthermore,
the synthesis of materials with significantly different properties is achieved under closely
related radiation exposure conditions.

The dispersion of initial oxide and metal fluoride powders’ properties can manifest in
the synthesis efficiency of complex composition ceramics. Studies have been conducted on
the synthesis of YAG ceramics (Y3Al50;;: Ce, cerium-activated yttrium aluminum garnet)
from Al,Os3, Y203, Eu-activated alumina-magnesia spinel (AIMgQOy) from Al,O3, MgO,
MeWO, tungstates from WO3, MeO (Me: Mg, Zn). The synthesis was conducted using
different combinations of the listed initial powders, as well as other unknown dispersions.
It has been established that the synthesis outcome depends on the dispersion of the powders
and their combinations.

Figure 2 provides images of crucibles with mixture materials for the synthesis of zinc
and magnesium tungstates after radiation treatment using an electron flux with an energy
of 1.4 MeV and a power density of 16 kW/cm?. The mixture was prepared from tungsten
oxide, zinc, and magnesium powders of stoichiometric composition. The same tungsten
oxide (WOj3) was used for synthesis, with variations in the initial zinc and magnesium
oxide powders. Zinc oxide (ZnO-1 and ZnO-2) and magnesium oxide (MgO-1, MgO-K12,
and MgO-2) powders had different histories and dispersions.

When irradiating the mixture for the synthesis of zinc tungstate, plates of ZnWQO, are
formed as solidified molten masses. The plate morphology of ZnWOy is independent of
the used powders of zinc oxide with varying precursors” history. However, the synthesis
results of magnesium tungstate are dependent on the precursor oxide powders” history.
When MgO-1 is employed to prepare the mixture, only a trace of irradiation effect remains
after radiation treatment, and no ceramic is formed. Conversely, using MgO-K12 and
MgO-2 powders, ceramic formation was observed after radiation treatment in the crucible.

From the presented results in Figure 2, it can be concluded that the probability of
forming zinc and magnesium tungstate ceramics is not determined by the properties of
tungstate oxide used, but solely by the properties of magnesium and zinc oxide powders.
Similar synthesis results were obtained when studying the synthesis conditions of other
ceramics such as yttrium aluminum garnet and spinel. It is noteworthy that the synthesis
results (reproducibility, mass losses, synthesis efficiency) of a specific ceramic with selected
initial materials do not differ by more than 10%. However, the range of these values, when
using initial materials of different history for synthesizing complex composition ceramics,
can vary from 0 to 100%.

The aforementioned research results concerning the synthesis outcome, particularly
ceramic morphology, are difficult to explain solely by the presence of impurities. High-
purity initial materials, including metal oxides and fluorides of extra pure grades and for
synthesis, were used in this study. The presence of a small number of impurities is unlikely
to significantly influence ceramic structure formation.

The influence of dispersion on radiation synthesis processes is entirely possible. Under
the impact of a powerful flux of high-energy electrons, dielectric targets become charged.
Particles of the mixture become charged, which could result in the mixture being sprayed.
Evidently, the efficiency of spraying is dependent on the particle size of the mixture. In the
synthesis of ceramics with complex compositions from mixed metal oxides, the unequal
likelihood of particle spraying and violation of the stoichiometric mixture composition
are possible.

Effective radiation synthesis under the influence of a powerful flux of electrons can
be explained by the presence of ionization processes [25-27]. It is known that dielectric
materials are sensitive to the effects of ionizing radiation. The decay of electron excitations
into radicals is efficient in dielectric materials. It is presumed that in the field of intense
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radiation, when the ionization density threshold in the dielectric mixture is exceeded,
conditions for the formation of an electron-ion plasma are created. This plasma facilitates
the efficient mixing of the mixture elements. The likelihood of the decay of electron
excitations into structural defects or radicals is size-dependent when particle sizes are
comparable to the range of self-excitations.

Experiments were conducted on the radiation synthesis of ceramics with different
compositions from metal oxides and fluorides, followed by an analysis of synthesis effi-
ciency. The mixture with a specified composition was subjected to radiation under optimal
conditions. The term “optimal conditions” referred to those conditions under which the
synthesis of a specific ceramic was realized using at least one of the initial compositions. It
should be noted that all the ceramic samples listed in Table 2 below were synthesized at
electron energies of 1.4 MeV and power density ranges of 15 to 27 kW /cm?.

Table 2. Efficiency of conversion of the mixture placed in the crucible into ceramics.

. Composition of Mixture, . . . o . Yield
Series Number Sample Code Mixture Weight,g = Weight Loss %  Sample Weight, g Sample/Mixture
387 MgO (1) 21.3 3.8 1.1 53
484 MgO (K12) 29.3 0.7 9.8 33.5
492 AlL,O3 (K7) 38.5 0.2 7.9 20.5
493 Al,O3 (nano) 43.3 17.2 1.9 45
458 BaF, (1) 48.7 1.5 21.5 44.2
518 BaF, (K14) 85.8 1.4 22.3 26

MgAlO4, MgO (1), ALO3
477 Er03 (0.5%) 439 13.5 20.2 45.1
MgAle4, MgO (2), A1203,
480 ErsO5 (0.5%) 28.8 439 29 10.0
MgALOy, MgO (K1),
524 AlLOs (K7), EtyOs (0.5%) 352 0.3 12.1 344
449 MgF; (1) 394 3.0 10.1 25.6
515 MgF, (K13) 46.0 0.3 19.2 41.5
414 ZrO5 (2) 41.7 55.9 0 0
90 ZrO; (1) 39.9 12.1 13.30 33.30
Y3A15012: Ce, A1203
368 (F800), Y03, 39.9 0.2 14.7 36.8
C6203 (0.50/0)
Y3 A15012: Ce, Al203 (K7),
530 Y,0s, CerOs (0.5%) 60.4 0.46 58.4 97
468 ZnO (1) 25.8 24 12.4 48.1
498 ZnO (K9) 429 2.6 18.5 43.2
MgWO,, MgO (1),
443 WO (K12) 44.48 27.59 4.82 10.8
MgWO, MgO (11),
447 WOs (K12) 69.89 13.76 48.56 69.5
MgWOy, MgO (2),
346 WOs (K12) 73.29 33.23 40.06 45.3
ZnWOQOy, ZnO (K9),
510 WO, (K12) 94.2 1.29 86.87 95.2

In Table 2, information is presented regarding the mass loss of the mixture in the
crucible and the efficiency of its conversion into ceramics. The efficiency of synthesis, as
indicated in Table 2, is defined as the ratio of the mass of the resulting ceramic samples
to the mass of the mixture before synthesis. It should be noted that the synthesis yield is
not directly related to the mass of the obtained ceramic samples. Following synthesis, a
portion of the mixture that did not participate in the reactions remains at the bottom of the
crucible. This is done intentionally, as the thickness of the mixture layer needs to exceed the
penetration depth of the electrons used in the synthesis. The information about mass losses
provides insight only into the quantity of the initial mixture disappearing from the crucible
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under the influence of the electron flux. Therefore, the synthesis yield values should be
considered approximate. Nevertheless, they provide a good representation of the synthesis
efficiency for various materials and its dependence on the properties of the initial materials
and the conditions of the radiation treatment.

As inferred from the presented results in Table 2, there is a significant variability in the
values of reaction yield and mass losses. For instance, the reaction yields of synthesized
ceramics such as MgO (1), Al,O3 (nano), and ZrO; (2) range from 0% to 5%. Meanwhile,
under closely related radiation exposure modes, the reaction yields of ceramics like MgO
(K12) are 99.5%; Al,O3 (K7) are 93%, 94%, and 95%; ZrO, (1) is 33%; MgF, (K13) is 41%;
and BaF; (1) is 44%. From the available information, these two groups of materials differ
based on the dispersion of the initial substances used for synthesis.

Similar conclusions can be drawn for ceramics of complex compositions. Table 2
presents the measurement results of the reaction yield and mass losses for ceramics of
yttrium aluminum garnet, alumina-magnesia spinel, and tungstates, produced from mate-
rials of varying prehistories. The reaction yields for alumina-magnesia spinel range from
10% to 45%, whereas for tungstates, they vary from 10.8% to 69%. For the well-studied
yttrium aluminum garnet, the reaction yield can reach up to 97%.

4. Discussion

The presented research results lead to the conclusion that the processes and outcomes
of the synthesis of the investigated ceramics depend on the particle sizes of the initial
materials” powders. However, establishing quantitative correlations is still not feasible.
The reason is that the information on the average particle sizes or size ranges is explicitly
insufficient for understanding the influence of particle sizes on the synthesis processes
occurring in the radiation field. Evidently, the particle morphology can also influence
the ceramic synthesis process. To develop a better understanding of the impact of the
characteristics of the initial materials on the radiation synthesis of ceramics, studies on the
particle morphology of aluminum oxide powders with different histories were conducted
using optical microscopy with the pVizo optical microscope (LOMO). Figure 3 illustrates
the photographs of Al;O3 powders, F800 grade (Figure 3b), and nanopowders (Figure 3a)
taken with the uVizo optical microscope (LOMO). A distinct difference in the powder
morphology is evident. The nanoparticles of the nanopowder exhibit a non-crystalline
form appearance, characteristic of conglomerated nanoparticles. The particles of the F800
powder appear as fragmented crystals with distinct cleavages. The sizes of conglomerated
nanoparticles and microcrystals are comparable.

Figure 3. Image of Al,O3 powders of grade F800 (a) and nano-oxide (b) at a 100x zoom.

The dispersion analysis of the powders used for the synthesis of the initial precursors
in order to obtain YAG ceramic samples was conducted using the laser diffraction method
with the Shimadzu SALD-7101 Laser Particle Size Analyzer. Below, we will examine the
results of the powder dispersion analysis and its potential impact, using the example of
YAG ceramic synthesis.
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Six types of alumina oxide powders were employed for the synthesis of YAG ceramics,
the details of which are presented in Tables 1 and 2: Al,Os (K7), Al,O3 (F800), Al,O3
(nano), AL,O3 (1), ALO3 (2), and Al,O3 (3). All powders exhibited a wide spectra of
particle distribution in terms of volume and size. In the case of Al,O3 (K7), the particle
volume distribution primarily ranged between 0.01-0.4 pm and 3-12 um. Al,O3 (F800)
ranged from 4-15 ym, Al,O3 (nano) from 0.4-1.5 pm and 10-150 pm, Al,O3 (1) from
10-60 um, Al,O3 (2) from 0.1-0.4 pm and 1-40 um, and Al,O3 (3) from 10-200 pm. It
is worth noting that in the case of Al,O3; (nano), large particles were conglomerates of
nanoparticles, necessitating a distinct consideration of processes involving these powders.
In terms of particle quantity distribution, Al,Os (K7) primarily ranged from 0.01-0.05 pm
and much smaller in 1-10 um, Al,O3 (F800) from 0.4-1.0 um and 2-8 um, Al,O3 (nano)
from 0.4-2.0 um, Al,O3 (1) from 2-5 um and 10-60 um, Al,O3 (2) from 0.05-2 um and
less in 1-40 pm, and Al,O3 (3) from 0.4-2 pum. Across all variants of the investigated
Al,O3 powders with varying histories, two distinct particle groups emerged: fine particles,
ranging from 0.01-3 um, and larger particles, ranging from 3 to 300 um. The ratio between
the volumes of fine and large particles, along with the quantity of each, exhibited significant
variation among the powders with different measured dispersions. From the distribution
spectra, it is evident that the quantity of fine particles in the total volume did not exceed
1-5%. Clearly, the synthesis outcome is primarily influenced by the volume of particles
within the chosen range rather than the particle quantity.

As an example, Figure 4 depicts the particle size distribution of Al,O3; (K7) and
Y,03 powders in two representations: volume dependence (left) and particle quantity
dependence on particle size (right).
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S —~30 ALO3 (K7) 4 25 gg A0 K7) o 253 =S
5E 4 20 2088
a3 60 60 o=
a7 4 15 = 15 o E
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Figure 4. Particle distribution in aluminum oxide (Al;O3) and yttrium oxide (Y,0O3) powders used
for radiation-assisted ceramic synthesis by volume (left column) and by quantity (right column).

The synthesis of YAG ceramics from these powders occurs with high efficiency. These
powders exhibit an overlap of distribution spectra within the range of 3-12 um.

For the pairs Al,O3 (nano), Al,O3 (1), Al,O3 (3), and Y,0;3, the synthesis efficiency is
significantly lower. In these pairs, the overlap of particle size distribution spectra is minor.

In the case of a substantial difference in particle sizes between aluminum and yttrium
oxides, a local deviation from the stoichiometric elemental composition of the mixture
occurs. During the short radiation exposure of each elemental volume of the mixture, less
than 2 ms under the applied radiation treatment conditions, and with radical lifetimes of
less than 1 ps, averaging the distribution of radiolysis products in the volume becomes
impossible. This fact evidently accounts for the low efficiency of YAG ceramic synthesis
from the mixture prepared from the mentioned pairs.
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The low efficiency of radiation synthesis of ceramics from nanoparticles might also
be attributed to the fact that the electron excitations created within nanoparticles predomi-
nantly decay at the surface without generating radicals.

5. Conclusions

The radiation-assisted rapid synthesis of refractory ceramic optical materials has
demonstrated its effectiveness. The derived regularities indicate that the combination of
ceramic formation processes through direct exposure to a high-energy electron flux differs
from those occurring during thermal synthesis. To assess the efficiency of converting
excitation energy into luminescence in light-emitting diodes (LEDs), several LEDs were
manufactured using ceramic fragments of phosphors obtained from two specialized facto-
ries. Light output measurements of the LEDs were also conducted at these facilities. It was
demonstrated that the light output of the manufactured LEDs amounts to 80% of the light
output of the LEDs produced by the factories in series.

The efficiency of radiation synthesis of ceramics based on metal oxides and fluorides
from initial powders depends on particle sizes and their morphology. The optimal particle
sizes for ceramic sample synthesis under the utilized radiation exposure modes (power
density) range from 1 to 15 um, with the distribution peak around 5-10 pm, which is
consistent for all utilized initial components. For smaller particle sizes, it is likely that
electronic excitations decay on the particle’s surface without generating radicals. The
synthesis efficiency is higher for powders with a crystalline structure. With larger particle
sizes, the likelihood of radicals (short-lived radiation defects) escaping beyond the particle
boundary, forming an electron-ion plasma, diminishes.

When synthesizing ceramics with complex elemental compositions using a combina-
tion of initial material powders, attention must be paid to the potential mutual influence of
their dispersions on the outcome. In cases where there is a significant difference in particle
sizes, local areas with non-stoichiometric compositions may form. This effect is crucial in
radiation synthesis, where ceramic formation occurs within timescales shorter than 2 ms.
Within the brief radiation exposure time of each elemental volume of the initial material,
less than 2 ms under the employed radiation treatment conditions, and considering the
radicals’ lifespan of less than 1 us, averaging the distribution of radiolysis products within
the volume becomes unfeasible.
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