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Abstract

A concept is proposed to produce Y2O3:Eu
3þ optical nanograined ceramics by the transformation-assisted consolidation of nanospheres under

8 GPa pressure. The nanoceramics were prepared by high-pressure low-temperature sintering (�0.04–0.2Tm, where Tm is the melting
temperature) accompanied by the cubic-to-monoclinic phase transition. The effects of sintering conditions upon phase composition, grain size
evolution, density, morphology, optical and luminescent properties of sintered ceramics have been studied. It has been shown that Y2O3:Eu

3þ

nanograined ceramics consisting of individual (cubic or monoclinic) phases or their mixture can be obtained by variation of the sintering
temperature. The use of transformation-assisted consolidation makes it possible to prepare Y2O3:Eu

3þ nanoceramics with average grain size
three times smaller (12 nm) than that of the starting nanopowders (37 nm), which corresponds to extremely low grain growth factor of 0.3.
The grain size refinement is related to numerous nucleation events in the parent phase of cubic yttrium oxide. The preparation conditions
of translucent (T¼50%) composite Y2O3:Eu

3þ nanograined ceramics with a relative density of 9971 % have been determined. The obtained
two-phase ceramics show high optical transparency due to negligible birefringence at extremely small (�12 nm) average grain size.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Fabrication of novel optical ceramics with advanced proper-
ties required for future generations of optical devices is one of
the most significant problems of modern materials science
[1,2]. Yttrium sesquioxide Y2O3 (yttria) is not only a promis-
ing material for high-intensity discharge lamps and thermally
stable windows, but also an excellent optical material for
functional applications in photonics, optoelectronics, laser and
scintillation techniques, etc. The thermal conductivity of yttria
is much higher as compared with traditional Y3Al5O12 laser
crystals, which is favorable for laser application. However,
obtaining of high-quality Y2O3 single crystals is extremely
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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difficult because of high melting temperature (�2430 1C) and
phase transition near the melting point [3]. Due to unique
combination of physical and chemical properties (high corro-
sion resistance and thermal stability, optical transparency in the
0.17–6.5 μm wavelength range, high isomorphic capacity for
introduction of luminescent ions, etc.), Y2O3 ceramics have a
number of advantages as compared with single crystals. These
advantages include wider range of compositions, improved
mechanical properties and processability, lower cost of fabri-
cation, etc. [4–7]. In comparison with micron-sized analogs,
nanograined yttria ceramics (do100 nm) show much better
mechanical properties [8]. In principle, they should also show
better optical transparency due to negligibly weak light
scattering on randomly oriented nanograins and pores of sizes
considerably smaller than the visible light wavelength.
However, obtaining pore-free transparent ceramics even with
ghts reserved.
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cubic structure requires precise control of the phase and
chemical composition and size limitation of the scattering
centers at the nanoscale level [9].

Despite numerous publications on highly-transparent Y2O3

coarse-grained ceramics (e.g., [4,10] and references therein),
only few works describe obtaining of dense Y2O3 nanostruc-
tured ceramics. However, no evidence of their transparency
was presented. In [11,12] 99–99.6%-dense Y2O3 nanocrystal-
line ceramics was obtained by two-step sintering of nanopow-
ders with average particle size of 10–30 nm; no data on their
optical transparency were reported. Marder et al. reported
preparation of Y2O3 samples by spark plasma sintering of
nanocrystalline powders [13]. Consolidation of 17 nm nano-
powders at rather high temperatures (1100 1C, or approxi-
mately 0.45Тm) resulted in loss of the nanocrystalline character
of ceramics. Y2O3 nanoceramics was also obtained by the high
pressure-induced reversible phase transformation process [8],
but despite high relative density of the sintered ceramics no
transparency was achieved.

The transformation-assisted consolidation of nanopowders
under high pressures is known to be an effective approach to
manufacture oxide nanograined ceramics, with the process being
accompanied by a decrease in specific volume [14–18]. The use
of high pressures suppresses the diffusion mobility of the cations
and, consequently, the grain growth rate, while the phase
transformation promotes plastic flow of the material. The phase
transition speeds up the diffusion–dislocation processes, which
favor efficient consolidation of the ceramics due to rotation of
the nanograins and their movement as a whole. The procedure
allows one to obtain nanograined ceramics with a grain size
even smaller than that of the starting powders, owing to higher
nucleation rate of the transformed phase during sintering [16–
18]. The method was applied to many oxide systems in high-
pressure low-temperature sintering of their metastable nanopow-
ders, with the aim of taking advantage of metastable-to-stable
phase transformation for suppression of the grain growth. Thus,
synthesis was reported of nanograined TiO2 ceramics with grain
size of 20–60 nm and density 497–99% [14,17,18], as well as
98.2% dense Al2O3 nanoceramics with grain size of 50 nm [19];
however, the required optical transparency was not achieved.
Such an approach is not suitable for yttrium oxide, since the
transition of the metastable monoclinic modification (В) into the
stable cubic one (С) is accompanied by the specific volume
increase by about 7%. In our previous paper [20], we reported
Y2O3:Eu

3þ nanograined optical ceramics manufactured by
transformation-assisted consolidation of stable cubic nanopow-
ders under high pressures. The present paper is aimed at more
detailed analysis of the phase state, microstructure and optical
properties of the nanograined yttria ceramics doped with
europium ions.

2. Experimental

Y2O3:Eu
3þ (1 at% europium) nanocrystalline spheres of

cubic structure were obtained by the homogeneous chemical
co-precipitation method according to [21]. Yttrium and
europium nitrates were used as starting materials, and urea
as a precipitant. The formed Y(OH)CO3 � nH2O precipitate was
collected, filtered, repeatedly washed with water and ethyl
alcohol and dried in air at T¼25 1C. Then the powders were
grinded and calcined at 800–1000 1C for 2 h. The particle size
distribution was determined using a Zetasizer 1000HSA
(Malvern Instruments, England) dynamic light scattering
system. The consolidation of nanopowders was carried out
by sintering under 8 GPa pressure in the 25–500 1C tempera-
ture range for 30–180 s using a toroid type high pressure (HP)
apparatus [22]. Before placing in the HP cell, the initial
nanopowders were uniaxially compacted under 250 MPa
pressure into pellets with relative density of 50–55%.
The density of the consolidated samples was estimated by

the standard Archimedes method. Phase identification was
performed via the X-ray diffraction (XRD) method on a
SIEMENS D-500 X-ray diffractometer (CuKα radiation,
graphite monochromator) on the powdered ceramics samples.
The phases were identified using JCPDS PDF-1 card file and
EVA retrieval system included in the diffractometer software.
The Rietveld refinement was performed with FullProf program
[23]. The average apparent size of the crystallites was
calculated with FullProf using a powder pattern of LaB6 to
obtain the instrumental profile function. The initial data on the
monoclinic Y2O3 for the Rietveld refinement were taken from
[24]. The microstructure of the ceramics was studied by high-
resolution analytical transmission electron microscopy (HR
TEM) using a JEM-2100F (JEOL) microscope equipped
with an INCA (Oxford Instruments) X-ray microanalyzer.
The samples for HR TEM were prepared by ion thinning.
The optical measurements were performed on 1 mm thick
ceramic plates with polished surfaces. The in-line optical
transmittance of the samples was determined using a Perkin-
Elmer “LAMBDA-35” spectrophotometer in 200–1000 nm
wavelength range. The measurements of luminescence spectra
at 10 K were carried out at the SUPERLUMI station of
HASYLAB (Hamburg, Germany). The measurement techni-
que and methods were described in detail in [25].

3. Results and discussion

3.1. Phase composition of Y2O3:Eu
3þ nanograined ceramics

Transformation-assisted consolidation under high pressures
requires phase-pure yttrium oxide nanopowders in the cubic
form, since even small quantities of the metastable monoclinic
phase in the starting nanocrystalline powders can substantially
affect the densification efficiency [13]. However, yttrium oxide
nanopowders possess polymorphism and crystallize into the
monoclinic modification when the particle sizes are smaller
than 776 nm [26]. Y2O3:Eu

3þ nanopowders were synthe-
sized by the homogeneous co-precipitation method followed
by calcination of an amorphous precursor to convert it into the
crystalline state. The controlled conditions of precipitation
and crystallization of yttria nanopowders make it possible to
obtain particles of spherical morphology, low agglomeration
degree and monodispersity. Fig. 1 presents the morphology
and particle size distribution of spherical-shaped Y2O3:Eu

3þ



Fig. 1. TEM micrograph (1) and particles size distribution (2) of co-precipitated Y2O3:Eu
3þ (1 at %) nanospheres calcined at 800 1C for 2 h.
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(1 at%) nanopowders. The powders consist of spherical
particles with an average particle size of 124710%, with
each sphere formed by �40 nm crystallites separated by
nanoscale pores (Fig. 1a). This means that each nanosphere
is polycrystalline. According to XPA data, the powder is
characterized by 100% content of the cubic phase, the sp.gr.
Ia3, a¼10.60402(14) Å, V¼1192.37(3) Å3, the microstresses
ε¼0.0095%. The lattice parameter of Y2O3:Eu

3þ (1 at%)
nanopowders is almost the same as that for pure Y2O3

(a¼10.600 Å) due to nearly identical sizes of yttrium and
europium cations of coordination number (CN) 6. The average
crystallite size determined by the Rietveld method is 37.1 nm,
i.e. it is approximately one-third of the diameter of the initial
particle (124 nm), which confirms its polycrystallinity. More-
over, relatively large crystallite size of Y2O3 spheres provides
crystallization of phase-pure stable cubic modification. Unlike
particles of arbitrary morphologies, the spherical particles may
be packed into compacts with a density of about 64 % which is
close to random packing density of monodispersed spheres
[27]. Moreover, polycrystalline particles possess higher sinter-
ability in comparison with single-crystalline spheres of similar
size [28].

After being compacted at �250 MPa pressure, the obtained
green bodies were consolidated under 8 GPa and subjected to
X-ray phase analysis in order to determine influence of the
sintering conditions on the structural-phase state of Y2O3:
Eu3þ nanoceramics. Fig. 2 presents XRD patterns of Y2O3:
Eu3þ nanograined ceramics as function of the consolidation
temperature. We did not observe phase transition in Y2O3:
Eu3þ spheres consolidated under 8 GPa at room temperature
(Fig. 2). The obtained cubic ceramics were characterized by
higher lattice parameters a¼10.6184(4) Å, V¼1197.23(8) Å3,
ε¼0.51%, probably due to elastic deformation of the nano-
sized crystallites under high pressures. The partial transition
into the metastable monoclinic modification starts at rather low
temperature of 100 1C at 8 GPa, as shown by diffraction
reflexes of the monoclinic yttria (Fig. 2). As the temperature
rises, the intensity of peaks of the monoclinic phase increases
while that of the cubic modification diminishes, and finally at
500 1C the C-B transformation is completed (Fig. 2). The
bulk Y2O3 is known to undergo cubic-to-monoclinic phase
transition starting in the 7.9–12 GPa pressure range [29–32].
Europium-doped Y2O3 is transformed into monoclinic mod-
ification under 7.9 GPa [31], which is close to the value
obtained in our experiments. Unlike the previously reported
improved compressibility of 20 nm Y2O3:Eu

3þ nanocrystals
up to 15 GPa [33], we observed the onset of C-B phase
transition already at 8 GPa. This can be explained by the actual
average pressure at the particle contacts being typically higher
by a stress multiplication factor g ranging from 1 to 3 [18]. The
polycrystalline yttria nanospheres already have a number of
intercrystalline contacts within the individual sphere. These
contacts represent boundaries between individual crystallites
(characterized by increased defectivity level as interface
states), so they can play the role of nucleation centers.
The cubic-to-monoclinic phase transformation of Y2O3 is a

kind of so-called reconstructive transitions and is accompanied
with substantial modification of the crystalline structure. In the
cubic Y2O3 all the yttrium atoms are six-fold coordinated by
oxygen atoms, while in the monoclinic unit cell yttrium atoms
form YO6 and YO7 polyhedra in the ratio of 1:2. The lattice
parameters of cubic and monoclinic Y2O3:Eu

3þ slightly
decrease with the consolidation temperature. In particular,
B–Y2O3 obtained at 100 and 500 1C have the following lattice
parameters: a¼14.026(5) b¼3.5188(10), c¼8.601(3) Å,
β¼100.59(3)1, V¼417.3(3)Å3, ε¼1.7% and a¼13.847(8),
b¼3.506(2), c¼8.613(5) Å, β¼100.08(3)1, V¼411.75(4) Å3,
ε¼0.017%, respectively, which were found to be in a good
agreement with the experimental and calculated data [34–36].
The temperature increase results in activation of diffusion
processes and improvement of crystals structure. The volumes
of the cubic and monoclinic Y2O3 per one formula unit are
74.63 and 69.55 Å3, respectively. So, during С-В phase
transformation the specific volume diminishes approximately
by �7% which favors the formation of dense ceramics.
No texture was observed for composite ceramics, indicating
the absence of preferred orientations of crystallites of mono-
clinic phase nucleated in the parent cubic yttria.
Fig. 3 presents quantitative X-ray phase analysis by the

Rietveld method of Y2O3:Eu
3þ nanograined ceramics.

The phase transformation С-В starts at the temperatures
below 100 1C and is virtually completed at 500 1C. The phase



Fig. 2. Results of Rietveld refinement for Y2O3:Eu
3þ (1 at%) nanopowders

(1) and nanostructured ceramics obtained under 8 GPa and 25 (2), 100 (3), 300
(4) and 500 1C (5) for 30 s.

Fig. 3. Phase composition of Y2O3:Eu
3þ (1 at%) nanograined ceramics

sintered at 8 GPa for 30 s as function of the consolidation temperature.
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transition of the cubic yttria into the monoclinic modification is
kinetically controlled [35], so the rise of sintering temperature
results in an increase in the relative content of the monoclinic
phase. С-B phase transition is irreversible, thus the high-
pressure monoclinic phase persists in the sintered ceramics
after decompression to ambient pressure. Even relatively low
sintering temperatures of 100–500 1C (�0.04–0.2Tm) at 8 GPa
pressure impose an additional driving force to the atoms which
is high enough to overcome the pressure-induced potential
barrier and to form nuclei of monoclinic phase due to
enhanced atom diffusion [37]. The transformation rate is very
high: approximately one-half of yttrium oxide is transformed
into the monoclinic modification at 100 1C in only 30 s. Under
the ambient conditions B-C reverse transition occurs at
T�900 1C [26] thus presenting the temperature limit of phase
stability of the sintered composite yttria nanoceramics.
3.2. Grain sizes and densities of Y2O3:Eu
3þ nanoceramics

The sintering temperature has an important effect on the
grain size of Y2O3:Eu

3þ composite nanoceramics, as shown in
Fig. 4. The consolidation of nanopowders at room temperature
is accompanied by a minor increase in the crystallite size from
37 to 44 nm, probably due to activation of surface diffusion
during quasi-hydrostatic compression. However, this situation
changes drastically at temperatures higher than a certain
critical value when the formation of monoclinic yttria occurs.
For example, at 300 1C the average grain size of both cubic
(18 nm) and monoclinic Y2O3:Eu

3þ (9 nm) is much smaller
than that of initial nanopowders (37 nm) (Fig. 4а). This effect
is related to numerous nucleation events in the parent phase of
cubic yttrium oxide [18]. The grain size of the monoclinic
yttria formed is practically independent on the sintering
temperature and ranges between 9 and 12 nm, which is about
10 times larger than the lattice parameters (Fig. 4a). Low
homologous sintering temperatures and high nucleation rate
which seems to be higher than the growth rate are responsible
for this effect. Fig. 4b summarizes the obtained results on the
average crystallite size of Y2O3:Eu

3þ nanoceramics; the
values were calculated accounting for the specific weight of
each phase (Fig. 3). Only consolidation at room temperature
results in “coarse” nanoceramics (with average crystallite size
somewhat higher than that of the initial nanopowders). The
mean grain size of Y2O3:Eu

3þ ceramics sintered in the
200–500 1C temperature range is only 12 nm, which corre-
sponds to an unprecedented low grain growth factor of about
0.3, i.e., smaller than previously reported for TiO2 nanocera-
mics (�0.5) [18]. Refinement of ceramics grain size down to
10–15 nm range may be caused by a decrease in the thermo-
dynamic barrier for nucleation under high pressures, since
consolidation is accompanied by irreversible decrease of the
material's specific volume [16].
Production of optical nanoceramics implies preparation of a

fully-dense material, i.e., pore-free ceramics. Fig. 5 shows



Fig. 4. Grain size (a) and the average grain size calculated taking into account the specific weight of each phase (b) of the cubic and monoclinic modification of
Y2O3:Eu

3þ (1 at%) as function of the consolidation temperature.

Fig. 5. Density (а) and relative density of Y2O3:Eu
3þ (1 at%) nanograined ceramics calculated taking into account specific weight at each phase (b) as function of

the consolidation temperature.
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density of the formed ceramics as a function of the sintering
temperature. Single-phase cubic Y2O3:Eu

3þ ceramics conso-
lidated at 25 1C densify up to 4.3 g/сm3, corresponding to the
relative density of 8571 % with respect to the theoretical
value (5.03 g/сm3). This value is much higher than random
packing factor of spherical particles (64%) [27], indicating that
a plastic deformation of monosized nanospheres occurs during
consolidation at high pressure. Mesoporous structure of Y2O3:
Eu3þ nanospheres consisting of 30–40 nm crystallites sepa-
rated by nanometric pores is favorable for densification of
ceramics even at room temperature due to facilitated move-
ments of individual particles. The 8571% density of ceramics
indicates that sintering is at an intermediate stage, since the
lower limit for formation of closed porosity in rare-earth
oxides is 95% [38]. Consequently, Y2O3:Eu

3þ ceramics
obtained under 8 GPa and 25 1C have large open pores and
look opaque. The density of two-phase composite ceramics is
essentially higher in comparison with monophase samples with
cubic structure. Even at T¼100 1C (which corresponds to 50%
degree of phase transformation) the density reaches 4.8 g/сm3

and tends to further increase with temperature. Fig. 5b presents
the relative density of (СþВ)Y2O3:Eu

3þ nanoceramics as
function of the consolidation temperature, calculated taking the
phase composition into account (Fig. 3). In the optimal
temperature range of 200–300 1C the density of the nano-
grained ceramics is intermediate between the theoretical values
for the cubic (5.03 g/сm3) and monoclinic Y2O3 (ρ¼5.41 g/
сm3) and reaches 5.2–5.3 g/сm3, which corresponds to 997
1% relative density. Thus, transformation-assisted consolida-
tion results in improved densification resulting from decreasing
plastic flow resistance. Reconstruction of the crystal lattice
allows activation of the compaction process by active motion
of the particles as a whole, grain boundary sliding, as well as
accommodation mechanisms or superplastic deformation of the
polycrystalline material [39].

3.3. Optical and luminescent properties of Y2O3:Eu
3þ

nanoceramics

Fig. 6 presents the photographs of typical Y2O3:Eu
3þ (1 at%)

nanoceramics obtained by transformation-assisted consolidation.
The phase-pure cubic nanograined ceramics are opaque because
of large content of residual pores due to incomplete consolida-
tion. Y2O3:Eu

3þ nanoceramics obtained under the optimized
barothermal conditions (P¼8 GPa, Т¼200–300 1C) is translu-
cent, so a text can be read through it. The samples obtained at
500 1C are opaque and have black color due to the presence of
color centers generated by reduction conditions during high-
pressure sintering. The same coloration was recently observed in
RE2O3 (RE¼Y, Sc, Lu) single crystals [3]. Though Y2O3:Eu

3þ

optical nanoceramics is of composite structure and contains both
optically-isotropic (cubic) and anisotropic (monoclinic) phases,



Fig. 6. Y2O3:Eu
3þ (1 at%) nanograined ceramics obtained under 8 GPa

pressure at T¼25 (1), 200 (2) and 500 1C (3). The thickness of the tablets
is 1 mm.

Fig. 7. HR TEM of Y2O3:Eu
3þ (1 аt%) nanoceramics sintered at 8 GPa and

200 1C for 30 s.

Fig. 8. In-line optical transmission spectrum for 1 mm-thick Y2O3:Eu
3þ (1 at%)

nanoceramics sintered at 8 GPa and 200 1C for 30 s.
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it is transparent. This results from low porosity of the samples
obtained and negligible birefringence at extremely fine grain
sizes (o20 nm) [40]. So, only nanoceramics with the finest
mean grain size of 12 nm (sintered at 200–300 1C) possess
moderate transparency. Transformation-assisted consolidation of
nanopowders under high pressures allows lowering of sintering
temperatures required to obtain transparent yttria ceramics by
one order of magnitude in comparison with the conventional
method of vacuum sintering [4,10] due to increased driving
force for consolidation induced by high pressure.

Fig. 7 presents the morphology of transparent Y2O3:Eu
3þ

nanoceramics containing both cubic and monoclinic modifica-
tion of yttrium oxide in the ratio 40:60. The ceramics have
nanocrystalline structure with grain size ranging from 10 to
30 nm, in agreement with XPA data (Fig. 3). Since the average
grain size of the cubic yttria is larger as compared with the
monoclinic modification, the 20 nm grains most probably
correspond to the cubic yttrium oxide, whereas small grains
(�10 nm) are of monoclinic modification (Fig. 7). According
to high-resolution TEM data, no residual pores were observed
in Y2O3:Eu

3þ ceramics, suggesting almost complete densifi-
cation. At the same time, the measured density of ceramics is
still below the theoretical values, indicating the presence of
residual porosity not revealed by HR TEM. Also, the
aggregates of vacancies in the vicinities of the grain bound-
aries (which have lower densities in comparison with the bulk)
may somewhat contribute to the residual porosity.

The transmission spectrum of Y2O3:Eu
3þ composite nano-

ceramics is shown in Fig. 8. The in-line optical transmission of
two-phase ceramics with 1 mm thickness reaches 50% at
900 nm. This is about 60% of the theoretical value for cubic
Y2O3 single crystals (82.3%) calculated using data on disper-
sion of refraction index [41]. The transmission of ceramics as
an optical medium is defined by many factors, such as the
crystalline structure, porosity, pore sizes, the presence of
optically active defects (color centers), etc. [42]. As a rule,
optically isotropic materials with cubic crystal structure are
favorable for preparation of optical ceramics due to absence of
birefringence. At the same time, pore-free nanograined cera-
mics may also possess optical transparency due to changes in
the dominant scattering mechanism [9]. The optical properties
of ceramics based on anisotropic materials may be improved
by texture formation [43] or by the grain size refinement [40]
when it is ensured that the porosity is negligible. Since no
texture was observed in Y2O3:Eu

3þ sintered composite
ceramics, it seems that grain size refinement is responsible
for the translucency achieved. According to theoretical calcu-
lation using the Mie scattering theory, a real in-line transmis-
sion of 50% in the visible light range is expected at 1 mm
thickness and mean grain size o40 nm, and 70% at the
average grain size o20 nm for fully dense tetragonal ZrO2

ceramics [40]. Our calculations for yttria (to be published
separately) give comparable value of mean grain size required
to obtain the full transparency. So, other factors may contribute
to the lower in-line transmission of Y2O3:Eu

3þ nanoceramics
in comparison with corresponding single crystals, namely, the
residual porosity causing back-scattering of the incident light
and absorption by color centers of unknown nature. To the best



Fig. 9. VUV-luminescence spectra of Y2O3:Eu
3þ (1 at%) nanospheres (a) and

nanograined ceramics (b–d) measured at 10 К under excitation by synchrotron
radiation at λ¼204 nm (a and b), 240 (c) and 323 nm (d).
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of our knowledge, this is the first detailed report on translucent
nanograined ceramics obtained by the transformation-assisted
consolidation approach. Previous reports were focused on
using the metastable-to stable phase transition to obtain
nanograined ceramics with refined grain size, with no special
interest in translucency (suggesting that the full densification
was not achieved) [18]. To obtain dense nanograined ceramics,
one requires not just metastable starting nanopowders, but the
powders with the specific volume higher as compared to the
nucleated phase. In the case of yttria, this is possible only with
stable cubic phase.

Trivalent europium ions are excellent luminescent probes
since their 4f–4f luminescence strongly depends on the
crystallographic environment, crystal field symmetry and
strength [33,44]. So, variation of CN of Eu3þ ions during
the phase transition must be reflected in emission spectra.
Fig. 9 presents low-temperature VUV luminescence spectra of
cubic Y2O3:Eu

3þ (1 at%) nanospheres and the most transpar-
ent two-phase nanoceramics. The luminescence of Y2O3:Eu

3þ

nanopowders with a maximum at λ¼611 nm is presented by
well-known groups of the lines in the 500–720 nm wavelength
range corresponding to 5D0-

7FJ (J¼0–4) transitions of
europium ions (Fig. 9a) [45]. The luminescence is mainly
due to transitions of Eu3þ ions located in the C2 noncentro-
symmetric site; the lines due to C3i (S6) symmetrical site are
much weaker. Luminescence of Y2O3:Eu

3þ composite nano-
grained ceramics is more complex and originates from Eu3þ

emission in cubic (Fig. 9b) or monoclinic yttria (Fig. 9c), or
from radiative transitions in europium ions occupying the
“perturbed” positions (Fig. 9d). Luminescence spectra of
nanoceramics strongly depend on the excitation wavelength.
For example, excitation of nanoceramics into the Eu3þ–O2�

charge transfer band (λex.¼240 nm) results in the lumines-
cence of europium ions located mainly in monoclinic crystals
(Fig. 9c). This luminescence has maxima at 615 and 624 nm
corresponding to 5D0-

7F2 transitions of europium ions in
monoclinic yttria. At a longer excitation wavelength (λ¼323
nm) the emission spectrum of Y2O3:Eu

3þ nanoceramics is
presented by wide broadened bands in the 575–630 nm and
700–725 nm wavelengths ranges. By analogy with Y2O3:Eu
3þ

nanocrystalline powders and nanostructures embedded in
amorphous alumina, these bands were attributed to the euro-
pium ions occupying “perturbed” positions with disordered
environment [46,47]. Most probably, perturbed sites of euro-
pium ions are located at the grain boundaries, taking into
account fine grains size (10–15 nm) and large extension of
grain boundaries in the sintered nanoceramics. Summarizing,
the differences in the luminescence spectra of Y2O3:Eu

3þ

nanoceramics correspond to different crystalline environment
of europium ions in the cubic (CN=6), monoclinic yttrium
oxide (CN=6 and 7) and in perturbed sites near grain
boundaries (CNE8) [47]. It is possible to excite quasi-
selectively ions located either in the cubic phase or in the
monoclinic phase or in perturbed sites at grain boundaries.
More detailed studies of site-selective luminescence of Y2O3:
Eu3þ composite nanoceramics are under way.

4. Conclusions

A concept to obtain Y2O3:Eu
3þ (1 at%) optical nanograined

ceramics via transformation-assisted consolidation of
125712 nm nanospheres at high pressure has been proposed.
The process starts from nearly monodispersed low-
agglomerated nanospheres of europium-doped yttria in stable
cubic phase having higher specific volume as compared with
that of high-pressure monoclinic modification. When nano-
spheres are subjected to sintering at 8 GPa and low homo-
logous temperatures (�0.04–0.2 from melting temperature)
the controlled cubic-to-monoclinic phase transition occurs
resulting in fully-dense (ρ¼9971 %) nanograined ceramics.
It has been shown that consolidation temperature gives
additional driving force to initiate phase transformation in
the system at 8 GPa. Since cubic-to-monoclinic phase transi-
tion of yttria at high-pressures is irreversible, it is possible to
adjust phase composition of sintered nanoceramics in the order
C-CþB-B by increasing the consolidation temperature
from 25 to 500 1C. High nucleation rate and low growth rate of
monoclinic phase nucleated in the parent cubic yttria allowed
us to obtain nanoceramics with unprecedentedly low average
grain size of 12 nm, which is 3 times smaller than that of
starting nanospheres (37 nm). This corresponds to grain
growth factor of 0.3, the lowest value ever reported.
It has been determined that only Y2O3:Eu

3þ composite
nanoceramics with the finest mean grain size of 12 nm
(sintered at 8 GPa and 200–300 1C) possess moderate optical
transparency achieving 60% with respect to the corresponding
single crystals. Translucency of Y2O3:Eu

3þ nanoceramics
containing both optically-isotropic (cubic) and anisotropic
(monoclinic) phases may be caused by low residual porosity
and negligible birefringence at extremely fine grain sizes.
Trivalent europium ions act as a luminescent probe in
composite Y2O3:Eu

3þ nanograined ceramics since their
4f–4f luminescence strongly depends on the crystallographic
environment. It is possible to excite quasi-selectively the ions
located either in the cubic phase or in the monoclinic phase (or
in perturbed sites at grain boundaries).
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