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Abstract

Y3Al50,, nanostructured ceramics with total transmittance of 63% at A = 1064 nm has been obtained by low-temperature high-pressure
sintering. According to high-resolution transmission electron microscopy ceramics is near pore-free and consists of close-packed grains of 20—
40 nm in size. The transmittance spectrum in the visible and IR wavelength range, stationary X-ray excited luminescence and thermally stimulated
luminescence were studied to characterize Y3AlsO;, nanostructured ceramics in comparison to single crystals of the same composition. The
observed differences in the optical and luminescent properties were interpreted as a consequence of high defectivity level of nanoceramics arising
from its non-equilibrium character, extremely large concentration of grain boundaries and surface states.
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1. Introduction

The development of new functional materials on the basis of
transparent polycrystalline materials is one of the most
important achievements of the modern luminescent material
science [1]. The best progress was obtained for traditional laser
materials such as Y3Als0,, [2-4] and rare earth sesqioxides
RE,O; (RE =, Sc, Gd, Lu) [5] activated by Ln®* ions. These
materials are optically isotropic thus do not demonstrate light
scattering on randomly oriented grains of ceramics. Nowadays
optical ceramics is considered as a promising class of materials
for phosphors [6], transparent armor [7], scintillation detectors
[8], etc. To achieve optical transmittance compared to those for
single crystals with corresponding composition the extremely
low porosity of about 107 to 107> vol.% is required. Such
porosity levels traditionally could be obtained via prolonged
sintering at high temperatures resulting in grain growth up to
hundreds of microns. It is usually assumed that higher grain size
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promote higher transparency levels due to lower density of
grain boundaries and triple junction. However, recent results
indicate that low residual porosity is much more critical
parameter to attain high transparency. For example, even for
alumina non-isotropic ceramics grain size decrease leads to
transmittance increase [9,10]. Moreover, decrease of grain size
also improves mechanical properties of ceramics [11].

The traditional approach to the development of optical
ceramics is based on the use of hot isostatic pressing or vacuum
sintering of nanopowders. The sintering is performed at rather
high temperatures (~0.7-0.8 Ty,e) resulting in coarse-grained
ceramics. An alternative method to produce optical ceramics
implies the retaining of their nanostructure, when grains are
much finer than the visible light wavelength. Nowadays
transparent 2D nanomaterials are known, in particular sol—gel
films. Obtaining of transparent bulk nanoceramics is a
significant challenge, because during consolidation of nano-
crystalline powders the grain size in the nanometer range
should be maintained. Several rapid sintering routes enable
fabrication of translucent nanostructured ceramics. Typical
examples are translucent YSZ ceramics was obtained by
current activated sintering technique [12,13] and Y;FesOi,
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produced by high-pressure torsion of coarse powders [14].
Low-temperature high-pressure sintering is another effective
methods for fabrication of optical nanostructured materials,
such as Al,O3 [15], MgAl,O4 [16-18], Y3AlsO;, [19] and
Ll.l203 [20]

It is known that nanostructured ceramics with grain size
from 100 to 10 nm have 10-50% of atoms within grain
boundaries. As a result, optical and electronic properties of
nanoceramics are substantially different compared to bulk
materials. For instance, nanostructured Al,O; shows new
luminescence band originated from surface Fs'-centers; has
faster luminescence decay and higher luminescence yield
compared to corresponding single crystals [21]. MgAl,O,
nanostructured ceramics reveals blue shift of IR cutoff
wavelength [16]. Differences in optical properties of the nano-
and single-crystalline form of Y;FesO,, were observed in [22].
Studies of luminescent properties of Y3AlsO;, nanoceramics
are limited by activated materials [23-26]. Optical properties of
nominally pure Y3Als0;, nanoceramics are purely presented in
modern literature. The aim of this work was to obtain Y;AlsO,
optical nanostructured ceramics by low-temperature high-
pressure sintering and to study its optical and luminescent
properties. Y3AlsOy, is not only an attractive model object due
to well-known optical properties for the bulk form, but also
excellent laser [1-4] and scintillation material [27-29].

2. Experimental
2.1. Obtaining of Y3;Als0;, nanostructured ceramics

Y;Al50;, nanocrystalline powders were produced by
reverse strike co-precipitation method from 0.5 M solutions
of yttrium Y(NOj3)3-6H,0 (high purity grade) and aluminum
AI(NO3)3-6H,0 (high purity grade) nitrates using ammonium
bicarbonate NH4HCOj3 (chemically pure) as a precipitant and
further calcination of amorphous precursor in the 800-1200 °C
temperature range. In some cases sulfate ions were added to the
reaction mixture as a dispersant [30]. The mean size of the
Y;AlsO,, powder particles was found by transmission electron
microscopy and from the particle specific surface (Sggr),
measured from low-temperature nitrogen adsorption (the BET
method).

The nanopowders were consolidated under the thermo-
baric static conditions at a toroid-type high-pressure
apparatus. Before placing into the high-pressure cell the
initial Y3Als0;, nanopowders were uniaxially compacted in
a steel mold at a pressure of 250 MPa into pellets of 6 mm in
diameter and 2.5 mm in height. The pellet density was 47—
50% from the theoretical density of Y3AlsO;,. The pellet
was placed in a capsule of chemically inert hexagonal boron
nitride, which was used to ensure the quasi-hydrostatic
compression of a sample and to prevent its contact with a
graphite heater. The consolidation was conducted at
pressures of 6—7.7 GPa and temperatures of the range from
250 to 550 °C. The isothermal holding time in experiments
was 30-60 s.

2.2. Characterization of ceramics

The density of consolidated samples was assessed using
hydrostatic weighing. The X-ray diffraction analysis was
performed by the powder diffraction on a DRON-2.0
diffractometer in the cobalt anode radiation, A = 0.17902 nm.
The crystallite sizes of the initial powders and in the resultant
ceramics were defined by the approximation method. The
ceramics microstructure was studied by high-resolution
analytical transmission electron microscopy (HR TEM) on a
JEM-2100F (JEOL) microscope with an INCA (Oxford
Instruments) X-ray microanalyzer. Samples for the HR TEM
were prepared by ion thinning. For the optical measurements of
ceramics 1 mm thick plates polished on both sides were used.
The total spectral transmittance of samples in the 250-1100 nm
wavelength range was determined on a Perkin-Elmer
“Lambda-35"" spectrophotometer using integrating sphere.
The stationary radioluminescence was studied on an automated
SDL-2 setup (LOMO) under excitation with a REIS-I X-ray
tube (Cu anticathode, U =30kV) at room temperature. The
TSL glow curves were recorded using a home-made setup
equipped with a FEU-79 PMT at a heating rate of 5 K/min. The
samples were irradiated with X-quanta (RUP150/300-10-1 X-
ray unit, Cuanode; U = 160 kV, I = 9 mA) at room temperature.

3. Results and discussion

3.1. Fabrication conditions of YAG nanostructured
ceramics

3.1.1. Influence of applied pressure and temperature

The specific surface of the initial Y3AlsO;, nanopowders
produced by calcination of precursor at 1100 °C for 2 h was
SBeT ~ 35 m2/g and the mean particle size was
dmean ~ 38.5 nm, found by the BET method. According to
the electron microscopy, the average particle diameter of
powders is 40-50 nm. Thus, the average particle diameters
obtained by different methods agree well, which in particular
can point to a low degree of powders agglomeration. The
Y3Als0;, ceramics with various phase compositions, micro-
structures, and optical characteristics were prepared by the
consolidation of nanopowders using low-temperature high-
pressure sintering. As the temperature of the thermobaric action
increases from 250 to 550 °C, the density of ceramics increases
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Fig. 1. Y3Al50;, nanostructured ceramics produced by low-temperature sin-
tering for 30 s at a pressure of ~7.7 GPa and a temperature of 250 °C (a), 350 °C
(b), 450 °C (c), and 550 °C (d). The pellets are 1 mm thick.
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from 92 4 2% to 101 &£ 2% of the Y3Als0,, theoretical density
(Fig. 1). The density higher than the theoretical value of
Y3Al501, (p =4.55 g/cm3) for the sample sintered at 550 °C is
caused by pressure-induced formation of small amount of
YAIO; phase (p = 5.35 g/cm3), as will be shown below. Under
the action of a pressure of ~7.7 GPa and temperatures of 350—
450 °C there forms transparent ceramics with a density of
99 + 2% (Fig. 1). With the traditional method of vacuum
sintering to obtain the Y3AlsO;, ceramics having such a density
is possible only at temperatures above 1700 °C [31]. Under
high pressures a considerable decrease of temperatures required
for the production of the high-density ceramics from the initial
nanodispersed powders is caused by the activation of the
consolidation process thanks to the intense compression of the
sample. It should be noted that the value of the applied pressure
is comparable to that of capillary pressures in nanopowders
(0.5-5 GPa). The pressure makes an essential additional
contribution to the motive force of the diffusion-controlled
consolidation. With the use of lower pressures the sample
transparency decreased. The observed material turbidity, which
is caused by the light scattering in the structure, in all likelihood
stems from the formation of a considerable amount of large
pores.

The influence of sintering temperature on the phase
composition of obtained nanostructured ceramics is presented
in Fig. 2. Y3Als0, samples produced at a pressure of
~7.7 GPa and temperatures of 350 and 450 °C are single-
phase: the X-ray diffraction patterns exhibit lines that
correspond to the cubic phase of garnet (Fig. 2b and c). At
the same time except for the garnet phase, whose content was
92 wt.%, the YAIO; orthorhombic phase (5-8 wt.%) was also
revealed in the sample produced at 550 °C (Fig. 2d). From this
fact it follows that the increase of the consolidation temperature
to 550 °C under the high pressure conditions results in the
decomposition of Y3Als0;,. The decomposition of the
Y;Als0, garnet phase into yttrium—aluminum perovskite
YAIO; and aluminum oxide Al,O; according to the scheme
Y;3Al50;, — 3YAIO; + Al,O3 was also reported in [32].
However, in the diffraction pattern from the ceramics sintered
at 550 °C no diffraction lines of aluminum oxide were
observed, probably because its concentration was below the
X-ray diffraction method detection limit. The presence of
foreign phases with a crystalline structure and the refractive
index that differ from those of the basic phase results in a
considerable light scattering at the interfaces and the loss of the
transparency by the ceramics produced at 550 °C (Fig. 1d).

According to the X-ray analysis, the average crystallite size
(D) of Y3Al50,; initial nanopowders is ~15 nm. The high
pressure causes a decrease in the crystallite size at relatively
low temperatures of thermobaric action. With increasing
sintering temperature the D value increases and with
T =550 °C becomes comparable to that of the initial powders
(D =14 nm). A decrease of the crystallite size of the ceramics
may be caused by the high pressure-induced deformation of
nanocrystals, which relax, e.g., through the formation of twins
(it should be noted that the dislocation plasticity of Y3Al504; is
hindered). The formation of twin interlayers may occur by the
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Fig. 2. X-ray diffraction patterns of Y3AlsO;, initial nanopowders (a) and
Y3Als0;, nanostructured ceramics sintered for 30 s at a pressure of ~7.7 GPa
and a temperature of 350 °C (b), 450 °C (c), and 550 °C (d); *indicates YAlO3.

crowdion mechanism [33]. The material deformation under
high stresses and low temperatures was successfully interpreted
with allowance made for this mechanism. It is possible that this
mechanism takes place in cold pressing of nanopowders as well
[33]. An increase of the crystallite size with increasing
consolidation temperature occurs probably because of the
healing of the crystal structure defects and as a result of the
primary recrystallization.

3.1.2. HR TEM study

HR TEM data suggest that the resultant Y3AlsO;, ceramics
is nanostructured with grains of size below 100 nm (Fig. 3).
Pores of submicron and micron size, which are the basic centers
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Fig. 3. Microstructure of Y3AlsO;, nanoceramics sintered for 30 s at a pressure of ~7.7 GPa and 450 °C: (a) multifaceted grain boundaries with facets of arbitrary
orientation; (b) a nanopore in a triple junction; (c) clusters of vacancies inside grain boundaries (the arrows indicate regions of a reduced density).

of the light scattering [13,34], are practically entirely absent in
the material. In our opinion this is one of the main factors that
affect the optical transmission of the Y;AlsO;, nanostructured
ceramics. The grain size of ceramics does not virtually change
with variations of temperature, pressure, and holding time, and
the grain growth factor in the consolidation does not exceed a
unit for all thermobaric conditions. The mean grain size of the
Y3Al504; nanostructured ceramics in various sample regions is
between 20 and 40nm (see Fig. 3a). These values are
comparable and even below than the particle size of the initial
powder. The microanalysis of the element distribution indicates
that the Y3AlsO,, stoichiometry is retained both inside the
grains and at the boundaries. Thus, in the consolidation of
nanopowders at high pressures no noticeable grain growth takes
place, which is clearly explained by low temperatures and short
times of the process.

A perfection of grain boundaries strongly influences optical
properties of ceramics with micron-sized grains. Grain
boundaries in highly transparent ceramics (comparable to

single crystals in optical properties) are twinned [35,36], which
ensures the transparence of boundaries for quanta of light and
injected acoustic phonons. Thickness of boundaries in most
perfect samples is 0.2-0.5 nm, which is less than half the
Y;Al50,, lattice parameter [37,38]. A comprehensive analysis
of the Y3AlsO;, ceramics microstructure by HRTEM has
allowed us to detect that grain boundaries in nanostructures
ceramics are high-angle multifaceted grain boundaries with
arbitrary orientated facets (Fig. 3a). These are non-equilibrium
boundaries that are characterized by a rather low density of
coincident nodes (as compared to coherent boundaries) and
variable angles. The width of boundaries ranges from 1 to 2 nm,
which is comparable with the Y3AlsO,, lattice parameter
(a =1.20089 nm). A similar structure of grain boundaries was
revealed in other types of nanostructured materials as well, e.g.,
in TiO, [39].

In triple junctions between grains nanosized pores are
observed, whose mean size is 3—7 nm (Fig. 3b). The capillary
pressure in such pores is as high as several GPa and the external



R.P. Yavetskiy et al./Ceramics International 37 (2011) 2477-2484 2481

pressure applied turns out to be insufficient to close them. One
of the reasons for the formation of the residual nanoporosity
may be the inhibition of the consolidation by large pores in
agglomerated powders. In some areas of nanoceramics clusters
of vacancies inside the grain boundaries were revealed. Such
areas possess less density than grains, as evidenced by a
brighter contrast in images (Fig. 3c). The clusters are one of
typical defects in nanocrystalline materials which could be
revealed by positron annihilation method [40]. In [24] it was
assumed that under action of high pressure grains between
Y3Al50;, nanocrystallites become partially amorphous, thus
forming core-shell-like grain structure ‘‘crystalline core/
amorphous shell”, where amorphous layer is up to 10 nm
thick. However, according to modern considerations, the grain
boundaries in nanostructured materials are practically the same
as in conventional polycrystals [11]. The amorphization
observed in [24] most likely indicates to an incomplete
densification (large pores between grains).

3.2. Optical properties of YAG nanostructured ceramics

3.2.1. Optical transmittance

Fig. 4 shows the total transmittance spectrum of transparent
samples of roughly polished Y3AlsO;, nanostructured cera-
mics. The transmittance of 63% at A = 1064 nm represents 75%
of theoretical value (84% in the visible wavelength range). The
formation of the translucence in the nanostructured ceramics is
obviously caused by a near full density of ceramics and
decrease of the pore size below the limit, at which they scatter
light. According to the model proposed in [41] for the
description of optical properties of nanoporous objects, the
light scattering by pores of size / can be neglected, if for given
wavelength A the size parameter x = ml/A is much less than 1.
This means that for each wavelength there is a certain critical
size of pores, below which they do not scatter the light. The
combination of this condition with the data on the spectral
transmission band of Y3Als0;, (>80% for A =250-6500 nm)
allows us to formulate the criterion for transparency of
nanostructured ceramics Y3AlsOj,. It should not contain pores
of size above 10 nm. This will make it possible to avoid the
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Fig. 4. Total transmittance of 1 mm thick Y3Al50, nanostructured ceramics
sintered for 60 s at a pressure of ~7.7 GPa and temperature of 350 °C.

light scattering by residual pores over the whole range of the
ceramics transparency. Residual porosity is another factor,
governing the transparency due to large difference in refractive
index between the ceramics and gas-filled pores. The maximal
scattering occurs when the pore size is equal to the wavelength
of incident light [9]. In our case pores are as small as 10 nm,
Fig. 3. However, theoretical calculations predict significant
degradation of optical properties even for the pore size of 10 nm
when their concentration is higher than 1% [13]. Measured
density of Y3AlsO;, transparent nanostructured ceramics of
99 £ 2% is close to theoretical value, indicating that another
mechanisms of light scattering exist in our samples, namely
light absorption by microdefects or additional scattering of
light by rough surfaces of ceramics. Summarizing, transpar-
ency of nanostructured ceramics could be achieved maintaining
the near full density (>99.9%) and pore size below some
critical limit of about 10 nm (see, for example, [9,13]).

A red shift of fundamental absorption of Y3Al50;,
nanostructured ceramics is most likely caused by the ceramics
coloration, whose nature is being clarified. As a possible reason
for the yellow coloration of garnet crystals the uncontrolled
impurities of two-valence cations (mainly calcium and
magnesium), which form complex centers of coloration with
matrix oxygen ions, may be considered. We should take note to
significant blue shift of IR cutoff wavelength, similar to that
observed for MgAl,O, nanostructured ceramics [16]. The
transmittance cutoff of Y;AlsO;, in the IR is at 2.7 mkm in
nanoceramics (Fig. 4) and at 6.0 mkm in single crystals. The
observed red shift of fundamental absorption and blue shift of
IR cutoff could point out on an increased defectivity of
nanoceramics. The nanomaterials are characterized by deep
level of defectivity caused by their non-equilibrium character,
extremely high grain boundaries length and high fraction of
surface states [42]. Uncontrolled defects, and, probably,
forbidden transitions appearing from local symmetry reduction
could contribute to observed reduction of transparency range. It
is known that the IR cutoff in transmission of inorganic
materials is determined by multi-phonon spectrum of lattice
vibrations. Nanocrystalline materials possess higher density of
vibration states compared to singe-crystalline ones [43]. Taking
into account the large number of atoms near grain boundaries,
bulk nanostructured ceramics can be considered as a
community of close-packed nanograins. Thus, the shift of IR
cutoff is most probably caused by modification of phonon
spectrum of lattice vibrations. Y3AlsO;, nanostructured
ceramics contains two additional absorption bands in IR
wavelength range at 1400 and 1900 nm of undefined nature.
Similar absorption bands attributed to Al** ions were observed
as well in MgAl,O4 nanoceramics [16].

3.2.2. Luminescence under X-ray excitation

The luminescence of Y3AlsO, single crystals under high-
energy excitation originate from different luminescent centers,
namely (1) self-trapped excitons (STE); (2) excitons localized
near Yo" “antisite defects” (LE(Ya’); (3) “antisite
defects™ (YA13+) itself, and (4) F-like centers (one or two
electron trapped by oxygen vacancy) [44-46]. Fig. 5 presents
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typical normalized spectra of stationary X-ray luminescence of
Y;Als0,, single crystals and nanostructured ceramics. Single
crystals were grown by modified Bridgman method in Institute
for Single Crystals. X-ray luminescence of single crystal is
presented by three bands with maximums at A = 310, 340 and
390 nm, corresponding to luminescence of LE(Ya""), Ya+
and F-like centers (Fig. 5a). Radioluminescence of Y3;Al50;,
nanostructured ceramics is presented by broad band in the 300—
450 nm wavelength range in which with two elementary bands
at 340 and 385 nm can be distinguished (Fig. 5b). These bands
correspond to luminescence of “antisite defects” and F-like
centers, correspondingly. The position of bands is almost the
same as in single crystals. We have not observed luminescence
from STE in nanostructured ceramics as well in single crystals.
In the undoped samples emission of STE is suppressed,
probably, due to the presence of high concentration of “antisite
defects” [44]. The UV luminescence band connected to
radiative relaxation of excitons localized on YA13+—defects is
totally quenched in nanoceramics probably, due to self-
absorption by color centers or by matrix (Fig. 4). Thereby,
we have observed formation of identical luminescence centers
in bulk and nanostructured Y3AlsO1,. The short range ordering
of atoms and formed structure in nanoceramics provides
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Fig. 5. Normalized room-temperature spectra of stationary X-ray luminescence
(E=30keV) of Y3Als0;, single crystal (a) and Y3Als0;, nanostructured
ceramics (b).

excitation mechanisms analogous to those existing in single
crystals.

The relative intensity of luminescence band caused by Ya>*
substitution defects in nanostructured ceramics equals to that
for single crystals. However, luminescence of F-like centers in
nanostructured ceramics increases by the factor of 1.6 (Fig. 5b)
indicating higher concentration of anionic defects. At the same
time, integral luminescence yield of nanoceramics is 5 times
smaller compared to single crystals of the same dimensions,
probably, due to the presence of effective recombination
channels through surface states. The detailed results on
luminescent studies of Y3Als01, nanostructured ceramics will
be published elsewhere.

3.2.3. TSL study

Taking into account extremely high extension of grain
boundaries and increased concentration of point defects in
nanostructured ceramics, one can assume that defect structure
of ceramics could be revealed in luminescent recombination
processes, such as thermally stimulated luminescence (TSL).
Fig. 6 shows TSL glow curves of Y3Al50, single crystals and
nanoceramics, obtained at heating rate of 5 K/min after
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Fig. 6. TSL glow curves of Y3AlsO,, single crystal (a) and Y3AlsO;, nano-

structured ceramics (b) irradiated with X-ray quanta (9000 R dose). The open
circles denote experimental points, the solid lines —fitting by first order kinetics.
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irradiation with X-ray quanta (9000 R dose). The deconvolution
of experimental plots into elementary peaks was done by
GlowFit software assuming first-order kinetics [47]. The TSL
curves of Y;3Als04, single crystals and nanostructured ceramics
are non-elementary and consist of groups of peaks in the 300—
525 K temperature range. TSL of single crystal contains several
peaks at T = 330, 370, 400 and 500 K, idicating the presence of
four traps of charge carriers. The activation energy of main TSL
peak at 7= 500 K is 1.55 eV. The glow curve of nanostructured
ceramics demonstrates significant distinctions as compared to
single crystals and presents superposition of number of peaks
quasi-continuously distributed in the 7 =300-525 K range.
Althought at least six peaks can be revealed in the TSL glow-
curve, we failed to correctly estimate their energetical
parameters because the peaks are strongly overlapped
(Fig. 6b). The light sum storaged by nanoceramics is 2.5
times higher than that of single crystals, specifying the higher
concentration of point defects trapped the charge carriers.

As known, energy of X-ray quanta (E=30 keV) is
insufficient to create stable radiation defect in complex oxides
by impact mechanism, because relatively high threshold
displacement energy. Formation of displacement defects in
Y;Al50,, anionic sublattice requires energy of 40 eV [48]. For
this reason observed TSL is most likely connected with
“recharging” of genetic (intrinsic or growth) defects or
impurity ions. Strictly speaking, the presence of thermally
stimulated luminescence allows only make conclusions about
number of defects and their activation energy (location of levels
of defects in band gap), not on their nature. Assuming identical
radiative recombination mechanisms for both Y;Als0, single
crystals and nanostructured ceramics, one can conclude the
higher deficiency of nanoceramics. The shape of TSL curve of
nanoceramics demonstrates similarity with oxide glasses
having quasi-continuous distribution of traps [49]. Numerous
grain boundaries, surface states and microstrains presented in
nanoceramics leads to redistribution of existing and to creation
of new traps not typical for single crystals. After TSL
measurements even at relatively low temperatures (constant
rate heating up to 525K) the samples of Y3Als0;,
nanostructured ceramics become opaque. The loss of transpar-
ency can be connected with coagulation of vacancies (presented
in relatively high concentration in nanoceramics) with
development of large pores or cavities that scatter the light.
This mechanism was recently applied to describe degradation
of optical properties of YSZ translucent nanoceramics after
thermal treatment [13].

4. Conclusions

Y3Als0, nanostructured ceramics having a total transmit-
tance of 63% at A =1064 nm have been produced by low-
temperature high-pressure consolidation of co-precipitated
nanopowders. The preparation conditions of single-phase
translucent ceramics with grain size of 20—40 nm have been
determined (a pressure of 7.7 GPa, sintering temperature of
350 °C, sintering time 30-60 s). According to HR TEM, the
near pore-free ceramics consists of close-packed crystallites

divided by high-angle multifaceted grain boundaries with
arbitrary orientated facets. It has been shown that Y;Al50,
nanostructured ceramics retain garnet phase and chemical
composition and short range ordering of atoms, but has much
more defect structure compared to corresponding single
crystals. This results in blue shift of transmittance cutoff of
nanostructured Y3Als01, in the IR, increase of luminescence
intensity of F-like centers and higher intensity of thermally
stimulated luminescence. Annealing of Y3AlsO;, nanocera-
mics at relatively low temperatures of about 550 K leads to
irreversible microstructural changes accompanied by loss of
transparency.
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