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Y03 transparent ceramics with different amounts of ZrO, were obtained by reactive vacuum sintering at a
relatively low temperature of 1735 °C for 22 h. The influence of ZrO5 concentration within the 0-15 mol.% range
on the microstructure, phase composition, microhardness, and optical properties of ceramics in the visible and IR
ranges was investigated. SEM and XRD results indicate the absence of secondary phases in the studied con-
centration range, indicating the formation of single-phase solid solutions. It was shown that doping by ZrO,
considerably decreases the average grain size of ceramics, while microhardness has the opposite behaviour. 15
mol.% ZrOy-doped Y203 ceramics demonstrated the highest transmittance in the visible wavelength range. On

the other hand, 5 and 7 mol.% ZrO,-doped Y203 could be considered promising materials for the first atmo-

spheric window (3-5 pm).

1. Introduction

Due to transparency in the wide range of wavelengths (0.2-8 pm),
good mechanical properties, chemical and thermal stability, and high
melting point (2430 °C), yttrium oxide ceramics are widely used in
different applications, such as laser-host materials [1-4], IR windows [5,
6], nozzles [7], semi-conductor devices [8], etc. One of the most
important applications of undoped Y203 ceramics is IR windows used in
the first transparency window (3-5 pm). Compared to other
IR-transparent materials, such as spinel, aluminum oxynitride spinel,
also known as ALON, or sapphire, Y,03 has the lowest emissivity. The
typical requirements for IR windows operating in extreme environments
include high transparency, good mechanical properties, and low emis-
sivity [9]. To ensure these properties, ceramics should be fully dense and
contain no pores, secondary phases, or impurities, which act as scat-
tering centers due to differences in the refractive index of matrix and
defects [10-13]. At the same time, the microstructure of the material
should be controlled to obtain ceramics with small grains to improve
mechanical properties.

The fabrication process of yttria ceramics is quite challenging due to

the high melting point of Y,03, and phase transitions near melting
temperature. Utilization of sintering aids allows for a decrease in the
sintering temperature and grain size, leading to a fully dense material.
Various oxides have been reported as sintering additives for obtaining
transparent Y503, such as Al,Os, LasOs, ZrOy, ThOy, HfOo, or their
combinations [14-22]. Among them, ZrO, greatly improves the densi-
fication efficiency of yttria ceramics due to the introduction of lattice
defects and effective inhibition of grain growth during the sintering
process [23].

Nowadays, obtaining Zr-doped Y203 transparent ceramics by spark
plasma sintering (SPS) [24], hot isostatic pressing (HIP) [25,26], vac-
uum sintering [16,27-30], or their combination [31,32] were reported.
Among them, reactive vacuum sintering is a relatively simple approach,
offering scalability of production and requiring standard equipment.
The typical temperature applied during the vacuum sintering of Y203
ceramics lies within the 1800-1860 °C range, which is quite high and
results in coarse-grained ceramics. A decrease in sintering temperature
not only improves processability but also provides much better control
of the microstructure and mechanical properties of IR-transparent ce-
ramics. Recently, Z. Yousefian reported transparent Zr-doped Y203
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ceramics obtained by vacuum sintering of commercial nanopowders at a
relatively low temperature of 1715 °C [33]. Despite high in-line trans-
mittance at 800 nm, the effect of Zr*" concentration and mechanical
properties were not studied by the authors.

Despite the number of papers studying the effect of ZrO, on the
microstructure and optical properties of yttria ceramics [16,18,28,31,
32,34], there is a lack of information on their transmittance in the
mid-IR range and mechanical properties in the modern literature.
Moreover, different authors provide contradictory information on the
optimal concentration of ZrO, as a sintering additive in yttria ceramics,
probably due to different consolidation approaches used, as well as
variation in obtaining temperatures and sources of Zr** ions. This work
aims to study the effect of zirconia concentrations on the optical and
mechanical properties of IR-transparent yttria ceramics fabricated by
reactive vacuum sintering at low sintering temperature of 1735 °C. A
wide range of ZrO5 concentrations (0-15 mol.%) within the solubility
limit equal to 21 mol.% [35], was examined.

2. Materials and methods
2.1. Ceramics fabrication

High-purity commercial powder Y203 (99.99 %, Nippon Yttrium Co.,
Ltd., Japan, YT4CP) was used as the starting material and ZrO, powder
(Tosoh TZ-0Y) was used as a sintering aid (0-15 mol.%). PEG 400 (1 wt.
%) was used as a dispersant. The powders were weighed according to the
desired stoichiometry (0-15 mol.% of ZrO,, see Table 1) and ball milled
at 300 rpm for 10 h in a zirconia jar with 2 mm zirconia balls in absolute
ethanol as solvent. The procedure of powders preparation is described in
detail in our previous work [36]. The green bodies with a diameter of d
= 20 mm were obtained by uniaxial pressing at 30 MPa and cold
isostatic pressing (CIP) at 250 MPa. Calcination in air was performed at
800 °C for 1 h. Afterwards, the ceramics were vacuum sintered at
1735 °C with a soaking time of 22 h. After vacuum sintering, an
annealing of the obtained Y»0O3 ceramics was performed in an air at-
mosphere at 1100 °C for 1 h. All samples were mirror-polished after
sintering and further analyses. The thickness of the samples after pol-
ishing ranged from 2.0 to 2.3 mm.

2.2. Characterization of the sintered samples

The microstructure of sintered ceramics was analysed by scanning
electron microscopy (SEM, Sigma, Zeiss). The average grain size was
calculated using the lineal intercept method by analysing approximately
200 grains for each composition using the following equation: G =
1.56°L, where G is the grain size, and L is the average intercept length.
The green density of samples was determined by the geometrical
method. The bulk density of vacuum-sintered ceramics was calculated
by Archimedes’ methods with an accuracy of +0.5 % according to the C
20-92 ASTM standard [37]. For SEM analysis, polished ceramics sam-
ples were thermally etched at 1150 °C for 1 h. The transmittance spectra
of the ceramics were obtained with a UV-VIS-NIR spectrometer
(Lambda 750, PerkinElmer) and with an FT-IR spectrometer (Nicolet iS5
with the iD1 Transmission accessory, Thermo Scientific) in the 0.25-1.5
pm and 2.5-10 pm wavelengths ranges, respectively.

The phase composition of the bulk sintered samples was analysed
with X-ray powder diffractometer Bruker D8 Advance (Theta -Theta
vertical goniometer with Bragg Brentano parafocusing geometry) with
LINXEYE detector using CuK (alpha) radiation (A = 1.5418 fo\). The
analysis was performed in the 10°<26 < 80° range at 2.4°/min scanning

Table 1
Compositions of ZrO,-doped Y,03 samples.

Sample YOZ Y3z Y5Z Y7Z Yoz Y117 Y13Z Y15Z

c(ZrOy), mol.% 0 3 5 7 9 11 13 15
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rate. The Rietveld refinement method was carried out by using the
GSAS-II software [38] in order to refine the lattice constants taking into
account microstructural parameters (such as crystallite size and lattice
strain). The peak profiles were fitted using the pseudo-Voigt function
while a sixth-order polynomial equation was used to fit the background.
The Marquardt least-squares procedure was carried out to minimize the
difference between the observed and simulated powder diffraction
patterns.

Refractive indexes of the samples were measured by m-line spec-
troscopy at 543.5, 632.8, 1319, and 1542 nm in both transverse electric
(TE) and magnetic (TM) polarization using a Metricon mod. 2010 prism
coupler instrument (Metriconweb, CarlottoCI). The measurement error
is +0.0005. The Vickers microhardness (H,) was measured by indenta-
tion technique with a Vickers hardness tester (Microdurometer Inno-
vatest Falcon 505, The Netherlands) under an indentation load of 0.2 kg
for 10 s at room temperature. Ten measurements were made for every
sample and an average value was calculated. To compare the obtained
results with literature data presented for the concentration of ZrO; in
relative at.%, the at.% were recalculated to mol.% based on the (Y;.
xZryx)203 formula. The at.% notation is generally used to indicate the
percentage of Zr** ions which substitute Y3* and not as the absolute
atomic percentage of the compound; as a result, in such case, the ratio
between at.% and mol.% is 1:2.

3. Results and discussion
3.1. Microstructure of Y203 ceramics

Yttrium oxide ceramics doped with ZrO; as a sintering aid within the
0-15 mol.% concentration range were obtained by vacuum sintering at
1735 °C for 22 h. The microstructure of mirror-polished samples is
shown in Fig. 1. Fig. 1a shows that the Y503 ceramics with no sintering
aids (further marked as YOZ) were characterized by larger grain size
(21.8 £ 2.2 pm) compared to other samples (Fig. 1b). In addition, the
YOZ sample was porous with a pore size in the range of 0.5-3 pm. Pores
were present both inside grains and along the grain boundaries of the
vacuum-sintered sample, resulting in a relative density of 99.6 %, which
is too low to achieve transparency. The theoretical density was calcu-
lated from the densities of ZrO, and Y503 as their volume-weighted
average.

Since the microstructure of all Zr-doped samples is similar, Fig. 1b
shows an SEM micrograph of the Y11Z sample as a representative
example. The addition of ZrO; as a sintering aid leads to the formation of
a more uniform, almost defect-free microstructure. The pore size and
concentration decreased significantly compared to the YOZ sample. This
effect is caused by a decrease in grain boundary mobility and more
efficient densification during vacuum sintering [23,34,39,40]. Accord-
ing to Yoshida, ZrO, suppressed the densification process of Y303 ce-
ramics [41]. The results obtained in this work indicate the opposite
behavior. The relative density of the doped Y203 ceramics is close to the
theoretical values.

Fig. 2 shows the average grain size of the Zr-doped Y203 ceramics as
a function of ZrO, concentration. Even 3 mol.% of ZrO, is sufficient to
considerable inhibit grain growth of yttria ceramics in comparison to the
pure Y03 sample (Fig. 2). This confirms the efficiency of ZrO; as a
sintering aid. The average grain size of the doped ceramics (Y3Z-Y15Z)
was in the range of 6.0-7.8 um, which is much lower compared to that
reported in Ref. [34]. This difference can be attributed to the lower
sintering temperature of yttria ceramics obtained in our work. No sec-
ondary phases at the grain boundaries are observed by SEM within the
whole concentration range studied (up to 15 mol.% of ZrOs), indicating
that the solubility limit was not reached.
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YO0Z (a)

Y11Z (b)

Fig. 1. SEM pictures (micrographs) of YOZ (a) and Y11Z (b) ceramics obtained by vacuum sintering at 1735 °C for 22 h; arrows indicate pores.
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Fig. 2. Average grain size of ZrO,-doped Y;O3; ceramics vs. ZrO, doping
concentration.

3.2. XRD: phase composition and lattice parameters of ZrOa-doped Y203
ceramics

XRD analysis of bulk samples of Y203 ceramics doped with a different
content of ZrO, is presented in Fig. 3. Regardless of the ZrO, concen-
tration, all the samples crystallize in a cubic structure with Ia-3 space
group corresponding to JCPDS card No. 41-1105. There are no extra
peaks from secondary phases even at the highest ZrO5 concentration of
15 mol.%. X. Hou reported precipitation of secondary phases on the
grain boundaries in 4 at.% ZrOs-doped Y503 ceramics [18]. In our case,
no secondary phases were detected by XRD and SEM in 15 mol.% (7.5 at.
%) of ZrO,-doped yttria, in good agreement with the ZrO»-Y,03 phase
diagram [35]. Variations in the solubility range can be caused by dif-
ferences in the cooling rate during sintering of ceramics. The slight shift
of the peaks observed in Fig. 3 is caused by a change in the lattice pa-
rameters with different sintering aid concentrations. Since Zr*" ions
substitute Y>* ions in the Y03 crystal lattice, doping with ZrO, caused
the formation of point defects in ceramics. They improve densification
and diffusion during vacuum sintering, as well as the final properties of
the obtained material [39].

Lattice parameters of bulk Y,O3 samples were calculated using the
Rietveld method and are presented in Table 2 along with the available
literature data for the same compositions. Since the ionic radius of Zr*+
(0.72 [o\) is smaller in comparison with Y3+ (0.90 [D\), the doping leads to

a decrease of the yttria lattice constant with an increase in ZrO; con-
centration. There are non-linear changes in the lattice parameters of
Y203 ceramics. A non-linear trend has already been observed in the
Tbo03-ZrOz and Y203-ZrO, systems [34,42]. First of all, it can be
explained by the morphology of the initial materials, in particular, ZrO2
powders. Since the starting powders were agglomerated it is possible
that in some samples, such as Y7Z, ZrO5 did not fully take part in the
formation of a solid solution and incomplete replacement of Y3+ by Zr**
ions occurred. Thus, the formation of the secondary Zr-containing phase,
such as Zr3Y4012, is possible during the cooling down of the ceramics
after vacuum sintering [35,43,44]. The quantities of secondary phases
can be quite small, within the XRD method measurement error.

Another explanation of non-linear changes of yttria lattice parame-
ters comes from different charge compensation mechanisms during
solid-solution formation, accompanied by different changes in specific
volume of defects [39]:

27r0, + 2YX & 271} + 0] + Y,05,1.3 eV (+0.04 A”) )

3210, +4YX & 377y + Vy + 2Y,05,2.0 eV (-0.05 A”) @

In equations (1) and (2), according to the Kroger-Vink notation [45], Y’Y(
means Y ions occupying Y site with a zero effective charge; Zr}, denotes
positive charged Zr occupying the Y site; O] is negatively charged O in

interstitial position; VY denotes triple negative charged yttrium vacancy.
Taking into account the wide range of the ZrO, concentrations
studied, it could be assumed that some deviations from the predicted
solubility mechanism occur. As a result, the formation of different
charge-compensating defects for Y203 doped with Zr*" may cause a non-
linear change in the lattice parameter of ceramics, especially for high
doping levels (see Refs. [34,42]). Moreover, the formation of more
complex defects involving several Zr*" ions cannot be excluded, which
was not considered in the calculations. Nevertheless, the measured
values are generally in line with the data presented in the literature.

3.3. Mechanical properties

Excellent mechanical properties are important for a wide range of
applications of transparent ceramic materials [1,48,49]. The Vickers
microhardness of the Y,03 ceramics doped with various concentrations
of ZrO, was tested under an indentation load of 0.2 kg. Fig. 4 presents
the influence of the ZrO, amount on the Vickers microhardness H,, of the
analysed samples. The increase in ZrO, concentration leads to a steady
increase of microhardness from 7.1 GPa for pure Y203 to 10.3 GPa for
the Y15Z sample. Obtained values are higher than those reported by X.
Li (7.57-8.95 GPa) in the 0-10 at.% range of ZrO, concentration [32].

The increase of Vickers microhardness of yttria ceramics may be
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Fig. 3. X-ray diffraction patterns of Y,O3 ceramics doped with different ZrO, concentrations.

Table 2
Lattice parameters of ZrO,-doped Y,O3 ceramics as a function of ZrO,
concentration.

Sample a, A a, A (Literature data)
YOZ 10.5927 10.6039-10.6118 [31,46,47]
Y3Z 10.5865
Y5Z 10.5892 10.5948-10.5973 [16,31]
Y7Z 10.5908
Yoz 10.5765 10.5841 [16]
Y11Z 10.5832
Y13Z 10.5733
Y15Z 10.5702
11
[
10 ¢
o t
O 9o | {
>
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7"|||||||||||||||||||||||||||||
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Fig. 4. Vickers microhardness of Y,O3 ceramics doped with different ZrO,
concentrations.

connected with a decrease in the lattice parameters due to the substi-
tution of Y>* ijons with Zr** ions in the crystal structure during the
vacuum sintering. On the other hand, the grain size did not change
significantly with different concentrations of the sintering aid within the
3-15 mol.% ZrO, concentration, indicating that the Hall-Petch effect
was not observed. Hence, only the composition of the samples influ-
enced their mechanical properties. The presence of ZrO, additives in
yttria ceramics introduces minor distortions of its crystal lattice. These
distortions prevent plastic flow within the grain, contributing to an in-
crease in the hardness values of ceramics. The increase in the hardness
values of yttria ceramics is actually proportional to the change in the
crystal lattice parameters caused by the presence of ZrO, additives [50].
Thus, yttrium oxide ceramics with high concentrations of ZrO, can be
useful for applications where both high transparency and high micro-
hardness are required simultaneously.

3.4. Optical properties

The refractive index dependence of analysed samples on wavelength
is presented in Fig. 5. Refractive index measurements were done at
543.5, 632.8, 1319, and 1542 nm for all the prepared compositions. The
results obtained for TE and TM measurements were very close, and thus
average values are presented. An expected decrease in the refractive
index values with increasing wavelengths was observed for all the
studied samples. The value of the refractive index has an additive
character as long as a single-phase solid solution of ZrO; in Y503 is
formed.

Fig. 6a shows changes in the refractive index of analysed Y03 ce-
ramics with different concentrations of ZrO,. An increase in the amount
of sintering aid leads to a linear increase of refractive index values at
1319 nm from 1.8838 to 1.9048 for YOZ and Y15Z, respectively. This
effect occurs because of higher values of the refractive index of pure
ZrO; compared to pure Y203 [51,52]. Changing the material’s refractive
index leads to a change in the theoretical in-line optical transmittance.
Using the formula Tpax = 2n/(1 +r12), the values of the maximal in-line
transmittance at 632.8 and 1319 nm were calculated based on the
measured refractive index data. Fig. 6b shows the dependence of the
Tmax at 632.8 and 1319 nm on ZrO, concentration in Y203 ceramics.
Since transmittance depends on the refractive index of the material, an
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Fig. 5. Dependence of refractive index of ZrO,-doped Y;O3; ceramics on
wavelength; the presented data are average values calculated from the TE and
TM measurements; the lines are shown just to guide the eye.

increase in ZrO, amount leads to a decrease in Tp,,x values.

Fig. 7 shows the appearance of vacuum-sintered and polished Y,03
ceramics doped with different concentrations of ZrO,. It can be seen that
the YOZ sample is translucent, while doping by ZrO- has a drastic effect
on the transparency of ceramics, in good agreement with their micro-
structure revealed by SEM (Fig. 1). Y3Z-Y15Z samples demonstrate good
optical quality, while Y13Z and Y15Z seem to be the most transparent.

The in-line transmittance of the vacuum-sintered Y303 samples
measured at room temperature is shown in Fig. 8. Y7Z, Y13Z, and Y15Z
samples demonstrate high in-line transmittance in the visible wave-
length range, close to the theoretical values. The optical properties of
these ceramics are comparable, but Y15Z exhibited the highest trans-
mittance, which is 77 % at 633 nm, 80.4 % at 1319 nm, and 83.5 % at 5
pm (94.3 %, 97.7 %, and 99.5 % of the theoretical values, respectively).
The optimal ZrO,-doping concentration of 15 mol.%, obtained in this
work, is much higher than 3-5 mol.% typically reported in the literature
[16,27,34]. Moreover, the sintering temperature for highly transparent
Y203 ceramics is typically 1800-1860 °C, which is higher than the
1735 °C used in this work. It seems that a higher sintering temperature
leads to the formation of a higher equilibrium concentration of defects in
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the material, thus a lower amount of sintering aid is required to obtain
fully-dense ceramics. In our case, a larger doping level should be used to
achieve the same sinterability at a much lower temperature. Further
increase in zirconia amount probably would lead to the deterioration of
the optical properties of Y203 ceramics due to the proximity to the
solubility limit. It should be noted that Y15Z ceramics demonstrate both
excellent transparency and Vickers microhardness.

Fig. 8b shows the in-line transmittance of yttrium oxide ceramics in
the IR wavelength range. Transmittance of the samples increased since
the effect of small-sized defects on the optical properties is lower at
longer wavelengths [12]. In the first atmospheric window (3-5 pm) Y5Z
and Y7Z ceramics may be of great interest, also considering their higher
thermal conductivity [32].

4. Conclusions

The effect of ZrO, concentration on the microstructure, phase
composition, and optical and mechanical properties of Y203 transparent
ceramics obtained by vacuum sintering at 1735 °C for 22 h was studied.
An increase in the ZrO, concentration results in a decrease in the lattice
parameters due to different ionic radii of Y3 and Zr**. Non-linear
changes in the lattice constant can be caused by the formation of
different charge-compensating defects or defect complexes in the yttria
ceramics. No secondary phases were observed by SEM and XRD methods
in any of the vacuum-sintered ZrO,-doped Y503 ceramics, indicating
that the solubility limit was not reached. The formation of a single-phase
solid solution within the whole composition range studied is also sup-
ported by the linear increase of the refractive index of ceramics.

Y0
Y203

Y>0:Y203 Y,05Y203 Y,03 Y203 Y203

_sY70:Y,0.%,03 Y205 Y203 Y203Y,0;

5y YOZ Y3Z Y5Z Y7Z
Y203 = S NS DY Lt D AL D L D S D 1203

/”_
Y20: Y03 (20/Y,03 Y203 X203 Y203 (2(;3 Y203

Y,0 L PRV | PNRVUSY. PNV 0
2V3 23
Yoz Y11Z Y13Z Y15Z

Fig. 7. Appearance of annealed and polished ZrO,-doped Y,03 ceramics doped
with different concentrations of ZrO, obtained by vacuum sintering at 1735 °C
for 22 h.
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Fig. 8. In-line transmittance of 2-mm thick Y,O3 ceramics doped with different concentrations of ZrO, obtained by vacuum sintering at 1735 °C for 22 h: (a) in the
UV-NIR range; (b) in the IR range. Captions to curves are arranged in order of transmittance decrease.

It was shown that the Vickers microhardness of Y503 ceramics doped
with 3-15 mol.% of ZrO; increases with the doping concentration and
reaches 10.3 GPa for 15 mol.% ZrO,-doped yttria. Y203 ceramics doped
with 15 mol.% of ZrO; possess also the highest transmittance in the
visible-near IR wavelength ranges (77 % at 633 nm, 80.4 % at 1319 nm).
It seems that a higher concentration of sintering aid is required for
relatively low sintering temperature to obtain fully dense yttria ce-
ramics. On the other hand, Y5Z and Y7Z ceramics demonstrate excellent
transparency in the first atmospheric window (3-5 pm) and may be of
great interest, taking into account their higher thermal conductivity
[32].
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