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Abstract

Nanocrystalline (Y(;Gdy3),05 powder, synthetised via polymer complex solution method, was compacted into 25 pellets applying high
pressures (173-867 MPa) for 30 s that were subsequently sintered at different temperatures (800-1400 °C) for 18 h. The morphology and optical
characteristics of the starting powder and prepared ceramic samples were monitored and discussed in order to identify the changes induced with the
variations of initial compacting pressure, which influence is often neglected, and with sintering temperature. The grain size tends to decrease
significantly with increasing pressure, even when elevated temperatures are used for annealing, while low compacting pressure resulted in grain
coarsening and, in some cases, even in anomalous morphology of ceramic samples. Luminescence emission in ceramic samples decays faster than
in nanopowders, that is in complete agreement with the grain formation and gradual transformation to the bulk material. Judd—Ofelt intensity
parameters and branching ratios were calculated taking into account the difference in effective refractive index for nanopowder and ceramic

samples.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Inrecent years a great deal of interest has been focused on the
fabrication and properties of various oxide nanopowders for
possible use in the production of translucent and transparent
polycrystalline ceramics with same or closely similar physical
characteristics of the corresponding single-crystals [1—4]. From
the practical point of view, polycrystalline ceramics have several
advantages over their single-crystal counterparts, most important
being an easier preparation at much lower temperature and
shorter manufacturing time (i.e. lower production cost), more
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feasible preparation of different sizes and shapes, better chemical
homogeneity and possibility of introducing dopants at higher
concentrations. Additionally, it is expected that the use of
nanopowder as a starting material would provide -easier
preservation of grains in nanometer range resulting in ceramic
of better mechanical strength and greater resistance to thermal
shock [5-7]. For optically active ceramics rare-earth sesqui-
oxides powders are materials of choice, well recognized for good
chemical stability, adequate thermal conductivity and high light
output [8], having main applications in the field of scintillators
for radiation detection and for solid state lasers [9-13].
Nanocrystalline Eu’* doped mixed oxide (Y;_,Gd,),0; is a
well-known luminescent material used to provide red light
emission for modern optoelectronic devices [14—16]. Both
Y,0;5 and Gd,O3 have cubic bixbyite structure (space group
Ia3) and can form complete solid solutions. This mixed oxide
phosphor is a very good scintillator, and in ceramic form has
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been already commercially used in X-ray computed tomo-
graphy medical imaging [17]. Apart from the nano-pores as
main source of light scattering, the transparency and
consequently light output of polycrystalline ceramics depend
on its composition. As Gd,O3; has high X-ray absorption
coefficient, changing its concentration in the (Y;_,Gd,),03
solid solution enables tuning of the X-ray stopping length; on
the other hand, the maximum light output is achieved for pure
Y,03. Consequently, the optimal composition regarding X-ray
stopping length for scintillating applications is found for
(Y0.7Gdo 3),05:Eu®* solid solution [18], which is actually the
topic of our study.

The most common and most simple ceramic manufacturing
process includes the compaction of powder and subsequent
sintering of obtained green body at elevated temperatures. There
are many factors that influence the quality of so obtained
ceramics, such as the primary particle size, agglomeration level
of powder, sintering temperature and time, final grain size and
presence of pores. Several theoretical and experimental studies
examined the role of high pressure in ceramics processing [19—
24]. Nilgun et al. [21] have investigated Al,O3 ceramics
fabricated from nanocrystalline alumina powder exposed to
high pressures (2-7 GPa) and different temperatures (600—
1200 °C). In the former study is found that combination low
pressure—low temperature resulted in anomalus ceramic
samples, while the best results were gained for high
pressure-high temperature (7 GPa-1000 °C) processing and
sintering time reduced to only 1 min. This can be further
supported by investigations done by Yongtao et al. [22], which
showed that high pressure restrain grain growth and eliminates
pores between grains in case of MgAl,O, nanostructured
ceramics. Martin et al. [23] performed simulations of the
compaction of aggregated ceramic powders and found that
green density is predominately affected by the strength of
aggregates, and less by their morphology. Recently, Balakrish-
nan et al. [24] have reported their novel findings on the effect of
particle size on the behaviour of single agglomerates and
aggregates of powders, and on their collective behaviour during
uniaxial compaction. Their simulations proved that larger
stresses are necessary to compact nanopowders than to compact
sub-micron powders, due to the strong adhesion among
nanoparticles that in turn yields the green body of more
heterogeneous microstructure. The final conclusion of this
report was that “the compaction stage, often neglected, can
have a significant impact on the final quality of a sintered
nanostructured ceramic”. Taking into account abovementioned
findings, here we decided to systematically investigate the
microstructure of (Yo 7Gdg 3),05:Eu** powder and ceramics and
to determine optical properties dependence on the initial
compaction pressure and sintering temperature. We investigated
how the optical quality of the nanostructured ceramic changes
with the grain size variation, which growth could be controlled
by processing conditions that in turn would enable us to design a
ceramic with specific light output and emission lifetime.

Our previous results [25,26] clearly demonstrated that
polymer induced modifications of the standard combustion
method, i.e. polymer complex solution (PCS) synthesis with

polyethylene glycol (PEG) as fuel, have created new
opportunities for the synthesis of high quality nanocrystalline
phosphors. In this way we prepared nanopowder of
(Y0.7Gdo3),05 doped with 3at% of Eu®* (later in the text
denoted as YGO), cold-pressed it into pellets, and subsequently
sintered them in air for 18 h. Following this procedure 20
different ceramic samples were prepared by varying the
compaction pressure (173-867 MPa) and sintering temperature
(800-1400 °C). Chosen pressure range is intermediate but still
much higher compared to those traditionally used for initial
compacting (30-200 MPa) [19,27-31]. The crystal phase and
purity of the powder and ceramics were characterized using X-
ray diffractometry, TEM and X-ray energy dispersion (EDX)
spectroscopy, while the progressive grain development in
ceramic samples was monitored directly using SEM, and
indirectly through photoluminescent (PL) spectroscopy mea-
surements. Additionally, Judd—Ofelt (J-O) analysis has been
performed for both powder and ceramic samples.

2. Materials and methods
2.1. Synthesis of YGO nanopowder

Water solutions of stoichiometric quantities of Y, Gd and Eu-
nitrate were prepared by dissolving appropriate quantities of
Y>05 (99.9%, Alfa Aesar), Gd,03 (99.9%, Alfa Aesar) and
Eu,05 (99.9%, Alfa Aesar) in a hot nitric acid. In so obtained
solutions PEG with average molecular weight 200 was added in
1:1 mass ratio to the used oxides. After forming metal-PEG
solution and stirring it for 2 h at 80 °C, metal-PEG solid
complex was formed. This complex is quickly combusted in air
at 800 °C and subsequently calcinated at same temperature for
2 h.

2.2. Preparation of YGO ceramics

Synthesized nanopowder was cold-pressed without any
additives, uniaxially in a steel die, into pellets of @ 12 mm.
Twenty five pellets were prepared under the loads of 2, 4, 6, 8
and 10 tons, five per each load (equivalent values of pressure
exerted on pellets were: 173 MPa, 347 MPa, 520 MPa,
695 MPa, and 867 MPa, respectively). The loads have been
applied for a 30-s only, and so-compacted pellets were sintered
at selected temperatures (800, 1000, 1200, and 1400 °C) in air,
for 18 h. One set of green bodies have been left as the referent
system for both experimental study and J-O calculations. The
ceramic samples are denoted as in following example: 2t-800
stands for the sample obtained under the load of 2 tons and
sintered at 800 °C.

2.3. Structural and microstructural investigation

X-ray diffraction measurements are obtained on the Philips
PW 1050 instrument, using Ni filtered Cu K, ; radiation, in a
26 range from 10° to 120° counting for 12's in 0.02° steps.
Structure analysis was performed using KOLARIET software
[32] based on a Rietveld full profile refinement method.
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SEM observations were performed on the starting powder
and sintered, unpolished pellets in order to verify the influence
of the processing conditions (different pressure and tempera-
ture) on the materials microstructure (model JEOL JSM 6460
LV, equipped with an X-ray microanalysis unit — Oxford
Instruments). The average composition of the starting powder
was determined by EDX technique acquiring a spectrum for
100 s (live time) at accelerating voltage of 25 kV. For this
analysis, powder was cold-pressed into pellet of @ 3 mm under
a load of 2 tons and coated with a thin layer of carbon.

Microstructure at local level of the starting powder and 10t-
1400 ceramic sample was observed via transmission electron
microscopy (model Philips/FEI CM300 TEM, operating at
300 kV). TEM specimens were prepared by ultrasonically
dispersing the finely crushed sample in ethanol and depositing
drops of this suspension on a holey carbon film grid.

2.4. Luminescence spectroscopic characterization

Photoluminescence measurements were performed at room
temperature on the Fluorolog-3 Model FL3-221 spectro-
flurometer system (Horiba Jobin-Yvon), utilizing 450-W
Xenon lamp as excitation source for emission measurements
and Xenon-Mercury pulse lamp for lifetime measurements.
TBX-04-D PMT detector has been used for both lifetime and
steady state acquisitions. Emission decays are obtained using
single-photon timing technique.

3. Results and discussion
3.1. Microstructural characterization by XRD and EDX

In Fig. 1 are presented photos of the YGO powder and a
series of translucent ceramic pellets sintered at 800 °C. The
transparency of pellets obtained with smaller loads is visibly
inferior to those obtained under higher loads.

XRD analysis confirmed that YGO powder crystallized in a
structure of cubic bixbyte type, space group Ia3 (no. 206).
Observed XRD pattern, together with the calculated and
difference patterns, is presented in Fig. 2. The following

0.
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Fig. 1. (A) Photo of as-synthesized (Y0_7Gd0,3)203:Eu3+ powder; (B) photo of
translucent ceramic pellets obtained upon sintering at 800 °C, taken with the
optical microscope operating in transmission mode (this explains their pink
coloration). The number visible under each pellet indicates the load used for
compacting.

crystallographic data were obtained from the Rietveld analysis:
unit cell parameter 10.6882(1) 10%, crystal coherence size
35.8 nm, microstrain 0.114(7), ion coordinates: Y3+(x):
—0.0339(1), 0% (x): 0.4094(6), O* (y): 0.1378(6), O* (2):
0.3959(7). The unit cell is bigger than unit cell of Eu-doped
(3 at.%) Y,03 nanopowder (a = 10.6365(1) A [26]) due to the
Gd* ions incorporation into the structure. XRD results
confirmed the complete formation of C-type stable solid
solutions for selected Y,03—-Gd,0O3 composition [33,34].

XRD analysis was performed for ceramic samples as well,
and only small microstructural variations were observed within
them. As expected, the crystallite size increases as the
temperature increases (from 98 nm for 2t-800 up to 374 nm
for 2t-1400) and decreases as the pressure increases (from
374 nm for 2t-1400 to 258 nm for 10t-1400). Microstrain values
decrease with elevated sintering conditions, reaching almost
negligible values for samples obtained under maximum
pressure and sintering temperature.

EDX spectrum qualitatively confirmed the purity of YGO
powder (Fig. 2B). Using the EDX mapping technique it was
also possible to verify the homogeneity of this compound. The
elemental maps of Y, Gd, Eu and O showed uniform density
distribution, confirming homogeneous activator (Eu) distribu-
tion throughout the material.

3.2. Microstructural characterization by electron
microscopy

Representative SEM images of the starting powder and for
one set of sintered samples prepared under the load of 2 tons
are provided in Fig. 3. The YGO powder consists of large
clusters of tightly agglomerated spherical particles (Fig. 3A).
Observed morphology is quite different from a porous and
fluffy appearance noted for the powders produced with
standard combustion route [35-37] that could be a direct
consequence of the polymer (PEG) employed in the
preparation process. Other SEM micrographs of the ceramic
samples visualize the effect of sintering temperature on their
microstructure. As expected, SEM observations show that
grain formation and packaging density increase as the
sintering temperature increases. However, anomalous beha-
viour in the grain growth was observed for the sample
annealed at 1200 °C where instead of well-defined grains a
flake-like structures were formed, with large spaces in-
between. On the other hand, the microstructure of the sample
sintered at 1400 °C show a mixture of well defined coarse and
fine grains in a large size span. As the size dispersion of the
grains has to be taken in account we used histograms for its
easier presentation. For this sample the grain size distributions
have been determined by measuring the maximum dimension
of 302 particles and is illustrated with appropriate histogram
in Fig. 3F while obtained data are presented in Table 1.
Abovementioned anomalous morphology has been observed
for several ceramic samples. The worst cases were those
obtained under the load of 4 and 6 tons, and annealed at
1000 °C and 1200 °C. They all had morphology similar to the
one presented in Fig. 3D.
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Fig. 2. (A) Observed (dots), calculated (solid red line) and difference (solid blue line) XRD patterns of YGO powder sample. The diffraction peaks are indexed
according to the JCPDS card no. 41-1105 of cubic Y,O3 and thick marks denote the peak positions of Bragg reflections. Crystallographic data obtained from the
Rietveld analysis are shown as inset. (B) EDX spectra qualitatively confirmed the purity of YGO powder. (For interpretation of the references to color, the reader is
referred to the web version of the article.)
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Fig. 3. SEM images taken from: (A) the starting YGO powder, the pellet obtained under the load of 2 tons and annealed at (B) 800 °C, (C) 1000 °C, (D) 1200 °C and
(E) 1400 °C. The size distribution of observed grains from the sample 2t-1400 shown in (E) is given with the histogram in (F). Scale bar in figures (A)—(C) is 0.5 pm
(magnification 50,000x), 5 wm (magnification 5000x) in (D), and 1 pwm (magnification 20,000%) in (E).
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Table 1

The grain size distributions (mean value and standard deviation) determined from the histograms presented in Figs. 3F, 4C, 4F, 5C and 5D, where Y is grain size.

Samples 2t-1400 (Fig. 3F) 8t-1400 (Fig. 4C) 10t-1400 (Fig. 4F) YGO powder (Fig. 5C) 10t-1400 (Fig. 5D)
Mean(¥) [nm] 647 352 282 20 176
SD(yEr) [nm] 237 125 96 6 66

The number of voids between grains, largely present in
samples obtained under low loads, decrease significantly in the
ceramic pellets obtained under higher pressure (loads of 8 and
10 tons), namely for 8t-1200 and 10t-1200 samples (see Fig. 4A
and D).

Increase of the sintering temperature to 1400 °C for the same
loads resulted in ceramics with pore-free morphology and well
developed grains, as presented in Fig. 4B and E. The grains
making up the sample 10t-1400 are noticeably smaller and

8 tones, 1400°C
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|

|

| 1|
300 400 500 600

Particle size [nm]

more uniform in size (avg. ~250 nm, see Fig. 4E and F) than in
the samples 2t-1400 (see Fig. 3E and F) and 8t-1400 (Fig. 4B
and C) although being annealed at the same temperature. For
the histogram of 8t-1400 sample the maximum dimension of
200 grains has been taken in account, and 163 grains for 10t-
1400 sample. The calculated mean values and standard
deviations are reported in Table 1.

Based on SEM observations, the best ceramic samples were
those fabricated under the highest compaction pressure (10 tons

40 10 tones, 1400°C

% particles

Particle size [nm]

Fig. 4. SEM images taken from the two series of ceramic pellets: (A) 8t-1200 and (B) 8t-1400, and (D) 10t-1200 and (E) 10t-1400. Note the absence of voids in
samples annealed at 1400 °C. The size distribution of observed grains for samples 8t-1400 and 10t-1400 are given with the histograms in (C) and (F), respectively. All
images are taken at magnification of 20,000x; the scale bar is 1 pm.
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Fig. 5. Bright field TEM images from (A) YGO nanopowder and (B) 10t-1400 ceramic sample, with corresponding histograms for size distribution of (C)
nanoparticles and (D) grains. White arrows in (A) indicate the holes present inside nanoparticles.

load) for sintering temperatures of 1200 °C and 1400 °C. Both
samples have well defined, fine grains, in nanometer range. By
comparing presented histograms it is straightforward that
increase of the compacting pressure resulted in smaller grains
and narrower size distribution.

Apart from SEM, two samples were observed at TEM as
well: the YGO powder and the ‘“last in line” of ceramic
samples: 10t-1400. Their typical micrographs together with the
size distribution histograms of constituting nanoparticles and
grains are given in Fig. 5. For the histogram of YGO powder
sample the maximum dimension of 54 nanoparticles has been
taken in account, and 48 grains for ceramic sample. Their size
distribution data are presented in Table 1.

YGO powder has dense aggregates made up of crystalline
nanoparticles of 20-30 nm in size for the maximum dimension.
The small voids present within some particles (see arrows in
Fig. 5A) are generated by the gas produced during the synthesis
reaction. In ceramic sample 10t-1400, obtained under max-
imum compaction pressure and at maximum  sintering

temperature, grains have clean boundaries, no pores, and size
of about 10 times of the starting nanoparticles (Fig. 5B).

The cubic structure of YGO was confirmed for both samples
(powder and 10t-1400) by analyzing the selected area electron
diffraction patterns (SAED). The ring pattern in Fig. 6B
confirmed that YGO powder is polycrystalline. The grainy rings
are related to the fact that the constituent crystallites have a size
of 20 nm or more. The ring pattern could be indexed as the cubic
(Y0.0Gdp1),05 structure: all observed rings are indexed
according to the Inorganic Crystal Structure Database card no.
160889. In the high-resolution image of Fig. 7, a few partially
overlapping single grains of YGO can be seen. From the fast
Fourier transform (FFT) pattern of the grain lying at the edge of
the agglomerate [0 O 1] zone axis of cubic YGO was confirmed.

3.3. Photoluminescence measurements

Photoluminescence emission spectra of all investigated
materials are very similar in terms of their spectral distribution.
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Fig. 6. (A) Bright field image of nanopowder sample with (B) corresponding indexed SAED ring pattern that confirms cubic YGO structure.

The spectra for YGO nanopowder and two sets of ceramic
samples, got upon excitation of 463 nm, are reported in Fig. 8.
Five characteristic emissions from Eu’* ions, centered at
around 580, 593, 611, 650 and 708 nm, associated to °Dy — 'F,
(J =0, 1,2, 3 and 4) spin forbidden f—f transitions, respectively,
are observed for all investigated samples except for the 2t-1200.
This can be explained as a direct consequence of its very
disordered surface morphology as observed with SEM and
reported previously in Section 3.2 (see Fig. 3D).

On the other hand, the emission spectrum of YGO
nanopowder and bulk Y,0O5 are identical confirming that local
structures around the Eu®* ions remain the same in the YGO
solid solution. This was expected as the constituting nanopar-
ticles are not small enough to induce structure disordering in

Fig. 7. High-resolution image shows cubic YGO grain with FFT plot indicating
[00 1] zone axis orientation. The simulated image obtained for thickness
t=27.6 nm and defocus value Af=42 nm is added as outlined input.

the Eu** local environment that has been noted only for
nanoparticles within 1-10 nm size range [38].

The fluorescence decay profiles of the °D, emitting level
were obtained under excitation at 463 nm in the °D, energy
level (A, =611 nm) and in Fig. 9 are presented curves for
YGO nanopowder, and ceramics obtained under 2 and 10 tons
load. For all samples the decay profiles were nearly exponential
and fitted with a single exponential function showing that only
one deexcitation process was present. The decay curve for
anomalous sample 2t-1200 had a notably different slope from
other samples of the series. Lifetime for the YGO nanopowder
sample was calculated to be 1.6 ms; that is the highest lifetime
value compared to other samples: green bodies and ceramics
(see Table 2).

The trend observed for ceramic samples was following: the
lifetime decreases slightly with the increase of pressure, when
the grain growth is inhibited, and decreases faster with the
increase of annealing temperature, when the grain growth is
favorized (see Table 2). For each pressure set of samples
lifetime values gradually decrease with temperature increase (a
few anomalous samples were excluded from this observation)
that correspond to decrease of grain size and reduced surface-
to-volume ratio, i.e. to decrease of non-radiative processes
related to the surface effects. This indeed is in a very good
correlation with the grain formation and gradual transition
from the starting nanocrystalline powder to the bulk ceramic
material (0},,(Y203) = 1.1 ms [39]), as being monitored with
SEM and reported in Section 3.2. On the other hand,
anomalous samples (Table 2, values in brackets) have
obviously higher lifetime values due to the internal scattering
on pellets’ surfaces.

3.4. Judd-Ofelt analysis

The Judd-Ofelt theory [40,41] has been widely used to
calculate the oscillator strengths of the absorption transitions
from the ground level to the excited states of rare earth ions in
various hosts.
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Fig. 8. Emission spectra of (A) YGO:Eu** powder and for the set of ceramic samples obtained under the load of (B) 2 tons and (D) 10 tons, A,,. = 463 nm. (C) Strong
red emission of YGO:Eu* powder is clearly visible under UV excitation. (For interpretation of the references to color, the reader is referred to the web version of the

article.)

However, it should be pointed out that the Eu’* ions (the
4f° electron configuration) have two special features, which
make application of the Judd—Ofelt theory not as straightfor-
ward as in the case of other lanthanides. The first one is
related to the values of the doubly reduced matrix element of
the unit tensor operators between the wave functions of the
4f° configuration. The matrix elements of the ||U*|| operator
are zero for all transitions except for 'F, —°D, and

B, — 5D3 [42]. In addition, many transitions observed in
the Eu™* absorption spectra have small intensity and the
reduced matrix elements are non-zero for a few transitions
only like ||U?||? for the "Fy — D, transition and ||U®||* for
the "Fy — °D, and "F, — °Lg transitions [43]. The second
particular feature is that the first excited state of Eu®* — the
F, manifold — is only about 300-400 cm ™' above the ground
state 'Fy;, which means that even at low temperature
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Fig. 9. Fluorescent decay profiles for the 5Dy level of (Yo 7Gdg 3)205:Eu* powder and ceramic samples obtained under the load of (A) 2 tons and (B) 10 tons. (For
interpretation of the references to color, the reader is referred to the web version of the article.)
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Table 2

Emission lifetime values 7 (ms) for the °Dy level for all samples. In the RT
column are presented results obtained for the pellets prior to any annealing. In
brackets are given the data obtained for samples with anomalous morphology.

Loading values  RT 800°C  1000°C  1200°C 1400 °C
2 tons 150 146 1.45 (1.36) 0.87

4 tons 145 135 (1.31) (1.38) (1.13)

6 tons 147 131 (1.12) (1.26) 0.93)

8 tons 140 132 1.27 1.05 0.81

10 tons 137 129 1.05 1.05 0.86

absorption transitions form the 'F, state contribute to the
total absorption spectrum.

To overcome these difficulties, the emission spectra of the
Eu®* ions are often considered to extract from them the Judd—
Ofelt intensities parameters.

The usual procedure is as follows: the intensity of the
Dy-'F; magnetic dipole transition is almost host independent
and its radiative transition probability for different hosts is
reported to be between 30 and 60 s~' [44-53]. This
circumstance makes it possible to express the ratio of the
radiative transition probabilities A in terms of the ratio of areas
S under corresponding emission curves [49,50]:

Ar(°Dy — "Fp4) _ S(Do — "Fa4) )
AR(PDo—7F;)  S(Do—"Fy)
Table 3

where
AR(SDO_’7F2)

23%;?; n(n29+2)2 2| Dol U7 F)
Ar(’Do—"Fy)

ﬁgjiﬁ) ’1(’12;2)2 2| CDo||UY|TF)

and all entries have their usual meaning (e — charge of electron,
v — energy of a transition (in cmfl), h — Planck’s constant, n —
refractive index, and J =0 for the °Dy state). The last two
equations are the radiative transition probabilities for indicated
transitions (only the terms with non-zero reduced matrix ele-
ments are included). Then from two ratios given by Eq. (2) one
can easily calculate the £2, and £2, parameters. The 5D0—7F1
magnetic dipole transition radiative transition probability is
needed then to use Eq. (2). According to Ref. [50], it has the
value of 57.34s~! for the 50(NaPOs)s+ 10TeO, + 20Al-
F; + 19LiF + 1Eu,0; glass with refractive index 1.591. This
value can be used to estimate the *Dy—'F, magnetic dipole
transition radiative transition probability in our samples using
Eq. (2). The magnetic dipole transition probability rate should

Experimentally obtained radiative lifetimes .., of YGO pellets prior to any annealing (labeled RT) and ceramic samples, and for them calculated effective refractive
indexes n.g optical filling factor x, and Judd-Ofelt intensity parameters §2, (1 =2, 4) and branching ratios.

Sample Lifetime of the Dy level Texp (MS) gy X J-O parameters Branching ratios (%), for following transitions
(x107%° cm?)
£, §2, °Dy — 'F, Dy — B> Dy — 'Fy

2t-RT 1.50 1.68 0.73 12.58 0.87 10.51 86.76 2.73
4t-RT 1.45 1.69 0.75 11.15 1.12 11.52 84.59 3.89
6t-RT 1.47 1.69 0.75 10.09 0.89 12.65 83.95 1.27
8t-RT 1.40 1.71 0.77 11.22 0.82 11.54 85.60 2.85
10t-RT 1.37 1.72 0.78 11.43 0.82 11.33 85.87 2.80
2t-800 1.46 1.69 0.75 10.94 0.80 11.85 85.29 2.86
4t-800 1.35 1.73 0.79 11.43 0.98 11.26 85.41 3.34
6t-800 1.31 1.74 0.81 - - - - -
8t-800 1.32 1.74 0.81 11.38 0.94 11.28 85.49 3.23
10t-800 1.29 1.75 0.82 10.88 0.84 11.74 85.26 3.00
2t-1000 1.45 1.69 0.75 11.37 0.77 11.47 85.88 2.65
4t-1000 1.31 1.75 0.81 10.40 0.75 12.26 84.95 2.79
6t-1000 1.12 1.83 0.90 9.50 0.73 13.01 84.07 2.93
8t-1000 1.27 1.76 0.83 9.78 0.80 12.85 84.01 3.14
10t-1000 1.04 1.86 0.93 10.00 0.82 12.31 84.52 3.18
2t-1200 1.36 1.72 0.78 4.78 1.29 21.93 69.47 8.59
4t-1200 1.38 1.72 0.78 5.74 1.28 19.27 73.26 747
6t-1200 1.26 1.77 0.83 4.74 0.58 22.98 72.97 4.05
8t-1200 1.05 1.86 0.93 10.73 0.88 11.56 85.25 3.19
10t-1200 1.05 1.86 0.93 10.38 0.85 11.91 84.93 3.16
2t-1400 0.87 1.93 1.00 9.27 0.54 13.03 84.71 2.26
4t-1400 1.13 1.82 0.89 4.19 0.80 24.43 69.48 6.10
6t-1400 0.93 1.93 1.00 6.58 1.06 16.78 77.51 5.70
8t-1400 0.81 1.93 1.00 7.88 0.40 15.02 83.05 1.93
10t-1400 0.86 1.93 1.00 7.87 0.61 14.89 82.18 2.93
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be adjusted with the correction factor of (n/1.591 )? (which takes
into account differences in the refractive indexes for two
compounds — for the above-given glass and presently studied
powder samples with the index of refraction #; it can be easily
derived from the general equations for the magnetic dipole
transition probability rates [50-54]).

Estimations of the refractive index of nanocrystals should be
performed carefully, taking into account the filling factor. In the
case where the size of nanocrystals is considerably smaller than
the wavelength of light, the refractive index n should be
replaced by n.z, the effective refractive index, which is the
function of the refractive index of the corresponding bulk
material and refractive index of the particle surrounding
medium [55]:

Rey f(X) = Xnpuk + (1 = X)Mpneq 3)

where x represents the ‘“‘optical filling factor”, which shows
fraction of space occupied by the nanoparticles, n,; is the
value of refractive index of corresponding bulk material (in our
case My = Nygo) and n,,.; is the refractive index of the
medium surrounding the nanocrystals (in our case it is air,
Nyed = 1)

Knowing the refractive index of bulk materials
(n(Y,03) = 1.91,n(Gd,03) = 1.935, n(Eu,03) = 1.940) and their
weight percentages in YGO powder: Y,05; — 53.53%, Gd,05 —
36.83%, Euz03 — 9.64%, the refractive index of bulk YGO is
determined to be n,,,(YGO) =1.9221. Using the procedure
explained in our recent work [26] and taking the lifetime of bulk
YGO:Eu* to be 0, (YGO) =091 ms, effective refractive
index n.; and optical filling factor x were calculated for each
sample and used for J-O calculations (see Table 3 below).
Calculated values of n.z increase with the increase of pressure in
each set of samples, that is in accordance with SEM observations
of ceramic formation. Optical filling factor serves as a measure of
discrepancy between emission kinetics of bulk material and
nanomaterials, and ranges from 0.73 to 1, following the same
trend of effective refractive indexes and being in line with
experimentally obtained luminescence lifetime values.

4. Conclusions

In this paper we reported on the successful synthesis of Eu**-
doped (Y07Gdg3),03 nanopowder and on processing condi-
tions for the economic production of translucent polycrystalline
ceramics. In order to find the optimal conditions for ceramic
preparation we tested a variety of initial pressures and sintering
temperatures through the preparation of 5 green bodies and 20
ceramic samples. Monitoring their progressive development via
SEM and PL spectroscopy, we found that the most effective in
the stimulation of sintering process were initial pressures over
695 MPa (loads of 8 and 10 tons) for the sintering temperatures
over 1000 °C, resulting in a pore-free samples with the average
grain size down to 200 nm and of uniform microstructure.
Lower compacting pressures for same sintering temperatures
resulted in grain coarsening and loss of their nano-character,
and in several cases even in anomalous surface morphology.

Luminescence emission of ceramic samples decay faster than
for YGO nanopowder that is in complete agreement with the
grain formation and gradual transformation to the bulk ceramic
material.

Presented results are in line with the theoretical predictions
of Balakrishnan et al. [24] on necessity of using much higher
pressure for early compacting stage in a view of obtaining good
quality polycrystalline ceramics starting from nanopowders.
We concluded that optical quality of polycrystalline ceramics
(light output and decay time) could be controlled with
appropriate initial compacting pressure rather than changing
sintering temperatures. We will continue with more detailed
investigations in this direction.
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