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Abstract: Y,05:Yb’" 5 at% ceramics have been synthesized by the reactive sintering method using
different commercial yttria powders (Alfa-Micro, Alfa-Nano, and ITO-V) as raw materials. It has
been shown that all Y,0; starting powders consist from agglomerates up to 5—7 um in size which are
formed from 25-60 nm primary particles. High-energy ball milling allows to significantly decreasing
the median particle size Dsy below 500 nm regardless of the commercial powders used. Sintering
experiments indicate that powder mixtures fabricated from Alfa-Nano yttria powders have the highest
sintering activity, while (Yo .gsLag09Ybo0s5)203 ceramics sintered at 1750 °C for 10 h are characterized
by the highest transmittance of about 45%. Y,O3:Yb’" ceramics have been obtained by the reactive
sintering at 1750-1825 ‘C using Alfa-Nano Y,0; powders and La,03+ZrO, as a complex sintering
aid. The effects of the sintering temperature on densification processes, microstructure, and optical
properties of Y,053:Yb*" 5 at% ceramics have been studied. It has been shown that Zr*" ions decrease
the grain growth of Y,05:Yb*" ceramics for sintering temperatures 1750—1775 °C. Further increasing
the sintering temperature was accompanied by a sharp increase of the average grain size of ceramics
referred to changes of structure and chemical composition of grain boundaries, as well as their
mobility. It has been determined that the optimal sintering temperature to produce high-dense yttria
ceramics with transmittance of 79%—-83% and average grain size of 8 um is 1800 °C. Finally, laser
emission at ~1030.7 nm with a slope efficiency of 10% was obtained with the most transparent
Y203:Yb3+ 5 at% ceramics sintered.
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1 Introduction

Yttrium oxide ceramics doped with trivalent ytterbium
ions (Y,05:Yb*") are currently investigated as promising
material for the development of active media for
solid-state lasers, especially for operation in high-power
short-pulse generation mode [1-3]. Y,05:Yb*" combines
good thermo-optical properties with large emission
bandwidth, allowing high laser efficiency and reduced
pulse duration compared to Yb*"-doped yttrium aluminum
garnet (YAG:Yb*"). Due to the short pulse duration,
high peak power, good quality of transverse beam
profile, and small size, Y,05:Yb*" microchip lasers are
of significant interest for a wide variety of applications,
ranging from telemetry to laser material processing [4,5].
There are several approaches to produce transparent
yttria ceramics by using hot pressing [6], hot isostatic
pressing (HIP) [7-9], spark plasma sintering (SPS) [10],
microwave sintering [11], or vacuum sintering [12—14].
In Ref. [6], Y>,0;5:Yb®" ceramics were produced by
combining hot pressing and hot isostatic pressing of
co-precipitated nanopowders coated with LiF sintering
aid. However, this approach is quite complicated; it is
difficult to control the amount and distribution
homogeneity of sintering aid used. Spark plasma
sintering of nanocrystalline powders was applied to
obtain Y,05:Yb*" ceramics with average grain size of
260 nm [10]. Moreover, laser oscillation was achieved
for Y203:Yb3+ 10 at% ceramics. As stated by the
authors, the optical and laser properties of Y,05:Yb*"
ceramics produced by SPS are not high enough to be
used for laser applications. Balabanov et al. [11]
reported application of microwave sintering to fabricate
transparent Y,O5:Yb®" ceramics from nanopowders
prepared by the high-temperature self-propagating
synthesis. Despite of several advantages of microwave
sintering reported (the volumetric absorption of
microwave radiation, “clean” sintering conditions due
to the absence of heating elements in the chamber [11])
this method is seldom used to produce optical ceramics.
Summarizing, sintering using hot pressures allows
decreasing the consolidation temperature and
recrystallization rate due to considerable activation of
volume diffusion and creep. However, the high cost of
the equipment and significant operational expenses
restrict the application of sintering under high pressures.
An alternative approach to fabricate Y,05:Yb"" laser
ceramics is sintering without applying high pressures,
such as vacuum sintering [12—14]. In order to increase
sintering activity and reduce consolidation temperatures,

nanopowders with high excess of surface energy are
required. Typically, Y,05:Yb*" nanopowders could be
obtained by co-precipitation method [15] or high-
temperature self-propagating synthesis [16,17]. High
surface energy of nanopowders can lead to their
morphological and phase metastability (agglomeration
and formation of nonequilibrium phases). For example,
nanopowders obtained by co-precipitation method and
subsequent annealing of the precursors have multilevel
agglomeration, which significantly complicates the
consolidation to a non-porous state and the formation
of ceramics with adjustable microstructure [16,18].
The agglomeration of starting nanopowders could
be prevented by using simple reactive sintering which
provides the system additional driving force for
densification. Lattice transformations occurring during
the formation of Y203:Yb3+ solid solution from starting
oxides will activate diffusion—dislocation processes,
resulting in effective densification of ceramics.
Consolidation at the intermediate and final sintering
stages can be significantly improved by the use of
sintering additives, such as ZrO, or La,Os;. However,
the use of high concentrations of La,O; sintering
additive may be accompanied by formation of cracks
[19], or disorder glass-like structure [20] in ceramics.
To overcome these problems, complex sintering aid
La,03+ZrO; has been utilized [21-26]. It is assumed
that phase transitions during reactive sintering processes
[14] and point defects formed as a result of Zr*'-doping
[27,28] will have synergetic effect on sintering. It
should be noted that there is a lack of reports on reactive
sintering of Y203:Yb3+ ceramics using La,0;+ZrO,
complex sintering aid. Only in Ref. [25], Y,05:Yb"
highly-transparent ceramics have been produced by the
reactive  sintering using La,0;+ZrO, additive.
Nevertheless, neither comprehensive study of sintering
processes nor laser parameters of ceramics obtained
were reported. In this work, the effect of different
starting materials of yttrium oxide on formation of
Y,05:Yb*" transparent ceramics by the reactive sintering
has been studied for the first time; the evolution of the
microstructure and optical properties of ceramics as a
function of processing conditions are determined.

2 Experimental

2.1 Fabrication of Y,05:Yb** ceramics

(Yo.86L20.09Ybg 05)203 and (Y.93Ybo.05Lag.005Z10.015)203
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ceramics were obtained by the reactive sintering method.

High-purity commercial powders were used as starting
materials: (a) Y,03 < 10 pm (99.999%, Alfa-Aesar),
(b) Y,0; 25-50 nm (99.99%, Alfa-Aesar), (¢) Y,0;<
10 pm (ITO-V, Lanhit, Russia), further denoted as
Alpha-Micro, Alpha-Nano, and ITO-V, respectively.
Yb,05 (99.99%, Alfa-Aesar) commercial powders were
used as activator. La;,03 (99.99%, Alfa-Aesar) and ZrO,
(99%+, US Research Nanomaterials) were used as
sintering additives. The powders were weighed according
to (Yo.86L20.09Ybo.05)203 or (Y0.03Ybo.osLao.005Zr0.015)203
stoichiometry and ball-milled for 15 h with 10 mm
zirconia balls in zirconia jar using absolute ethanol as
solvent. Rotation speed was 140 rpm, and the ball to
powder ratio was 7. The obtained slurry was dried at
60 ‘C for 4 h and screened through a 200-mesh sieve.
The powder mixtures were then calcined at 600 C for
4 h. The green bodies were prepared by uniaxial pressing
and cold isostatic pressing (CIP) at P = 250 MPa,
followed by annealing in air at 800 “C. The sintering of
ceramics was performed using a vacuum (P = 10~ Pa)
furnace with tungsten heating elements in the temperature
range of 1750-1850 “C for 10 h. After sintering, the
ceramics were annealed in air at 1400 C for 15 h.

2.2 Caracterization of starting nanopowders and
Y,0;:Yb*" optical ceramics

The microstructure and elemental analysis of Y203:Yb3+
powders and ceramics were performed by scanning
electron microscopy (SEM) using a JSM-6390 LV
microscope, JEOL, Japan, and Carl Zeiss Ultra 55+
microscope, Carl Zeiss, Germany, equipped with
energy dispersive X-ray (EDX) detector X-Max by
Oxford Instruments, UK. The particle size distributions
of starting powders and powder mixtures were
determined by dynamic light scattering (DLS) using
Analysette 22 NanoTec plus, Fritsch GmbH, Germany.
The measurements of each sample were conducted in
Nano mode (0.01-45.00 um) under ultrasound for 30 s.
Dilatometric studies of powders were performed by a
constant rate of heating sintering using a Netzsch 402
ED differential dilatometer up to 1500 “C at a heating
rate of 10 “C/min.

The X-ray diffraction (XRD) studies of initial
nanopowders were performed on a Siemens D500
powder diffractometer in Bragg—Brentano geometry in
the angular range 5° < 26 < 90° (Cu Ka radiation). The
X-ray diffraction pattern of lanthanum boride (LaBg)
powders, recorded under similar conditions, was used

as a standard X-ray diffraction pattern for determining
the instrumental parameters of the line profile. The
XRD patterns were analyzed by using WinLOTR and
FullProg software using the Voigt function to describe
the profile. Phase identification was performed using
the PDF-1 JCPDS X-ray database of the EVA survey
system, which is part of the diffractometer software.

Y,05:Yb*" ceramics were polished at laser grade
using a PM5 Precision Lapping and Polishing Machine
(Logitech, Scotland, UK). The average grain size of
ceramics was calculated using the secant method. The
samples were thermally etched at 1450 °C for 15 h in
order to reveal grain boundaries. The statistical sampling
for each specimen was at least 300 grains. The
transmittance spectra of Y203:Yb3+ ceramics with the
thickness of 1.5 mm were measured in the 0.2-2.5 pm
range using a Carry 500 UV-VIS-NIR spectrometer.
The infrared spectra were recorded with a Scanning
Microscope Spotlight 400 imaging system (Perkin Elmer)
coupled with a Spectrum 100 FTIR (Fourier transform
infrared spectroscopy) spectrometer, in transmission
mode, between 4000 and 500 cm’! (2500-20,000 nm),
each spectrum having a resolution of 4 cm

The laser experiments on Y203:Yb3+ ceramics were
performed under pumping at ~970 nm with a fiber-
coupled diode laser (Limo Co., Germany). The fiber
end (of 100 um diameter and numerical aperture NA =
0.22) was imaged (1:1 ratio) into ceramic sample using
a pair of collimating and focusing achromatic lenses,
both of 40 mm focal length. The diode laser was
operated in quasi-continuous-wave mode with pump
pulses of 1 ms duration at 5-Hz repetition rate.

3 Results and discussion

3.1 Selection of starting materials for solid-state
sintering of Y,03:Yb** ceramics

Fabrication of Y,05:Yb’" ceramics with optical quality
puts forward special requirements to the particle size,
phase, and chemical composition of the starting powders.
The average particle size, particle size distribution,
shape, and agglomeration degree have a crucial effect
on the sinterability of powders, as well as on the
microstructure of final ceramics. Let us consider the
correlation between powder parameters, solid-state
sintering conditions, and laser characteristics of ceramics.
In order to select the starting materials suitable for
obtaining of Y,03:Yb’" ceramics by the solid-state
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sintering method, three types of commercial powders
were investigated: Alpha-Micro, Alpha-Nano, and ITO-V.
Figure 1 presents the FESEM images of starting Y,03
powders. The average aggregate size of Alpha-Micro
and ITO-V yttria starting powders is of about 5-7
microns (Figs. 1(a) and 1(c)), which generally
corresponds to the manufacturers’ data (< 10 pm).
According to SEM results, agglomerates of yttrium
oxide are formed from primary particles of isometric
shape from the size range of 40-60 nm (Figs. 1(a) and
1(c)). The aggregates of yttria particle have a complex
hierarchy structure and contain a large number of cracks
between adjacent blocks. This structure is typical for
the powders obtained by chemical precipitation method,
and the presence of cracks is due to the removal of
gaseous products during precursor crystallization. For
nanoscale yttrium oxide (Fig. 1(b)), the average size of
the agglomerates also reaches few microns, but the
shape of the aggregates is significantly different.
Alpha-Nano Y,0; powders are formed by lamellar
particle aggregates of rhombic shape with a typical
thickness of 25-50 nm. Similar particles can be
obtained by the chemical co-precipitation method at
large supersaturation values of mother solution [29].
According to dynamic light scattering (DLS) results,
Alfa-Micro and ITO-V Y,0; powders have a similar
particle size distribution (Figs. 1(d) and 1(f)). They
contain particles with an average particle size of about
100 nm and several pronounced fractions of agglomerates
from the 2-20 pum range, as confirmed by SEM (Fig. 1).

The mean diameter Dsy was found to be 0.2 um for
Alfa-Micro powders and 6 pm for ITO-V, indicating
much harder agglomeration. Alfa-Nano powders are
characterized by the presence of a fraction of isolated
nanoparticles less than 50 nm, as well as agglomerates
reaching 5—12 pum (Fig. 1(e)). The medium value of the
particle size distribution Dsg is 12 pm.

According to XRD patterns (Fig. 2), Alpha-Micro,
Alpha-Nano, and ITO-V powders are single-phase cubic
yttrium oxide, and no secondary phases were detected.
The lattice parameters calculated using the Rietveld
refinement are given in Table 1. The crystallite size of
the starting yttrium oxide powders lies within the
25-60 nm range. Alpha-Nano Y,0O; powders are
characterized by the smallest average crystallite size
and the largest lattice parameter. According to XRD
data all the studied powders are nanocrystalline (Table 1).
Agglomeration degree of powders was roughly estimated
by using Dso/L ratio, where L is the crystallite size. It
was determined that Ds¢/L = 3 and 139 for Alpha-Micro
and ITO-V powders, respectively. Alpha-Nano yttria is
characterized by agglomeration degree of 461, which
does not seem to be adequate due to the presence of a
fine-dispersed fraction on the particle size distribution
and fine hierarchic structure revealed by SEM (Fig. 1(b)).

SEM of ball-milled 0.86Y,0;:0.09La;05:0.05Yb,0;
powder mixtures prepared using different starting yttria
powders are shown in Fig. 3. The mixture obtained
using and ITO-V powders contains hard agglomerates
reaching 2 um in size, which were not crushed during
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Fig. 1 SEM (a—c) and particle size distribution obtained by DLS method (d—f) of Alpha-Micro (a, d), Alpha-Nano (b, e), and

ITO-V (c, f) commercial Y,03 powders.
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Fig. 2 X-ray diffraction patterns of Alpha-Micro (a), Alpha-Nano (b), and ITO-V (c) commercial Y,0; powders.

Table 1 Phase composition of the starting Y,03; powders

Sample Phase Phase content (wt%) Average crystallite size L (nm) Lattice parameter (A)
Alpha-Micro Y,0; 100 58 a=10.60027(11)
Alpha-Nano Y,0; 100 26 a=10.60309(18)
ITO-V Y,0; 100 43 a=10.59976(13)
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Fig. 3 SEM (a—c) and particle size distribution (d—f) of 0.86Y,03:0.09La,0;-0.05Yb,O3 powder mixtures prepared using
Alpha-Micro (a, d), Alpha-Nano (b, ¢), and ITO-V (c, f) Y,05 powders.

high-energy ball-milling process (Fig. 3(c)). The powder
mixtures obtained using Alpha-Micro and Alpha-Nano
Y,05; powders are the most homogeneous, while the
smallest average particle size less than 100 nm was
revealed for Alpha-Nano powders (Fig. 3(b)). This
indicates that agglomerates in starting Alfa-Nano yttria
are soft.

Particle size distributions of all the powder mixtures
studied show the presence of a main fraction with a
particle size of about 0.2 pum; polymodal fractions of
agglomerates ranging from 1-5 to 40 um were also
detected (Figs. 3(d) —3(f)). It seems that the agglomerates

revealed by DLS have completely different structure.
While agglomeration of ITO-V powder mixtures comes
from secondary aggregates survived after ball milling
(Fig. 3(c)), agglomeration of Alpha-Nano powders is
apparently explained by an interaction of nanoparticles
in suspension during DLS study. Alpha-Micro mixtures
show intermediate behavior between the cases described.
The Dsp parameter for all the mixtures studied lies
within the 0.4-0.5 pm range.

Densification behavior of yttria powders was studied by
two different sintering methods (constant rate of heating
sintering and vacuum sintering) using (Yo gsL.ag.00 Ybo05)203
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model composition, possessing excellent sinterability
[11,12,14-16]. 0.86Y,05:0.09La,05-0.05Yb,05 powder
mixtures prepared by ball milling of different starting
yttria powders were compacted by cold isostatic pressing
under pressure of 250 MPa and sintered at the constant
heating rate of 10 ‘C/min. The density of sintered
specimens as a function of the sintering temperature is
given in Fig. 4(a). The relative density of all the green
bodies studied was ~55% of the theoretical one, while
the character of density increase with temperature was
quite different for various nanopowders. The consolidation
of powder mixtures obtained from micron-sized yttrium
oxide powder starts at 1200 C (Fig. 4(a), curves 1
and 3). 0.86Y,0;:0.09La,05:0.05Yb,0; powder mixture
obtained from nanocrystalline powders begins to densify
at much lower temperature of 850 C (Fig. 4(a),
curve 2). After reaching the temperature of 1500 C,
0.86Y,05-0.09La,05:0.05Yb,0; powder  mixtures
obtained by using Alpha-Micro, Alpha-Nano, and
ITO-V yttrium oxide powders possess relative densities
of 65%, 78%, and 70%, respectively. Beneficial sintering
activity of powder mixture prepared from Alpha-Nano
powders originates from excellent dispersion, weak
agglomeration state, and small size of the nanoparticles
(Fig. 3(b)).

Figure 4(b) shows the shrinkage rate and the sintering
activity of 0.86Y,05:0.09La;05:0.05Yb,05 powder

mixtures prepared using different starting yttria powders.

The sinterability of powder mixtures prepared from
Alpha-Micro and ITO-V micron powders, measured at
1450 °C, is d(Ap/po)dt = 0.15. This is about a half of
the value of Alpha-Nano powder mixture (d(Ap/pp)dt =
0.3). Moreover, densification rate of powder mixture
prepared using ITO-V micron powders shows a decrease
after reaching the temperature of 1420 °C. This can
be explained by microstructural features of the
powders after ball milling (Fig. 3). Powder mixtures
prepared from ITO-V micron powders contain residual
agglomerates up to 2 um in dimension survived after
milling process (Fig. 3(c)). As a result, green bodies
prepared from such a powder will have local density
variations, and will be characterized by non-uniform
sintering. At the first stage sintering of individual
particles within agglomerates occurs, while at the second
stage sintering of large agglomerates begins. Despite
permanent increase of density of ITO-V ceramics,
shrinkage rate decreases due to local inhomogenities of
particles packing (Fig. 4(b), curve 3). In contrast,
ball-milled batches prepared from Alpha-Micro and
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Fig. 4 Shrinkage curves (a) and shrinkage rates (b) of
0.86Y,05°0.09La,05:0.05Yb,0; powder mixtures prepared
using Alpha-Micro (1), Alpha-Nano (2), and ITO-V (3)
Y,03 powders.

Alpha-Nano powders are well dispersed and quite
homogenous, no agglomerates were detected (Figs. 3(a)
and 3(b)). Consequently, green bodies fabricated from
the latter powders have relatively high sintering activity
and exhibit a further tendency to densification even the
temperature of 1500 °C is reached. Taking into account
the microstructure, particle size distribution, and
sinterability of powder mixtures obtained from different
yttria sources it was shown that Alfa-Nano have the
highest sintering activity. Moreover, it could be assumed
that agglomerates revealed by DLS in ball-milled
Alpha-Nano powders are soft and could be broke down
during cold pressing.

Finally, 0.86Y,0;:0.09La,05:0.05Yb,03 powder
mixtures prepared using different starting yttria powders
were studied by vacuum sintering. The ball milled
powders were compacted by cold isostatic pressing and
sintered in a vacuum furnace with tungsten heating
elements at 1750 ‘C for 10 h. After that, ceramics
were annealed at 1400 “C for 15 h in air in order to
remove color centers formed in oxygen-deficient
atmosphere. However, even after annealing ceramics
have a light gray or yellow color, indicating that color
centers were not completely removed (Fig. 5).
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Fig. 5 (Yos6laggoYbgos)20;3 ceramics prepared using
Alpha-Micro (a), Alpha-Nano (b), and ITO-V (c¢) Y,03
powders by vacuum sintering at 7= 1750 ‘C for 10 h.

(Yo.s6Lag.09Ybo0s5)203 ceramics obtained by using ITO-V
powders were virtually opaque, while the ceramics
produced from Alpha-Micro and Alpha-Nano powders
were transparent (Figs. 5(a) and 5(b)). It should be
noted that the results of vacuum sintering (Fig. 5) and
constant rate of heating sintering of yttria ceramics
(Fig. 4) show excellent correlation.

The in-line optical transmittance spectra of
(Yo.s6Lag09Ybg05)20;5 ceramics measured on polished
1.5 mm thick samples are presented in Fig. 6. Yttria
ceramics are transparent from UV to near IR wavelength
range (the band gap width of Y,0; is of about 6 eV
[30]). The absorption lines in the 850—1050 nm range
were assigned to 4f-4f transitions of Yb*" ions. The
transmittance of (Yo gsl.ag9Ybos)203 ceramics prepared
from Alpha-Micro, Alpha-Nano, and ITO-V Y,0;
powders reaches 40%, 45%, and 5% at A = 1100 nm,
correspondingly. The most transparent (Y .ssLa0.00 Ybo0s)203
ceramics, obtained by using Alfa-Nano raw materials,
are characterized by the in-line optical transmittance of
about 45% (Fig. 6, curve 2), which is 55% from the
theoretical value. Thus, Alfa-Nano powders can be
consolidated into transparent ceramics using lanthanum
oxide as the sintering additive. Taking into account the
results of complex studies of the effect of starting Y,03
powders on sinterability of yttria ceramics, Alfa-Nano
yttria powders were chosen for further experiments.
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Fig. 6 In-line optical transmittance spectra of

(YogsLag oo Ybos)203 ceramics, sintered at 7= 1750 C

using Alpha-Micro (1), Alpha-Nano (2), and ITO-V (3)

Y,0; powders.

3.2 Optimization of processing conditions of
(Yo.93Ybo.05La0.005Zr0.015)203 ceramics

The general trend in development of oxide optical
ceramics is to decrease an amount of sintering additives
used [31]. This concept allows to prevent color centers
formation, precipitation of secondary phases, segregation
of impurities along grain boundaries, as well as to
improve optical properties of ceramics and their
functional response. While sintering of optical grade
YAG:Yb®" ceramics without sintering aid was recently
reported [31], this approach is still very challenging,
especially for the reactive sintering method. Fabrication
of yttria ceramics with La,03+ZrO, sintering aid has
been described in many papers [21-26]. However,
most of the authors use high concentration of sintering
additives (6—13 at%). In the second part of our work
we report the synthesis of yttrium oxide ceramics using
complex sintering additives La,O5;+ZrO, with the
lowest total concentration ever reported (2 at%) [32].
The powder mixtures were obtained according to Ref.
[32], using Alpha-Nano Y,0; powders as starting
material. Figure 7 shows the micrograph of
0.93Y,05-0.005La;05-0.05Yb,03:0.015Zr,05 powder
mixture after high-energy ball milling. It can be seen
that the milling allows to almost completely remove
the micron aggregates and to displace the average
particle size of the mixture into the submicron range.
The ball-milled powders are characterized by a fine
structure and the average size of aggregates is 300—450
nm, which indicates the high homogeneity of the
powders after ball milling. Aggregates and agglomerates
with size in micron range were not detected.

Figure 8 shows photographs of polished samples of
(Yo0.93Ybog.05Lag.005Z10.015)203 transparent ceramics
obtained by vacuum sintering in 7 = 1750-1825 C
temperature range. It can be seen that the samples are

Fig. 7 SEM image of 0.93Y,0;:0.005La,0;:0.05Yb,03-
0.015Zr,05 powder mixture after ball milling for 15 h.
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obtained by vacuum sintering for 10 h at different
temperatures and annealed in air at 1400 “C for 15 h.

characterized by different degree of transparency. The
optical transmission increases significantly with the
sintering temperature rise from 1750 to 1800-1825 C.

Figure 9 shows SEM micrographs of thermally

etched surfaces of (Y03 Ybo.0sLa0.005Z10.015)203 ceramics.

The ceramics obtained at 1750 ‘C are characterized
by a significant number of residual pores while the
grain shape being fuzzy and “rounded” (Fig. 9(a)). It
can be argued that the sintering processes are not
completed; the dense microstructure of ceramics is not
fully formed resulting in relative low density and
optical transmittance. Sintering at 7 = 1775 ‘C has
practically no effect on the microstructure of
(Yo0.93Ybo.osLag.00sZro.015)203 ceramics (Fig. 9(b)). The

residual pores are still present, but grain boundaries
become sharper. Increasing the sintering temperature to
T=1800 C leads to formation of more homogeneous
microstructure and increases the average grain size due
to intensification of the diffusion processes and mass
transfer. Ceramics sintered at 7 = 1800 C possess
almost pore-free microstructure, and mainly flat grain
boundaries are observed (Fig. 9(c)). This trend also
persists in (Y93 YboosLao00sZro015)203 ceramics obtained
by vacuum sintering at 7= 1825 ‘C (Fig. 9(d)).

In order to reveal possible compositional inhomo-
geneities the sintered yttria ceramics were studied by
STEM correlated with EDS, which provides a
resolution of several nanometers, depending on the
local sample thickness. Elemental maps in areas
containing grain boundaries were obtained. STEM
image and elemental mapping of constituent elements
of (Yo.03YbgosLag 005Z10,015)203 ceramics sintered at
1800 ‘C are shown in Fig. 10. It can be seen that
ceramics are characterized by homogenous microstructure,
and the grain boundaries are uniform and clear without
any secondary or glassy phases. According to the EDS
analysis results, the elemental composition of the ceramics
within the grains and at grain boundaries is identical
within the quantification errors. No segregation of Yb*,
La®", and Zr*" dopants along the grain boundaries was

(d)

Fig. 9 SEM images of (Y.93Ybg0sLag 005Z10.015),03 ceramics obtained by vacuum sintering at 7= 1750 C (a), 1775 C (b),

1800 C (c), and 1825 C (d) for 10 h.
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Fig. 10 STEM image and elemental mapping of (Y.93Ybo0sLag.005Zr0.015)203 ceramics sintered at 1800 C for 10 h.

detected, indicating high structural and compositional
homogeneity of (Y.93Ybg.0sLao 00sZ10.015)203 ceramics
at micro- and nanoscale (Figs. 9 and 10).

The grain size distribution of (Y.93Ybg.05Lag.00s
Z19015)203 ceramics sintered at different temperatures
is shown in Fig. 11. The ceramics synthesized at
temperatures below 1800 °C are characterized by a
narrow one-modal grain size distribution. The average
grain size of yttria ceramics sintered at 7= 1750 C

200
N (@)

(b)

(©

(d)

0 e TN N R -
0 5 10 15 20 25 30
Grain size (um)

Fig. 11 Grain size distributions of (Y(.93YbggsLagoos
Zr10,015)2,03 ceramics sintered at 7= 1750 C (a), 1775 C
(b), 1800 C (c), and 1825 C (d) for 10 h.

and 7 = 1775 C is 2.8 and 2.9 um, respectively
(Figs. 11(a) and 11(b)). In the sintering temperature
range of 1800-1825 °C the grain size dispersion
increases significantly, the average grain size being 8.1
and 11.0 pm (Figs. 11(c) and 11(d)). Such a step-wise
change in the grain size distribution of ceramics with
the sintering temperature may be due to different grain
boundary mobility [27].

The optical transmittance spectra of (Yg.93YDbo.os
Lag.g05Z10.015)203 ceramics sintered at different
temperatures are shown in Fig. 12. The absorption
lines observed in the 850—1050 nm range correspond
to intra-configuration f—f transitions of Yb*" ions. We
have not detected any absorption band attributed to
Yb*" ions. The optical transmittance of (Y.93Ybg o5
Lag 005Z10.015)203 ceramics increases with the sintering
temperature, and then slightly decreases when the
obtaining temperature reaches 1825 “C. It seems that
at T=1825 °C grain growth (non-densifying mechanism)
becomes more pronounced as compared to pore
removal (densification). That means ceramic sample
sintered in these conditions has higher residual porosity.
The ceramics synthesized at 7= 1800 ‘C possess much
better optical homogeneity; the transmittance is 63% at
A =400 nm, 79% at 1050 nm, and 83% at 5000 nm
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Fig. 12 Optical transmittance spectra of 1.5 mm thick
(Yo0.93Ybo05Lag 005Z10.015),03 ceramics sintered at different
temperatures.

(Fig. 12). The transparency of ceramics was found to
be in a good agreement with their microstructural
features (Fig. 9). Thus, the optimal sintering temperature
to obtain near pore-free (Yo.93YboosLao005Z10.015)203
ceramics is 7= 1800 C.

Let us consider the effect of sintering aid and
sintering temperature on the microstructure and optical
properties of (Yo.03Ybg.osLag0sZ10.015)203 ceramics.
Y*" cations occupy two crystallographic positions in
Y,0;5 structure with 24d and 8b symmetry (in the
Wyckoff notation [33]). 8b position has larger volume
and is centrosymmetric, while 24d position has a
smaller volume and lack of the center of symmetry.
The introduction of isovalent lanthanum and ytterbium
ions into Y,0; is accompanied by formation of Laé
and Ybi(( point defects, respectively. The insertion of
zirconium ions (Zr'") requires charge compensation
according to the following mechanisms [28]:

2710, +2Y+y < 2Zry + 0!+ Y,0; (1)

3710, + 4V < 371y + Vi +2Y,0; Q)

Zr*" jons, most probably, substitute Y*" jons in 24d
noncentrosymmetric position according to Eq. (1), and
an interstitial oxygen ion is formed as a charge
compensator [19]. The formation of such a defect is
accompanied by a decrease in the free energy of the
system and leads only to a slight change of Y,O; unit
cell volume. It should be noted that the energy
difference between (1) and (2) mechanisms is less than
1 eV [28]. According to Ref. [27], the grain boundary
mobility in Y,0Oj3 is controlled by cation diffusivity by
interstitial mechanism, which is enhanced by the
presence of oxygen vacancies and suppressed by the
presence of oxygen interstitials. Doping yttria by
non-isomorphic cations enhances concentration of

peculiar defects, and thus, affects the grain boundary
mobility and densification.

Given the above, the following sintering mechanism
of (Yo.93YboosLagposZro015),03 ceramics could be
proposed. First, Zr*" reduces the grain boundary
mobility of yttria due to the formation of charged
oxygen interstitial ions [27]. Second, according to Figs.
9(a) and 9(b), 1.5 at% of Zr*" ions prevents grain
coarsening of (Y0.03Ybo.0sL20.00sZ10.015)203 ceramics
sintered at 1750-1775 °C; the average grain size is
below 3 pm (Figs. 11(a) and 11(b)). Increasing the
sintering temperature to 1800 and 1825 °C leads to
a remarkable growth of average grain size up to
25-30 pm (Figs. 11(c) and 11(d)), while grain size
distribution becomes broadened. This testifies that Zr*"
ions do not impede recrystallization any more. The
enhanced grain boundary mobility originates, probably,
due to the contribution of other trivalent additives
(La*", Yb™). It was reported that yttria doping by
trivalent dopants, in principle, should have no effect on
grain boundary mobility. However, the trivalent dopants
could increase the grain boundary mobility due to a
slight distortion of the lattice [27]. Growth the sintering
temperature from 1500 to 1650 ‘C results in an order
of magnitude higher grain boundary mobility of
Y,05:Yb*" 1 at% and Y,0s5:La’” 1 at% [27]. Taking
into account that the sintering temperature in our study
reaches 1825 “C, the increase of grain boundary
mobility could be even more pronounced.

Non-monotonic change of the average grain size of
(Y0_93Yb0_05La0_0052r0_015)203 ceramics with the sintering
temperature (Fig. 13) can be described in the framework
of the theory of grain boundary complexions [34].
“Grain boundary complexion” is being used to refer to
groups of grain boundaries, which are thermodynamically
stable phases possessing distinct structures and
compositions different from any bulk phases [35]. The
ceramics obtained at the temperatures of 1750 ‘C and
1775 °C have almost the same average grain size of
about 3 um. A further growth of the sintering
temperature from 1800 to 1825 °C leads to an increase
in grain size up to 8 and 11 pm, respectively (Fig. 13).
According to Ref. [34], such a step-wise behavior
corresponds to a first-order complexion transition,
which is accompanied by a sharp increase in grain
boundary mobility. A similar transition was recently
observed for Y203:Yb3+,Er3+ ceramics at much lower
temperatures 1450—-1490 °C [36] (see Fig. 13). It
seems that increasing the sintering temperature changes
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Fig. 13 Effect of the sintering temperature on the
average grain size of Y,0; ceramics vacuum sintered for
10 h.

structure and chemical composition of grain boundaries,
which reduce the average grain boundary energy and
increase the grain boundary mobility of Zr*'-doped
yttria ceramics. Thus, it can be assumed that the
temperature shift of complexion transition to the higher
temperatures for (Y.93Ybg.0sLa0.005Z10.015)203 ceramics
in comparison with Y203:Yb3+,Er3+ ceramics is caused
by Zr*'-doping. However, in Ref. [36] it was pointed
that no systematic correlation existed between the
Yb/Er dopant concentration and complexion transition
temperature, though differently Yb/Er codoped Y,0;
specimens displayed similar jumps in grain size within
this temperature range. Thus, the effect of dopant
concentration on the complexion transition temperature
should be clarified in future research.
(Yo.93Ybg.0sLag.005Z10.015)203 ceramic sample
having the best optical transmittance (sintered at 7 =
1800 ‘C) was tested as active laser medium under
diode laser pumping (Fig. 14). Ceramics with thickness
of 1.36 mm were fixed in an optical-claw and no
cooling was provided. A short linear plane-plane
resonator was built (less than 10 mm in length).
Out-coupling mirrors (OCM) with transmission 7 =
0.01, 0.03, 0.05, and 0.10 in the 1020-1080 nm
wavelength range were used to extract the laser
radiation from the optical resonator. Laser emission at
~1030.7 nm under quasi-continuous-wave diode
pumping was achieved. Figure 14 presents the laser
pulse energy, E,, versus the pump pulse absorbed
energy, F.s. As can be observed, the highest slope
efficiencies are obtained for the OCM with higher
transmissions. When the OCM with 7= 0.10 was used,
the absorption efficiency was found to be 7, = 47% and
the highest slope efficiency #s, (with respect to the
absorbed pump pulse energy) was achieved, 7s,~ 10%.
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Fig. 14 Laser pulse energy (£)) versus the pump pulse
absorbed energy (Eup) for (Yo.93YDbo.osLao00sZr0.015)203
ceramics vacuum sintered at 7= 1800 ‘C for 10 h. The
solid lines are linear fits of the experimental data.

The laser yielded pulses with maximum energy E,=
0.45 mJ for E,s= 8.82 mJ. The slope efficiency value
obtained in these preliminary laser experiments is
slightly below [37] or comparable with other values
reported in the literature [7-9]. Anyway, some
experimental conditions (the design of the laser
resonator, the pumping wavelength, the sample
thickness, etc.) must be optimized to enhance the laser
performances of (Y93 Ybg.osLag.00sZ10.015),03 ceramics.

4 Conclusions

The effects of starting materials and processing
conditions on the microstructure and optical properties
of Y203:Yb3+ 5 at% ceramics have been studied.
According to XRD and SEM data, Alpha-Micro,
Alpha-Nano, and ITO-V starting yttria powders are
nanocrystalline, but have fundamentally different
agglomeration degree. Commercial Y,0; powders
have been found to consist from three-dimensional
agglomerates of complex hierarchies with dimension
up to 5-7 pum, which are formed from 25-60 nm
primary particles. At the same time, Alpha-Nano
powders have the highest sintering activity among the
starting powders studied. Vacuum sintering experiments
demonstrate that Y203:Yb3+ 5 at% ceramics produced
from Alfa-Nano yttria powders possess the highest
in-line optical transmittance of about 45%, which is of
about 55% of the theoretical value.

It has been shown that the sintering temperature in
the 1750-1825 °C range has great influence on the
microstructure and optical properties of yttria ceramics
of (Yo0.93Ybo.05Lag.005Z10.015)203 model composition.
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The optical transmittance of the ceramics, as well as
the grain size, increases significantly with the sintering
temperature growing from 1750 to 1800-1825 °C. The
step-wise change of the average grain size with
sintering temperature can be attributed to a first-order
complexion transition, which is accompanied by a
sharp increase in grain boundary mobility. Ceramics
synthesized at 7 = 1800 °C are characterized by the
highest optical homogeneity, the optical transmittance
being 63% at 400 nm, 79% at 1050 nm, and 83% at
5000 nm. Finally, preliminary laser experiments on the
most transparent Y>05:Yb>" 5 at% ceramics have been
performed under diode pumping at ~970 nm. The slope
efficiency 75, ~10% was obtained for the OCM with
T=0.10. Further experiments concerning the laser
performances are currently undertaken.
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