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By means of "wet” chemistry method Y,0; nanopowder was obtained and characterized
by X-ray diffraction analysis and differential thermal analysis. Transparent samples of
Y,0; and Y,05:Nd ceramics were produced by vacuum sintering. Granulometric and phase
compositions, crystal structure, spectral-kinetic and mechanical properties of the ceramics
were studied.

MerogoM MOKPOIl XMMHUH IOJIyYeH HAHOMOPOIIOK Y,0;, KOTOPHIH 0XapaKTepH30BaH MeTo-
IaMI PEHTreHOBCKOU mudpariuu u guddepeHInaJlbHO-TepMuYecKuM anaausom. Ciekanuem
B BaKyyMe IIonydueHa npospauHas kepamuka Y,0; m Y,04Nd. HsydyeHn KpHCTALIAYECKAT
CTPYKTYpa, IPAHyJIOMETPUYECKUN U (AaB0BBIA COCTABBI, CIIEKTPAJbHO-KMHETUUECKNE U MeXa-

HUUYEeCKINe CBOICTBA HOJYUYEHHON KEePaMUKH.

1. Introduction

Development of the methods for the ob-
taining of optical ceramics has resulted in a
wide use of the ceramics based on cubic rare
earth (RE) oxides as a material for bulbs of
gaseous-discharge lamps working at high
temperatures, optical windows with a wide
transparency range, scintillation detectors,
magnetooptical elements [1]. However, the
main application field for such ceramics is
bound up with active elements of lasers
meant for different purposes. An advantage
of optical ceramics is the fact that it can be
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obtained in the form of samples with rather
large size and high concentration of impu-
rity uniformly distributed in the bulk, that
is hardly possible for single crystals of the
corresponding composition. The spectro-
scopic and generation characteristics of op-
tical ceramics are analogous to those of sin-
gle crystals, whereas the mechanical charac-
teristic of the former are even better [2]. In
particular, the optical ceramics Y,03:Nd was
used for creation of laser systems working
in different modes [3].

Most of the works aimed at the obtaining
of optical ceramics consist of the following
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stages: preparation of a nanopowder with
given characteristics (morphology, structure
type, size dispersion, absence or weak ag-
glomeration), hot isostatic pressing (HIP) or
cold isostatic pressing (CIP) with sub-
sequent sintering in wvacuum or hydrogen
atmosphere at temperatures of about 0.7—
0.9 T, ;> for example [4, 5]. To obtain YAG
ceramics, the authors of [6] applied the
method of slip casting instead of HIP or
CIP. In [7] Y,05:Nd ceramics was produced
by means of uniaxial magnetic pulsed press-
ing (MIP) of the nanopowder obtained by
laser synthesis.

The nanopowder for transparent ceramics
processing must comply with certain de-
mands, in particular, be a single-phase,
maximally homogeneous and highly dis-
persed. Therefore, high-purity nanocrys-
talline powders of high-melting RE oxide
compounds with given characteristics as
stated above are to be obtained by the meth-
ods of “wet”™ chemistry. Thereat, the
method of the obtaining of the initial
nanopowder based on pyrolysis of yttrium
carbonate Y,(CO3)3nH,0 is considered one
of most promising [8].

The present work reports the X-ray dif-
fraction and optical investigations of Y,0;
ceramic samples produced by uniaxial press-
ing and followed vacuum sintering.

2. Experimental

Characterization of the obtained precur-
sor and Y,03; nanopowder was carried out
using X-ray powder diffractometry and dif-
ferential thermal analysis (DTA). The
nanopowder and ceramics were studied
using a Bragg-Brentano powder diffrac-
tometer (SIEMENS D-500, Cug,, A=1.54184
A). The qualitative phase analysis (XPA)
was made using the powder data base "PDF-
4 Full File" and the system "EVA" included
in the software of the used diffractometer.
The quantitative was performed by Rietveld
using the program "FullProf” [9]. DTA was
realized on a "Derivatograph-C" in air at-
mosphere.

The procedure for the obtaining of Y,0;
nanopowder was the following. Extra pure
(high purity) nitrate yttrium salt was de-
posited using NH4HCO3; solution. In the lat-
ter nitrate yttrium solution was added drop-
by-drop during several hours, the solution
pH was maintained on the level of 7-7.5,
the reaction mixture temperature was 25°C.
Intense liberation of carbon dioxide at the
hydrolysis of these compounds promoted ad-
ditional mixing of the reaction mixture and

540

HEAT

0 200 400 600 800 1000 1200
e
Fig. 1. DTA curve of the Y,0; precursor ob-

tained by deposition of yttrium salt by ammo-
nium hydrocarbonate.

dispersion of the deposition products. The
process of obtaining and characterization of
Y503 nanopowder are described in detail in [10].
The sediment formed after the ageing, vacuum
filtration and washing was dried in air and
analyzed by means of DTA for determination
of the regimes of precursor thermal treatment.
The thermal treatment consisted of several
steps at 150°C, 300°C and 450°C corresponding
to the thermal effects on the DTA curve (Fig. 1)
connected with stepwise loss of bound water as
well as the hydroxyl and carbonate groups.

The diffraction patterns of the initial pre-
cursor and the powders after their thermal
treatment at 150 C, 300 C and 450 C are
presented in Fig. 2. In all the cases the dura-
tion of isothermal treatment was 10 h.

The system of reflections on the diffrac-
tion pattern of the powder subjected to
thermal treatment at 450°C corresponds to
the cubic structure of a-Y,O; with an unit
cell of 10.6140(4) A (Fig. 2d). The size of
the region of coherent scattering (RCS) cal-
culated from the widening of the peaks of
the X-ray pattern of Y,03 powder is 17 nm
(Fig. 3). The size of RCS and the morphol-
ogy of the obtained Y,05 powder are a good
agreement with the data of [10].

The obtained Y,O5; nanopowder was used
to produce compacts with a diameter of
20 mm by means of uniaxial pressing under
a pressure of 200 MPa. Their density
ranged between 50 and 60 % of the theo-
retical one of Y,03. The compacts were sin-
tered for 20 h at T = 1800-1850°C. Vacuum
in an induective heating furnace was 510
3 Pa. The rate of heating and cooling of the
samples was not higher than 50—
100 deg./h. The samples of the Y,05; and
Y,05:Nd (3 mass. % of Nd) ceramics pre-
pared according to the described procedure

Functional materials, 19, 4, 2012
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Fig. 2. X-ray diffraction patterns of the initial precursor Y,05 (a) and of the thermally treated
precursor: T = 150°C (b), T = 300°C (c¢), T = 450°C (d).
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Fig. 3. Results of Rietveld refinement for X-ray
diffraction pattern of the precursor Y,04
after thermal treatment at 450°C. Solid line
denotes the experimental curve, points corre-
spond to the calculated data.

had a density of 99.9 % of the theoretical
one.

3. Results and discussion

3.1. Granulometric and phase composi-

tions, crystal structure of Y,0; ceramics

The obtained ceramics was found to con-
sist of 20—80 um crystallites. The average
crystallite size in Y,03:Nd samples is ap-
proximately by 1.5 times larger in compari-
son with that in the nominally pure Y,0;
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Fig. 4. Photograph of the surface of Y,0; (a)
and Y,03:Nd (b) ceramics after etching.

ceramics. All the obtained ceramic samples
are characterized by the presence of poros-
ity (Fig. 4). The pores are randomly distrib-
uted at the boundaries of the crystallites or
in their bulk. The concentration of residual
pores in all the samples was ~1-2 vol. %.

According to the data of XPA, the ce-
ramics is composed of the grains of the
cubic a-Y,03 modification. The unit cell pa-
rameter of the nominally pure sample of
Y,05; ceramics is in good agreement with
the literature data [11].
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Table 1. Unit cell parameters and phase composition of Y,0; ceramics

Unit cell parameters

Content of y-Y,04
phase, mass. %

Microstresses, %

V = 1197.895(17) A3

b = 3.5085(3) A
¢ = 8.5664(11) A
B = 99.992(8)°

V = 401.84(7) A3

0-Y,04 ¥-Y,05
Y,0;, a = 10.60401(9) A a = 13.552(3) A 4.4 1.09
V = 1192.370(18) A3 b = 3.5868(7) A
¢ = 8.5509(2) A
B = 99.931(18)°
V = 400.25(17) A3
Y,0,Nd  |a=10.61889(9) A a =138.575(13) A 3.9 0.88

As found in our investigations, the pure
ceramic samples and the ones doped with Nd
contained the impurity of the monoclinic
phase y-Y,05. Its concentration was approxi-
mately the same in all the samples —
~4 mass. % . The neodymium doping (Ry =
0.97 A, Ryg = 0.98 A) results in the substi-
tution of yttrium and the formation of sub-
stitution solid solution. Thereat, the lattice
parameter and the unit cell volume of the
cubic and monoclinic phases increase (Table
1). Moreover, according to the data of X-
ray structure analysis, all the samples have
a high (~1 %) concentration of unit cells
deformed due to microstresses (Table 1).

As it is known, the lattice parameter of
metal nanoparticles is lesser than the one of
the bulk material. The change of the unit
cell parameter Aa/a may run into 2 % de-
pending on the metal and the nanoparticle
size. For compounds the experimental data
on the dependence of the lattice parameter
on the nanoparticle size are ambiguous. The
unit cell parameters have been observed
both to decrease and to rise [12]. The in-
teratomic distances may decrease due to vio-
lation of the stoichiometry (when the con-
tent of one of the components becomes
lower), or adsorption of the impurities with
ionic radii smaller than those of the matrix
elements of the nanoparticle (for nitride
nanoparticles) [13, 14]. Moreover, the lat-
tice parameter may increase due to the pres-
ence of impurities in the nanoparticle, as it
takes place for CeO, and MgO nanoparticles
[15, 16].

In our case, for 17 nm Y,03 nanoparticle
the rise of the unit cell parameter is Aa/a ~
0.1 %. It is most probable that at "wet”
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synthesis of the nanoparticles the impuri-
ties are incorporated into the crystal lattice
of Y,05. Due to uniform distribution of the
impurities in the nanoparticle bulk the unit
cell parameter of the nanoparticle is larger,
but not smaller, in comparison with that of
bulk Y,05; sample. At subsequent sintering of
the compacts the impurities diffuse and re-
side at the grain boundaries. This is con-
firmed by different etching rate of the grain
boundaries of the obtained ceramics (Fig. 4).

3.2. Mechanical properties of Y,0;

ceramics

The mechanical properties of the ceram-
ies (its microhardness H, and fracture
toughness K;.) were investigated by the
method of indentation using Vickers dia-
mond pyramid (PMT-8). The fracture tough-
ness K;. was calculated according to the
formula [17]:

Ky =0.016E/H )% é, 1)

where E is the Young’s modulus, P — the
applied load, C — the crack length. The
values of microhardness and fracture tough-
ness were determined at a load of 50 g.
The above-said characteristics are sensi-
tive to the microstructure of the ceramics
(its grain size, grain boundary perfection,
size and concentration of pores, point de-
fects). The existing data on the mechanical
properties of the ceramics Y,0O3 are contra-
dictory. According to [11], the values of
microhardness H, and fracture toughness
K. are practically constant for the ceramic
materials with a grain size ranging between
0.2 and 214 um. Moreover, these values are
constant at loads up to 10 N. On the con-

Functional materials, 19, 4, 2012
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Fig. 5. Transmission spectra of Y,0; and
Y,05:Nd ceramics. The insert contains the
photograps of the samples.

trary, in [18] the authors report an increase
of approximately 10 % for the microhard-
ness and of 2.5 times for the fracture
toughness observed in the Y,O; ceramics
with 1-2 um grains in comparison with the
ceramics with a grain size of 5—10 pm.

The value of microhardness H, obtained
in the present work is somewhat higher
than the one of the HIP ceramics 8 GPa
[19] and lower in comparison with the mi-
crohardness of the MIP ceramics 11.8 GPa
[7] with the crystallites with a size of sev-
eral ten micrometers. At the same time, the
obtained fracture toughness is lower than
that of the HIP ceramics — 3.5 MPam0®
and MIP — 1.4 MPa-m%-5 (Table 2).

The ratio K;./H, may be used as the
parameter governing the "brittle-to-ductile”
transition [11]. For the pure and doped sam-
ples of the ceramics Y,05 the said ratio is
practically the same. Thus, the doping with
neodymium increases the microhardness o,
the value of brittleness remaining practi-
cally unchanged.

3.3. Transmission of Y ;03 ceramics,

Nd3* luminescence and decay

The transmission spectra were measured
by means of a CARY 5000 spectrophotome-
ter. The luminescence spectra were studied
using a monochromator MDR 23 (LOMO)
pumped by a laser diode emitting at
802 nm wavelength. In the process of these
measurements the spectral width of the
monochromator slot was <1 nm. Nd3* lumi-
nescence decay was studied by using LS
2137 laser coupled with parametric gener-
ator LT-2214 OPO (duration of pulse
15 ns), photoreceiver (InGaAs PIN diode)
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Table 2. Mechanical characteristics of Y,04

ceramics
Microhardne Fracture K,./H,
ss H,, GPa| toughness ><10*3.m8~5
ch’
MPa-m©-5
Y,0, 8.92 0.83 0.093
Y,04:Nd 9.49 0.87 0.092

and Tektronics TDS 8052B digital oscil-
lograph.

The transmission spectra of Y,03 and
Y5035:Nd ceramics with a thickness of 1 mm
are presented in Fig. 5. As seen from Fig. 5,
the transparency of the ceramic samples
prepared under the described conditions was
not lower than 55 %. The transmission
spectrum of the sample Y,05:Nd obtained in
nonpolarized light contains a number of ab-
sorption lines caused by the transitions
from the ground state 419 9 of Nd3* ions.
The analysis of the lines in the absorption
and luminescence spectra (Fig. 6) of the ce-
ramic and single crystal [20] samples of
Y,05:Nd points to the difference in the in-
tensity ratios for the Stark components of
the corresponding f—f transitions. Such a
behavior may be caused by nonequivalent
local surrounding of neodymium in the
crystal lattice of the single crystal and the
ceramics and, consequently, by the change
in the forces of the oscillators of the transi-
tions f—f for Nd3* ion [21]. The presence of
optical centers with a lower local symmetry
of Nd3* ion was also reported for the ceram-
ies Y,03:Nd obtained by MIP [7].

The experimental curves of Nd3* lumi-
nescence decay are to a high degree approxi-
mated by the two-exponential dependence:

It) = Iy + Ijet/t + Ipet/ty, (2)

where I, is the constant (background) com-
ponent of the signal, I; and Iy, the maxi-
mum values of the signals with the decay
constants ¢; and £y, respectively. The data
on the luminescence kinetics for the max-
ima at 0.94 pm, 1.07 p and 1.35 p are con-
tained in Table 3. It should be noted that
the obtained luminescence decay times for
Yo,03:Nd ceramics are by an order lower in
comparison with that for the single crystal:
teryse = 800 ps [19]. This testifies to a consid-
erable role of nonradiative transitions in the
upper laser level emptying, since ¢, > t;, fo.
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Table 3. Nd®* luminescence (4F3/2 - 4I9/2’ 11/2, 13/2) decay times in Y,05 ceramics

Decay time

Position of luminescence maximum A, ., um

0.94 (*F3 5 — Iy )

1.07 (*Fg,5 — 111 /9)

1.85 (*F3,5 — *I3/9)

ty, us 12.4 51.6 52.4

ty, ps 46.1 15.3 18.4
10f a 10r b 1.0f
0.8} 0.8} 0.8f
3—0.6- 0.6} 0.6F
T 04} 0.4} /7 0.4f
0.2} 0.2} W 0.2F

0.0 : \ l ; 0.0 ‘ . ' 0.0 : : /

860 880 900 920 940 ,nm 1040 1080 1120 1160 A,nm 1280 1320 1360 1400 1440 %,nm

Fig. 6. Normalized luminescence spectra of Y,0;:Nd ceramics (1) and single crystal (2) [19]. Nd3+
f~f transitions: (a) — *Fg 5 — *Ig 9, (0) — *Fg,5 = * 11,5, (¢) — *Fg,5 = 155

4. Conclusions

Thus, the assumption of the existence of
two nonequivalent centers Nd3* in Y,0j3 ce-
ramics is confirmed by the X-ray structure
analysis data on the change in the lattice
constant and the volume of the unit cell of
the cubic and monoclinic phases at the dop-
ing with neodymium (Table 1), as well as by
the spectral-kinetic characteristics.
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Bnaue ymMOB OTpMMAHHA Ha CTPYKTYPY Ta BJACTHBOCTI
KepaMiKH OKCHIY iTpiro

B.M.Baymep, M.B.Kocmuna, B.Il. Ha3apenxo, B.M.Ily3ixos,
O.M .Illexosyoe, JI.C.'opdienko, A.C.Acoxeéuw, M.B.Rynewos,
0.€.I'ynesiv, M.Il./[emew

Mertogom "moxpoi” ximii orpmmamo mamomopomiok Y,0;, AKMIT 0XapaKTepU30BAHO MeTO-
JaMu peHTTreHiBcbKOi audpakitii Ta gudepentiiino-repmiunum ananizom. CuikaHHAM y Baky-
yMi orpumano mposopy Kepamiry Y,05; 1 Y,045:Nd. Busueno Kpucraaiuny cTpyKTypy, TPaHy-
naoMerpuyHUit 1 asoBuil cKIaAM, CIEKTPaIbLHO-KiHETUYHI Ta MeXaHiuyHi BJIACTHBOCTI OTpH-
MaHOl KepaMiKu.
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