ELSEVIER

Available online at www.sciencedirect.com

SciVerse ScienceDirect

Journal of the European Ceramic Society 32 (2012) 257-260

ELRRS

www.elsevier.com/locate/jeurceramsoc

Short communication

An approach to Y,0O3:Eu®* optical nanostructured ceramics

R.P. Yavetskiy »*, V.N. Baumer?, N.A. Dulina?, Yu.I. Pazura?, I.A. Petrusha®, V.N. Tkach?®,
A.V. Tolmachev?, V.Z. Turkevich?

4 STC “Institute for Single Crystals”, NAS of Ukraine, 60 Lenin Ave., 61001 Kharkov, Ukraine
Y Institute for Superhard Materials, NAS of Ukraine, 2 Avtozavodskaya Str., 04074 Kyiv, Ukraine

Received 11 May 2011; received in revised form 15 August 2011; accepted 29 August 2011
Available online 5 October 2011

Abstract

Y,0;:Eu (1 at.%) translucent nanostructured ceramics with total forward transmission achieving ~70% of the theoretical limit has been obtained
by the transformation-assisted consolidation of custom-made cubic Y,0s3:Eu** nanopowders under high pressure (HP). Sintering under the pressure
of 7.7 GPa and temperatures in the 100-500 °C range leads to the partial cubic-to-monoclinic phase transition that results in two-phase Y,03:Eu®*
nanoceramics. The average grain size of ceramics d < 50 nm for both Y,05:Eu** polymorph is comparable with crystallite size of initial nanopowders
(d ~ 40 nm), indicating that the grain growth factor is near unity. The phase compositions, morphology, densities, preliminary optical and luminescent

properties of synthesized nanostructured ceramics have been studied.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Strategy to influence the physical properties of bulk mate-
rials through control of their structure and composition on the
nanoscale offers several advantages to preparation of optical
ceramics materials for different applications (photonics, laser,
scintillation technique). These advantages include improved
mechanical properties, highly desirable in laser application,
lower light scattering on defects (pores, inclusions, secondary
phases) which dimension is below the wavelength of visi-
ble light, and possibility to create transparent materials even
with non-cubic structure.! To form optical nanoceramics one
should provide near theoretical density of consolidated material
(>99.9%), high perfection of grain boundaries and low residual
porosity while retaining the grain size at nanolevel. Conven-
tional ceramic techniques, such as hot isostatic pressing and
vacuum sintering, are unsuitable for production of nanoceramics
due to competition of sintering and recrystallization processes
at high temperatures required to complete remove the residual
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porosity. For this reason several rapid sintering methods were
developed to produce translucent/transparent nanostructured
ceramics, namely current activated sintering technique,”> high-
pressure torsion method* and low-temperature HP sintering.”~”

Transformation-assisted consolidation of low-agglomerated
nanopowders is one of the most efficient approaches to form
bulk nanoceramics due to considerable activation of plastic
flow during phase transition.® The sintering is greatly enhanced
when the phase transformation is accompanied with specific vol-
ume decrease. HP usually reduce diffusion rate that permits to
control the grain size of ceramics. Conversion of cubic Y703
(C) into monoclinic modification (B) under HP is accompa-
nied by formation of more close-packed structure (the relative
volume decrease during phase transition is 7% per formula
unit?), hence this process is beneficial for production of optical
nanoceramics. Despite numerous publication on Y,O3 highly
transparent coarse-grained ceramics (see for example!'? and ref-
erences therein), only few works describe obtaining of dense
nanostructured ceramics Y203,“‘13 however no evidence on
their transparency was presented. Transparent Y,O3 ceramics
produced in'* is rather submicron-grained than nanograined.
In this letter we report for the first time Y,05:Eu3* translu-
cent nanostructured ceramics, a promising optical material for


http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.037
mailto:yavetskiy@isc.kharkov.ua
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.037

258 R.P. Yavetskiy et al. / Journal of the European Ceramic Society 32 (2012) 257-260

scintillators and phosphors,!>1¢ obtained by transformation-

assisted consolidation of nanopowders under HP.

2. Experimental procedure

Cubic Y,03:Eu* (1 at.%) nanocrystalline powders were
obtained by chemical co-precipitation from water solution.
Yttrium and europium nitrates were used as the starting materi-
als and (NH»),CO as a precipitant. The formed precipitate was
collected, filtered, washed several times with water and abso-
lute ethanol, and dried in air at 7=25°C. Then the powders
were grinded and calcined in the 7001200 °C temperature range
for 2 h. The consolidation of nanopowders was carried out by
sintering under the 7.7 GPa pressure in the 25-500 °C tempera-
ture range for 1-20 min using a toroid type high pressure (HP)
apparatus.!” Before placing in the HP cell the initial nanopow-
ders were uniaxially compacted into pellets under the 250 MPa
pressure up to the density of 50-55% from the theoretical one.

The density of consolidated samples was estimated by stan-
dard Archimedes method. Phase identification was performed
via X-ray diffraction (XRD) method on a SIEMENS D-500
X-ray diffractometer (CuKa radiation, graphite monochroma-
tor). The phases were identified using JCPDS PDF-1 card
file and EVA retrieval system included in diffractometer
software. Rietveld refinement was performed with FullProf
program.'® Average apparent size of crystallites was calcu-
lated with FullProf using powder pattern of LaBg for obtaining
of instrumental profile function. The ceramics microstructure
was studied by scanning electron microscopy (SEM) in sec-
ondary electrons on a Zeiss EVO 50X VP microscope. Optical
measurements of ceramics were conducted with 1.55 mm thick
pellets polished on both surfaces. The total transmittance in the
250-1100 nm wavelength range was determined using a Perkin-
Elmer “LAMBDA-35" spectrophotometer equipped with an
integration sphere. The luminescence was studied on an auto-
mated SDL-2 setup (LOMO) under excitation with a REIS-I
X-ray tube (Cu anticathode, U=30kV) at room temperature.

3. Results and discussion

Fabrication of optical nanoceramics starts with non-
agglomerated nanocrystalline powders. The initial Y,03:Eu*
powders had specific surface of 1617 m?/g and consisted of
near isolated particles of 40 nm in diameter and standard devi-
ation in size distribution of 10%. Fig. 1 shows the results of
Rietveld refinement (FullProf program'®) for a grinded pel-
let of the nanostructured ceramics obtained under ~7.7 GPa
and 100 °C. Initial nanopowder was cubic with average crystal-
lite size of dygp =37.1 nm, whereas nanoceramic is two-phase
and contains a mixture of cubic and monoclinic Y,03:Eu’*
(Table 1). Initial data on monoclinic Y,03 for the Rietveld
refinement were taken from Ref. 19. According to XRD analysis
results, the partial C — B phase transition starts in Y,O03:Eu>*
nanopowders under 7.7 GPa pressure, in good agreement with
data for coarse powders.”’ Monoclinic yttria remains in the sin-
tered ceramics under ambient pressure as a metastable phase.

T 1 )
prce 4 3
8
2F J
‘B
e
@
EF
3 o NN RS EER R
G0 0 0 00 MUTCOC R ND O G NE T 0 BN N M TR
1 1 1
10 25 40 55 70
20 (deg.)

Fig. 1. Results of Rietveld refinement for Y,03:Eu* (1 at.%) nanostructured
ceramics. Upper and lower rows of vertical bars show the Bragg position of
reflections for cubic and monoclinic phases, respectively.
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Fig.2. Y703 :Eu?* (1 at.%) nanostructured ceramics obtained under P=7.7 GPa
and 7=300°C (1) and 200 °C (2). The pellets are 1.55 mm thick.

Y,03:Eu?* cubic-to-monoclinic phase transition is kinetically
controlled,” thus both sintering temperature and sintering time
increase resulting in higher content of the monoclinic phase
(45% and 80% for T=100°C and 300 °C, respectively). The
typical parameters of Y,03:Eu** nanopowders and nanoceram-
ics are listed in Table 1. The crystallite size of the monoclinic
Y,05:Eu’* was always lower than that of C-Y,03, indicating
that nucleation prevails over nuclei growth. As can be seen, the
microstrains observed in sintered ceramics are relatively low.
Fig. 2 illustrates a typical Y,03:Eu>* nanoceramics obtained
in optimized quasi-hydrostatic conditions. The samples have
yellowish-brown coloration related to the presence of color
centers generated by reducing conditions during HP sintering.
Various color centers are known to produce strong absorption
in RE;O3 (RE=Y, Sc, Lu) crystals, for instance, F-like cen-
ters (one or two electrons trapped by oxygen vacancy).>! The
coloration becomes deeper while increasing sintering tempera-
ture and time. The samples obtained at 7< 100 °C contained
a large concentration of submicron pores due to incomplete
densification, and were opaque. Ceramics sintered at 500 °C
was black and non-transparent due to high concentration of
color centers. Density of ceramics consolidated in the optimal
sintering temperature range of 200-300 °C under P=7.7 GPa
is 52+0.2 g/cm3, and lies between the theoretical values for
cubic (5.03 g/lem?) and monoclinic Y,03 (5.41 g/cm?). Out-
side this temperature range density of ceramics noticeably
decreases. Y,03:Eu®* transparent nanostructured ceramics is
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Table 1
Rietveld refinement results of Y,03:Eu?* nanopowders and nanoceramics.

Sample Phase composition Lattice parameters Crystallite size Microstrains ¢, %
dxgrp, nm
Y,03:Eu’* (1 at.%) nanopowders C-Y,03:Eu®* 100% sp.gr. Ia3 37.1 0.0095

Y,03:Eu* (1 at.%) nanoceramics (P=7.7 GPa, T=100°C)

B-Y,03:Eu** 43.5(9)%

C-Y,03:Eu** 56.5(7)%

a=10.60402(14) A

V=1192.37(3) A3

sp.gr. Ia3 39 0.87
a=10.6190(5) A

V=1197.44(1) A3

sp.gr. C2/m 9 1.7
a=14.026(5) A

b=3.5188(10) A

c=8.601(3) A

B=100.59(3)°

V=417.3(3) A3

produced at extremely low temperatures (~0.1 of yttria melting
point, T, =2440°C). A considerable decrease of temperatures
required for the obtaining of dense ceramics is caused by the acti-
vation of the compaction process due to C — B pressure-induced
phase transition, probably, via active movement of particles as
a whole, grain sliding and accommodation mechanisms.®

According to SEM data, Y203:Eu3+ nanoceramics is char-
acterized by fine crystalline microstructure (Fig. 3). For the
consolidation conditions studied the average grain size of ceram-
ics (d <50nm for both C- and B-Y,03:Eu?*) is comparable
with crystallite size of initial nanopowders (d ~40nm), indi-
cating that the grain growth factor was ~1. The submicron and
micron-sized porosity is entirely absent in the sintered material,
but some residual nanoscale pores with characteristic size of
~30nm were observed (Fig. 3). The pores are uniformly dis-
tributed in the volume of sintered ceramics. Residual porosity
greatly influences the optical properties of ceramics 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.> However, in our samples
the pore size is too small to produce significant scattering.

The optical transmittance and X-ray excited luminescence
spectra of Y,03:Eu** ceramics with thickness of 1.55 mm are
presented in Fig. 4. The total forward transmission of Y03 :Eu>*

Fig. 3. SEM image of the polished surface of Y,03:Eu** (1 at.%) ceramics
obtained at P ~ 7.7 GPa and T=200°C.

ceramics is 55% at 1100 nm that achieves ~70% of the theoret-
ical limit of 82% (Fig. 4a). The theoretical simulations predicts
that the residual porosity less than 0.1%, pore size below some
critical limit (10nm) and homogenous pore distribution are
required to obtain optical transmittance comparable with that
of single crystals.” Several factors contribute to decrease the
optical transmittance of Y2O3:Eu>* nanoceramics in compari-
son with single crystals. (1) The residual porosity with pore size
of 30 nm increases the fraction of back-scattered light. (2) The
color centers effectively absorb incident radiation (various color
centers in RE>Oj3 single crystals have absorption coefficients of
about tens of cm™! 2°). (3) The presence of several phases with
different refractive indexes results in scattering of incident light
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Fig. 4. Total forward transmittance (a) and normalized luminescence spectrum
excited by X-rays (b) of Y,03:Eu?* (1 at.%) nanoceramics. The arrow indicates
the most intense luminescence line of B-Y,03:Eu*.
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at the grain boundaries. A red shift of fundamental absorption is
caused by formation of Eu-O charge transfer band or by absorp-
tion of color centers since cubic and monoclinic Y,03 have
almost the same band gaps E; ~ 4.5 eV.?

Luminescence of Y,03:Eu3* ceramics under X-ray excita-
tion is presented by the group of the lines in the A =550-720 nm
range with a maximum at A=611nm (Fig. 4b). The structure
of luminescence spectra differs only slightly with consolidation
conditions and agrees with those for initial nanopowders. Eu3*
ions in cubic and monoclinic Y,03 polymorphs demonstrate
different luminescence spectra due to various crystallographic
environments. Cubic Y>03 has 2 independent position for
europium ions, the emission originates mainly from europium
jons in C site Dy — "F; (J=0-4) transitions). In the mono-
clinic Y203 europium ions occupy three independent positions
and produce luminescence in the 575-715 nm wavelength range
with a maximum at 624 nm corresponding to "Dy — ’F, tran-
sition (a shoulder indicated by arrow in the luminescence
spectrum, Fig. 4b). Thus emission of Y,O3:Eu®* is a superpo-
sition of X-ray excited luminescence of Eu?* ions in the cubic
and monoclinic modifications, herein, contribution from radia-
tive transitions in C-Y;0O3 is predominant. Luminescence of
B-Y,03:Eu?* at room temperature is partially quenched. This is
due to europium ions in monoclinic Y,O3 are mainly situated in
perturbed positions (near grain boundaries), since crystallite size
of B-Y»03:Eu?* is extremely small (dxgp =9 nm). The detailed
results on luminescent studies of Y,03:Eu3* nanostructured
ceramics will be published elsewhere.

4. Conclusions

To conclude, Y>03:Eu* (1 at.%) optical nanostructured
ceramics with total transmittance of 55% at 1100nm for
1.55 mm thick sample has been produced by transformation-
assisted sintering under P=7.7 GPa and temperature as low
as 0.17,,. Dense ceramics consists on a mixture of cubic and
monoclinic phases with the typical grain size of ~50 nm, com-
parable with crystallite size of initial nanopowders. Under X-ray
excitation Y>03:Eu* ceramics shows orange-red luminescence
connected mainly with Dy — "F; (J=0-4) transitions of Eu>*
ions in the cubic yttria.
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