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Abstract: In the present study, the concentration series of MgA1204:Ce3+ ceramics have been fab-
ricated by the Spark Plasma Sintering (SPS) method. Cerium-doping concentration was varied
within a range of 0.1-5 wt.%. The prepared ceramics have been tested using the various experi-
mental techniques: X-ray diffraction (XRD), scanning electron microscopy, as well as optical and
cathodoluminescence spectroscopy. According to XRD, all synthesized samples are biphasic with
structural impurities. The cerium ion concentration effect on the cathodoluminescent characteristics
of MgAl,04:Ce®* ceramics has been studied in terms of emission intensity and decay time. Before
annealing the concentration, quenching is observed. The optimal doping Ce3* concentration was
determined to be 5 wt.% after temperature annealing at 1300 °C. The successfully prepared spinel
ceramics could be potentially applying for high-energy electrons detection.
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1. Introduction

Transparent MgAl,Oy4 ceramics is one of the most promising oxide optical materi-
als [1-6]. Spinel ceramics can be used as elements of “active” optics, such as active laser
media, dosimeters etc. [7,8]. High values of the transmittance of electromagnetic radi-
ation in a wide spectral range from 200 nm to 5500 nm without optical distortion and
non-hygroscopic properties make the spinel material promising for use in scintillators and
converters of ionizing radiation [9,10]. Moreover, transparent MgAl,Oy are used in aviation
and space technology [11,12]. It is used to produce elements of optical telescopes, passive
optics, output windows of ultraviolet and infrared laser devices operating in extreme
conditions [13,14].

Sintering of spinel ceramics can be implemented using various technological ap-
proaches, such as low-temperature sintering, hot pressing (HP) [15,16], hot isostatic press-
ing (HIP) [17,18], and Spark Plasma Sintering (SPS) [19-21] In recent years, the SPS method
has been widely used to consolidate powders of various types of materials. The main
reason is that, compared with well-known HP or HIP technologies, high heating rates,
exceeding 50 °C/min, can reduce the total processing time when compacting the powder.
In the SPS process, a uniform distribution of density in the volume of sintered ceramics
occurs relative to traditional manufacturing methods, and perfect-grain boundaries are
formed [19,22].

The development of scientifically substantiated methods for the synthesis of the oxide
ceramics with controlled optical and luminescent properties, in combination with the
necessary physical and mechanical characteristics, is an urgent problem. To control the
physical and chemical properties of ceramics, fundamental knowledge of the electronic
excitations” dynamics features in the ceramic hosts of various compositions is required. The
luminescent properties of ceramics directly depend on the defect structure of the material,
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which includes oxygen vacancies and impurity ions. Rare earth (RE) ions are traditionally
used as a dopant [23-27]. It should be noted that the problem of low solubility of dopants
in spinel, which leads to the formation of secondary phases and degradation of optical
properties. The indicated problem can be solved by using nanodispersed powders as
starting materials, which have a higher effectiveness compared to microdispersed analogs.
The effective methods of mixing and consolidation procedure can be also applied [28-30].

There are several papers devoted to the study of MgAl,O4 transparent ceramics [31,32].
However, at the same time, there are no systematic studies aimed at obtaining MgAl,O4-
ceramics doped with RE ions fabricated by the SPS method and the analysis of their
luminescent properties. RE ions are used as sintering additives in the manufacture of
MgAl,Oy4 ceramics. At present, studies of MgAl,O4 nanopowders doped with RE ions are
being actively carried out [33-39]. The possibility of obtaining transparent luminescent
MgAl,O4 ceramics doped with Yb,O3 was demonstrated in ref. [40] and doped with
CeO; in refs. [41-43]. The authors of [41] consider MgAl,O, as a promising material for
scintillation applications. The low stopping power of the spinel can be compensated by the
greater thickness of the scintillation material plates or used in combined detectors.

Previously, we demonstrated the possibility of obtaining transparent luminescent
MgAl,Oy4 ceramics doped with europium, cerium oxide [42,43], terbium oxide, and dys-
prosium [44] with a concentration level of 0.1 wt.%. However, there is a need to conduct
research on optimizing the SPS technology of consolidating ceramics with higher levels
of RE ions” doping. However, there is a need to conduct research on spinel ceramics with
high levels of dopant concentrations. In the present work, we studied the effect of cerium
ions on structural, optical and luminescent properties of MgAl,O4 ceramics fabricated by
the SPS method.

2. Results and Discussion
2.1. Powders Characterization

A scanning electron microscopy (SEM) image of a commercial aluminum magnesium
spinel nanopowder SC30R is shown in Figure 1a. Primary particles of the initial nanopow-
ders had a shape close to spherical with average sizes from 26 nm to 269 nm. The powder
consisted of both primary particles and agglomerates ranging in size from tens to several
hundreds of nanometers. According to laser diffraction data, the structural elements of the
aluminum-magnesium spinel powder range in size from 10 nm to 2.9 um. The particle-size
distribution of the powder is shown in Figure lc. The BET surface area was 24.9 m?-g~! and
corresponded to a particle diameter of 67 nm (in the spherical approximation) (Figure 1b).
The discrepancies between the data on the average particle size obtained using different
methods were due to the deviation from the spherical particle shape and agglomeration of
the primary powder particles. This was confirmed by the SEM results.

A scanning transmission electron microscopy (STEM) image of commercial cerium
oxide nanopowders is shown in Figure 1c. The powder consisted of separate non-equiaxed
particles with an average size of 25 nm. There were no particle agglomerates in the
obtained transmission electron microscopy (TEM) image. The size of the powder structural
elements varied from 10 nm to 220 nm according to laser diffraction data (Figure 1d). The
average size of the structural elements was 64 nm. The BET surface area of the investigated
nanopowders was 11.59 m?-g~!, corresponding to a diameter of 73 nm.
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Figure 1. SEM (a), scanning transmission electron microscopy (STEM) (c) images, and particle size
distributions (b,d) of MgAl,O4 and CeO, nanopowders.

2.2. Ceramics Characterization

The linear-shrinkage dynamics of MgAl,O4:Ce ceramics during the SPS process is
presented in Figure 2a. An analysis of the obtained dependencies made it possible to
establish that the main part of shrinkage fell on the nonisothermal heating stage. Shrinkage
curves of sintered ceramics were single-stage in nature. Thermal shrinkage under pressure
started at temperatures between 985 °C and 1025 °C. High shrinkage intensity was observed
in the temperature range from 985 °C to 1100 °C. At this stage, there was a decrease in
porosity, consolidation, and grain growth. In the temperature range from 1100 °C to
1245 °C, the shrinkage intensity slowed down significantly and practically stopped when
the temperature reached 1300 °C at the stage of isothermal exposure. The introduction of
0.1 wt.% cerium oxide nanopowders in the MgAl,Oy4 host spinel did not have a significant
effect on the SPS process (Figure 2a). Temperature deviations did not fall outside the
confidence interval for measuring this value (£50 °C). There was a shift in the interval of
intense shrinkage to the temperature range from 1100 °C to 1285 °C when the cerium oxide
concentrations increased from 0.1 wt.% to 1 wt.%. A further increase in the concentration of
cerium oxide up to 5 wt.%, also led to a shift in the shrinkage range to higher temperatures.
The shrinkage process slowed down at a temperature of 1300 °C during isothermal exposure
and did not stop until it ended.
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Figure 2. Linear shrinkage dynamics of undoped and Ce-doped MgAl,O4 ceramics during the SPS
consolidating process (a). SEM images of fabricated ceramics analyzed from fracture (b) and surface
(c) side, respectively.

An analysis of the structural morphology in the MgAl,O4:Ce samples based on the
SEM results of the cleavage surface revealed a predominantly transcrystalline fracture
pattern. It indicated a high strength and quality of grain boundaries of ceramics (Figure 2b).
The average ceramic grain size remained in the submicron range, about 850 nm. The grain
boundary size did not exceed 1 nm. Grains of another phase possibly corresponding to
the Ce-dopant were found that can be clearly seen from SEM images obtained in the phase
contrast mode. Their number increased with increasing cerium oxide content (Figure 2c).

The results of X-ray phase analysis of MgAl,O4:Ce samples are presented in Figure 3a.
Two phases were observed in spinel ceramics: the alumina-magnesium spinel phase and
the CeO, compound (PDF #000-21-1152). There was a 4 to 10-fold increase in the size of the
coherent scattering region (CSR) as a result of sintering compared with the initial MgAl,Oy4
powder. The average CSR sizes with an increase in the CeO, concentration from 0 wt.% to
5 wt.% changed from 187 nm to 364 nm. The crystal lattice microstrains varied in a range
from 0.000106 to 0.000176. The smallest value of CSR and the largest microstrains value of
the crystal lattice could be seen in MgAl,Oy4: 5 wt.% Ce ceramics (Figure 3b-d).
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Figure 3. X-ray diffraction patterns (a) and the calculated crystal lattice parameters (b—d) of MgAl,Oy:
xCeO; ceramics.
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2.3. Optical and Luminescent Properties

The in-line transmission spectra of undoped and MgAl,Oy4 ceramics doped with
variable concentration of Ce ions before annealing are shown in Figure 4a,b, respectively.
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Figure 4. In-line transmittance spectra (a,b), cathodoluminescence spectra (¢,d), and luminescence
decay kinetics (e,f) of MgAl,Oy4: xCe ceramics before and after annealing, respectively.

The transmittance for all samples decreased with an increase in the cerium ions con-
centration from 70% for 0.1% Ce in the visible and near-IR spectral ranges, respectively.
The absorption edge wavelength for MgAl,04:0.1% Ce ceramics was about 260 nm. The
absorption edge of Ce-doped MgAl,O, ceramics was shifted to the long wavelength spectral
region and the effect of a red shift of the absorption edge was observed. The transmission
edge in MgAl,04:5% Ce ceramics was shifted to the spectral region of 600 nm. The transmit-
tance was ~10% in the spectral range 600-1100 nm. The shape and edge of the transmission
bands changed significantly after temperature annealing at 1300 °C. The absorption edge was
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shifted to the spectral region of 350 nm for all ceramics samples. The transmittance values in
the visible spectral range decreased for a wavelength of 500 nm to 10%. The transmittance
value in the IR spectral range was consistent with the MgAl,Oy: xCe ceramics samples before
annealing and reduces with increasing cerium ion concentrations.

Several emission bands with peaks at 405, 520, and 688 nm were observed upon
electron beam excitation of MgAl,O4:Ce ceramics samples (Figure 4c,d). The emission band
position was in good agreement with Refs. [25-28]. The emission band with a maximum at
405 nm was due to the radiative 4f — 5d transition in the cerium ions. The charge-transfer
transition could be described by the following mechanism. The Ce** was reduced to the
excited state of Ce®*, then the formed holes were captured by hole traps, and finally the
excited state of Ce®* ions passed into the ground state, emitting the photons at 405 nm.
The broad luminescence band near 520 nm could be attributed to the V}.3* luminescence
center. When the ceramic was excited by the electron flow the Ce®* ionized to form Ce**
and excited the electrons transfer into the conduction band. At the end of the excitation
process the electrons in the conduction band returned, were captured, and combined with
holes in the Vi>* center. This type of center would emit the photons with a wavelength of
520 nm. The luminescent properties of spinel ceramics before annealing were characterized
by a decrease in the emission intensity of the bands at 412, 520, and 688 nm, respectively
when the concentration of cerium ions increased (Figure 4b).

The opposite effect was observed with an increase in the cerium ions concentrations
and an increase in the intensity of the luminescence band at 405 nm was recorded after
annealing at a temperature of 1300 °C (Figure 4c). A possible reason for this effect may be
that, at a high doping concentration, cerium cannot be incorporated into the spinel lattice,
but retains the CeO, structure with the mixed phase formation. This led to the appearance
of a large number of Ce** ions in MgAl,O,:Ce ceramics. We can assume that the main
luminescence mechanism was the reduction of Ce** to Ce®* ions with a luminescence band
at a wavelength of 405 nm. The emission band at 520 nm, on the contrary, demonstrated a
tendency to decrease in intensity with an increase in the cerium ions concentration. This
may be because the number of Ce** ions gradually increased with increasing doping
concentration, which led to the transfer of the luminescence center. The emission band at
688 nm was associated with the radiation transitions in the Cr** impurity ions.

A study of the integral intensity of cathodoluminescence before annealing (Figure 4c,
inset) showed that, when the cerium concentration increased from 0.1 to 5 wt.% the con-
centration of luminescence quenching was observed. After atmospheric annealing at a
temperature of 1300 °C, the character of the dependence changed (Figure 4d, inset). A
change in the cerium concentration from 0.1 to 0.5 wt% led to a reduction in the integrated
luminescence intensity by 20%. For a cerium concentration of 1%, the integrated lumi-
nescence intensity was observed similar to a concentration of 0.1 wt%. An increase in the
cerium concentration to 3 wt.% and 5 wt.% led to an enhancement in the luminescence
intensity by 5% and 25%, respectively.

The luminescence decay kinetics in the millisecond time range were studied in three
spectral regions: in the region of the “intrinsic” radiation at 412 nm; in the spectral region
at 520 nm (Figure 4e,f). It was shown that the luminescence decay kinetics in the spectral
regions consisted of several components with different lifetimes of the excited states.
The luminescence decay kinetics were complex in character and could be approximated
by the sum of three exponential functions as “fast” (t; = 0.19 &+ 0.02 ms) and “slow”
(tTp =4.6 £ 0.5 ms, 13 = 11 £ 2 ms). For an emission band at 699 nm associated with the
chromium ion, the luminescence decay kinetic characteristics were also measured, but we
did not find any differences in decay time. The same results were demonstrated in [42].

3. Materials and Methods
3.1. MgAl,O4 Ceramics Preparation

For the undoped and Ce-doped transparent MgAl,O, ceramics fabrication the com-
mercial aluminum magnesium spinel nanopowders (Baikowski Malakoff Inc., Malakoff,
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TX, USA) and cerium oxide nanopowders (Merck KGaA, Darmstadt, Germany) was used.
The mass measurement of the initial powders for the powder mixtures preparation and
grinding bodies was carried out using a laboratory analytical balance Shinko AJ-420CE
(Tokyo, Japan) with an accuracy of 0.001 g. Mixing and dispersion of the powders was
carried out by the wet method using a ball mill for 48 h. The ratio of grinding media to
powder was 5:1, respectively. The homogenous powders mixture was dried in a mulffle
furnace at 70 °C until moisture had completely evaporated. The series of MgAl,O4:xCeO,
(x=0.1;0.5; 1; 3; 5 wt.%) ceramics were successfully fabricated.

Spinel ceramics were consolidated by the SPS method using an SPS-515S techno-
logical setup (Syntex Inc., Kawasaki, Japan) at a temperature of 1300 °C. The graphite
die of uniaxial double-sided pressing with cylindrical cavity and punches was used for
ceramics consolidation. The sintering process was carried out in vacuum at a residual
pressure of not more than 10~ Pa. The duration of isothermal exposure at a given sinter-
ing temperature was 20 min. The pressure throughout the entire sintering process was
100 MPa. The selection of the consolidation parameters was based on the results obtained
earlier in [42,44]. Temperature control during the sintering process was estimated by a
high-temperature optical pyrometer. Finally, cylindrical ceramics specimens were obtained
at a size of 1.5-2 mm high and 14 mm in diameter. Ceramics were sequentially ground and
polished using the EcoMet-300 semi-automatic grinding and polishing system (Buehler,
Leinfelden-Echterdingen, Germany) with applied Kemet polycrystalline diamond suspen-
sions (Kemika, Moscow, Russia). The thickness of the samples after mechanical treatment
was 1 mm. The annealing procedure of the MgAl,O,:xCe ceramics was carried out by an
LHT 02/18 muffle atmospheric furnace (Nabertherm, Lilienthal, Germany) at a temperature
of 1300 °C for 4 h.

3.2. Experimental

Particle-size distribution analysis of the initial powders was carried out by SALD-7101
laser diffraction setup (Shimadzu, Kyoto, Japan). The powder-specific surface area was
determined by the low-temperature nitrogen adsorption method using Sorbi-M setup
(META, Russia). X-ray phase analysis of the powders and MgAl,O4:Ce ceramics were
conducted by XRD-7000S diffractometer (Shimadzu, Kyoto, Japan). The measurement
mode was realized using CuKa radiation in the angle range from 15 to 90 degrees with a
step of 0.02 degrees. The PowderCell v.2.4 software and the international crystallographic
database PDF 4 were used for results interpretation.

The microstructure in oxide powders and ceramics was studied using a scanning
electron microscope (JEOL JSM-7500FA, Tokyo, Japan) and a transmission electron mi-
croscope (JEOL JEM-2100F, Tokyo, Japan). The two-beam spectrophotometer SF-256UVI
(Lomo-Photonics SF-256 UVI; Saint-Petersburg, Russia) was employed for optical properties
measurements in the 190-1100 nm spectral range.

To excite the pulse cathodoluminescence, a handmade electron accelerator of the
GIN-600 type was used. The pulse duration and average energy of accelerated electrons
was 12 ns and 240 keV, respectively. The spinel ceramics were placed in a vacuum chamber.
The cathodoluminescence spectra were measured using “per pulse” mode by an AvaSpec-
2048 fiber optic spectrometer system (Apeldoorn, Netherlands) in spectral range from
200 to 1100 nm. The all-measured spectra were corrected for the spectral sensitivity of
the optical path. The cathodoluminescence decay kinetics was recorded using an FEU-97
photomultiplier tube (Moscow, Russia) via an MDR-12 monochromator and a Tektronix
DPO3034 digital oscilloscope (300 MHz)

4. Conclusions

The series of MgAl,O,:Ce ceramics with high cerium ion concentrations were fab-
ricated by SPS method. The characterization of the obtained oxide ceramics was aimed
at evaluating the morphology, structural composition, to study the optical and spectral-
luminescent properties, as well as the luminescence decay time. According to XRD analysis,
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all prepared spinel ceramics were biphasic with structural impurities. The new phases
of CeO; appeared in samples doped with Ce ions above 1 wt.%. Optical properties of
MgAl,O4:Ce ceramics decreased from about 70% to less than 10% when the Ce concentra-
tion increased. The transparency for annealed ceramics at 1300 °C for 4 h changed signifi-
cantly. There are three broad emission bands in cathodoluminescence spectra observed that
correspond to intrinsic and impurities centers in spinel ceramics. The best emitting proper-
ties were recorded for a cerium concentration of 5 wt.% for annealed MgAl,O,:Ce ceramics.
However, the optimal optical-luminescent properties were achieved for a concentration of
0.1 wt.% CeO, (luminescence intensity is 30% lower than the concentration of 5 wt.% CeO,,
with normal quality of transparency). The obtained dependencies of luminescent properties
from the cerium concentration, temperature annealing and the SPS technological modes
can be used to create efficient converters of high-energy ionizing radiation.
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