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Abstract: Thermoluminescent (TL) properties of monoclinic zirconium dioxide ceramics were studied
in order to assess the possibility of their use for measuring high doses (on the order of kGy) of pulsed
electron beams (130 keV). Two types of samples were used: those synthesized by sintering in an
electric furnace at T = 700-1700 °C and those synthesized in a flow of high-energy electrons (1.4 MeV)
with a high power density. Analysis of the X-ray diffraction patterns using the Scherrer method
revealed that annealing of ceramics of the first type at T > 1000 °C leads to a significant increase in the
size of crystallites, which correlates with a significant increase in the intensity of the TL peak at 390 K.
Type 2 ceramics synthesized by the electron beam method have the maximum TL response. Using
the peak shape analysis method, the kinetic parameters of TL (activation energy, frequency factor,
and kinetic order) were calculated. This study marks the first instance of establishing the patterns
of influence of synthesis conditions and crystallite size on their values. The presence of an intense
isolated TL peak, the sublinear nature of most dose dependencies, and negligible fading indicate the
promise of the ceramics synthesized in this work for measuring high doses (several to tens of kGy).

Keywords: thermoluminescent properties; dosimetric properties; zirconium dioxide ceramics;
high-energy electrons

1. Introduction

Ceramics based on zirconium dioxide (ZrO;) of different phase compositions are
promising materials for use in various photonics, optoelectronics, and nanoelectronics
devices [1]. They are characterized by several properties valuable for use in these areas:
high chemical and photochemical stability, mechanical and thermal stability, and a high
refractive index. In this regard, opportunities arise for their application as light-sensitive
sensors, scintillators, and thermoluminescent (TL) detectors for ionizing radiation [2,3].
Moreover, for the detection of high doses of radiation (more than 100 Gy), ultrafine ceramics
with crystal sizes ranging from tens to hundreds of nanometers are the most promising due
to their enhanced radiation resistance [4,5].
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To obtain ultrafine ceramics from nanopowders, various methods of high-temperature
sintering are used, which are classified depending on the applied pressure, synthesis
atmosphere, etc. With increasing annealing temperatures, the diffusion mobility of ce-
ramic material components increases, leading to an accelerated recrystallization process of
nanoparticles [6]. It is known that the luminescent properties of ceramic materials based on
zirconium dioxide significantly depend on the synthesis method and the morphological
state of the samples [7—12]. The patterns of changes in the luminescent properties of ZrO,
ceramics depending on the annealing temperature and crystallite size have been studied by
other authors [13-16]. It should be noted that a targeted study of the effect of crystallite size
in ceramics of nominally pure monoclinic zirconium dioxide on the entire complex of their
TL properties has not been conducted. At the same time, there is practically no data in the
literature on the effect of annealing temperature and nanoparticle size on the most impor-
tant dosimetric characteristics (TL dose dependence and fading). In practical terms, such
information would be useful for choosing optimal conditions for the synthesis of ceramics
in order to obtain samples with the best dosimetric characteristics (maximum sensitivity to
the test dose of ionizing radiation, linear dose dependence of TL, minimal fading).

Along with traditional methods of sintering ceramics by heating in furnaces, radiation-
based synthesis methods show great promise [17-19]. The authors of [20] developed a
method for producing ceramics based on refractory materials by sintering powders in the
field of a powerful flow of high-energy electrons. The electron beam synthesis method
was successfully implemented to obtain ceramics based on MgF,: W, YAG: Ce, MgO [20].
Ceramics were synthesized by direct exposure of the fast electron flux to powders of
fluorides and metal oxides in less than 1 s. A special feature of this method is that, in
addition to thermal processes, ionization processes play a major role in the synthesis of
ceramics, causing the decay of electronic excitations into primary radiolysis products and
the occurrence of reactions between them. The advantages of the method include high
productivity (about 2 g/s in laboratory conditions), as well as the absence of the need to
add any substances and additional technological operations, which are typically used in the
traditional synthesis method to facilitate the formation of a new phase. In this regard, an
important task is to determine the possibility of synthesizing ZrO, ceramics by the electron
beam method and to compare their TL and dosimetric properties with ceramics obtained
by the traditional method of sintering in an electric furnace.

The investigation of the thermoluminescent properties of zirconium dioxide ceramics
irradiated with high doses (approximately 1-10 kGy) of low-energy pulsed electron beams
(100-300 keV) is of particular interest. These beams are used in radiation technologies,
particularly for surface sterilization of food products and medical instruments, as well as
in scientific research [21]. It should be noted that the problem of developing commercial TL
detectors for these radiations has not yet been solved and is an urgent scientific problem.

Thus, the objective of this study is to explore the TL and dosimetric properties of
ZrO; ceramics synthesized by various methods and irradiated with high doses of a pulsed
electron beam.

2. Materials and Methods

The objects of this study were ceramics of zirconium dioxide, manufactured from
nanopowder with particle sizes ranging from 80 to 140 nm. The powder was provided by
ORMET company (Yekaterinburg, Russian Federation). According to the manufacturer’s
data, the mass fraction of impurities in the powder did not exceed 1%. The ceramic samples
were synthesized using two different methods.

Type 1 ceramics were produced by thermal sintering of pellets with a diameter of
5 mm and a thickness of 1 mm, obtained from nanopowder by uniaxial cold pressing at
a specific pressure of 120 MPa on a manual hydraulic press PRG-1. For the preparation
of one pellet, 65 g of powder were taken. Weighing was carried out on AND HR-100A
electronic laboratory scales (AND Company Limited Higashi-Ikebukuro, Toshima-ku,
Tokyo, Japan). The obtained pellets were heated in air for 1 h at temperatures ranging from



Crystals 2023, 13, 1585

3of 14

700 to 900 °C in a SNOL mulffle furnace, and at T = 1000-1700 °C in a Generaltherm LHT
04.1800 chamber furnace.

Type 2 ceramics were obtained by the electron-beam synthesis method using the
ELV-6 electron accelerator (BINP SB RAS, Novosibirsk, Russian Federation). The initial
nanopowders were placed in a copper crucible, which was exposed to an electron beam
with an energy of 1.4 MeV and a power density of 23 kW/cm?. The beam scanned the
crucible with powder at a speed of 1 cm/s. The cross-sectional area of the beam on the
crucible surface was approximately 1 cm?. The ceramics synthesized by this method looked
like opaque plates. To carry out TL measurements, the plates were cut into irregularly
shaped pieces weighing 0.03 g.

X-ray phase analysis of the samples was performed using the XRD-7000 X-ray diffrac-
tometer (Shimadzu Corporation, Kyoto, Japan), equipped with an X-ray tube with a copper
anode. Quantitative phase analysis was carried out using the full-profile Rietveld method
with the X'Pert HighScore Plus software, version 2.2c, PANalytical, The Netherlands). No
special sample preparation was conducted for XRD analysis. Samples in the form of tablets
were used, as in other experiments.

To excite the TL, an electron beam from the RADAN-EXPERT accelerator was used
(pulse duration 2 ns, average electron energy (130 =+ 1) keV, current density 60 A/cm?). In
this case, the absorbed dose from one accelerator pulse was 1.5 kGy. The reproducibility
of the irradiation dose of the samples was ensured by maintaining a constant distance
from the electron gun of the RADAN-EXPERT accelerator to the location of the sample.
The sample on the stage was always located in the same place. The random error of the
radiation dose did not exceed 10%. TL was recorded using a FEU-130 with a spectral
sensitivity range of 200 to 600 nm. Heating was carried out from 325 to 525 K at a constant
rate of 2 K/s. A comparative analysis of TL intensities for different ceramic samples was
performed, considering the correction for their mass value.

3. Results and Discussion

The determination of the phase composition of ZrO, ceramics synthesized under
various conditions was carried out by X-ray diffraction analysis. Figure 1 shows X-ray
diffraction patterns of samples of type 1, annealed at different temperatures, and ceramics
of type 2. Analysis of the obtained data revealed that all examined samples consist 100%
of the monoclinic ZrO, phase. This phase is specifically characterized by three most
intense reflections corresponding to the crystallographic planes (—111), (11 1), and (00 2)
(JCPDS 13-0307).

From Figure 1, it is evident that with the increase in sintering temperature in type 1
ceramics, there is an increase in the intensity of diffraction reflections, which is associated
with an increase in the degree of crystallinity of the samples. Type 2 ceramics are character-
ized by significantly smaller diffraction peak values, indicating substantial disordering of
the crystal structure in samples subjected to high-energy radiation exposure.

Based on the results of X-ray diffraction measurements, the size of crystallites in the
synthesized ceramics was assessed. Their sizes were calculated from the broadening of
the peaks in the diffraction patterns using the Scherrer formula [22] under the assump-
tion of spherically symmetric particles. The calculations were based on the full width at
half-maximum of the most intense reflection at 28.28°, corresponding to Miller indices
(—=111). Figure 2 shows the dependence of the half-width of this reflection on the heating
temperature. The results of calculating the crystallite size are presented in Figure 3. At
T =700-1000 °C, there were no significant changes in the half-width of the diffraction peak
and the size of the crystallites. Further increases in synthesis temperature led to an enlarge-
ment of grain size to approximately 500 nm. The most intensive growth was observed at
T =1000-1300 °C.
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Figure 1. X-ray diffraction patterns of samples of zirconium dioxide ceramics synthesized under
various conditions.

The Scherrer method was also used to determine the crystallite size in type 2 ceramics
synthesized by the electron beam method. The obtained value (approximately 100 nm),
considering the measurement error, is practically indistinguishable from the crystallite size
in the initial nanopowder. It is known that when implementing the method of electron beam
synthesis of ceramics, the temperature of the sample can reach values of 1500 °C [20]. At
this temperature, a significant increase in the crystallite size is observed in type 1 ceramics
(Figure 3). This result indicates that in samples synthesized in the fast electron beam,
despite the presence of high temperatures, the efficiency of recrystallization processes is
significantly reduced compared to that of traditional sintering in a furnace, which preserves
the original crystallite size. This fact can be explained by the significantly shorter duration of
the nanopowder sintering process in the fast electron beam, which is generally characteristic
of other radiation methods for ceramic synthesis [17].
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Figure 2. Dependence of the half width of the diffraction peak at 28.28° on the synthesis temperature
of type 1 ceramics.
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Figure 3. Dependence of crystallite size in type 1 ceramics on sintering temperature.

Figure 4 presents the TL curves of the examined ceramics irradiated with a test dose
of a pulsed electron beam (15 kGy). To eliminate the influence of TL from shallow traps,
the samples after irradiation were kept for 30 s at T = 323 K. It can be seen from Figure 4
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that all samples exhibit a TL peak at 390 K. In type 2 ceramics, a less intense peak at 480 K
is also observed. TL maxima close in temperatures at 110 and 205 °C (383 and 478 K) were
recorded in [23,24]. There is literature data on the connection between the nature of traps
that cause the TL peak at 480 K and oxygen vacancies [23,24].
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Figure 4. TL curves of ceramics synthesized by various methods after irradiation with a test dose of a
pulsed electron beam (15 kGy).

Figure 5 shows the dependence of the intensity of the TL maximum in the peak at
390 K on the synthesis temperature of type 1 ceramics. It can be observed that a sharp
increase in intensity begins at T > 1000 °C, which correlates with the dynamics of crystallite
size growth (Figure 3).

It is also evident from Figure 4 that the maximum TL intensity in the peak at 390 K
is characteristic of samples of type 2 ceramics synthesized by the electron beam method.
In these ceramics, its value is three times higher compared to the TL intensity in type 1
ceramics (1700 °C), which have significantly larger nanoparticle sizes (around 500 nm
compared to 100 nm for type 2 ceramics). This result indicates that in type 2 ceramics, the
determining role in the formation of the TL response is played not by the crystallite size
but by the synthesis conditions. It is known that when oxide dielectrics are irradiated with
high-energy electrons with a high power density, radiation-induced defects are formed
in them [25,26]. It can be assumed that this effect also occurred in our ZrO, samples.
Such radiation defects can be oxygen vacancies and vacancy-impurity complexes, which
form capture and luminescence centers responsible for the formation of the TL peak at
390 K. We believe that these defects already exist in small concentrations in the initial
nanopowders that have not been subjected to high-temperature annealing. They could
be formed during their synthesis. This is confirmed by the presence in the PL and TL
spectra of a peak at 390 K of nanopowders with a luminescence band at 480 nm, associated
with complex vacancy-impurity centers [24,27]. When irradiated with fast electrons at a
high power density, the concentration of vacancy-impurity complex defects responsible for
the formation of this band increased, which led to a significant increase in the TL peak at
390 K in type 2 samples. Indirect confirmation of the possibility of the formation of oxygen
vacancies in samples synthesized by the electron beam method was the appearance of a
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new peak at 480 K, the connection of which, with vacancy-type defects, was discussed by
several authors [23,24].
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Figure 5. Dependence of the intensity of the maximum TL peak at 390 K on the sintering temperature
of type 1 ceramics.

In type 1 samples annealed at high temperatures (1500-1700 °C), due to oxygen diffu-
sion, a slight decrease in the concentration of vacancy-impurity defects may be observed.
This effect requires a separate study using optical and EPR spectroscopy methods, which is
beyond the scope of this work. However, it can already be argued that the leading role in
the effect of increasing the TL intensity of type 1 samples during annealing is played by
recrystallization processes, which cause an increase in the size of crystallites, and not by
oxygen diffusion processes, which lead to the “healing” of oxygen vacancies.

We calculated the kinetic parameters of the TL peak at 390 K (activation energy E,
frequency factor S, and kinetic order b) in samples synthesized under various conditions.
The calculation was carried out by the TL peak shape method [28]. The calculation method
was completely similar to that used in [29]. Three points of the TL curve were used:
maximum at Tp,, low- and high-temperature half-heights at T; and T,. A half-width of
the peak w = Ty — Tq, low-temperature half-width (t = Ty, — T1), and high-temperature
half-width (6 = T, — Ty,) were taken into account in the calculations.

The calculation results are shown in Table 1 and in Figures 6-8. It was observed that
at T = 700-1000 °C, changes in the activation energy and frequency factor were within the
experimental error (about 10%).

In this case, TL is described by first-order kinetics, which indicates the insignificant
role of recapture of charge carriers in traps when the TL peak is illuminated at 390 K in
ceramics synthesized at T < 1000 °C. At T = 1000-1200 °C, a significant increase in the
values of E and S was observed (by 0.3 eV and four orders of magnitude, respectively).
Concurrently, the order of kinetics increased to 1.6. It should be noted that at T > 1000 °C, a
sharp increase in the size of crystallites in the studied samples began (Figure 3).
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Table 1. The results of kinetic parameter calculation for TL peak at 390 K.
Shape Kinetic E,, Eq, -1
Type of Sample Tm, K Ti, K T, K w, K t, K d, K Factor (my) Order (b) Ey, eV eV eV E, eV S,s
Type 2
(electron-beam 391 374 407 33 17 16 0.48 15 1.20 1.20 1.19 120 49x 10"
synthesis)
Type 1 (1700 °C) 391 373 405 32 18 14 0.44 11 1.04 1.03 1.04 104  38x10?
Type 1 (1600 °C) 391 373 405 32 18 14 0.44 1.1 1.04 1.03 1.04 1.04  3.8x10?
Type 1 (1500 °C) 387 369 402 33 18 15 0.45 1.2 1.06 1.04 1.06 1.05  8.0x10?
Type 1 (1400 °C) 387 369 401 32 18 14 0.44 11 1.02 1.01 1.02 102 27x102
Type 1 (1300 °C) 386 368 402 34 18 16 047 14 1.08 1.07 1.08 1.08  1.8x 10"
Type 1 (1200 °C) 385 367 402 35 18 17 0.49 1.6 1.10 1.09 1.09 1.09  34x10°
Type 1 (1100 °C) 385 365 402 37 20 17 0.46 13 0.94 0.92 0.95 094  28x10"
Type 1 (1000 °C) 383 362 399 37 21 16 043 1.1 0.84 0.82 0.84 083  13x10"°
Type 1(900 °C) 395 375 409 34 20 14 041 1.0 0.90 0.89 0.88 089  29x10"°
Type 1 (800 °C) 388 366 403 37 22 15 041 1.0 0.76 0.76 0.75 076  87x10°
Type 1 (700 °C) 395 375 409 34 20 14 041 1.0 0.90 0.89 0.88 089  29x10"
Type1 (no 385 364 400 36 21 15 042 1.0 0.82 081 081 08  53x10°
annealing)
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Figure 6. Dependence of TL activation energy at 390 K on the synthesis temperature of type 1 ceramics.

At T > 1200 °C, the activation energy and frequency factor changed insignificantly.
A decrease in the order of kinetics to values of 1.1-1.3 was also observed. The values of
the energy depth of traps responsible for the formation of the TL peak at 390 K and the
frequency factor in ceramics of type 2 (1.12 eV and 4.6 x 10'® s~!) were close to the values
of these parameters in ceramics of type 1, sintered at 1200 °C. In this case, the TL of type 2
ceramics was characterized by a kinetic order of 1.4. It should be noted that variations in
the values of the TL kinetic parameters may be the cause of changes in the temperature
position of the peak at 390 K, as shown in Figure 4.
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Figure 8. Dependence of the order of TL kinetics on the synthesis temperature of type 1 ceramics.

The kinetic parameters of the TL peak at 390 K in samples of monoclinic zirconium
dioxide were also determined by other authors. The activation energies we obtained are
quite close to the values (0.96-0.97 eV), which were measured by Ty — Tstop and initial
rise methods in nanostructured ZrO, synthesized by sol-gel technique [23]. In [27], kinetic
parameters were calculated by analyzing the peak shape, variations in heating rates, and
isothermal decay of TL. It has been established that the TL peak at 125 °C (398 K) was due
to the depletion of a monoenergetic trap with parameters E=0.90eV,S =4 x 10 s~!. In
this case, the order of kinetics was 1.0. These values are close to those obtained in this work
for ceramic samples of type 1, annealed at low temperatures (up to 1000 °C). In [30], for
ZrO;y: Er samples, kinetic analysis of the peak at 112 °C, close in temperature position to
the peak at 390 K in our samples, was conducted using the initial rise, whole glow, peak,
and curve fitting methods. The order of kinetics was determined to be first-order. The
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activation energy was found to be 0.71 eV, which is slightly less than the energy depth of
traps in type 1 samples, sintered at T < 1000 °C (0.75-0.86 eV).

The effect of a decrease in TL response with a decrease in the crystallite size was
observed previously in many materials that are promising for use in TL dosimetry (Al,Os,
CaSOy: Eu, NaLipPOy: Eu, BeO etc.) [29,31-33]. In [34], based on a generalization of the
results of other authors, it is shown that this effect is a general pattern for many TL materials.
An analysis of literature data carried out by the authors of [34] showed the absence of
noticeable changes in the kinetic parameters of TL with variations in the crystallite size.
In contrast to the results of [34], we recorded changes in the activation energy, frequency
factor, and order of TL kinetics at 390 K with increasing sintered temperature, although
they are less significant compared to changes in TL intensity. These variations in kinetic
parameters may be attributed to the fact that the change in crystallite size affects the energy
structure of traps [35].

The physical nature of the effect of a decrease in TL yield with a decrease in crystallite
size has not yet been reliably established and requires additional research. In [29], during
the study of ceramics based on aluminum oxide, it was suggested that one of the reasons
for its manifestation may be an increase in the probability of nonradiative transitions with
decreasing nanoparticle size, particularly due to localized transitions of electrons and holes
between capture and luminescence centers. Other possible reasons for the decrease in TL
intensity include a decrease in the concentration of traps [34], as well as an increase in the
surface-to-volume ratio [36] with decreasing crystallite size.

Figure 9 shows the dose dependencies of the TL peak intensity at 390 K for the ceramics
under study. The obtained dependencies were approximated by linear functions in different
dose ranges. In this case, the slope angles of the obtained dependences were the values
of the nonlinearity coefficients k [28]. The approximation results are given in Table 2. It
can be seen that the majority of dose dependencies had a sublinear character (k < 1), with
the exception of type 1 ceramics synthesized at 1100 °C. In these ceramics, in the range of
1.5-7.5 kGy, the dependence of TL on dose was superlinear (k = 1.2, k > 1). The super- and
sublinear nature of the dose dependences may be associated with processes of competition
in the capture of charge carriers between defects of various types [37]. It is known that the
probability of such competing processes increases in nanostructured materials compared to
bulk analogues [38]

Table 2. Results of approximation of the dose dependence of the TL peak at 390 K of ceramics
synthesized under different conditions.

Type of Samples Dosle( é{ange, Non-Li.n(‘earity Coefficier‘lt .
y Coefficient of Determination, %

Type 2 (electron-beam synthesis) 1.5-7.5 0.84 99.9
Type 1 (1700 °C) 1.5-15 0.79 99.5
Type 1 (1600 °C) 1.5-15 0.51 99.2
Type 1 (1500 °C) 1.5-15 0.49 99.8
Type 1 (1400 °C) 1.5-7.5 0.89 99.9
Type 1 (1400 °C) 7.5-45 0.22 97.4
Type 1 (1300 °C) 1.5-30 0.46 99.2
Type 1 (1200 °C) 1.5-15 0.77 98.9
Type 1 (1100 °C) 1.5-7.5 1.20 99.9
Type 1 (1100 °C) 7.5-45 0.20 99.0
Type 1 (1000 °C) 1.5-15 0.58 99.4
Type 1 (900 °C) 1.5-15 0.54 99.9
Type 1 (800 °C) 15-75 0.81 99.3
Type 1 (700 °C) 1.5-15 0.57 99.4

Type 1 (no annealing) 1.5-30 0.42 98.9
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Figure 9. Dose dependences of the TL peak intensity at 390 K for samples synthesized under
different conditions.

The dose dependency closest to linear (k = 1) was exhibited by type 1 ceramics
synthesized at 1400 °C. For them, k = 0.89 in the range of 1.5-7.5 kGy. The samples of
type 1 synthesized at 1300 °C exhibited the widest range of registered doses, in which
k = const, characterized by k = 0.46 when changing the dose by more than an order of
magnitude (from 1.5 to 30 kGy). It should be noted that according to the data in Table 2,
there was no noticeable correlation between nonlinearity coefficients and crystallite size in
the investigated ceramics.

An important characteristic of the TL material when used in practical dosimetry is
fading, which determines the decrease in the TL response during detector storage. The
results of studying the fading of the TL peak at 390 K in ceramics of various types are shown
in Figure 10. To obtain these results, samples were exposed to a test dose of an electron
beam (15 kGy), and then kept in the dark at room temperature for various durations.
Subsequently, TL was measured at a heating rate of 2 K/s. Figure 10 shows that for
samples of types 1 and 2, no significant reduction in TL intensity in the peak at 390 K
was observed within 1 h of storage. Moreover, its value varied randomly within 10-15%,
which is comparable to the radiation dose error. Small variations in the intensity of the TL
peak at 390 K may also be due to the influence of TL from small traps that are empty at
325-350 K (inset in Figure 10). It should be noted that, in contrast to the aluminum oxide
ceramics described in the work of [29] and synthesized using a methodology similar to
type 1 ZrO, ceramics, our samples did not exhibit anomalous fading, and their dependence
on crystallite size was absent. This fact may indicate the insignificant role of quantum
mechanical tunneling and localized transitions of charge carriers in the formation of TL at
390 K in the ZrO, ceramics we studied.
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Figure 10. Fading of TL peak at 390 K of ceramics synthesized under different conditions.

4. Conclusions

(1) Ultrafine ceramics of monoclinic zirconium dioxide were synthesized by two methods.
Along with the traditional method of annealing nanostructured compacts in an electric
furnace, a new method was used, which consists of sintering nanopowders in the
field of a powerful flow of high-energy electrons (1.4 MeV).

(2) It has been established that at annealing temperatures of type 1 ceramics above
1000 °C, there is a significant increase in the crystallite size (from 100 to 500 nm) and
the intensity of the TL peak at 390 K (almost 5 times). Type 2 ceramics synthesized by
the electron beam method have the maximum TL response, which may be due to the
formation of new radiation defects in them during the synthesis process.

(3) It was discovered for the first time that an increase in the size of crystallites causes an
increase in the activation energy, frequency factor, and order of TL kinetics.

(4) For the first time, the influence of crystallite size on the nonlinearity coefficient of dose
dependences of the TL peak at 390 K and the magnitude of fading were established.

Thus, the presence of an intense isolated TL peak, the sublinear nature of most dose
dependencies, and negligible fading make the ceramics synthesized in this work promising
for measuring high doses (on the order of kGy) of pulsed electron beams. It should be noted
that the conclusions drawn in the work are based on experiments conducted in laboratory
conditions. To develop commercial TL detectors based on the material under study; it is
necessary to test them under the conditions of real radiation technologies.
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